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This retrospective study aimed to determine the characteristics of infection and diagnostic
efficacy of next-generation sequencing (NGS) in patients with fever after allogeneic
hematopoietic stem cell transplantation (allo-HSCT). A total of 71 patients with fever
after HSCT were enrolled in this study. Compared with conventional microbiological test
(CMT), we found that the sensitivity of NGS versus CMT in peripheral blood samples was
91.2% vs. 41.2%, and that NGS required significantly less time to identify the pathogens in
both monomicrobial infections (P=0.0185) and polymicrobial infections (P= 0.0027). The
diagnostic performance of NGS was not affected by immunosuppressant use. Viruses are
the most common pathogens associated with infections. These results indicated that the
sensitivity, timeliness, and clinical significance of NGS are superior for the detection of
infections. Although NGS has the advantage of identifying a wide range of potential
pathogens, the positive rate is related closely to the sample type. Therefore, we
recommend that, in the clinical application of NGS to detect pathogens in patients after
allo-HSCT, an appropriate sample type and time should be selected and submitted to
improve the positive rate and accuracy of NGS. NGS holds promise as a powerful
technology for the diagnosis of fever after HSCT.

Keywords: next-generation sequencing, allogeneic haematopoietic stem cell transplantation, diagnosis,
infection, immunosuppression
INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative option for a wide range of
disorders such as hematological malignancies and some nonmalignant diseases (Blazar et al., 2020).
Infections are one of themost frequent and important causes ofmortality andmorbidity after allo-HSCT
(Styczyński et al., 2020). Allo-HSCT is a complicated and multifactorial process, in which the standard
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risks are associatedmainlywith neutropenia,mucositis, and catheter
use. In addition, myeloablative conditioning regimens,
reconstitution of the immune system, use of immunosuppressive
drugs, and graft-versus-host disease (GVHD) are independent risk
factors for infections (Kao and Holtan, 2019). Infectious pathogens
have also varied among the studies that have used different testing
methods. Conventional microbiological tests remain the main
methods used to identify pathogens in the clinic, such as smear
microscopic examination and culture; however, these are relatively
insensitive and are used mainly to detect bacteria, fungi, and
parasites (Goldberg et al., 2015; Grumaz et al., 2016; Gu et al.,
2019). Recently, nucleic acid amplification techniques, such as real-
time quantitative polymerase chain reaction (RQ-PCR) and
multiplex PCR, have been used widely for the diagnosis of
infectious diseases, especially viral infections (Watzinger et al.,
2006; Schlaberg et al., 2017b). Multiplex PCR has been recognized
as the “gold standard” to identify viruses in central nervous system
(CNS) infections (Schmidt-Hieber et al., 2016). Nevertheless, there
are still some limitations to the use of RQ-PCR, such as the genetic
diversity of some pathogens and the need for knowledge of the target
pathogen (Schlaberg et al., 2017b). Therefore, there is an urgent need
to develop novel diagnosticmethods to detect potential pathogens in
undetermined infections successfully.

Next-generation sequencing (NGS) has showed a constant
improvement in recent decades with its continuous
improvements and use in clinical settings, providing a
powerful tool for success in medical practice (Goldberg et al.,
2015; Wilson et al., 2019; Tang et al., 2021). NGS is capable of
detecting multiple pathogens on the same day at the same time
rapidly (Barreda-Garcıá et al., 2018), includingthe identification
of nonculturable microbes (Íñigo et al., 2016). Recent studies
have identified pathogens using NGS in the diagnosis of several
diseases, including diseases of the respiratory tract (Huang et al.,
2020; Li et al., 2020), urinary tract (Gasiorek et al., 2019), central
nervous system (CNS) (Schmidt-Hieber et al., 2016; Liu et al.,
2021), bloodstream (Grumaz et al., 2016; Eichenberger et al.,
2021; Nie et al., 2022), and periprosthetic joint infections
(Tarabichi et al., 2018). However, there have been relatively
few studies on the use of NGS for infections after allo-HSCT.
Clinical experience with the application of NGS is relatively
limited. Due to the severity and uniqueness of infections in
patients after allo-HSCT, the rapid and accurate diagnosis and
assessment are important for rational treatment and prognosis
evaluation (Sahin et al., 2016). This study aimed to compare the
efficacy of NGS with that of conventional microbiological test
(CMT) and to determine whether NGS technology can meet this
need by evaluating its ability to detect pathogens in febrile
patients after allo-HSCT. At the same time, the infection status
of the patients after HSCT was evaluated.
MATERIAL AND METHOD

