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To evaluate clinical value of metagenomic next-generation sequencing (MNGS) in people living

with HIV/AIDS (PLWHA) who had CNS disorders. Cerebrospinal fluid (CSF) samples from 48 PLWHA
presenting with CNS disorders were sequenced using mMNGS and compared with clinical conventional
diagnostic methods. In total, 36/48 ss(75%) patients were diagnosed with pathogen(s) infection by
mNGS, and the positive detection proportion by mNGS was higher than that by clinical conventional
diagnostic methods (75% vs 52.1%, X?=5.441, P=0.020). Thirteen out of 48 patients (27.1%) were
detected with 3-7 pathogens by mNGS. Moreover, 77 pathogen strains were detected, of which
94.8% (73/77) by mNGS and 37.0% (30/77) by clinical conventional methods (X?=54.206, P <0.001).
The sensitivity and specificity of pathogens detection by mNGS were 63.9% (23/36) and 66.7% (8/12),
respectively, which were superior to that by clinical conventional methods (23/36 vs 9/25, X*=4.601,
P=0.032; 8/12 vs 5/23, X?>=5.029, P=0.009). The application of mMNGS was superior for its ability

to detect a variety of unknown pathogens and multiple pathogens infection, and relatively higher
sensitivity and specificity in diagnosis of CNS disorders in PLWHA.

HIV infection can gradually lead to immune deficiency and lead to a variety of opportunistic infections'. Central
nervous system (CNS) infectious remain a major cause of morbidity and mortality worldwide among people
living with HIV/AIDS (PLWHA), particularly in those with advanced immunosuppression?~. Many PLWHA
are unaware of their HIV infection status, resulting in delayed clinical diagnosis and treatment®. About 10-20%
PLWHA have neurologic symptoms as an initial manifestation and the reason for hospitalization®, which contrib-
ute to high morbidity and mortality in combination antiretroviral therapy (cART)-naive individuals in develop-
ing countries”®. Except for immune deficiency status, physical and chemical mutagens have been reported to
be associated with multiple neurological disorders in humans®°. Therefore, early identification of pathogens or
exclusion of CNS infection is of great importance to reduce morbidity and mortality, and ultimately prolong the
life expectancy or improve quality of life.

For patients with suspected diagnosis of CNS infection, lumbar puncture (LP) is a routine operation and
cerebrospinal fluid (CSF) is commonly collected for clinical conventional testing, which are generally limited to
CSF routine and biochemical tests, smear, culture and molecular assays''. Although these clinical conventional
testing for one or a few common pathogens are available, a timely and precise diagnosis of the aetiology of CNS
infection remains challenging, especially for those with multiple or rare pathogen infections.
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Metagenomic next-generation sequencing (mNGS) is a new and promising approach to identify co-infections
in an unbiased manner by a single assay. The use of mNGS can overcome the limitations of current diagnostic
tests, allowing for hypothesis-free, culture-independent, pathogen detection directly from clinical specimens
regardless of the type of microbe; mNGS can even be used for novel organism discovery. Currently, mNGS has
been applied in many infectious diseases due to its superiority in unconventional pathogens, novel pathogens, and
mixed infections'*"'*. Immunodeficiency is the most prominent characteristic of PLWHA, which leads to atypical
neurologic symptoms or radiographic patterns. CNS infections in PLWHA are often challenging to diagnose
by traditional microbiological testing, impacting treatment and outcome. Therefore, nNGS may be especially
advantageous in the diagnosis of CNS diseases in PLWHA. However, due to its relatively high economical burden,
the performance of mNGS for the diagnosis of CNS infection among PLWHA in resource-limited areas is still
not well evaluated. Consequently, this study aimed to evaluate the diagnostic performance of mNGS in PLWHA
with CNS diseases. Cerebrospinal fluid (CSF) samples from 48 PLWHA presenting with CNS disorders were
sequenced using mNGS and compared with clinical conventional diagnostic methods.

