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Background: Bloodstream infections (BSI) are common complications in HIV-infected patients and are prone to septic shock and
death. This study aimed to analyze the application of blood metagenomic next-generation sequencing (mNGS) in HIV-infected patients
with BSI.

Methods: Fifty-four HIV-infected patients with suspected BSI were hospitalized at the First Affiliated Hospital of the Zhejiang
University School of Medicine between August 2020 and June 2023. Blood mNGS and blood culture (BC) results were retrospectively
reviewed and compared to the application value of BSI.

Results: The mNGS was more sensitive for detecting pathogens (82.4% versus 35.3%; P < 0.05), and when combining blood mNGS
with culture results, the sensitivity increased to 88.2%. The detection rate of mNGS for blood-mixed infection was significantly higher
than that of BC (P < 0.05). Among the positive results for fungi and bacteria detected by mNGS, 13.5% of the pathogenic
microorganisms were consistent with the results of BC.

Conclusion: The mNGS combined with BC can improve pathogen detection sensitivity and the comprehensive identification of
pathogenic microorganisms in HIV-infected patients with BSI.
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Introduction

Bloodstream infections (BSI) are an important cause of morbidity and mortality worldwide." People with advanced
human immunodeficiency virus (HIV) infection are more susceptible to developing BSI as their immune competence
becomes severely compromised. In China, the prevalence of BSI among HIV-positive hospitalized patients is 9.38%,
with 13.3% having a poor prognosis.” HIV-infected patients have a higher risk of blood infection and mortality than HIV-
seronegative hospitalized patients, thereby increasing the financial burden on patients to a certain extent.* It is crucial to
promptly diagnose and administer appropriate antibiotics for BSI, as this significantly reduces mortality and improves the
quality of life of patients.””

HIV-infected patients are at a higher risk of developing various opportunistic infections than the general population.
These individuals frequently present with atypical pathogens or polymicrobial infections that can be challenging to
identify using conventional microbiological testing methods. Consequently, this complexity can adversely affect manage-
ment and prognostic outcomes. Clinically, blood culture (BC) is an essential routine test in patients with suspected BSI.
However, BC frequently requires a significant amount of time and inherently cannot detect viable but nonculturable
(VBNC) bacteria, making prompt and precise diagnosis particularly challenging, especially in cases involving multiple or
rare pathogens.
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Metagenomic next-generation sequencing (mNGS) is a new and promising high-throughput sequencing technology
that can unbiasedly and rapidly identify infections. The mNGS can overcome the limitations of BC testing and the
discovery of new pathogenic microorganisms. The earlier mNGS sequencing is performed, the greater the likelihood of
providing positive results and the earlier the disease can be effectively treated.'® "2

The mNGS has been extensively applied in diagnosing and managing HIV-related conditions, including central
nervous system and respiratory tract infections.'*'® Additionally, the application of mNGS may offer diagnostic benefits
for HIV-infected patients with BSI. However, a paucity of empirical studies in this area substantiates its efficacy. This
investigation aimed to systematically assess and compare the clinical utility of mNGS versus BC in HIV-infected patients
with BSI.

Materials and Methods

Study Participants

In this study, data from 54 HIV-positive patients with suspected BSI who underwent blood mNGS at the First Affiliated
Hospital of Zhejiang University between August 2020 and June 2023 were retrospectively analyzed. All HIV-positive
patients (n = 54) underwent systematic and regular antiretroviral therapy. BSI is defined as positive BC in a patient
exhibiting signs and symptoms of systemic infection. This infection may be attributable to an identifiable focus of
infection or remains cryptogenic despite thorough investigation, and if a source is identified it may be secondary to
a known source of infection.'” In certain instances, a diagnosis of BSI can be established even without a cultivable
pathogen, provided that the patient demonstrates clinical signs of infection, responds positively to antimicrobial therapy,
and has supportive laboratory findings. Comprehensive demographic data, medical history, laboratory test results, and
mNGS findings were meticulously extracted from patients’ medical records during hospitalization.

All blood samples (n = 54) underwent mNGS and routine microbiological testing. The mNGS was performed at the
Clinical Laboratory of the First Affiliated Hospital of Zhejiang University School of Medicine. The mNGS results for
each sample included detected microbes and the number of microorganism-specific reads per 20 million sequenced reads
(stringent mapped read number; SMRN). The SMRN was calculated as follows:

SMRN = 20 milions x Number of reads only mapped within same taxon .

