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Abstract
Purpose: This study aims to assess the clinical features of microorganism reactivation in the early onset
of severe pneumonia in ICU patients.

Methods: A total of 97 patients’ clinical data was collected retrospectively from intensive care units of
�ve teaching hospitals in China from June 2018 to July 2021 followed by metagenomic next-generation
sequencing (mNGS) of the bronchoalveolar lavage �uid (BALF) at the onset of severe pneumonia.

Results: A total of 43 pathogenic microorganisms were detected in 97 patients with severe pneumonia by
mNGS, where CMV (21.6%), HSV-1 (18.6%), and Pneumocystis (14.4%) were the most common
reactivated microorganisms in the lungs of patients with severe pneumonia. In the present study,
reactivation was considered when mNGS detected CMV, HSV-1, or Pneumocystisc DNA. A total of 11
patients (11.3%) had two or more reactivated microorganisms, and the overall rate of microbial
reactivation was 40.2%. After adjusting for the risk of confounding and competition, one or more
reactivations of CMV, HSV-1, and Pneumocystis resulted in an overall increase of 2.381 folds of mortality
(95% CI: 1.198-4.733).

Conclusion: This study showed that CMV, HSV-1, and Pneumocystis were the most common reactivated
microorganisms in the lungs of patients in the ICU at the onset of severe pneumonia. Reactivation of two
or three microorganisms is common and is associated with an increased risk of mortality.

Introduction
Severe pneumonia is one of the leading causes of death in ICU and is often accompanied by the
reactivation of cytomegalovirus (CMV) [1], herpes simplex virus (HSV) [2], and Pneumocystis (PC) [3]
during the course of the disease treatment. Evidence suggests that CMV reactivation was always
assessed using serum samples [4, 5]. On the other hand, the reactivation of HSV-1 and PC is often
identi�ed by RT-PCR in bronchoalveolar lavage �uid (BALF) [6, 7]. A poor prognosis is often associated
with the reactivation of CMV, HSV-1 or PC [8–10]. Currently, few studies have evaluated the reactivation of
these three microorganisms in the lungs simultaneously and their contribution to the mortality of patients
with severe pneumonia in the ICU.

Metagenomic next-generation sequencing (mNGS) is a commonly used technique for the unbiased
detection of pathogenic microorganisms in the ICU [11, 12]. Compared to RT-PCR and other techniques,
mNGS can comprehensively detect the reactivation of CMV, HSV-1, and PC in the lungs. In the present
study, the BALF of ICU patients with severe pneumonia was analyzed by mNGS. The results indicated
that CMV, HSV-1, and PC were the common reactivated microorganisms in the lungs of these patients.
Therefore, this study aimed to assess the clinical characteristics of reactivation of these three microbes
and their association with mortality in patients with severe pneumonia.

Methods
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Study design and patient population

In this multicenter retrospective study, mNGS detection was performed on the bronchoalveolar lavage
�uid of 97 patients with severe pneumonia admitted to the ICU in �ve teaching hospitals including the
First A�liated Hospital of Zhejiang University School of Medicine, Tongde Hospital of Zhejiang Province,
the First Hospital of Jiaxing, Hangzhou Hospital of Traditional Chinese Medicine and Lishui City People's
Hospital. The data were collected from June 2018 to July 2021. The ethics committees of the �ve
participating institutions approved the study protocol. Since the research involved retrospective data,
written informed consent was waived off. The data of only those patients were retrieved who were of age
over 18 years, were transferred to ICU, and diagnosed with severe pneumonia. Reactivation was de�ned
as the presence of CMV, HSV-1, or PC in the lung as detected by mNGS. Patients were considered
immunocompromised if they had peripheral blood neutropenia < 0.5×109/L for 10 days after admission,
were taking immunosuppressive drugs within 30 days before mNGS test, such as tacrolimus,
cyclosporine, mycophenolate mofetil, or monoclonal antibodies such as rituximab, and with a history of
AIDS, hematological tumors, or transplant. Due to the subjectivity of infection diagnosis, we only looked
for objective evidence of CMV, HSV-1, and PC reactivation in this study without evaluating whether it was
an infection.

