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Purpose: This study aimed to investigate the impact of herpesvirus detection by metagenomic next-generation sequencing (mNGS) of
bronchoalveolar lavage fluid (BALF) on lower respiratory tract infections (LRTIs) patients’ lung microbiome composition and
prognosis.

Patients and methods: We initially enrolled 234 hospitalized patients with LRTIs who underwent BALF mNGS between
February 2022 and May 2023. The study analyzed the clinical manifestations and the pulmonary microbial composition between
herpesvirus detection (HD) and non-herpesvirus detection (non-HD) group.

Results: After exclusions, a total of 201 patients were included, out of which 73 patients had herpesvirus detections (HD). The most
frequently detected herpesviruses were Human herpesvirus 7 (HHV-7) (19.4%), Epstein-Barr virus (EBV) (12.4%), and cytomegalo-
virus (CMV) (10.4%). The HD group had a higher proportion of male patients (78.08% vs 55.04%, P = 0.001) and a greater incidence
of hemoptysis and multilobar infiltrates compared non-HD group. Additionally, the HD group tended to have longer hospital stays
compared to non-HD group, especially in immunosuppressed patients. Furthermore, in immunocompetent patients, there were
significant differences in o diversity and B diversity between the HD group and non-HD group, but such differences were not
observed in immunosuppressed patients.

Conclusion: The presence of herpesvirus in patients with non-critical LRTI is associated with longer hospital stays and alterations in
the lung’s microbial composition. Additionally, the impacts of herpesvirus presence are influenced by the immune status of the
patients.
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Introduction

Lower respiratory tract infection (LRTI) remains one of the leading causes of death worldwide.! Despite being
traditionally considered as non-pathogenic, herpesviruses are frequently found in the lungs of patients with LRTL.*?
The mechanisms of establishment, maintenance and reactivation of herpesviruses species in different subfamilies
(including Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae) are different.”

Previous studies have explored the impact of herpesviruses on the prognosis and mortality of critically ill or
transplanted patients. These studies identified cytomegalovirus (CMV), herpes simplex virus-1 (HSV-1) and Epstein-
Barr virus (EBV) as the most commonly detected viruses in the lower respiratory tract of patients suffering from severe
pneumonia, establishing a correlation between positive herpesvirus presence and increased mortality.> "’ In contrast,
another study analyzed the incidence and clinical characteristics of human herpesvirus-7 (HHV-7), concluding that HHV-
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7 positivity was not an independent risk factor for mortality, suggesting that different herpesviruses may have varying
impacts on patient outcomes. Moreover, the presence of herpesviruses has been shown to alter the composition of the
lung microbiome in critically ill patients.>’ Thus, it is evident that herpesvirus presence significantly affects host
conditions. Understanding patients’ clinical characteristics and potential coexisting or interacting pathogens can aid
clinicians in their decision-making processes. Additional analyses are warranted to evaluate the influence of positive
herpesvirus on factors such as pathogen composition, and lung microbiome, etc. Moreover, the impact of herpesviruses
on patients with non-critical lung infections remains poorly understood.

This study comprehensively investigated the clinical impacts of the presence of herpesvirus in patients diagnosed with
LRTI. We examined clinical manifestations, clinical indicators, length of hospital stay, pathogen species and detection
rates, lung microbial composition, and microbial interactions among LRTI patients with and without herpesvirus
detection, aiming to establish a foundation for precise clinical diagnosis and treatment.

Methods

Study Design and Patient Population

The study exclusively enrolled patients from the Affiliated People’s Hospital of Ningbo University, Yinzhou People’s
Hospital. A total of 234 hospitalized patients with suspected LRTIs between February 2022 and May 2023 were
involved. The inclusion criteria were: (1) age > 18 years old; (2) performed bronchoalveolar lavage fluid (BALF)
metagenomic next-generation sequencing (mNGS); (3) diagnosed with LRTIs. The exclusion criteria included the
following: age below 18 years, absence of BALF mNGS, missing clinical data and absence of BALF culture results
(Figure 1). Patients were then categorized into two groups: the herpesvirus detected (HD) group and the non-HD group
(without specific reads of herpesvirus detected). Furthermore, the patients had a clearly defined primary disease.