Patients and Study Design
We retrospectively analyzed the basic situation, pathogenic
infections, clinical treatment, and prognosis of 71 patients who
underwent allo-HSCT at the Hematopoietic Stem Cell
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Transplantation Center of Tongji Hospital, affiliated with the
Huazhong University of Science and Technology between March
2019 and October 2020. These patients developed fever with or
without other symptoms after transfusion and who underwent
CMT and NGS tests. Different specimen types were collected for
detection, according to the type of suspected infection. The
clinicians prescribed CMT according to their clinical judgment
of necessity. The CMT included smear microscopy, culture, RQ-
PCR, T-SPOT TB test, serological tests, and the detection of
antigens (Supplementary Methods). The samples were collected
and transported to Huada Laboratories (Shenzhen, China) for
NGS. The treatment choice was individualized for each patient.

Infection Prophylaxis and Virus Monitoring
All the patients were treated in a transplantation cabin.
Antimicrobial prophylaxis was used routinely: voriconazole 0.4
g once every 12 h, acyclovir 400 mg once every 12 h, and
trimethoprim-sulfamethoxazole 960 mg twice a day for two
days each week. When an infection was suspected, the
attending physician adjusted the antimicrobial protocols
according to the patients’ conditions and the institutional
guidelines. Ciclosporin A (CsA) and tacrolimus (FK-506) were
generally used to treat GVHD. RQ-PCR was used to measure the
DNA of the Epstein–Barr virus (EBV) and cytomegalovirus
(CMV) in the peripheral blood (PB) weekly for the first three
months, then once every two weeks from the 4th to the
9th month and then once per month from the 10th to the 12th
month after transplantation.

Diagnosis of Infection
Fever was defined as an axillary temperature ≥37.3°C. The
diagnosis was based on clinical symptoms, laboratory tests,
radiographic, microbiologic, histopathologic findings, and
treatment outcome information. The final diagnosis of
infections was performed by two independent experienced
clinicians according to published consensus criteria (Ascioglu
et al., 2002; De Pauw et al., 2008; Haidar and Singh, 2022). The
appropriate clinical specimens were collected for testing (i.e.,
blood samples, sputum, urine, nasopharyngeal swabs, puncture
fluids, tissue samples, aspirates, and bronchoalveolar lavage
fluid) according to the type of suspected infection. The site of
infection included mainly the bloodstream, respiratory tract,
CNS, and skin. The day of infection onset was defined as the
day on which the diagnostic test was performed. Multiple
positive results for different organisms on the same day were
considered as separate events, and one microorganism in two
non-adjacent organs was counted as two infectious events. In
addition, if the detected microorganism was a possible
contaminant (for example, Candida in a fecal culture or
coagulase-negative Staphylococcus species in a blood culture)
and was isolated in only one culture, it was excluded from
the analysis.

NGS Procedure
Qualified sample from patient was collected and stored
according to standard procedures. After DNA extraction, the
DNA libraries were constructed and sequenced by MGISEQ-
June 2022 | Volume 12 | Article 888398
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2000 platform. Next, High-quality sequencing data were
generated by removing low-quality and short (length <35 bp)
reads, followed by computational substraction of human host
sequences mapped to the human reference genome (hg19) using
Burrows-Wheeler Alignment. The remaining data by removal of
low-complexity reads were classified by simultaneously aligning
to Pathogens metagenomics Database (PMDB), which were
downloaded from the NCBI (ftp://ftp.ncbi.nlm.nih.gov/
genomes/) (Schoch et al., 2020), consisting of bacteria, fungi,
viruses and parasites.

