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Original Article

Co-infecting pathogens can contribute to inflammatory responses 
and severe symptoms in COVID-19
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Background: The current COVID-19 pandemic is posing a major challenge to public health on a global 
scale. While it is generally believed that severe COVID-19 results from over-expression of inflammatory 
mediators (i.e., a “cytokine storm”), it is still unclear whether and how co-infecting pathogens contribute 
to disease pathogenesis. To address this, we followed the entire course of the disease in cases with severe or 
critical COVID-19 to determine the presence and abundance of all potential pathogens present—the total 
“infectome”—and how they interact with the host immune system in the context of severe COVID-19.
Methods: We examined one severe and three critical cases of COVID-19, as well as a set of healthy 
controls, with longitudinal samples (throat swab, whole blood, and serum) collected from each case. Total 
RNA sequencing (meta-transcriptomics) was performed to simultaneously investigate pathogen diversity and 
abundance, as well as host immune responses, in each sample. A Bio-Plex method was used to measure serum 
cytokine and chemokine levels.
Results: Eight pathogens, SARS-CoV-2, Aspergillus fumigatus (A. fumigatus), Mycoplasma orale (M. orale), 
Myroides odoratus (M. odoratus), Acinetobacter baumannii (A. baumannii), Candida tropicalis, herpes simplex virus 
(HSV) and human cytomegalovirus (CMV), identified in patients with COVID-19 appeared at different 
stages of the disease. The dynamics of inflammatory mediators in serum and the respiratory tract were more 
strongly associated with the dynamics of the infectome compared with SARS-CoV-2 alone. Correlation 
analysis revealed that pulmonary injury was directly associated with cytokine levels, which in turn were 
associated with the proliferation of SARS-CoV-2 and co-infecting pathogens.
Conclusions: For each patient, the cytokine storm that resulted in acute lung injury and death involved 
a dynamic and highly complex infectome, of which SARS-CoV-2 was a component. These results indicate 
the need for a precision medicine approach to investigate both the infection and host response as a standard 
means of infectious disease characterization.
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Introduction

A newly emerged infectious disease, COVID-19, caused 
by a novel coronavirus (SARS-CoV-2), was first reported 
in December 2019. The pneumonia cases infected with 
SARS-CoV-2 over 253 million and 5 million deaths as 
of November 2021 (1-3). While most (>80%) cases were 
characterized by mild symptoms, such as fever, cough, 
myalgia or fatigue, ground-glass opacity, and hyposmia (2),  
between 16–19% of cases developed a severe form of the 
disease, or acute respiratory distress syndrome (ARDS) 
(4,5), with manifestations such as pulmonary edema, diffuse 
alveolar injury with the formation of hyaline membranes, 
fibrinous exudates, hypercytokinemia, severe lymphopenia, 
and recruitment of multinucleated giant cells (6-8). Patients 
with severe forms of COVID-19 may develop multiple 
organ failure or injuries, and prolonged critical illness, 
which may lead to death (9).

The most studied model of COVID-19 aggravation 
features a “cytokine storm syndrome” (10), reflecting an over-
activation of the immune system that leads to high levels 
of inflammatory mediators (i.e., cytokines and chemokines) 
being released into the circulation, resulting in multiple 
organ damage and failure (11). Severely or critically ill 
patients with COVID-19 have significantly increased serum 
levels of inflammatory mediators, including interleukin 
(IL)-1β, IL-2, IL-6, IL-8, IL-10, granulocyte-macrophage 
colony-stimulating factor, chemokines (CCL2, CCL3, 
CCL5), interferon (IFN)-γ-induced protein 10 (IP-10),  
tumor necrosis factor-α (TNF-α) and IFN-γ (12-14). 
Among these, IL-6 and IL-10 have been the most stable 
biomarkers of disease severity. In addition to serum, up-
regulated cytokine and chemokine levels were also observed 
in the respiratory system as a primary pathology (15), in 
which IL-6, IL-8, IL-1β, and a number of chemokines had 
significantly elevated levels in bronchoalveolar lavage fluid 
(BALF) or macrophages from cases with severe COVID-19 
(16,17).