We collected baseline information and clinical data, including age, gender, comorbidities, symptoms, immune state,
blood routine results, conventional inflammatory markers, length of hospital stay (LOHS), imaging findings, final
diagnosis, and prognosis. Consensus defined immunosuppression and was determined based on meeting at least one of
the following criteria:® primary immunodeficiency disease; active malignancy; receiving anticancer chemotherapy;
human immunodeficiency virus (HIV) infection; solid organ transplantation; hematopoietic stem cell transplantation;
receiving corticosteroid therapy; receiving biologic immunomodulators; or receiving disease-modifying antirheumatic
drugs or other immunosuppressive drugs.

Bacterial and fungal cultures were conducted on BALF samples for all the patients. Additional conventional
microbiological test (CMT) results were also collected, including blood and sputum culture, 1, 3-B-D-glucan (G) test
and galactomannan (GM) test for fungi, glucuronoxylomannan (GXM) test for Cryptococcus, T-spot and GeneXpert for

Patients with suspected lower respiratory tract infection (n=234) and
underwent mNGS during February 2022 and May 2023 in the People's
Hospital Affiliated to Ningbo University

33 excluded
Age < 18 (n=4)

> Missing data (n=13)

Not perform BALF mNGS (n=15)
Not perform BALF culture (n=1)

v

Final Cohort
(n=201)
I
herpesvirus detected (HD) without herpesvirus detected (non-HD)
(n=73) (n=128)

Figure | Study design.
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Mycobacterium, and smear microscopy for fungi or tuberculosis. Final clinical diagnoses for the patients were made by
two experienced physicians. In cases of discordant results, a senior physician provided definitive judgement.

mNGS Assay

Following standard procedures,” BALF specimens were collected by experienced physicians and utilized for mNGS
analysis. DNA was extracted using the PathoXtract® Basic Pathogen Nucleic Acid Kit (WYXMO03211S, WillingMed
Corp, Beijing, China), and DNA libraries were prepared with the Illumina® DNA Prep, (M) Tagmentation kit (20018705,
Illumina) in accordance with the manufacturer’s protocol. High-quality libraries were sequenced on the NextSeq™
550Dx platform using a 75 bp, single-end sequencing kit (Illumina), with a minimum of 20 million sequencing reads
obtained for each sample. An external negative control (nuclease-free water) was included in each mNGS assay run to
eliminate environmental and laboratory contaminants.'®!!

After filtering out low-quality or undetected sequences, as well as those contaminated by splices, high-coverage repeats,
and short-read-length sequences using Trimmomatic v0.40, high-quality sequencing data were obtained. The removal of
human host sequences and pathogen classification was conducted with Bowtie2 v2.4.3. An RPTM (reads per ten million)
value, which defined as the detected number of pathogen-specific reads per ten million, was utilized to quantify the
abundance of microorganisms. To effectively identify the causative pathogen within the microbial communities, a criterion
for positive mNGS results were established. An RPTM of > 1 was applied as an empirical threshold for herpesvirus
detection. For bacteria and fungi, positive pathogen identification required meeting a threshold of RPTM > 20. Special
pathogens such as Cryptococcus and Mycobacterium with an RPTM > 1 was identified as positive. Normal flora of the oral
cavity, the skin, or the respiratory tract, including Neisseria, coagulase-negative Staphylococci, Streptococcus infantis,
Dialister invisus, and Rothia dentocariosa, were classified as part of the lung microbiome irrespective of their high reads’

numbers, as they were deemed unlikely to cause pulmonary infection.'*>

Statistical Analysis

All statistical analyses were performed using GraphPad Prism (Version 9.4.1, GraphPad Software Inc) and SPSS (version
26, IBM Corp). A Student’s ¢-test was utilized for continuous variables, while a chi-square test was applied to categorical
variables. A significance level of P-value less than 0.05 was considered statistically significant. The alpha diversity index
was calculated based on Shannon and Simpson indexes. Beta-diversity was visualized using principal coordinate analysis
(PCoA). The community composition was depicted using a stacked bar plot created in R using the ggplot2 package.
Species correlation was deemed statistically robust if the Spearman correlation coefficient (p) was > 0.6, and the
Benjamini-Hochberg adjusted p-value was < 0.05. The statistical analyses were conducted by the “psych” packages in
R. Network visualization was carried out using Gephi (v0.9.2). Linear discriminant analysis (LDA) effect size (LEfSe)
was employed to identify significantly different species among the groups, with thresholds set at logl0 LDA Score > 2
and P value < 0.05.