Total reads of this sample

Full-Blood Cultures

Blood samples were collected from venous sites on both sides of the body, with a standard incubation period of 5-7 days;
however, this could be adjusted depending on the suspected pathogen. The blood volume was approximately 5—10 mL
per vial, and BCs were performed using a BACT/ALERT 3D system (bioMérieux, Inc., France) according to the standard
operating procedures for clinical microbiology. Positive BC is defined as detecting a specific pathogen, such as
a bacterium or fungus, in the blood, while negative BC is defined as the absence of any organism growing during the
incubation period. A senior clinician made the decision on whether BC is contaminated.

mNGS Procedure and Bioinformatics Analysis

Whole blood samples (8—10 mL) were collected from each patient and stored in EDTA tubes at 4 °C. The samples were
promptly sent to the mNGS laboratory for further analysis. Plasma was separated by centrifuging whole blood at 1600xg
for 10 min at 4°C. DNA was extracted using the QIAamp DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).
Subsequently, DNA sequencing libraries were prepared via enzymatic DNA fragmentation, end repair, adapter ligation,
and polymerase chain reaction (PCR) enrichment. Quality was assessed using an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA, United States), followed by sequencing using Illumina NextSeq 550 (Illumina, San
Diego, CA, United States). Raw sequencing data were processed to remove adapter sequences and low-quality reads
(read length <35 bp) using Fastp. Human host sequences were bioinformatically excluded by alignment to the GRCh38
reference genome with the Burrows-Wheeler Aligner. For identification, the remaining high-quality microbial reads were
aligned with the NCBI RefSeq microbial genome database (ftp://ftp.ncbi.nlm.nih.gov/genomes/). The aligned data
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underwent rigorous bioinformatics analysis to identify potential pathogens, with detailed metrics, including read counts,
coverage, and SMRN, provided for each suspected microorganism. If bacteria commonly present on the skin, including
Staphylococcus epidermidis, Propionibacterium acnes, Clostridium spp., and Corynebacterium diphtheriae, or environ-
mental bacteria, including Acinetobacter spp. and Bacillus spp., proliferated within the experimental process, they were
classified as contaminants.

Criteria for a Positive mNGS Result
Common pathogenic microorganisms that may contaminate the skin and air of the blood sample were excluded if SMRN
> 3 for bacteria/fungi/DNA virus/Mycoplasma/Chlamydia, SMRN > 1 for Mycobacterium tuberculosis/RNA virus, and
SMRN > 100 for parasites.'® 2’

For the final diagnostic conclusions, clinicians rely on their clinical experience and professional expertise to analyze
the patient’s medical history and clinical data to determine the disease.

Statistical Analysis

The Statistical Package for the Social Sciences software (version 26.0) was used for data analysis. Kolmogorov—Smirnov
test was used to test the normality of continuous variables. The enumeration data are presented as the mean + standard
deviation or median (interquartile range), while categorical data are expressed as frequencies and percentages. The chi-
square test, Fisher exact test, or discrete variable McNemar test was applied to compare the differences between the
results of mNGS test and blood culture. Statistical significance was set at P < 0.05.

Results

Clinical Characteristics

This study enrolled 54 patients with suspected BSI. The mean age of the patients was 41.8 + 17.6 years, 87.0% were male
(47/54), and most had underlying diseases (46/54). The top three clinical symptoms were fever (72.2%), cough (40.7%),
and sputum expectoration (31.5%). The median duration of symptoms and hospitalization were 14 and 19 days,
respectively. The median CD4+ T-lymphocyte count was 39 cells/uL. The mean C-reactive protein (CRP) level, an
indicator of inflammation, was 54.4 mg/L, higher than the normal value. During hospitalization, 17 patients received
glucocorticosteroids, and two required mechanical ventilation. Table 1 presents the results of routine blood tests,
biochemical analyses, infection-related biomarkers, and lactate dehydrogenase levels.

Positivity Rate of mNGS and BC

The results of mNGS and BC were compared in 54 patients with suspected BSI. In this study, 43 (43/54, 79.6%) cases
were positive for mNGS, and 18 (18/54, 33.3%) cases were positive for BC (Figure 1a). The detection rate of pathogens
differed significantly between the two methods (79.6% versus 33.3%, P < 0.001). From mNGS results, 40 samples tested

Table | Summary of the Clinical Characteristics

Clinical Characteristics Values
Sex (male) 47 (87.0%)
Age (years) 418+ 17.6
Hospital stay (days) 19.0 (11.0, 29.5)
Preexisting disease (no) 46 (85.2%)
Initial symptom
Fever (%) 39 (72.2%)
Cough (%) 22 (40.7%)
Expectoration (%) 17 (31.5%)
Symptom duration (days) 14.0 (7.5, 16.5)
(Continued)
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Table | (Continued).