Methods

Population and Study Design.  This was a hospital-based study, and it was conducted at Zhongnan Hos-
pital of Wuhan University, China, between January 2021 and January 2022. As described in a previous study',
PLWHA were included if they (1) had three or more symptoms of meningitis and/or encephalitis, including
headache, seizure, nausea/vomiting, photophobia, alteration in consciousness or a focal visual field defect; and
(2) agreed to do a lumbar puncture(LP) to collect CSF for mNGS and clinical conventional testing. Exclusion
criteria for enrollment included: (1) patients with delirium, such as sepsis due to a non-neurological infection or
metabolic abnormality; (2) patients with peripheral neuropathy and psychosis rather than medical explanation
for their symptoms; (3) patients with SARS-CoV-2 infection; or (4) patients with a documented immunosup-
pressive except for HIV infection or neurosurgical illness.

All patients who were suspected to have CNS infection in this study received lumbar puncture for CSF rou-
tine test and biochemical tests. As described previously in a Chinese study'’, CSF conventional testing included
bacterial and fungal smear; acid-fast stain; and culture of bacteria, fungal organisms and Mycobacterium species.
As cryptococcal meningitis and tuberculous meningitis or encephalitis are common in PLWHA!S, cryptococ-
cal antigen test, Chinese ink staining and GeneXpert MTB/RIF tests were requested. Except for blood and CSF
assays, CT or MRI scan of brain was also part of the routine procedures. Meanwhile, another CSF sample was
collected for mNGS. The detected pathogens through clinical conventional testing available in this hospital would
be further compared with the results by mNGS.

Two physicians were responsible for checking and analyzing clinical information, including age, gender,
marital status, risk factors for HIV infection, etc. This study was approved by the Ethics Committee of Zhongnan
Hospital of Wuhan University (Research Ethics No. 2021079). The study protocol was conducted in accordance
with the latest version of the Declaration of Helsinki. The written informed consent was signed from all partici-
pants included in this study.

Library preparation and metagenomic sequencing. DNA library was prepared by automatic nucleic
acid extraction, enzymatic fragmentation, end repair, terminal adenylation and adaptor ligation according to a
previous study’. Finished libraries were quantified by real-time PCR (KAPA) and pooled. Shotgun sequenc-
ing was carried out on illumina Nextseq. Approximately 20 million of 50 bp single-end reads were generated
for each library. Bioinformatic analysis was conducted as described in a previous report®. Briefly, sequences of
human origin were filtered (GRCh38.p13) and the remaining reads were aligned to a reference database (NCBI
nt, GenBank and in-house curated genomic database) to identify the microbial species and read count. For each
sequencing run, a negative control (culture medium containing 104 Jurkat cells/mL) was included. DNA extrac-
tion and library preparation were conducted on the NGS Automatic Library Preparation System (Cat. MAR002,
MatriDx Biotech Corp. Hangzhou, China). Reagents included: Nucleic Acid Extraction Kit (Cat. MD014, Mat-
riDx Biotech Corp. Hangzhou, China), Total DNA Library Preparation Kit (other samples).

mNGS reporting criteria. Microbial reads identified from a library were reported if: (1) the sequencing
data passed quality control filters (library concentration>50 pM, Q20> 85%, Q30>80%); (2) negative control
(NC) in the same sequencing run does not contain the species or the RPM (sample)/RPM (NC) = 5, which was
determined empirically according to previous studies'**"*? as a cutoff for discriminating true-positives from
background contamination. After excluding common skin colonized bacteria, reagents or environmental back-
ground contamination and index hopping, pathogen-positive microbiome or suspected contaminated coloniz-
ing bacteria was distinguished.