Results

Patient Characteristics and Herpesvirus Distribution

A total of 234 patients were initially enrolled in this study. After excluding those who met the exclusion criteria, 201
patients were included in the final analysis. Among these patients, 73 tested positives for herpesvirus using BALF mNGS
and were classified as the HD group (Supplementary Table 2). The remaining 128 patients who tested negative for

herpesvirus were categorized as the non-HD group (Figure 1). Compared to the non-HD group, the HD group exhibited
a notably higher proportion of male patients (78.08% vs 55.04%, P = 0.001), tumor patients (19.18% vs 9.3%, P =
0.046), and immunosuppressed patients (39.73% vs 12.50%, P < 0.0001). Additionally, a higher incidence of hemoptysis
(16.44% vs 3.88%, P = 0.002), multilobar infiltrates (94.52% vs 35.66%, P < 0.0001), and significantly elevated
procalcitonin (PCT) levels (0.49 vs 0.16, P = 0.008) were noted in the HD group. The most prevalent diseases observed
were pneumonia, followed by tuberculosis, and bronchiectasis. Notably, the non-HD group had a slightly higher
proportion of patients infected with tuberculosis compared to the HD group (20.16% vs 9.59%, P = 0.048) (Table 1).
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Table | Characteristics of the Patients Included in This Study

Characteristics All Patients (n = 201) | Non-HD (n = 128) HD (n =73) P value
Age (meanSD), year 55.90 + 16.37 54.82 + 16.52 57.78 £ 16.06 0.219
Male, n (%) 128 (63.68%) 71 (55.04%) 57 (78.08%) 0.001
Comorbidities, n (%)
Hypertension 43 (21.39%) 29 (22.48%) 14 (19.18%) 0.563
Diabetes mellitus 20 (9.95%) 11 (8.53%) 9 (12.33%) 0.395
Malignant tumor 26 (12.94%) 12 (9.3%) 14 (19.18%) 0.046
History of surgery 33 (16.42%) 18 (13.95%) 15 (20.55%) 0.233
Cardiovascular disease 10 (4.98%) 7 (5.43%) 3 (4.11%) 0.670
Symptoms, n (%)
Fever 43 (21.39%) 26 (20.16%) 17 (23.29%) 0.621
Cough 140 (69.65%) 93 (72.09%) 47 (64.38%) 0.220
Expectoration 72 (35.82%) 49 (37.98%) 23 (31.51%) 0.335
Chest distress 9 (4.48%) 4 (3.10%) 5 (6.85%) 0.220
Hemoptysis 17 (8.46%) 5 (3.88%) 12 (16.44%) 0.002
Shortness of breath Il (5.47%) 6 (4.65%) 5 (6.85%) 0.517
Chest pain 7 (3.48%) 3 (2.33%) 4 (5.48%) 0.244
Temperature (meantSD) (°C) 37.12 £ 0.60 37.13 £ 0.65 37.10 £ 0.49 0.703
Pulse (meanxSD) (times/min) 78.79 + 15.65 79.98 £ 16.29 76.70 £ 1433 0.153
Breath (meanxSD) (times/min) 21.07 £ 9.38 21.16 £ 9.60 20.92 + 9.04 0.858
Systolic blood pressure (mean+SD) (mmHg) 124.24 £+ 16.59 123.63 £ 16.57 125.30 + 16.68 0.494
Diastolic blood pressure (mean+SD) (mmHg) 73.68 + 10.34 72.96 + 10.35 74.96 + 10.26 0.188
Blood routine (meanSD)
WBC (¥10°/L) 6.72 + 3.35 6.50 + 3.12 7.10 £ 3.70 0.222
NEUT (*10%/L) 533 +783 5.44 £ 9.47 5.13 £ 345 0.784
LY (*10°/L) 1.39 £ 0.69 1.43 = 0.65 1.30 £ 0.74 0.174
PLT (¥10%/L) 23886 + 96.17 245.54 + 100.47 227.15 + 87.56 0.193
Hb (g/L) 127.58 £ 17.92 128.24 + 18.13 1264 £ 17.6 0.487
CRP (ug/mL) 32.76 + 53.56 30.64 + 53.60 36.49 + 53.66 0.457
PCT (ng/mL) 0.28 £ 0.84 0.16 £0.52 (n=125)" | 0.49 % 1.19 (n=71)° 0.008
Immunosuppressive, n (%) 45 (22.39%) 16 (12.50%) 29 (39.73%) < 0.0001
CT- Multilobar infiltrates, n (%)* 115 (57.21%) 46 (35.66%) 69 (94.52%) < 0.0001
(Continued)
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Table 1 (Continued).