To eliminate false positive, periodic environmental
assessments was conducted, and standard operation
Procedures (SOP) was established to monitor contamination
for periodic disinfection of reagents, instruments, and laboratory
surfaces. Possible contaminants in non-template references or
positive controls were continuously tracked, and conservative
criteria was used to minimize false positive results. As for the cut-
off value of NGS for pathogen detection, the criteria were shown
as below: 1) Bacteria (mycobacteria excluded), viruses, and
parasites: NGS identified a microbe (species level) whose
coverage rate scored 10-fold greater than that of any other
microbes according to Langelier’s study. 2) Fungi: NGS
identified a microbe (species level) whose coverage rate scored
5-fold higher than that of any other fungus because of its low
biomass in DNA extraction. 3) Mycobacteria: Mycobacterium
tuberculosis (MTB) was considered positive when at least 1
read was mapped to either the species or genus level due
to the difficulty of DNA extraction and low possibility
for contamination.

Statistical Analysis
All the clinical and laboratory data were collected during the onset
of the infection. The sensitivity, specificity, positive predictive value
(PPVs), and negative predictive value (NPVs) were calculated
according to the definitions. The Chi-square or Fisher’s exact tests
were used for categorical variable comparisons, as appropriate. The
kappa (k) statistic was used to assess the test concordance. The
student’s t-test or Kruskal–Wallis test was used for the continuous
variables, as appropriate. Statistical analyses were conducted using
SPSS version 26.0 (IBM Corp., Armonk, NY, USA), and figures
were rendered using GraphPad Software (version 8.02; Mariakerke,
Belgium) and R Software (version 3.6.3). The statistical
significance set at P <0.05 (two-tailed) was considered to be
statistically significant.
RESULTS

Patients’ Characteristics and Infection
Among All Patients
Thirty-seven patients were male and 34 were female, and the
patients had a median age of 23 years (range, 14–33). The
primary diseases included acute myeloid leukemia (AML, n =
29), acute lymphoblast ic leukemia (ALL, n = 15),
myelodysplastic syndrome (MDS, n = 3), aplastic anemia (AA,
n = 22), and T lymphoblastic lymphoma (T-LBL, n = 2). Thirteen
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
patients were HLA-matched, and 58 underwent HLA-
mismatched donor transplantation. All the patients received
myeloablative conditioning regimens. At the onset of the
symptoms, 23 patients (32.2%) had agranulocytosis and 58
(81.7%) received immunosuppressive therapy. The patient
samples comprised mainly peripheral blood (57.7%). The
median values of CRP, PCT, and IL-6 in all of the patients
were 70.4 (IQR, 20.7–148.6), 0.445 (IQR, 0.263–1.378), and 50.22
(IQR, 7.20–124.00), respectively. The baseline clinical and
biochemical data of the 71 patients are described in Table 1.

According to the consensus criteria, the diagnosis was
confirmed in 54 patients. Only one patient’s NGS and CMT
results were negative, but based on the subsequent pathological
biopsy results, the patient was diagnosed with an invasive fungal
infection. Most of the patients’ infections were viral, followed by
polymicrobial infections. The infections were present mainly in
the bloodstream, followed by pulmonary, digestive, and urinary
tract infections. Five patients were diagnosed with central
infections (diagnosed using intracranial biopsy or cerebrospinal
fluid analysis), and two patients were diagnosed with skin and
soft tissue infections (Figure 1B).
TABLE 1 | Patient characteristics.