Definition of specificity and sensitivity. Based on clinical presentations and accessible results during
hospitalization, a tentative diagnosis was made for subsequent empirical treatment. After a course of standard-
ized treatment, further estimate was made according to the effectiveness of the treatment, and final diagnosis
was determined at discharge. To guaranteed the accuracy and reliability of discharge diagnosis, trained infec-
tious physician, radiologists and neurologists were all invited to take part in the group discussion. Both the
results of mNGS and clinical conventional methods were compared with discharge diagnosis to assess the sensi-
tivity and specificity of each detection method.

Statistical analysis. All statistical analyses were performed using SPSS Statistics version 23.0 software.
Categorical variables were described as frequency rates and percentages, and quantitative data were expressed as
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mean = SD. Comparisons between groups were analyzed by chi-square test or Fisher’s exact test for categorical
variables and by Student’s t-test for quantitative variables. P<0.05 was considered statistically significant.

Ethical approval and consent to participate. This study was approved by the Ethics Committee of
Zhongnan Hospital of Wuhan University (Research Ethics No. 2021079). The written informed consent was
signed from all participants included in this study.

Results

Demographics and clinical characteristics. Among 1131 PLWHA who were hospitalized in Zhongnan
Hospital of Wuhan University from Jan 1, 2021 to Jan 1, 2022, 48 patients with a complaint of new or recurrent
neurological or psychiatric symptoms were included in this study (Fig. 1). Overall, the majority of individuals
were male, 91.7% (44/48) acquired HIV infection by sexual contact, 62.5% (30/48) had underlying diseases, and
81.3% (39/48) were receiving cART(Table 1).

The top five neurological symptoms were headache (50.0%), fever (47.9%), nausea (31.3%), consciousness dis-
order (16.7%) and blurred vision (12.5%). Average time from onset of symptoms to first admission and hospital
stay were 20 days and 17 days, respectively. The median CD4" T lymphocyte counts and Log;,HIV-RNA(IQR)
were 34/ul and 4.4 (3.6, 5.1), respectively. The proportion of individuals who had abnormal CT or MRI scan of
brain was 79.2% (38/48). Four patients were died during hospitalization or within 12 weeks of follow-up. The
results of blood routine and biochemistry, infection-related biomarkers, lactate dehydrogenase and D-dimer
were shown in Table 1.

Number of pathogens detected in CSF by mNGS. In this study, 75% (36/48) of the pathogens were
detected by mNGS, whereas 52.1% (25/48) by clinical conventional method, and the difference between the two
methods was statistically significant (X?=5.441, P=0.020). Moreover, the detection rates of two or more patho-
gens by mNGS was 41.7% (20/48), which was much higher than 8.3%(4/48) by clinical conventional method
(X?=14.222, P<0.001). It's worth noting that 13 out of 48 patients (27.1%) were detected with 3-7 pathogens
infection by mNGS, whereas none by clinical conventional methods. The distribution of the number of patho-
gens detected by mNGS and clinical conventional method was shown in Fig. 2.

Types of pathogens detected in CSF by mMNGS.  The top 3 pathogens detected by mNGS were Epstein-
Barr virus(EBV), CMV and Cryptococcus neoforman, which were consistent with the distribution of com-
mon pathogens detected by clinical conventional methods. The detection efficiency of the above three common
pathogens by mNGS was 72.9% (35/48), which was slightly superior than that by clinical conventional methods
(72.9% vs 56.3%, X>=2.915, P=0.088). In this study, the significant superiority of mNGS was that 26 species with
a total of 40 pathogens were detected by mNGS but not detected by clinical conventional methods.

The results showed that the detection efficiency of cryptococcus neoformans (5/48 vs 8/48), mycobacterium
tuberculosis and non-tuberculous mycobacterium (2/48 vs 2/48) by mNGS was comparable to that by clini-
cal conventional methods. Nonetheless, we have noticed that fungal spores were detected using conventional
methods rather than mNGS in 1 patient. The distribution of types of pathogens detected by mNGS and clinical
conventional method was shown in Fig. 3.