Data collection

For all included patients, the demographic data like gender, age, days of ICU stay, days of mechanical
ventilation, use of ECMO, days from admission to mNGS testing, PaO2/FiO2 at mNGS testing,
procalcitonin, surgery before admission history, community-acquired pneumonia, immunosuppressive
status, and patient outcomes were recorded. To assess disease severity, the APACHE II and SOFA scores
were also calculated when the patients were admitted to ICU and on the day of mNGS testing.

mNGS assay of BALF

Low-speed centrifugation (1500×g for 20 min) was used to remove human cells in BAL. The samples
were then homogenized using bead-beating followed by DNA extraction using IngeniGen DNA Extraction
Kit (IngeniGen XMK Biotechnologies, Inc., Zhejiang, China). IngeniGen DNA Library Prep Kit was used to
prepare the DNA libraries according to the manufacturer's instructions. Brie�y, the DNA was fragmented,
and Illumina-compatible adaptors were added to the fragmented DNA simultaneously by a tagment
enzyme. The library was puri�ed by magnetic beads and then ampli�ed by 15 PCR cycles. Samples were
then homogenized using bead-beating followed by RNA extraction using IngeniGen RNA Extraction Kit
(IngeniGen XMK Biotechnologies, Inc., Zhejiang, China). RNA libraries were constructed using the
Ingenigen XMKbio RNA-seq Library Prep Kit (IngeniGen XMK Biotechnologies, Inc., Zhejiang, China).
Brie�y, DNase was used to remove residual human DNA, and the RNA was fragmented, followed by
double-strand cDNA synthesis, end-repair, dA-tailing, and adapter ligation.

Sequencing was performed on the Illumina MiniSeq (Illumina, San Diego, CA) using 2X75bp chemistry.
Negative control was added to each run to detect background contaminants, and internal control was
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added to each sample to monitor the entire procedure. Data analysis was performed using IngeniSeq MG
(IngeniGen XMK Biotechnologies, Inc., Zhejiang, China), a proprietary automated shotgun metagenomics
analysis platform for pathogen detection. Brie�y, human and other contaminant sequences were
extracted from the raw data. Then, the sequences were duplicated and matched against a curated
database consisting of more than 20,000 microbial reference genomes. The resulting hits were again
�ltered by a proprietary algorithm to remove background contaminants that may appear during sample
processing and library preparation. This resulted in a �nal report of detected pathogens.

Statistical analysis

Statistical analysis was performed using SPSS statistical package 26. Data were �rst summarized using
standard descriptive statistics. Mann–Whitney U and Chi-square tests were used to analyze the clinical
characteristics. Cox proportional hazards models, hazard ratios (HR), and con�dence intervals (CI) were
estimated to identify predictors of mortality or survival in-hospital. Kaplan–Meier analysis was performed
to determine patient survival in the non-reactivation and reactivation groups. Unadjusted HR was
reported, p < 0.05 were considered statistically signi�cant. Figures were prepared using GraphPad Prism 8
or R 4.1.1.

Results
mNGS results

A total of 43 reported pathogenic microorganisms were detected in all 97 patients with severe
pneumonia. The top �ve microorganisms were found to be CMV, Klebsi Pneumoniae, HSV-1, PC, and
Acinetobacter Bowman (Fig. 1A). The frequencies of CMV, HSV1 and PC were found to be 21(21.6%), 18
(18.6%), and 14 (14.4%), respectively. In addition, 2 or 3 microbial reactivations occurred in 11 of 39
(28.2%) patients with reactivation (Fig. 1B). In the present study, only objective evidence of CMV, HSV, and
PC reactivation was observed without examining whether the infection had occurred or not. Therefore,
patients were classi�ed into two groups i.e., patients with reactivation of CMV, HSV, or PC and the non-
reactivation group.
Patient characteristics

In this study, the data of 97 patients with severe pneumonia admitted to the ICU of the �ve teaching
hospitals in China were included. The median age of participants was found to be 65 years with an IQR
value of 53 to 73 years, where a total of 57 (58.8%) were male patients. Participants were classi�ed
based on either presence or absence of reactivation of CMV, HSV-1, PC, where the non-reactivation group
had a total of 58 patients, and the reactivation group had 39 patients (Table 1).
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Table 1
Clinical characteristics.