While most studies have focused on COVID-19 induced 
mobility and mortality, co-infection and secondary infection 

with other pathogens may also impact mobility and 
mortality. For example, co-infection or lysis of bacteria in 
the setting of viral pneumonia can generate inflammation 
and acute lung injury (18), as demonstrated for influenza 
viruses (19,20), SARS-CoV (21-23), and MERS-CoV 
infections (23,24). In the case of COVID-19, several 
viral, bacterial, and fungal pathogens have been identified 
alongside SARS-CoV-2, including Streptococcus pneumoniae, 
Klebsiella pneumoniae, Aspergillus fumigatus (A. fumigatus), 
Acinetobacter baumannii (A. baumannii), Candida albicans, 
Mycoplasma, cytomegalovirus (CMV), and influenza A/B 
viruses (25-27). While the estimated rate of co-infection/
superinfection varies substantially (2.1–20.7%) among 
different studies (23,27,28), a higher proportion was 
observed in patients with COVID-19 in intensive care unit 
(ICU) compared with those not in ICU (26,29). Patients 
with COVID-19 experiencing co-infection/superinfection 
were likely to experience worse clinical outcomes (30). An 
early study involving 191 inpatients from Wuhan found that 
50% of non-survivors had secondary bacterial infections (6).

Despite the enormous research effort to determine 
the mechanisms underlying the severe manifestation of 
COVID-19, our understanding remains incomplete. It is 
unclear how SARS-CoV-2 interacts with other co-infecting 
pathogens and how this may impact the host immune 
response. To address this issue, we investigated (I) the 
presence and abundance of all pathogens (defined here as 
the total “infectome” within patients) from upper and lower 
respiratory tract (URT and LRT) samples, and (II) serum 
cytokine and chemokine levels throughout the course of the 
disease in four cases with severe or critical COVID-19 in an 
ICU in China. We employed a total RNA sequencing (i.e., 
meta-transcriptomics) approach that can simultaneously 
reveal the transcriptome of virus, host, and other microbes 
within a sample. Using this approach we identified, for 
the first time and at high resolution, a complex interaction 
between microbial pathogens during the development of 
COVID-19. We present the following article in accordance 
with the STROBE reporting checklist (available at https://
jtd.amegroups.com/article/view/10.21037/jtd-21-1284/rc).
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Methods

Sample collection

Four cases with COVID-19 were included in this study, 
all of which had laboratory-confirmed SARS-CoV-2 
infection and were admitted to the ICU at Dongguan 
People’s Hospital. The target conditions were severe or 
critical COVID-19 (Table 1) (31). The dates of admission, 
age, clinical history, clinical scores, intervention measures, 
microbiological investigations, and clinical outcomes 
were collected at the earliest possible time points upon 
hospitalization. Day 1 of clinical onset was defined as the 
first day of the appearance of clinical symptoms. Three 
patients were in a critical condition and one was classified 
as severe according to the guidelines of SARS-CoV-2 
infection from the World Health Organization (Table 1) (31).  
Sample collection began February 7th and ended August 8th 
2020 (until discharged or death). Samples were collected 
by different clinicians who were provided with the same 
collection guidelines once every 2 days. The sampling 
types included throat swab, BALF, sputum, and whole 
blood, most of which were collected for routine diagnostic 
purposes. The corresponding healthy control and reagent 
samples were collected from healthy volunteers and 
sample collection medium from the hospital. Additional 
selection criteria for cases involved in the downstream 
experiments included the availability, timing, and condition 
of samples. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by ethics committee of the First Affiliated 
Hospital of Guangzhou Medical University (No. 2020-85) 

and Dongguan People’s Hospital (No. KYKT2020-005-A1) 
approved the sampling procedure and the use of patient 
samples for this study. Informed consent was obtained from 
each patient.

RNA purification and quantitative reverse transcription 
PCR (qRT-PCR) detection of SARS-CoV-2

The peripheral BALF, sputum, throat swab, and whole 
blood samples were collected from the patients at various 
time points after hospitalization. Samples were collected 
by different clinicians who were provided with the same 
collection guidelines. Viral RNAs were extracted from 
samples using the QIAamp RNA Viral Kit (Qiagen, 
Heiden, Germany), in accordance with the manufacturer’s 
instructions in a biosafety II laboratory after sample 
inactivation. The qRT-PCR assay was performed using 
the 2019-nCoV Nucleic Acid Detection Kit (GENEODX, 
Shanghai, China).

Meta-transcriptomic sequencing and data analyses

For each sample, total RNA was quantified using the Qubit 
RNA HS Assay Kit (Thermo Fisher Scientific, Waltham, 
MA, USA) and then reverse transcribed and amplified 
using an Ovation Trio RNA Seq Library Preparation 
Kit (NuGEN, CA, USA). The subsequent libraries were 
sequenced with an Illumina Novaseq platform at Novagene 
(Beijing, China). For each library, poor quality reads, 
adaptor sequences, non-complex reads, and duplicated 
reads were removed using the BBmap software package. 