Detection efficiency of various pathogens by mNGS. Overall, 77 pathogen strains were found by
combined detection of mNGS and clinical conventional methods. Among them, 73 and 30 pathogen strains
were found by mNGS and clinical conventional methods, respectively. The rate of pathogens detection by mNGS

t 1131 inpatients with HIV infection during Jan. 2021 and Jan. 2022 J

[ 87 cases had CNS disorders \

_69 were excluded for
'tncomplcte clinical data or

absense of mNGS detection

A\J

48 CSF were collected for mNGS Conventional testing, including CSF routine, biochemical, bacterial
detection and the data were and fungus culture, tuberculosis DNA, Xpert, CrAg, CMV-DNA,
analyzed in this study EB-DNA and HSV-DNA, were done simultaneously.

Figure 1. Study profile.
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No. (%) | Mean+SD/Median (IQR)

Age 40.3+13.4
Male 44 (91.7)
Marital status

Married 25 (52.1)
Single 18 (37.5)
Divorced/Widowed 5(10.4)
Past medical history

HBYV infection 6 (12.5)
HCV infection 3(6.3)
Syphilis 16 (33.3)
Tuberculosis 3(6.3)
Cardiovascular and cerebrovascular diseases 2(4.2)

Routes of HIV acquisition

Sexually transmission 44 (91.7)

Blood-borne transmission 4(8.3)

cART coverage 39 (81.3)

Symptoms and signs

Headache 24 (50.0)

Fever 23 (47.9)

Nausea 15 (31.3)

Consciousness disorder 8(16.7)

Blurred vision 6 (12.5)

Seizure 5(10.4)

Dyspnea 1(2.1)

Neck stiffness 121

Days from illness onset to first admission 20 (14, 30)

Days of hospital stay 17 (14, 25)

LgHIV-VL 4.4 (3.6,5.1)

Died within 12 weeks 4(8.3)

Abnormal CT or MRI scan of brain 38(79.2)

Blood routine and biochemistry results

White blood cell count, x 10°/L 4.22+1.96
<4.0x10°/L 22 (45.8)
>10.0x 10°/L 1(2.1)

Neutrophil count, x 10°/L 2.7 (1.4,3.8)

Lymphocyte count, x 10°/L 0.7 (0.4,1.2)
<1.0x 10°/L, No. (%) 26 (54.2)

Hg, g/L 109.8+25.4
<90 g/L 9 (18.8)

Platelet count, x 10°/L 181.9+96.2
<100x10°/L 11 (23.0)

Alanine aminotransferase, U/L 21(14.3, 39.3)
>50U/L 9(18.8)

Aspartate aminotransferase, U/L 27 (19.3,49.8)
>40U/L 14 (29.2)

Albumin, g/L 33.7(27.2,9.6)
<40 g/L 39 (81.3)

Globulin, g/L 35.8+6.5
>30g/L 40 (83.3)

Creatinine, pmol/L 5.6 (4.1,7.4)
>104 pmol/L 6(12.5)

Urea nitrogen, mmol/L 5.6 (4.1,7.4)
>7.6 mmol/L 10 (20.8)

CYSC, mg/L 1.0 (0.9, 1.2)
>1.2mg/L 14 (29.2)