Characteristics All Patients (n = 201) | Non-HD (n = 128) HD (n =73) P value
Final diagnoses, n
Pneumonia 16 71 45 0.394
Tuberculosis 33 26 7 0.048
Bronchiectasis 29 17 12 0.540
Fungal infections 12 9 3 0.401
Severe pneumonia 5 2 3 0.265
Lung abscess 4 2 2 0.566
Sepsis 3 I 2 0.271
AECOPD 2 | | 0.686
COPD | | 0 0.449
LOHS (days) 743 £7.79 6.59 + 6.65 8.78 £ 9.34 0.054
Mortality, n (%) 3 (1.49%) 2 (1.55%) 1 (1.37%) 0914

Notes: *CT multilobar infiltrates are defined as infiltrates involving = 2 lobes. Only 125 and 71 patients have the PCT results in non-HD and HD groups,
respectively.

Abbreviations: WBC, white blood cell; NEUT, neutrophil; LY, lymphocyte; PLT, platelet; Hb, hemoglobin; CRP, C-reactive protein; PCT, Procalcitonin;
AECOPD, acute exacerbation of chronic obstructive pulmonary disease; COPD, chronic obstructive pulmonary disease; LOSH, length of hospital stays.

Among the 73 patients in the HD group, a total of five types of herpesviruses were detected. The most prevalent was
HHV-7, identified in 39 patients. The other herpesviruses included EBYV, found in 25 patients, CMV in 21, HSV-1 in 9,
and human herpes virus-6B (HHV-6B) in 5 patients. Furthermore, these viruses demonstrated a higher detected
proportion in immunosuppressed patients than in immunocompetent patients (64.44% vs 28.20%, P < 0.0001), especially
in cases with EBV (60.00%), HHV-6B (60.00%), and CMV (52.38%) (Figure 2A). HSV-1 was significantly more
abundant compared to other herpesviruses (Figure 2B), with a significantly higher abundance observed among immu-
nosuppressed patients compared to immunocompetent patients (P = 0.007) (Figure 2C). Two or more herpesviruses were
detected in 27.40% (20/73) patients, which occurred more frequently among immunosuppressed patients (Figure 2D).
Detection rates combined with other herpesviruses were highest for HHV-6B, followed by CMV, HSV-1, EBV, and
HHV-7 (Figure 2E).

The Association Between Herpesvirus and the Length of Hospital Stay of LRTI Patients
Due to the low mortality rate observed in this study, we compared the length of hospital stay (LOHS) between HD and
non-HD groups to investigate the potential association between herpesviruses and the prognosis of patients with LRTT.
The LOHS was found to be longer in the HD group compared to the non-HD group (8.78 + 9.34 vs 6.59 £ 6.65),
although this difference was not reach statistical significance (Table 2). Furthermore, we conducted a comparison of the
LOHS between patients with specific herpesviruses detected and non-HD group (Table 2). While all patients with
different kinds of herpesviruses detected tended to have extended hospital stay, only those infected with CMV showed
a significant difference (Table 2). Subsequently, an analysis of the association between LOHS and immune status was
performed. Across all groups, it was noted that immunosuppressed patients generally experienced longer hospital stays

compared to immunocompetent patients, with the significant difference only being observed in the HD group (Table 2).
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Figure 2 Distribution and abundance of herpesvirus species in patients of the HD group. (A) Herpesvirus detections frequency. (B) Abundance distribution of
herpesviruses in patients with herpesvirus detection. (C) Abundance distribution of herpesviruses in immunosuppressed and immunocompetent patients with herpesvirus
detection. (D) Herpesvirus detected frequency in each patient. (E) Heatmap illustrating herpesvirus distribution.