All patients (n = 71)

Age, years (median, IQR) 23 (14-33)
Female 37 (52.1%)
Protopathy

AA 22 (30.1%)
ALL 15 (21.1%)
AML 29 (40.8%)
MDS 3 (4.2%)
T-LBL 2 (2.8%)

Transplantation way

Haplo 58 (81.7%)
MSD 6 (8.5%)
MUD 7 (9.9%)

N engraftment, days (median, IQR) 13 (11-15)
PLT engraftment, days(median, IQR)* 13 (12-16)
Main Symptoms

fever 50 (70.4%)
diarrhea 8 (11.3%)
cough 3 (4.2%)
rash 3 (4.2%)
blurred version 1 (1.4%)
headaches 3 (4.2%)
ascites 1 (1.4%)
tic 1 (1.4%)

Sample collection time

Peri-planting period 12 (16.9%)
<100D 25 (35.2%)
>100D 34 (47.9%)

Agranulocytic 23 (32.4%)
Immunosuppressive drugs 58 (81.7%)
June 2022 | Volum
PLT engraftment, days (median, IQR)*: excluded 3 cases without PLT engraftment.
AA, aplastic anemia; ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia;
MDS, Myelodysplastic syndromes; T-LBL, T lymphoblastic lymphoma; Haplo,
Haploidentical stem cell transplantation; MSD, Matched sibling donor; MUD, Matched
unrelated donor.
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Diagnostic Performance of NGS and CMT
The comparison of the sensitivity, specificity, PPVs, and NPVs of
the peripheral blood samples by NGS and the CMT method for all
41 patients is shown in Table 2. The diagnostic value of NGS was
significantly higher than that of CMT (P < 0.001). The results of
NGS and CMT were concordant in 15 of the 41 (36.6%) patients.
Our results showed that the sensitivity of NGS and CMT were
respectively 91.2% and 41.2% for pathogen identification in the PB
samples of 41 patients.

In the present study, the pathogens of NGS and CMT detected in
the patients are shown in Figure 1A. Viruses, especially CMV,
which was the highest percent, accounted for the majority of the
pathogens, andNGSwas better for the detection of rare bacteria and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
fungi. According to the NGS results, viruses (n=30, 42.3%) were the
most common pathogens identified, followed by polymicrobial
(Figure 1C). The top two causative pathogens identified were
CMV (n=20), BK (n=10). We further analyzed the test time
required to determine the pathogenic diagnosis. For
monomicrobial infections and polymicrobial infections, the
detection cycles required for NGS and CMT were significantly
different. CMT required significantly more time to identify the
pathogens than NGS (P = 0.0185, P=0.0027) (Figure 1D).
Meanwhile, we analyzed the detection performance of NGS and
CMT in monomicrobial and polymicrobial infections. The
sensitivity of NGS and CMT were 81.58% vs 57.89% (P = 0.0445)
for monomicrobial infections, respectively, and 68.75% vs 37.50%
(P=0.1556) for polymicrobial infections, respectively. This indicated
that NGS was more sensitive than CMT for monomicrobial
infections and a suggestive, but not significant benefit in
polymicrobial infections.

Distribution of the Infections in the
Different Periods After Transplantation
Based on the occurrence of symptoms in the different periods after
transplantation, the 71 patients were divided into three groups
(Figure 2). The male-to-female ratio, primary disease, mode of
transplantation, and complications of GVHD in the three groups
are shown in Supplementary Table 1. Among them, seven and
nine patients in Groups 2 and 3, respectively, were complicated
with GVHD at the time of infection. The positive pathogens are
A B

D

C

FIGURE 1 | Distribution of pathogens identified in patients with fever after allo-HSCT using CMT versus NGS. (A) The figure showed the number of subjects in
whom each causative microbe was detected. Orange bars indicate microbes detected by CMT and also predicted as pathogens by NGS (CMT+NGS+). Purple bars
indicate microbes detected by NGS only (CMT−NGS+). Green bars indicate the number of cases with microbes detected only by CMT (CMT+NGS−); (B) distribution
of types of infection was shown from patients with clinical diagnosis; (C) distribution of pathogens was shown from patients. Polymicrobial infection accounted for
38.0% among all the subjects and different kinds of polymicrobial infection were also shown in the right; (D) the diagnostic time required for NGS and CMT were
compared in subjects with monomicrobial infection or polymicrobial infection. *P<0.05; **P<0.001 by Wilcoxon rank-sum test.
TABLE 2 | Comparison of positive results among next-generation sequencing
and conventional microbiological tests.