Lymphocyte subsets and NK cells in peripheral blood

Continued
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No. (%) | Mean+SD/Median (IQR)
CD3+T cell 370.5 (242.0, 690.5)
CD3+CD4+%Lym 6.9 (3.8, 10.0)
CD3+CD4 + Abs 34.0 (13.0, 122.5)
CD3+CD8+%Lym 61.2 (53.3,61.2)
CD3+CD8+ Abs 406.5 (208.5, 564.0)
CD4 +/CD8 +Ratio 0.12 (0.07, 0.18)
CD19+ %Lym 9.0 (5.0, 14.3)
CD19+B cell 58.5(22.5,77.5)
CD16+CD56 + % NK cell 11.0 (7.3, 16.3)
CD16+ CD56 + Abs 76.5 (39.0, 104.0)
Lactate dehydrogenase, U/L 211.0 (169.0, 480.5)
>243U/L 18 (37.5)
D-dimer, ng/mL 440.0 (205.0, 854.8)
>500 ng/mL 22 (45.8)
Infection-related biomarkers
ESR, mm/h 349+239
>15mm/h 31 (64.6)
C-reactive protein, mg/L 20.0 (5.8,71.6)
>10 mg/L 17 (35.4)
Interleukin-6, pg/mL 11.6 (6.4, 31.6)
>7 pg/mL 25 (52.1)
Procalcitonin, ng/mL 0.06 (0.05, 0.32)
>1.0 ng/mL 7(14.6)

Table 1. Characteristics of 48 inpatients who had done mNGS testing.
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Figure 2. The distribution of pathogens number detected by two methods.

(94.8%) was significantly higher than that by clinical conventional methods(39.0%) (X?=54.206, P<0.001).
Twenty-six pathogen strains were found by both methods, which accounted for 33.8% (26/77). Among 73 patho-
gen strains detected by mNGS, 47 were missed diagnosis by clinical conventional methods. The false negatives
detection rate by clinical conventional methods was 64.4% (47/73). Meanwhile, among 30 pathogen strains
detected by clinical conventional methods, 4 were missed diagnosis by mNGS. Overall, the false negatives detec-
tion rate by mNGS was 13.3% (4/30), which was significantly lower than that by clinical conventional methods
(X?=22.167, P<0.001).

Except for fungi, the number of patients detected with virus, bacteria and atypical pathogens infection by
mNGS was more than that by clinical conventional methods. Moreover, compared with clinical conventional
methods, more pathogen strains were detected by mNGS. These data were shown in Table 2.

Significance of mMNGS results for clinical diagnosis and treatment. According to the results by
mNGS and clinical conventional methods, clinical diagnosis was made and targeted treatment measures were
given. After follow-up and clinical efficacy verification, the sensitivity and specificity of pathogens detection by
mNGS were 63.9% (23/36) and 66.7% (8/12), respectively, which were superior to that by clinical conventional
methods (23/36 vs 9/25, X*=4.601, P=0.032; 8/12 vs 5/23, X*>=5.029, P=0.009).
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Figure 3. The distribution of pathogens types detected by two methods.
mNGS Clinical conventional testing ‘ X2 ‘ P

Virus

Detected cases of infection (n,%) 32 (66.7) 17 (35.4) 9.379 0.002
Positive detection rate of virus strains 42/46 (91.3) 19/46 (41.3) 25.737 | 0.000
Detection rate of virus strains not detected by control group 23/42 (54.8) 0/19 (0) 16.702 | 0.000
Bacteria

Detected cases of infection (n,%) 8(16.7) 0 6.682 0.010
Positive detection rate of bacteria strains 16/16 (100.0) | 2/16 (12.5) 24.889 | 0.000
Detection rate of bacteria strains not detected by control group 14/16 (87.5) | 0/2(0) 7.875 | 0.005
Fungi

Detected cases of infection (n,%) 10 (20.8) 8(16.7) 0.274 0.601
Positive detection rate of fungi strains 10/14 (71.4) 9/14 (64.3) 0.164 0.686
Detection rate of fungi strains strains not detected by control group 5/10 (50.0) 4/9 (44.4) 0.059 0.809
Atypical pathogen

Detected cases of infection (n,%) 5(10.4) 0 4.444 0.035
Positive detection rate of atypical pathogen strains 5/5 (100.0) 0/5 (0) 10.000 | 0.002
Detection rate of atypical pathogen strains not detected by control 5/5 (100.0) 0(0) B B
group

Total detection rate of pathogen strains not detected by control group | 47/73 (64.4) | 4/30 (13.3) 22.167 | 0.000

Table 2. Detection efficiency comparison of various pathogens by mNGS and clinical conventional testing.
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Through combination analysis of the results by mNGS and clinical conventional methods, the effective rate
of positive results to guide clinical diagnosis and treatment was 88.9%, while the effective rate of negative results
to rule out pathogens infection was 75%. Both positive and negative results based on comprehensive analysis
of the two methods were more effective for clinical diagnosis and treatment than either single method (Fig. 4).