Abbreviations: HHV-7, human herpesvirus 7; EBV, Epstein-Barr virus; CMV, Cytomegalovirus; HSV-1, Herpes simplex virus-1; HHV-6B, Human herpesvirus-6B.

Pathogen Distribution in the HD and Non-HD Group

The pathogens detected by mNGS and CMT were list in Supplementary Table 1. Bacterial infection was the most

prevalent, followed by tuberculosis infection and fungal infection in the enrolled patients (Figure 3A). In the HD group,
the detection rate of gram-positive bacteria was 80.82%, with 71.88% of the non-HD group. The most common gram-
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Table 2 The Difference of LOHS Between Patients with and without Herpesvirus
Detected and the Association Between LOHS and Immune Status

Group | LOHS (Days) | Immunocompetent | Immunosuppression | P-value®
HD 878 + 9.34 7.045+7.856 11.41£10.85 0.050
non-HD 6.59 * 6.65 6.339+6.567 8.313£7.209 0.269
HHV-7 7.05 £ 591 5.962+4.695 9.231+7.54 0.104
EBV 9.48 + 10.82 6.615.168 11.4+13.18 0.286
CMV 1329 + 11.94 11.9+13.98 14.55+10.27 0.624
HSV-1 1478 + 10.71 / / /
HHV-6B 15.8 + 18.65 / / /

Note: “The p-value was the significantly difference of LOHS between Immunocompetent and
Immunosuppression patients with and without herpesvirus detected.

positive bacteria were Corynebacterium accolens, Streptococcus pneumoniae, and Tropheryma whipplei (Figure 3B). The

HD group exhibited a higher overall detection rate of gram-negative organisms when compared to the non-HD group

(69.86% vs 47.66%). Among the non-HD group, the most common gram-negative bacteria were Klebsiella pneumoniae,

Pseudomonas aeruginosa, and Haemophilus influenzae. Klebsiella pneumoniae was also the most detected bacteria in the
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Figure 3 Infection type and pathogen distribution in the HD and non-HD groups. (A) Comparison of infection type between the HD and non-HD groups. (B) Pathogen

distribution for both groups.

Abbreviations: TB, tuberculosis; NTM, non-tuberculous Mycobacteria.
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HD group, with a significantly higher detection rate than the non-HD group. Special pathogens, including
Mycobacterium tuberculosis complex, Chlamydia psittaci, Mycoplasma pneumoniae, and Legionella pneumophila,
showed a higher detection rate in the non-HD patients (Figure 3A). Additionally, a greater detection rate of fungi was
also observed in the HD group compared to the non-HD group (47.95% vs 27.34%). Moreover, the distribution of fungal
species differed between the two groups, with Aspergillus fumigatus being the most common species in the non-HD
group, while Candida albicans was the most common species in the HD group (Figure 3B).

The distribution of pathogens in immunosuppressed and immunocompetent patients with herpesvirus detection was
also analyzed. The top 4 to 5 bacterial species with the highest proportion of detections were consistent between
immunocompetent and immunosuppressed patients, with gram-positive organisms predominantly Corynebacterium
accolens, Streptococcus pneumoniae, Mycobacterium tuberculosis complex, Tropheryma whipplei and Staphylococcus
aureus. And gram-negative organisms predominantly Klebsiella pneumoniae, Haemophilus influenzae, Escherichia coli,
and Klebsiella variicola. Other bacteria detected in smaller proportions were detected only in immunocompetent or
immunosuppressed patients (Supplementary Figure 1A). Significantly more fungi were detected in immunosuppressed

patients than in immunocompetent patients (82.76% vs 27.27%), and the most common fungus in both groups was
Candida albicans. Aspergillus fumigatus was more prevalent in immunosuppressed patients, and Cryptococcus neofor-
mans was detected only in immunocompetent patients. In addition, two other immunocompetent patients had Aspergillus
detections or positive G tests (labelled Fungi). All the other types of fungi were detected in immunosuppressed patients
(Supplementary Figure 1B).