Positive Negative P <0.001

NGS Positive 31 5
Negative 3 2

CMT Positive 14 2
Negative 20 5
Sensitivity% Specificity% PPV NPV

NGS 91.2 28.6 0.861 0.4
CMT 41.2 71.4 0.875 0.8
Positive, patients with a positive clinical diagnosis; NGS, next-generation sequencing;
CMT, conventional microbiological tests.
June 2022 | Volume 12 | Article 888398
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shown in Figures 3A–C with CMV being the most common
infection. Patients with Aspergillus fumigatus in Group 1 had a
history of fungal infection before transplantation. In Group 2,
there was a high detection rate of cystitis with the detection of BK
and JC viruses in the urine. Group 3 had more complex
pathogenic pathogens, fungal species, and rare bacterial species.
The detection results for fever and other infectious symptoms in
Group 1 were mainly negative. The main reason for this is that the
disease was diagnosed as an ALG-related serum sickness and
implantation syndrome, and the results of NGS and CMT were
used as exclusion tests. Second, it may have been an immune
disorder in patients with peri-implantation and a low pathogen
detection rate. In Group 2, the pathogens that were detected were
mainly viruses (P = 0.0203), especially CMV; an HHV6 infection
also needed special attention. In Group 3, fungal, viral, mixed, and
rare pathogens accounted for a relatively high proportion of the
pathogens, which may have been related to late post-
transplantation patients with GVHD and other transplantation-
related complications, patients taking immunosuppressants, and
other reasons (Figure 3).

No Significant Influence of
Immunosuppression on the Diagnostic
Accuracy of NGS and CMT
To determine whether the diagnostic performance of NGS was
affected by immunosuppression, we evaluated the relationship
between immunosuppression and the positive rate of CMT and
NGS. Our results showed that there was no significant difference
in the positivity rate between NGS and CMT, regardless of the
use of immunosuppressants. That is, the positivity rate was not
affected by the use of immunosuppressants (Figure 4A). In
addition to the routine use of immunosuppressants according
to the anti-GVHD regimen, patients after HSCT will need to
have their dosage and usage of immunosuppressive mediations
adjusted individually when GVHD occurs. Therefore, we
investigated the distribution of pathogens in GVHD patients.
CMV infection was also the most common, of which six cases
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
were intestinal GVHD coinfected with gastrointestinal CMV
infections, and NGS had excellent performance in diagnosing
HHV 6 B and Cunninghamella (Figure 4B). At the same time,
we analyzed the positive results of NGS and CMT in patients
with agranulocytosis, but also found no significant
effect (Figure 4C).

Effect of the Different Specimen Types on
the NGS and CMT Results
The distribution of pathogens in different tissues, organs, and
systems is different; therefore, the type of samples submitted for
examination will be related closely to the test results. Six patients
had different NGS and CMT samples and different detection results,
which helped obtain a clearer diagnosis and identify the pathogen of
potential infection (Table 3). The treatment details for the two
representative cases are shown in Figures 5C, D. We can draw
conclusions from these cases because of the distribution of
pathogens in the blood, tissue, or cross, and the appropriate
timing is also of great significance in improving the positive rate
of detection. In addition, we found that, except for the timing of the
examination, the selection of samples was crucial for the detection of
a positive rate. The detection rates of NGS and CMT in the different
inspection specimens are shown in Figures 5A, B, respectively. The
CMT of peripheral blood samples, especially the positive rate of the
blood cultures, was not as high as that of NGS, but for common
pathogens in diseased tissues, such as in the gastrointestinal mucosa
of patients with diarrhea and sputum/bronchoalveolar lavage fluid
samples of patients with cough, the positive rates of NGS and CMT
are similar.
DISCUSSION