Table 1 WHO severity definitions

Classification Severity definitions

Critical COVID-19 (I) The criteria for ARDS, sepsis, septic shock, or other conditions that would normally require the provision of  
life-sustaining therapies such as mechanical ventilation (invasive or non-invasive) or vasopressor therapy

Severe COVID-19 (I) Oxygen saturation <90% on room air

(II) Respiratory rate >30 breaths/min in adults and children >5 years old; ≥60 breaths/min in children <2 months 
old; ≥50 in children 2–11 months old; and ≥40 in children 1–5 years old

(III) Signs of severe respiratory distress (accessory muscle use, inability to complete full sentences, and, in 
children, very severe chest wall indrawing, grunting, central cyanosis, or presence of any other general danger 
signs)

Non-severe COVID-19 (I) Absence of any criteria for severe or critical COVID-19

The table is from the reference (31). It is a derivative of “WHO severity definitions” from WHO et al., WHO Therapeutics and COVID-19: 
living guideline, WHO/2019-nCoV/therapeutics/2021.3, used under CC BY-NC-SA 3.0 IGO license. ARDS, acute respiratory distress 
syndrome.
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Ribosomal RNA (rRNA) reads from human and other 
organisms were similarly removed by mapping against a 
comprehensive collection of large and small subunit rRNA 
sequences downloaded from the SILVA database (32). 
The remaining reads were incorporated into a pathogen 
discovery pipeline. Virus identification was performed by 
directly comparing reads against reference virus genome 
databases using the blastn program and against the non-
redundant protein (nr) database using the diamond blastx 
program (33). Bacteria and fungi were first identified 
using MetaPhlAn2 program (34) and then confirmed by 
inspecting the mapped reads. The abundance level of each 
pathogen was estimated by mapping reads against the 
corresponding genomes (mitochondrial in the case of fungi) 
and measured using reads per million (RPM); total viral 
reads/total non-redundant reads × 1 million. A “positive” 
hit for the presence of a microbe was noted if the abundance 
level was larger than 1 RPM. To prevent false-positives 
resulting from index hopping during sequencing, we used 
a threshold of 0.1% of total read abundance for samples 
sharing the same sequencing lane. Host transcriptomes 
were characterized using a HISAT-StringTie protocol (35).

Measurement of cytokines and chemokines

Serum cytokine and chemokine levels were quantified by 
the Bio-Plex method using the BioPlex 2200 Multiplex 
Testing System (Bio-Rad, Hercules,  CA, USA) in 
accordance with the manufacturer’s instructions. The 
capture sandwich immunoassay format was designed on 
magnetic beads. The capture antibody-coupled beads 
were first incubated with antigen standards, samples, or 
controls, followed by incubation with biotinylated detection 
antibodies and reporter streptavidin-phycoerythrin 
conjugate. Beads were then passed through the Bio-Plex 
200 suspension array reader, which was equipped with 
lasers that measure the fluorescence of the beads and bound 
streptavidin-phycoerythrin. A high-speed digital processor 
managed the data output, and the Bio-Plex Manager™ 6.0 
software presented the concentration results in pg/mL. The 
total amount of cytokines in individual samples was then 
recalculated based on their protein content measured by the 
Lowry method. This allowed quantitative measurements 
for 48 different chemokines, cytokines, growth factors, and 
immune mediators, including IL-1α, IL-1β, IL-1Ra, IL-6, 
IL-8, IL-10, IL-18, TNF-α, IFN-γ, IP-10, CCL2 (MCP-1), 
CCL3 (MIP-1α), and CCL5 (RANTES) in 25-µL samples.

Statistical analysis

For cases 1 and 2 who experienced an extended disease 
course, the strength of correlations among clinical data [i.e., 
Murray score, Clinical Pulmonary Infection Score (CPIS)], 
pathogen abundance (including both SARS-CoV-2 and co-
infected pathogens), cytokine levels (estimated by meta-
transcriptomics and Bio-Plex), and convalescent plasma 
therapy was evaluated using Pearson correlations or Point-
Biserial correlations. We also examined the correlation 
between SARS-CoV-2 abundance levels estimated by meta-
transcriptomics and those estimated by qRT-PCR. The 
levels of serum inflammatory mediators were evaluated 
using one-way analysis of variance among healthy controls, 
acute-phase patients, and the recovery phase of cases with 
COVID-19. Throughout the text, figures, and legends, 
the following terminology is used to show statistical 
significance: *, P<0.05; **, P<0.01; ***, P<0.001.

Data availability

All non-human reads were deposited in the sequence 
read archive (SRA) databases under the SRA submission: 
SUB8556497.