Herpesvirus Detection is Associated with the Lung Microbiome Composition
We analyzed the microbial composition of the patients’ lungs and observed that the HD group exhibited significantly
higher Shannon and Simpson index compared to the non-HD group (Supplementary Figure 2A). The PCoA based on

Weighted Unifrac distance revealed an overlap between samples from both the HD and non-HD group (Supplementary
Figure 2B). Additionally, we examined the microbiome difference between specific HD patients and the non-HD group,
including HHV-7, EBV and CMV. Among these three viruses, HHV-7 had the highest Shannon and Simpson index,
followed by EBV and CMV. Only patients with HHV-7 detection showed a significantly higher a diversity than those in
the non-HD group (Supplementary Figure 3A). No significantly B diversity differences were observed between patients

with detections of HHV-7, EBV, and CMV when compared to non-HD group patients using PCoA analysis
(Supplementary Figure 3B). As the HD group had a higher proportion of immunosuppressed patients, we divided the

patients from both the HD and non-HD groups into immunosuppressed and immunocompetent subgroups to explore the
relationship between respiratory tract microbiome and immune status. The findings revealed that among immunocompe-
tent patients, the HD group exhibited higher a diversity than the non-HD group (P = 0.0004 for Shannon indexes and P =
0.0090 for Simpson indexes) (Figure 4A). Conversely, in the immunosuppressed patients, the o diversity between HD
and non-HD group patients was not significantly different, and both were lower than that in immunocompetent HD
patients (Figure 4A). The PCoA analysis indicated significant differences between the HD and non-HD group in
immunocompetent patients (P = 0.00017), whereas there were no significant differences between the HD and non-HD
group in immunosuppressed patients (P = 0.2157) (Figure 4B).

The 10 most abundant species identified in both the HD and non-HD groups were Pseudomonas aeruginosa,
Mycobacterium tuberculosis, Burkholderia multivorans, Parvimonas micra, Rothia mucilaginosa, Candida albicans,
Streptococcus  intermedius,  Staphylococcus —aureus, Peptostreptococcus stomatis, and Streptococcus mitis
(Supplementary Figure 2C). Seven of the top 10 species also had the highest abundance in the HHV-7, EBV and

CMYV detected and non-HD groups (Supplementary Figure 3C). Additionally, eight of them also appeared between

immunocompetent and immunosuppressed patients with or without herpesvirus detected (Figure 4C).

Subsequently, we examined the specific interactions between herpesvirus detection and the lung microbiome. Co-
occurring networks were created for both the non-HD and HD groups, comprising strong (p > 0.6) and significant (FDR-
adjusted P < 0.05) correlations between 236 and 250 microorganism species, respectively. Notably, all correlations
between species were positive. In general, the HD group demonstrated a significantly higher number of microbial
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interactions, as evidenced by the number of edges between the nodes, compared to the non-HD group (174 vs 93, P <
0.0001) (Supplementary Figure 4).

Relationship Between Antibiotics Adjustments and Herpesvirus Reactivation

We also analyzed the impact of mNGS and CMT test results on antibiotic adjustment in the HD and non-HD groups.
There was no clear distinction in the proportion of antibiotic adjustments performed between the HD and non-HD groups
(41.10% vs 39.84%, P = 0.862), whether the adjustment was based on mNGS, or CMT, or both mNGS and CMT
(Figure 5A). Additionally, we conducted an analysis to understand the effects of various herpesviruses and their antibiotic
adjustments in patients with and without HHV-7, EBV, and CMV detected. Our findings show no significant differences
observed between HHV-7 detected and non-detected groups (38.46% vs 40.74%, P = 0.795) (Figure 5B) as well as EBV
detected and non-detected groups (28% vs 42.05%, P = 0.567) (Figure 5C). However, the percentage of patients who
received antibiotic adjustments was significantly higher in the CMV detected group compared to the CMV non-detected
group (66.67% vs 37.22%, P = 0.009), with the variation mostly attributable to changes guided by mNGS (38.10% vs
17.22%, P = 0.022) (Figure 5D).