Fever after allo-HSCT is complicated. Infection after
transplantation is one of the leading causes of fever and other
symptoms, and is the most common and important cause of
death. Early diagnosis and timely treatment are considered to be
FIGURE 2 | Trial process. Between Apr.17, 2019 to Oct.18, 2020, 71 patients who developed fever with/without other symptoms after the transfusion and underwent
CMT and NGS tests were screened for eligibility in this study. In terms of the time of clinical symptoms appeared, the patients were divided into three groups.
June 2022 | Volume 12 | Article 888398
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the most critical factors in determining the outcomes.
Conventional microbiological test (CMT) are obtained when
clinicians make a series of differential diagnoses according to the
clinical manifestations of cases; however, usually, a test can only
correspond to one pathogen, the coverage rate is low, and difficult
to cultivate (Duan et al., 2021). Different pathogens have different
culture times (Miao et al., 2018). Recently, NGS has become a
sensitive technology for the detection of pathogens in human
biopsy samples and body fluids, including blood, urine,
cerebrospinal fluid, and bronchoalveolar lavage fluids (Huang
et al., 2021), demonstrating the potential of NGS to accelerate
and improve the diagnosis and management of diseases.

Pendleton et al.demonstrated that, in principle, real-time
metagenomics methods using currently available tools can
identify pathogens faster than traditional culture-based
techniques and have the potential to identify pathogens that
cannot grow in cultures (Pendleton et al., 2017). A study on the
application of NGS in 108 patients with suspected infections
treated with immunosuppressive corticosteroids showed that the
sensitivity of NGS was 80.6%, which also played an important
role in optimizing the antibiotic treatment of CMT-negative
patients (Wang et al., 2020). Moreover, NGS results were not
affected by immunosuppression. The combination of NGS and
conventional methods increased the CSF detection rate in
patients with tuberculous meningitis to 95.65%. They believed
that NGS was an alternative method for detecting the presence of
mycobacterial DNA in CSF samples of TBM patients and may be
used as a first-line CSF test (Wang et al., 2019).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
However, there have been few studies on the detection of NGS
infections after HSCT. Therefore, we conducted a retrospective
study in patients from our center who developed fever after
HSCT between March 2019 and October 2020, and 71 patients
were tested using NGS. Most of the patients’ infections were
viral, followed by polymicrobial infections. For both
monomicrobial and polymicrobial infections, the detection
time of NGS is significantly shorter than that of CMT, and
NGS showed a higher sensitivity, especially for monomicrobial
infections. Probably, just because of the small sample size, this
has not yet become noticeable in the polymicrobial infections
Accelerated pathogen identification is expected to improve
customized antimicrobial therapy, avoid increased antibiotic
resistance, improve patient prognosis, and promote
antimicrobial management by minimizing the need for
extensive empirical antimicrobial coverage (Dumford and
Skalweit, 2016; Cazzola et al., 2017; Pendleton et al., 2017;
Robilotti et al., 2017). CMT may not be comprehensive for
some rare pathogens (Grumaz et al., 2020), which may lead to
a detection delay, whereas NGS can sequence the whole DNA/
RNA of the sample without any primers or probes. It has a
commitment to identifying the most pathogens. Among the 41
patients with peripheral blood samples, 34 were diagnosed
clinically with an infection. The sensitivity of NGS versus CMT
in peripheral blood after transplantation was 91.2% and 41.2%,
respectively, which was higher than that of CMT. However, the
specificity of NGS is not as specific as that of CMT, which may be
attributed to the differences in specimen types and cut-off values.
A