Results

Clinical characteristics and primary interventions of four 
patients with COVID-19 in ICU

Four patients with COVID-19 were enrolled in this study, 
with SARS-CoV-2 infection confirmed by Dongguan 
Center for Disease Control and Prevention. All patients 
had a history of exposure to a confirmed case of COVID-19 
or traveled to Hubei Province prior to the onset of disease, 
and three had pre-existing conditions; chronic kidney 
disease (case 1), hypertension (cases 2 and 3), diabetes and 
Parkinson’s disease (case 3). All cases developed severe 
or critical COVID-19 and were admitted to ICU, where 
invasive mechanical ventilation (all cases) and extracorporeal 
membrane oxygenation (ECMO) (cases 1 and 4) were 
administered. To inhibit viral infection and mitigate 
inflammatory responses, antiviral therapy (all cases), small 
dosage and short-term glucocorticoids (cases 1, 2, and 3), 
and convalescent plasma therapies (cases 1 and 2) were 
administered (Figure 1, Table 2). To help prevent secondary 
infections, all patients were given antibacterial therapy 
before admission to the ICU, and three (cases 1, 2, and 4) 



Journal of Thoracic Disease, Vol 14, No 2 February 2022 359

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2022;14(2):355-370 | https://dx.doi.org/10.21037/jtd-21-1284

Figure 1 Summaries of the disease course for four severe COVID-19 cases (A-D). For each of the cases, we present the basic clinical 
features, supportive treatment, symptomatic treatment, medication, and clinical outcome along with the timeline of their hospitalization. 
ICU, intensive care unit; HSV, herpes simplex virus; CMV, cytomegalovirus; ECMO, extracorporeal membrane oxygenation; CRRT, 
continuous renal replacement therapy; IFN, interferon.

A

B

C

D

had antifungal therapy at different stages during treatment 
(Figure 1, Table 1). After treatment, case 3 recovered after 
27 days in hospital, while cases 1 and 2 showed prolonged 
infection and were transferred from isolated ICU to ICU 
on the 52nd day after onset. Case 2 eventually recovered and 
was discharged on the 64th day after onset of disease, while 
cases 1 and 4 died after the 192nd and 25th day in hospital, 
respectively.

For cases 1 and 2, we closely followed both the lung 
injury status and viral/microbial infection status, measured 
by Murray score and CPIS, and C-reactive protein (CRP), 
respectively, throughout the entire course of the disease 
(36,37). The highest Murray scores were observed at the 
early phase of ICU treatment (Figure 2A), implying severe 
acute lung injury/ARDS. Murray scores steadily dropped 
from a plateau (day 22 for case 1 and day 25 for case 2) and 
remained at relatively low levels (<2). Conversely, CPIS and 
CRP curves fluctuated in cases 1 and 2 (Figure 2). Indeed, 
CPIS had at least three major peaks in case 1 (Figure 2A), 
suggesting continually changing pathogen diversity or 
abundance during the entire course of COVID-19.

Total infectome in patients with severe/critical COVID-19

We closely monitored the dynamics of infectious pathogens 
within COVID-19 patients by studying the abundance 
level of SARS-CoV-2 and other respiratory pathogens 
using meta-transcriptomic analyses of respiratory and 
blood samples. The co-infecting pathogens detected were 
herpes simplex virus (HSV), CMV, Myroides odoratus (M. 
odoratus), A. fumigatus, Mycoplasma orale (M. orale), A. 
baumannii and Candida tropicalis (Figure 2B). Importantly, 
the abundance level of SARS-CoV-2, measured as RPM, 
showed a high correlation with those estimated by an RT-
PCR assay [SARS-CoV-2 cycle threshold (Ct) value], 
and therefore provided a reliable means to quantify 
pathogen activity (r=−0.907; P<0.001; Figure S1). These 
co-pathogens appeared and proliferated at different 
course stages of COVID-19 and some persisted even after 
SARS-CoV-2 had become undetectable (Figure 2). For 
example, in case 1, early infection (before day 31) was 
characterized by a high abundance of SARS-CoV-2 (up to 
3×104 RPM) and relatively high abundance of A. fumigatus 
(up to 5×102 RPM), with the two pathogens exhibiting 

https://cdn.amegroups.cn/static/public/JTD-21-1284-supplementary.pdf
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Table 2 Baseline characteristics and treatment of severe or critically ill COVID-19 cases