Analysis of death causes. During hospitalization or within 12 weeks of follow-up, 4 out of 48 patients
died, and the mortality was 8.3%. All the four patients had a definitive diagnosis but died due to serious illness
that could not be effectively controlled. Not by clinical conventional methods but by mNGS, one patient was
diagnosed to be infected with a variety of pathogens, including Marneffei and Epstein-Barr virus. The other
three patients were confirmed with the same pathogens infection both by mNGS and clinical conventional
methods. The diagnostic methods and specific causes of death were shown in Table 3.

Discussion

mNGS is a new technology that make it possible to detect and identify an unlimited range of organisms in a
single testing. Furthermore, it is important that mNGS includes genetic information on detected pathogens.
Due to the independence of organism cultivation, the compatibility of genomic diversity or mutations, and the
universality of pathogens that can be detected, mNGS offers several superiority that conventional tests could not
achieve. To our knowledge, in resource-limited areas, studies about clinical application of mNGS in identifying
pathogens of CNS infection in PLWHA is very limit. This real-world study might provide data and help clinicians
to comprehensively and objectively grasp the clinical value of mNGS in PLWHA with CNS infections.

P=0.032
I |
P=0.013 P<0.001
A | | 1 Be detected
False positive
36.0%
88.9%
63.9%
otal=36 Total=36 Total=25
mNGS mNGS+ Clinical conventional method Clinical conventional method
P=0.009
B ' ‘
P=0.653 P=0.002 Be ruled out infection
21.7%
False negative
66.7%
75.0%
Total=12 Total=12 Total=23
mNGS mNGS+Clinical conventional method Clinical conventional method

Figure 4. The sensitivity and specificity of mNGS and clinical conventional testing in diagnosis of CNS
disorders in PLWHA. (A) Comparison of sensitivity; (B) Comparison of specificity.

Diagnostic methods
mNGS | Clinical conventional methods | Death causes Other co-infections
Patient 1 |V V Burkitt’s lymphoma No
Patient2 |V v Cryptococcal meningitis No
Patient 3 V V Cryptococcal meningitis No
Patient4 |V X Penicillium marneffei disease | EB virus

Table 3. Analysis of causes of death.

Scientific Reports|  (2023) 13:4921 | https://doi.org/10.1038/s41598-023-31974-1 nature portfolio



www.nature.com/scientificreports/

In this study, the pathogen detection rate by mNGS was high and the results had a guiding role in clini-
cal diagnosis and treatment, which proved that mNGS remained an effective detection means for suspected
CNS infection even among immunodeficient population. The results were consistent with previous studies'>!”.
Undoubtedly, mNGS was more advantageous in guiding clinical diagnosis and treatment when clinical mani-
festations of opportunistic infections were atypical due to immune deficiency by HIV infection.

The top 3 pathogens detected by mNGS were consistent with the distribution of common pathogens detected
by clinical conventional methods. It was challenging to confirm the causative pathogen since similar symptoms
could be present even with different pathogen infection, and nonspecific laboratory results and atypical imaging
were common in PLWHA?*?*, On the premise of proven reliability of clinical diagnosis and treatment, mNGS
was more prominent in identifying unknown or unexpected pathogens, which can greatly improve the efficiency
of pathogen diagnosis.