B

DC

FIGURE 3 | Distribution of pathogens identified in three group using CMT versus NGS. (A–C) Respectively showed the number of subjects in whom each causative
microbe was detected in three group. Orange bars indicate microbes detected by CMT and also predicted as pathogens by NGS (CMT+NGS+). Purple bars indicate
microbes detected by NGS only (CMT−NGS+). Green bars indicate the number of cases with microbes detected only by CMT (CMT+NGS−). (D) Distribution of
pathogens was shown from patients in three group. Virus infection accounted for 76% among group 2 and there were significant differences in pathogen species.
June 2022 | Volume 12 | Article 888398
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This suggests that caution should be exercised when interpreting
NGS results alone, for clinical use. False-positive results may be
due to the DNA contamination of background pathogens
included in library preparation, low-quality readings from
samples, misannotated species, or contaminants from database
entries (Miller et al., 2019; Zhang et al., 2019; Zhang et al., 2020).
In addition to establishing standardized operating rules, it is
necessary to interpret the results further and reasonably.

In the groups studied, although the patients who were post-
HSCT were most likely to develop viral infections, the distribution
of pathogens was different in different periods. We found that the
main causes of fever in the peri-implantation period were non-
infectious diseases, such as ALG serum disease and implantation
syndrome. After engraftment, the patients who had early
infections had mainly viral infections, including CMV infections
and cystitis caused by BK and JC. In the late stage after
transplantation, the causes of fever and infection varied, and
viral and mixed infections occurred first and second,
respectively. Regardless of the period, the primary pathogenic
viral infection was CMV, which showed that more attention
should be paid to the detection and prevention of CMV in
clinical practice. More often, NGS plays a major role in ruling
out infection in the early post-transplantation period, while in the
late post-transplantation period, the role of NGS is more accessible
to identify the causative pathogen, especially after 100 days of
transplantation. In addition, our results showed that the use of
immunosuppressants or agranulocytosis does not affect the NGS
detection results. Patients with GVHD may have compromised
immune systems. NGS is also an excellent method for detecting
pathogens in patients during this period. Intestinal GVHD
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
patients co-infected with gastrointestinal CMV infections were
also more common in our study. For patients with normal
immune function and stable vital signs, CMT may be used to
detect and retain samples simultaneously; if no positive result is
found or if the patient’s symptoms have not been alleviated within
three days, NGS should be submitted immediately. However,
patients with unstable signs or those in an immunosuppressive
state should undergo simultaneous CMT and NGS tests.
Standardizing the examination process using these diagnostic
methods is important to identify pathogens and carry out
effective targeted treatment (Supplementary Figure 1).

NGS can be used to detect a wide range of pathogens. There is
no limitation to the use of one CMT to detect a single pathogen.
This also reduces the mixed-packed testing methods of multiple
laboratory methods. Packaged laboratory testing methods often
require patients to undergo multiple tests, regardless of the cost
or number of tests, which will not reduce the burden on patients
and may even increase the burden on the patients (Miao et al.,
2018). It is more sensitive to rare bacteria and fungi, and its
detection period is short. However, because of false positives
(Schlaberg et al., 2017a; Blauwkamp et al., 2019), the use of NSG
requires strict standardization of detection techniques and an
accurate interpretation of the results by clinicians to avoid
overtreatment while treating the patient’s diseases (Fan
et al., 2018).