  Total (n = 97) Non-reactivation (n 
= 58)

Reactivation (n 
= 39)

P-
value

Age, years 65 (53–73) 63 (52.75-74) 66 (53–71) 0.99

Male gender (%) 57 (58.8) 34 (58.6) 23 (59) 1

Hospital stay, day 26 (14.5–47) 26.5 (16–53) 24 (13–45) 0.40

ICU stay, day 16 (10-32.5) 17 (10–30) 13 (9–39) 0.67

Surgical before transfer to ICU
(%)

13 (13.4) 9 (15.5) 4 (10.3) 0.55

CAP (%) 60 (61.9) 38 (65.5) 22 (56.4) 0.40

Immunosuppression (%) 36 (37.1) 12 (20.7) 24 (61.5) < 
0.001

Mechanical Ventilation, day 12 (6–26) 11.5 (6-26.25) 12 (5–24) 0.74

ECMO (%) 16 (16.5) 6 (10.3) 10 (25.6) 0.06

PCT, ng/mL 0.7 (0.24–
5.485)

0.79 (0.285-9.1) 0.5 (0.15–1.9) 0.12

SOFA score at transfer to ICU 8 (4.5–12) 8 (4-12.25) 7 (5–12) 0.89

APACHE II score at transfer to
ICU

18 (13-25.5) 19 (13–26) 17 (13–25) 0.52

NGS testing of Balf        

Days after admission to
hospital, day

3 (2–11) 3 (2-9.5) 4 (1–14) 0.45

PaO2/FiO2 180 (126-
261.5)

205.5 (133.3–288) 160 (105–215) < 
0.05

SOFA score at testing 8 (5–12) 8 (5–12) 8 (6–12) 0.89

APACHE II score at testing 19 (15-25.5) 20 (15–26) 18 (15–25) 0.93

Hospital mortality (%) 51 (52.3) 25 (43.1) 26 (66.7) < 
0.05

Mann–Whitney U test and the Chi-square test were used to analyze the clinical characteristics, p-values <
0.05 were considered statistically signi�cant. Abbreviation: CAP, community-acquired pneumonia; ECMO,
extracorporeal membrane oxygenation, PCT, procalcitonin; SOFA, sequential organ failure; APACHE II,
acute physiology and chronic health evaluation II.
The two groups of patients were not signi�cantly different in terms of age (63 vs. 66, p = 0.99), gender
(58.5% vs. 59%, p = 1), length of hospital stay (26.5 vs. 24, p = 0.4), and length of stay in ICU (17 vs. 13, p 
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= 0.4), days of ventilator use (11.5 vs. 12, p = 0.74), time from admission to mNGS test (3 vs. 4, p = 0.45),
and surgery before admission to the ICU (15.5% vs. 10.3%, p = 0.55. In non-reactivation group, 38 (65.5%)
patients had severe community acquired pneumonia whereas 22 (56.4%) patients in the reactivation
group had severe pneumonia. However, when both groups were compared, no signi�cant differences were
found (p = 0.4).

ECMO was administered to ten patients in the reactivation group (25.6%) compared to only six patients
(10.3%) in the non-reactivation group. However, the difference was not statistically signi�cant (p = 0.06).
Procalcitonin is a biomarker of bacterial infection, and procalcitonin levels between both groups were
compared, which were found to differ insigni�cantly (0.79 ng/mL vs. 0.5 ng/mL, p = 0.12). To assess the
extent of severity of these patients, SOFA and APACHE II scores were estimated at the time of admission
and on mNGS testing. There was no statistically signi�cant difference between the SOFA (8 vs. 7, p = 
0.89), APACHE II (19 vs. 17, p = 0.52) at admission or SOFA (8 vs. 8, p = 0.89), APACHE II (20 vs. 18, p = 
0.93) at mNGS testing. However, 24 of the patients (61.5%) in the reactivation group had an
immunosuppressed state, which is signi�cantly higher than 12 of the patients (20.7%) in the non-
reactivation group (p < 0.001). In the reactivation group, PaO2/FiO2 was detected by mNGS. When the
levels of PaO2/FiO2 in both groups were compared, signi�cantly lower levels were detected in the
reactivation group (160 vs. 205.5, p < 0.05). Consequently, mortality in the reactivation group was
signi�cantly higher than in the non-reactivation group (66.7% vs. 43.1%, p < 0.05).

The subgroup analysis was also performed on the reactivation of CMV, HSV-1, and PC. For 2 or 3
microbial reactivations, they were summarized into the corresponding subgroups and the calculations
were repeated (Supplement). Almost all patients (92.9%) in PC group were immunosuppressed before
mNGS testing. Patients in all three groups had similar clinical characteristics. PC group had longer ICU
stay days (17.5, IQR 10.75–46.25) and had the highest mortality rate (71.4%), while HSV-1 group had the
lowest mortality rate (50%). The clinical characteristics in the subgroup analysis were not statistically
different because of the small sample size and overlapping patients.