Clinical Characteristics Values
Laboratory Indicators

White blood cell (x10%/L) 51+33
Neutrophil granulocytes (x 10%/L) 36+24
C-reactive protein (mg/L) 554 + 46.4
Erythrocyte sedimentation rate (mm/h) 53.6 + 32.8
Albumin (g/L) 30.6 + 6.7
Lactic dehydrogenase (U/L) 285.0 (212.5, 613.75)
Hydroxybutyrate dehydrogenase (U/L) 221.5 (164.5, 491.0)
CD3+CD4+ T-cell (cells/pL) 39.0 (5.3, 132.5)
CD3+CD8+ T-cell (cells/uL) 307.5 (131.7, 620.5)
CD4+/CD8+ 0.1 (0.1, 0.4)
Interleukin-2 (pg/mL) 1.5+ 1.4
Interleukin-4 (pg/mL) 1.4 (0.2, 2.7)
Interleukin-6 (pg/mL) 44.7 (8.8, 338.9)
Interleukin-10 (pg/mL) 7.2 (4.1, 55.5)
Tumor necrosis factor-a. (pg/mL) 29 (0.5, 4.3)
Interferon-y (pg/mL) 8.7 (43,51.8)
Interleukin-17A (pg/mL) 3.0 (0.1, 23.4)
Treatment

Glucocorticoid (yes) 17 (31.5%)
Mechanical ventilation (yes) 2 (3.7%)

positive for viruses, 14 for bacteria, and 11 for fungi. For BC results, 14 samples tested positive for bacteria and 6 for
fungi (Figure 1b). Additionally, regarding the infection pattern, mNGS results were primarily mono-viral infection (19,
44.2%), followed by a mixed infection of viruses and fungi (13, 30.2%), and viruses and bacteria (7, 16.3%, Figure 1c).

Pathogenic Spectrum Detected Using BC and mNGS

This study detected 22 unique pathogens using mNGS. When viruses were excluded, mNGS identified 10 bacterial and
fungal species, including Preumocystis jirovecii, the Mycobacterium tuberculosis complex, and Escherichia coli, which
were not detected using BCs. Conversely, conventional BC detected 10 pathogenic microorganisms, six of which were
not identified by mNGS, including Cryptococcus neoformans, Pseudomonas aeruginosa, and Oidium Coccidioides
(Figure 2). Further analysis indicated that the combined use of mNGS and BC identified 28 pathogens in a cohort of
54 samples.

Comparative Analysis of Clinical Diagnostic Values for BSI Using mNGS and BC

In this study, mNGS identified pathogens exclusively in 27 blood samples, whereas BC detected pathogens in only two
samples. Both methods yielded positive results in 16 (21.9%) cases. Figure 3 reveals that the concordance between
mNGS and BC was as follows: full concordance in 0 (0.0%) cases, partial concordance in 5 (9.3%) cases, and full
discordance in 11 (20.4%) cases. Excluding viruses, mNGS and BC detected pathogens in 10 samples, with 13.5% (5/37)
agreement for detecting bacteria and fungi (Figure 4). An analysis of the patients’ clinical data revealed 51 cases meeting
the diagnostic criteria for BSI. Among these, 43 mNGS-positive samples were identified, with 42 demonstrating
clinically significant results. Furthermore, 18 BC-positive cases were consistent with the diagnostic criteria. When
integrated with the final clinical diagnoses, the sensitivity of mNGS (82.8%) was significantly higher than that of BC
(35.3%; P < 0.001). When combining mNGS and BC results, the sensitivity was 88.2%, the specificity was 66.7%, and
the positive predictive value (PPV) and negative predictive value (NPV) were 97.8% and 25.0%, respectively (Table 2).
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Figure | Overview of mNGS and BC results in HIV-infected patients with suspected BSI. (a) Pathogen detection results of mMNGS and BC. (b) Comparison of different
classes of pathogens detected using mMNGS and BC. (c) Venn diagram displaying the overlap of virus, bacteria, and fungus detected using mNGS.
Abbreviations: mNGS, metagenomic next-generation sequencing; BC, blood culture.
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Figure 2 The pathogen distribution was detected using two methods. Statistical significance was set at P < 0.05.
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Figure 3 Consistency analysis of mMNGS and BC detection results. Both Positive samples were categorized as totally matched, partially matched (at least one overlap of
pathogens was observed), and mismatched.
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Figure 4 Consistency of bacteria and fungi detected in blood using mMNGS and BC. A Venn diagram displayed that the concordance rate between mNGS and BC for
detecting bacteria and fungi was 13.5%.