This study had several limitations. First, due to its high cost of
detection, NGS is usually performed only once per patient, which
limits its widespread use and repeated testing. In addition, since
this was a retrospective study, the time and tissue samples used for
NGS were not precisely the same as those used for CMT, and the
A

B

C

FIGURE 4 | Influence of other factors on the diagnostic accuracy of NGS and CMT. (A, C) Respectively shown that the positive microbiological detection rate of
NGS and CMT was no significant correlation with immunosuppression and agranulocytic. (B) The number of detected microbes in patients with GVHD were
presented, of which mainly were CMV. ns, non-significant statistical difference.
June 2022 | Volume 12 | Article 888398

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhang et al. NGS in Infections After Allo-HSCT
A B

DC

FIGURE 5 | Diagnostic value of NGS and CMT in different specimens. (A, B) Respectively shown that the positive microbiological detection rate of NGS and CMT
using different specimens (C) representative case 1. A 5-year-old male patient with SAA developed a fever after hematopoietic stem cell (HSC) infusion. Meropenem
and Daptomycin was given based on previous treatments but the symptom was not improved after 7 days of treatment. The CMT had negative results both blood
and urine. Then the anti-infective regimen was adjusted according to NGS results (HHV-6B), which was obtained at +9d. After 7-day’ s therapy the patient’ s
symptoms were improved; (D) representative case 2. A 22-year-old female patient with SAA developed low fever and persistent ALT elevation, and had no positive
results in various laboratory tests. The liver puncture was performed, she was diagnosed with CMV infection (liver) based on the results from NGS at +47d. And then
modified as soon as the NGS results were obtained (Ganciclovir). After only 5 days, CMV copy number was detected in peripheral blood. The patients’ symptoms
were finally improved.
TABLE 3 | Details of patients with different types of samples.

ID Symptoms Clinical diagnosis NGS (pathogen, the sequence) Specimen
types

CMT Restult Specimen
types

P1 fevers, rash and
cutaneous ulcer

cGVHD(Skin), skin soft
tissue infection, EBV
syndrome

HSV1 156;EBV 26; CMV 10 Peripheral
blood

S. aureus, Klebsiella
pneumoniae

secretions

P2 fever and cough Pulmonary infection,
human herpesvirus 6B
infection

HHV-6B 517; Peripheral
blood

Klebsiella
pneumoniae

sputum

P3 fever with
cough, sputum
and diarrhea

aGVHD
(Gastrointestinal),CMV
gastroenteritis,
pulmonary infection.

HSV1 3738; HHV-6B 20; HHVB 7type 568; CMV 7; Torque teno
virus 25;

Intestinal
tissue

Viridans
Streptococci,
Neisseria

Fiber
bronchoscope
rinse solution

P4 Low fever and
abdominal pain

CMV gastroenteritis,
CMV hyperemia,
cystitis

CMV 137; BK 10; EBV 3 Peripheral
blood

BKV;CMV Urine;Gastric
mucosa

P5 Intermittent low
fever

Pneumocystis carinii
pneumonia

EBV 6 pleural
effusion

Pneumocystis carinii Fiber
bronchoscope
rinse solution

P6 fever with
cough, sputum

pulmonary infection Neisseria 3155; Haemophilus parainfluenzae 2579; Haemophilus
21; Prevotella loescheii 680; Rhodococcus equine 278;
Pseudomonas denitrificans 10; Kingella denitrificans 114;
WUPyV 9009; CMV 1485; HSV1 1326; HHV 7 73; EBV 53680;
Rhodococcus equine 278; Pseudomonas denitrificans 10;
Kingella denitrificans 114; WUPyV 9009; CMV 1485; HSV1
1326; HHV 7 73; EBV 53

sputum negative Peripheral
blood
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time of NGS specimen collection may have been later than that of
CMT. As the collection time of NGS may have been different from
the time that had the highest number of pathogens in the samples,
repeated NGS tests may increase the sensitivity. Second, the sample
size in our study was relatively small. To verify our conclusions, we
have conducted a prospective study with a larger sample size.
Finally, NGS could not perform a drug susceptibility test and,
therefore, could not be substituted for conventional testing.

In summary, NGS has the potential to detect pathogens in
patients undergoing febrile allogeneic hematopoietic stem cell
transplantation. NGS is expected to become a valuable tool in the
first-line diagnosis of infection and to provide valuable
information for optimizing antibiotic treatment in cases.
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