We have conducted a further analysis of patients who received antibiotic adjustments and classified them into four
categories: changing the types of antibiotics, antibiotic escalation and de-escalation, and a combination (represents
simultaneous implementation of at least two adjustments, involving de-escalation, escalation, and change). The percen-
tage of patients who received changes in the types of antibiotics was significantly higher in the non-HD group in
comparison to in the HD group (90.20% vs 73.33%, P = 0.046). Nevertheless, the percentage of patients who underwent
combination antibiotic adjustment was significantly greater in the HD group compared to the non-HD group (10.00% vs
0%, P = 0.021) (Figure 5E). No significant differences were found for HHV-7 (Figure 5F). The percentage for patients
with changed antibiotics was significantly higher in the non-EBV group compared to the EBV group (86.49% vs 57.14%,
P =0.043) (Figure 5G). For CMV, the CMV detected group had a lower percentage of changes in antibiotics (57.14% vs
89.55%, P = 0.003) but a higher proportion of combination (21.43% vs 0%, P < 0.0001; Figure 5H). The impact of
patient immunosuppression status on antibiotic adjustment in patients with detected or non-detected herpesvirus was also
analyzed. The results demonstrated no significant effects (Supplementary Figure 5).
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Discussion
This study comprehensively analyzed the characteristics of patients with and without herpesvirus detected, and identified
that hemoptysis, multilobar infiltrates and PCT were significantly different features between the HD and non-HD
patients, and variations were also found in both the distribution of pathogen and composition of the lung microbiome.
Throughout their lifetime, all humans inevitably become lifelong carriers of one or more herpesviruses.'®'” The
Herpesviridae family is categorized into three groups: alpha (including HSV-1, HSV-2 and varicella zoster virus (VZV)),
beta (CMV, HHV-6, HHV-7), and gamma herpesviruses (EBV and HHV-8) based on factors such as host range, genetic
organization, and replication strategies.'® Despite their long-term coexistence with humans, herpesviruses have histori-
cally been considered as benign pathogens.'® In certain instances, persistent herpesvirus infection may even provide
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benefits to the host by providing protection against other infections and clinical conditions, such as malignancy.?>>* The
degree of immunosuppression is a critical factor affecting patients’ susceptibility to herpesvirus reactivation.”** Among
solid organ transplant recipients, the virus-positive group exhibited a higher mortality rate compared to the virus-negative
group, and a notable difference in the lung microbiome was also observed between the two groups.” In this study, the HD
group included a significantly higher proportion of immunosuppressed patients compared to the non-HD group (Table 1).
Additionally, among patients with herpesviruses, there was a significant difference in the alpha diversity of the lung
microbiome between immunosuppressed and immunocompetent individuals. These findings suggest that the impact of
herpesviruses on patients may differ depending on their immune status.

Significant disparities were noted between clinical indicators and imaging findings among individuals with and
without herpesvirus detection. A higher percentage of patients in the HD group presented with hemoptysis symptoms
(16.44% vs 3.88%, P = 0.002) (Table 1). Hemoptysis, the medical term for coughing up blood from the lungs or
bronchial tubes, is commonly caused by bronchitis, bronchogenic carcinoma, and pneumonia in adults.”® Among the 17
patients with hemoptysis in this study, 13 were diagnosed with bronchiectasis (9 in HD group and 4 in non-HD group).
The HD group exhibited a higher prevalence of multilobar infiltrates (94.52% of patients) compared to the non-HD
groups (35.66% of patients) (Table 1). CT imaging is crucial for accurately assessing infection patterns and associated
findings, facilitating the precise evaluation of all affected structures, and guiding diagnostic procedures such as
bronchoalveolar lavage, ensuring reliable follow-up. It is essential for diagnosing various types of pulmonary
infections.”” The findings suggest that herpesviruses are more likely to be detected in patients experiencing severe
lung infections. PCT has been extensively studied as a biomarker of bacterial infections, aiding in the diagnosis and
decision-making process for initiating or discontinuing antibiotic treatment in various conditions, including LRTL?®*
A greater proportion of patients in the HD group were ultimately diagnosed with a bacterial infection (Figure 3A), which
maybe the potential reason for the elevated PCT levels in the HD groups compared to the non-HD groups (Table 1).
Understanding the relationship between a patient’s clinical symptoms and the disease assists clinicians in making swifter
and more accurate diagnoses.