Associations with Clinical Outcome

Survival curves were plotted to observe the survival status of the patients in both groups (Fig. 2). Kaplan-
Meier curves indicate signi�cantly higher mortality rates in the reactivation group with unadjusted
in�uence versus the non-activation group (unadjusted HR 1.851 [95% Con�dence Interval 1.036–3.309], p 
= 0.026). The results of multivariate analysis using the Cox regression model are presented in Table 2.
After a prior adjustment for age, sex, immunosuppressive status, APACHE II score at the time of the
mNGS test, SOFA score, community-acquired pneumonia, PaO2/FiO2, the association remained
signi�cant. Reactivation status was identi�ed as an independent risk factor for death in patients with
severe pneumonia (adjusted HR, 2.381; 95% CI: 1.198–4.733; p = 0.013) (Table 2). It is critical to observe
that a larger sample was needed to analyze the clinical prognosis of different subgroups.

Table 2. The results of multivariable analyses with the Cox regression model
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The results of multivariable analyses with the Cox regression model, P-values < 0.05 were considered
statistically signi�cant. 

Abbreviations SOFA, sequential organ failure; APACHE II, acute physiology and chronic health evaluation
II; CAP, community-acquired pneumonia.

Discussion
In the present multicenter study, mNGS was used to examine BALF of patients with severe pneumonia in
the early stage of infection. The results of our study indicate that the incidence of HSV-1, CMV, and PC
reactivation was higher in the lungs (Fig. 1A).

There are few reported studies on the reactivation of lung microbes in critically ill pneumonia patients in
the ICU. Recent studies on HSV-1 and CMV reactivation used blood samples to detect viral reactivation.
However, blood samples are not a reliable tool for assessing viral reactivation in the lungs. In addition,
most studies failed to simultaneously assess HSV-1, CMV, PC reactivation, and clinical characteristics of
patients, like most previously conducted studies utilized only a single RT-PCR for detection [13, 14].

In the present study, the mNGS analysis indicated the highest incidence of HSV-1, CMV, or PC reactivation
in the lungs. However, studies that evaluate HSV-1, CMV, or PC reactivation alone may have certain
limitations due to the absence of adjustments for confounding factors such as simultaneous
reactivation. In the present study, due to the small sample size, the effect of simultaneous reactivation of
CMV, HSV-1, and PC on the clinical prognosis of patients was determined, and no statistical analysis was
performed on subgroups. Approximately 400 samples are needed for a study to assess how these three
microbial reactivations affect patient mortality accurately.

Approximately 40.2% of patients had a reactivation of CMV, HSV, or PC on the third day (IQR, 2–11 days)
after admission. According to Ong et al., the incidence of herpes viremia increased proportionally with the
length of hospital stay, and on day 28, almost all patients had herpes viremia [14]. As part of this study,
mNGS was performed on the BALF at the beginning of the patient's illness. However, no continuous
monitoring of the reactivation of these three microorganisms in the lungs was carried out, so there is a
chance that the incidence of reactivation was underestimated. However, previous evidence reports that
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multiple herpesvirus reactivation is common in critically ill patients in ICU [15]. Among our study
participants, 11.3% had two or more reactivations of microbial infections in the lungs. However, in the
present study, a single mNGS assay result was presented. May be due to the high frequency of
simultaneous reactivation of CMV, HSV-1 and PC, few studies of the effect of ganciclovir alone to prevent
CMV reactivation on patient outcomes have achieved statistical signi�cance [13]. A combination of CMV,
PC, and HSV-1 reactivation prevention may reduce mortality in patients with severe pneumonia in the ICU,
but randomized controlled trials are needed for con�rmation. Our study showed evidence that the
simultaneous reactivation of multiple microorganisms needs to be considered in the design of clinical
trials.

Conclusion
This study showed that CMV, HSV-1, and PC were the most common reactivated microorganisms in the
lungs of patients with the onset of severe pneumonia admitted to ICU. Reactivation of two or three
microorganisms is common, and the existence of these microbial reactivations was associated with an
increased risk of mortality.
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Figure 1

mNGS results of the BALF. (A) Results of mNGS. The red marker in the �gure represents microorganisms
that were detected and de�ned as pathogenic by a proprietary algorithm. (B) Venn diagram showing the
overlap of reactivation of CMV, HSV-1, and Pneumocystis in a patient's lungs.
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Figure 2

Kaplan–Meier curve of Reactivation, Non-reactivation, muti-reactivation group. The number of surviving
patients at different time points is provided in the �gure.
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