Routine BC was used to detect co-infections in three samples of bacterial and fungal species. In contrast, mNGS
identified 31 cases of mixed infections (Figure 5a), demonstrating a significantly higher detection capability for co-
infections than conventional BC (P < 0.05). Among the mixed infections detected by mNGS, 21 samples harbored two
pathogens, while 11 contained at least three (Figure 5b). In the co-infection detected by mNGS, human herpesvirus 4
(HHV-4) and human herpesvirus 5 (HHV-5) were most susceptible to co-infection with other microorganisms, followed

Table 2 Comparison of the Diagnostic Performance of mNGS and BC in HIV-Infected Patients
With BSI. PPV: Positive Predictive Value; NPV: Negative Predictive Value

BSI | Non-BSI | Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%)
mNGS (+) ) | 82.4 66.7 97.7 18.2
mNGS (-) 9 2

BC (+) 8 0 353 100 100 83
BC (-) 33 3

mNGS (+)/BC (+) 45 [ 88.2 66.7 97.8 25
mNGS (-)and BC (-) | 6 2
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Figure 5 (a) Comparison of the diagnostic performance of mMNGS and BC for single and mixed infections. (b) The number of pathogens detected using mNGS.
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Figure 6 Heatmap displaying the pathogen spectrum detected by mNGS. Orange and green represent positive, light pink represents negative, and | means SMRN<1000 and
2 means SMRN > [000 in the legend.

by Talaromyces marneffei and Pneumocystis jirovecii (Figure 6). In summary, mNGS offers valuable insights into
diagnosing co-infections.

Discussion
BSI is a severe systemic infectious disease caused by invasion of pathogenic microorganisms. BSI is a common

h.**'"2 Timely and precise pathogen

complication in HIV-infected patients and is prone to septic shock and deat
identification, coupled with the administration of appropriate antimicrobial therapy, is essential for enhancing clinical
outcomes and disease prognosis.”** 2 Therefore, this study conducted a retrospective assessment to compare the clinical
utility of mNGS with traditional BC methods to detect pathogens in HIV-positive patients with BSI.

In this investigation, mNGS demonstrated superior sensitivity in pathogen detection compared to BC methods (82.4%
versus 35.3%, P < 0.05). The combined application of mNGS and BC further enhanced the sensitivity to 88.2%,
corroborating findings from earlier research.’2’2 The heightened sensitivity attributed to mNGS is probably due to its
ability to identify the genomic DNA of a broad spectrum of microorganisms, including minute quantities of non-viable or
non-culturable pathogens, thereby minimizing the impact of antibiotic treatment on detection outcomes. Among 54 blood
samples collected from HIV-infected patients with clinically suspected BSI, mNGS successfully identified pathogens in
43 (79.6%) samples. Conversely, BC yielded positive results for 18 (33.3%) samples. The suboptimal bacterial and
fungal detection rate via BC is attributed to the stringent growth requirements of pathogens in culture, numerous
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interfering factors throughout the culturing process, and the employment of empirical antibiotics. In contrast, the
positive BC rate post-antibiotic administration in the HIV-negative cohort ranged between 12% and 27.7%.°%7*
Notably, the 33.3% BC detection rate observed in this study surpassed that reported for the HIV-negative population.