Our study uncovered disparities in the prevalence of pathogen infection and the composition of the lung microbiome
between patients with and without detected herpesvirus. Staphylococcus aureus, Streptococcus pneumoniae, Klebsiella
pneumoniae and Haemophilus influenzae were the most prevalent pathogens among patients with LRTL>** We observed
a higher detection rate of Streptococcus pneumoniae and Klebsiella pneumoniae in patients with herpesvirus compared to
those without (Figure 3B). The rates of gram-positive bacteria detection did not show a significant difference between the
HD group and the non-HD group. However, the rates of gram-negative bacteria and fungi detection were higher in the
HD group than in the non-HD group (Figure 3B). Moreover, patients in the HD groups, and especially for immunosup-
pressed HD patients, significantly higher fungi codetection rate was observed (Figure 3B and Supplementary Figure 1B).

Additionally, patients in the HD group exhibited a more diverse microbiological composition within their lungs
(Figure 4 and Supplementary Figure 4). Previous reports found that individuals with severe pneumonia and transplant

recipients showed variations in the lung microbiomes between the virally activated/positive and inactivated/negative
groups.>”*! Our study also revealed that the HD group had a more complex microbiological composition within their
lungs. Moreover, we observed that only in immunocompetent patients, the HD group exhibited a higher microbiome
diversity than non-HD group. No significant difference in microbiome diversity was found between the HD and non-HD
groups in immunosuppressed patients. Additionally, our study found differences in the microbiome’s diversity between
various herpesviruses, such as HHV-7, EB and CMV. Patients with detected HHV-7 had the highest microbiome
diversity, while those with CMV exhibited the lowest microbiome diversity. The absence of statistical difference may
be attributed to the small sample size, and further analysis with a larger sample is necessary to confirm these findings.

Huang et al found that CMV, HSV-1 and EBV were the most common herpesvirus in the lungs of patients with severe
pneumonia and the existence of viral reactivations was associated with an increased risk of mortality.> Another study
specifically assessed the prognostic implications of detecting HHV-7 in the lower respiratory tract of patients with severe
pneumonia. This study concluded that HHV-7 positivity was not an independent risk factor for mortality.*' In our study,
we examined the LOHS of patients detected with various herpesviruses and discovered a similar trend to previous
reports, with HHV-7 associated with shortest LOHS compared to other herpesviruses such as CMV, EB, HSV-1 and
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HHV-6B. These findings suggest that different herpesviruses may have varying impacts on patient prognosis, with HHV-
7 potentially having the least detrimental effect.

Nonetheless, this study has several limitations. Firstly, this study was retrospective, with incomplete clinical testing
performed in some patients due to the clinician’s initial diagnosis. Additionally, herpesvirus serological testing was only
conducted in very few patients with high suspicion of viral infection. Consequently, the aetiological support data are of
a poorer quality relative to prospective studies. Furthermore, it is not possible to accurately differentiate whether
herpesviruses detected by mNGS are infected, colonized or contaminated based on the available results. In addition,
herpesviruses were inevitably missed due to a variety of factors, such as antibiotic use and sampling time. Secondly, the
number and population of enrolled patients were not matched, which inevitably resulted in data bias. Finally, the sample
size was limited and the data were from a single center, and a larger study is needed to more fully assess the impact of the
presence or absence of herpesvirus on patients with LRTI.

Conclusion

Differences in symptoms, clinical indicators, LOHS, pathogen distribution, and lung microbial composition and micro-
bial interactions were observed between LRTI patients with and without herpesvirus detection. A thorough examination
of the effects of herpesvirus detection could provide valuable insights for precise clinical diagnosis and treatment.
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