Multiple pathogens infection which ranging from 15.9% to 36.0%, was common in PLWHA'"%. Surprisingly,
33 out of 48 patients (68.8%) were detected with 2-7 pathogens by mNGS in this study, which was much higher
than other studies'”?*. Real-time polymerase chain reaction (PCR) based on pathogen-specific primers was used
in a Zambian study® and patients who were tested negative by all clinical conventional methods were included
in Chen et al. study'. The difference of detection methods and observation subjects may account for the higher
rates of multiple pathogens infection in this study.

Like all laboratory tests, the interpretation of mNGS results should be done in combination with clinical
data®, and the accuracy of the results should ultimately depend on effect to targeted treatment based on the
etiological results of mNGS. Different from previous studies, we compared and classified the detection efficiency
of mNGS according to the types of pathogens. We found that mNGS was significantly superior to clinical con-
ventional method in bacteria, viruses and atypical pathogens detection, but the detection efficiency of fungal
infection was slightly lower. Physicians should make comprehensive assessment on whether or under what cir-
cumstances mNGS should be recommended in combination with the specific clinical and financial conditions
of patients, and the cost-effectiveness of mNGS?.

Although mNGS have significant superiority in the diagnosis of viral, bacterial and atypical pathogens, its
disadvantages in detecting tuberculosis or non-tuberculous mycobacterium should also be noted. The result in
this study showed that the detection rate of mNGS was similar to that of clinical conventional methods. The
result was a little better than that in another study, in which mycobacterium were indeed missed and still only
diagnosed by clinical conventional methods'’. From these studies, we can come to a same conclusion that, Gene
Xpert and Xpert Ultra were the most appropriate choice for patients with clinically suspected tuberculosis or
non-tuberculous mycobacterium infection due to its relatively higher sensitivity and more convenience?®-*.
In addition to mycobacterium, fungal espectially cryptococcus neoformans were missed detected by mNGS in
this study. In HIV-negative patients, the sensitivity of mNGS were higher than those of India ink and culture,
but slightly lower than those of CrAg tests®*2. This was consistent with the result of this study, in which some
confirmed meningitis cases by clinical conventional methods were missed diagnosis by mNGS. To date, CrAg
EIA was proved to be the diagnostic assay with highest sensitivity and specificity in screening cryptococcus
neoformans infection in HIV-negative patients. In PLWHA likewise, the application of clinical conventional
method, including CrAg EIA, together with India ink staining and culture methods, could be considered as an
effective tool to clarify a diagnosis of cryptococcal meningitis.

In sub-Saharan Africa, CNS infections in PLWHA contributed to 15-25% of AIDS-related deaths®3.
Through the combination of mNGS and clinical conventional methods, a relatively lower risk of deaths caused
by delayed targeted treatment due to missed diagnosis was found in this study. Nevertheless, early diagnosis
remains the necessary and effective measure to reduce the mortality in PLWHA with CNS infections'?.

We recognize that our study has some limitations. Due to the relatively high economical burden for mNGS
and the lower acquisition of informed consent for lumbar puncture, the sample in this prospective clinical study
was small, which would needs relatively longer time to complement this limitation. In addition, different from
the medical reality in many western countries, the detection of JCV and VZV by PCR in CSF has not yet been
incorporated into routine clinical testing in China yet, which may over-evaluated the superiority of mNGS in
this real-world clinical study. This limitation can be compensated through adding these common in PLWHA
but unimplemented detection items in CSF in further studies.

In conclusion, compared with clinical conventional methods, the application of mNGS in PLWHA with
CNS disorders was superior for its ability to detect a variety of unknown pathogens and higher detection rate
of multiple pathogens infection. The combination of mNGS and clinical conventional methods can improve the
sensitivity and specificity of clinical diagnosis of CNS disorders in PLWHA. For those patients who are unable
to get effective clues through conventional clinical diagnostic methods but are affordable to mNGS, the study
can be duplicated in other countries or other regions with relative ease of access.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author on reason-
able request.
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