Multiple pathogenic BSI are frequently associated with a poorer prognosis than single-pathogen BSI. Studies have
indicated that hospitalized patients with multiple pathogenic BSI have a mortality rate approximately twice as high as
those with single microbial infections.”® Studies of BSI in immunocompromised populations have demonstrated that
mNGS is also superior to BC for distinguishing between single- and mixed-pathogen infections,”*** consistent with this
result. However, BC identified three cases of mixed bacterial and fungal infections. The mNGS detected a broader range
of viral and fungal co-infections, with HHV-4 and HHV-5 being the most frequent co-infecting agents. Notably, 13.5% of
mNGS-detected bacterial and fungal infections were corroborated by BC, a higher concordance rate than observed in
a previous HIV-negative cohort study.® This increased agreement may be due to immunological perturbations caused by
HIV infection, leading to patients presenting with multiple pathogenic infections or atypical clinical manifestations,
frequently resulting in incomplete or partial coverage by empirical antibiotic therapy. Furthermore, the cumulative risk of
drug-resistant pathogen infections in HIV-infected patients, particularly following multiple hospitalizations, contributes
to the persistence of bloodborne pathogens and enhances the detection rate, thereby improving the consistency between
mNGS and BC methods. Consequently, mNGS results complement BC findings, allowing for more comprehensive and
targeted antibiotic selection based on the detected pathogens.

Bacteria in the VBNC state are incapable of proliferating on standard culture media while maintaining cellular
viability and preserving virulence factors. These VBNC bacteria can regain culturability under specific environmental
stimuli. Notably, this survival strategy has been documented across diverse bacterial taxa, including clinically significant
human pathogens that may enter the VBNC state under stress conditions.*>” In our study, some bacteria—including the
Mycobacterium tuberculosis complex, known to enter the VBNC state under certain conditions—were detected exclu-
sively by mNGS.*® While VBNC bacteria are rare in the blood of healthy individuals, HIV-infected individuals with
immune deficiencies and frequent antibiotic use may have a higher likelihood of harboring VBNC bacteria.>**° These
bacteria may persist and be potentially pathogenic, but their role in bloodstream infections is still unclear, and no
standard exists to determine whether they can cause such infections. mNGS, which does not rely on culturing and is
unaffected by antibiotics, can detect VBNC bacteria, providing a broader pathogen profile and reducing the risk of
missed diagnoses. However, mNGS cannot distinguish between proliferating live bacteria and VBNC bacteria. Notably,
our study did not directly validate the VBNC state through bacterial activity assays. Future research could integrate
mNGS with bacterial viability tests and multi-omics approaches, such as metabolomics, proteomics, and transcriptomics,
to further investigate the pathogenic potential of VBNC bacteria in immunocompromised patients. This will help
investigate the immune evasion, resuscitation mechanisms, and antibiotic effects on VBNC bacteria.

Regarding pathogen detection, such as in BC, mNGS technology can detect bacteria, fungi, viruses, and parasites.
However, statistical analysis did not reveal a significant difference in bacteria and fungi detection rates between mNGS
and BC methods. The mNGS demonstrated a clear advantage by identifying a broader spectrum and diversity of
microorganisms. Certain pathogens, including Mycobacterium tuberculosis, can be detected using mNGS.
Mycobacterium tuberculosis bacteremia is particularly concerning, as it has a propensity to evolve into septic shock
and is a predominant cause of mortality among HIV-positive patients.*'**> Conventional diagnostic techniques frequently
fall short in the timely diagnosis of Mycobacterium tuberculosis, leading to diagnostic delays.*>** The mNGS is an
important assay for diagnosing Mycobacterium tuberculosis bacteremia.

This study has several limitations. First, this was a retrospective analysis and lacked the support of data from
a multicenter, large-sample cohort. The high cost of mNGS limits its clinical use, especially in resource-limited areas and
among financially constrained patients, which also limited our study’s sample size. Advances in mNGS technology are
expected to reduce costs, improving accessibility. Second, most patients were treated with antibiotics before undergoing
mNGS or culture, which may have affected the sensitivity of both methods. Finally, BSI diagnosis was explained by the
subjective judgment of the senior clinician, leading to subjective bias. And reliable instruments and skilled personnel
remain essential for accurate results. Currently, there are no universally accepted diagnostic criteria for BSI caused by
HHVS5 and HHV4. In this study, clinical significance was determined based on the expertise and clinical judgment of
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physicians, who evaluated patient histories, PCR, and other conventional diagnostic methods, and the response to
antiviral therapy to validate mNGS results. This approach aimed to enhance the reliability of clinical predictions.

In conclusion, this study indicates that mNGS exhibits superior sensitivity to BC in detecting pathogens in HIV-
infected patients with BSI. The BC with mNGS can further enhance the sensitivity. The combined application of blood
mNGS and BC facilitates a more comprehensive identification of pathogenic microorganisms in HIV-infected patients
with BSI.
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