Characteristics
Case

1 2 3 4

Clinical symptoms

Fever Yes Yes Yes Yes

Maximal temperature (℃) 39.2 38.5 37.5 38.8

Cough Yes Yes Yes No

Dyspnoea or tachypnoea Yes Yes Yes Yes

Headache No No No No

Fatigue No No No No

Sputum production Yes Yes Yes No

Diarrhea or vomiting Yes Yes No No

Complications

Pneumonia Yes Yes Yes Yes

ARDS Yes Yes Yes Yes

Acute kidney injury Yes No No No

Shock No No No Yes

Other virus co-infection CMV (mNGS) HSV (mNGS) HSV (mNGS) No

HSV (NGS)

Bacteria coinfection M. odoratus (mNGS) No No A. baumannii (culture)

Fungus coinfection A. fumigatus (mNGS) Candida tropicalis (mNGS) A. fumigatus (mNGS) No

Candida tropicalis (mNGS) Candida tropicalis (mNGS)

Others No M. orale (mNGS) No No

Treatment

Anti-viral Arbidol Arbidol Arbidol Arbidol

Lopinavir-Ritonavir Lopinavir-Ritonavir Lopinavir-Ritonavir Lopinavir-Ritonavir

Oseltamivir Oseltamivir XueBiJing Oseltamivir

Interferon Interferon Interferon Interferon

Ganciclovir Hydroxychloroquine

Acyclovir

Famciclovir

Valacyclovir

Anti-bacterial Sulperazon Sulperazon Sulperazon Sulperazon

Linezolid Linezolid Linezolid Linezolid

Meropenem Meropenem Meropenem Meropenem

Tigecycline Levofloxacin Moxifloxacin Moxifloxacin

Polymyxin Ceftazidime 4-Quinolones Vancomycin

Table 2 (continued)
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Table 2 (continued)

Characteristics
Case

1 2 3 4

Tazocin Tigecycline Cefuroxim Tigecycline

Ceftazidime

Vancomycin

Fortum

Piperacillin

Levofloxacin

Tazobactam

Anti-fungal Amphotericin B Amphotericin B No Cancidas

Cancidas Cancidas Caspofun

Voriconazole Voriconazole

Glucocorticoid Methylprednisolone Norepinephrine No Methylprednisolone

Hydrocortisone

Noradrenaline

Convalescent plasma Yes Yes No No

Oxygen inhalation Yes Yes Yes Yes

Mechanical ventilation Yes Yes Yes Yes

ECMO Yes No No Yes

CRRT Yes Yes No Yes

Intravenous immune globulin Yes Yes Yes Yes

Duration of hospitalization, days 192 48 39 25

Clinical outcome Death (192 days after onset) Discharged Discharged Death

ARDS, acute respiratory distress syndrome; CMV, cytomegalovirus; HSV, herpes simplex virus; mNGS, meta-transcriptomics next 
generation sequence; ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; M. odoratus, Myroides 
odoratus; A. fumigatus, Aspergillus fumigatus; M. orale, Mycoplasma orale.

broadly synchronous dynamics. Following the decline and 
disappearance of SARS-CoV-2 at day 38, case 1 remained 
critically ill and experienced a surge of CMV (2 RPM) 
at day 38, followed by proliferation of the opportunistic 
pathogen M. odoratus (>105 RPM) at a later stage of 
hospitalization (from day 52; Figure 2B). In case 2, the 
levels of SARS-CoV-2 steadily declined from day 13, and 
remained low from day 25, although the virus was never 
completely cleared from the system until the week before 
release. In addition, case 2 was infected with M. orale, and 
its abundance peaked at day 19, by which time it was the 
dominant pathogen in the URT (< day 13; Figure 2B). 

In addition to M. orale, case 2 also experienced HSV co-
infection between days 21 and 27. In case 3, high levels of 
Candida tropicalis were detected at a later stage of infection 
(day 31; Figure 2B). In case 4, high levels of multidrug-
resistant A. baumannii were detected in the respiratory 
system before death (days 22 and 24; Figure 2B). In cases 3 
and 4, the levels of SARS-CoV-2 remained low (<100 RPM) 
during the entire course of our study.

We also compared the trend in Murray score, which 
measures lung injury status, with the changing dynamics 
of the infectome. This comparison revealed an association 
between clinical manifestation in the lungs and the timing 
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and intensity of some pathogens (e.g., SARS-CoV-2, A. 
fumigatus, M. orale) but not others (e.g., Candida tropicalis). 
Conversely, CPIS and CRP levels, that monitor infections 
in general, showed a resemblance to the dynamics of the 
total infectome rather than individual pathogens (Figure 2).

Host responses in patients with severe/critical COVID-19 
during disease progression

We followed the levels of inflammatory mediators in serum 
(protein levels) as well as the URT and LRT (mRNA 
levels) during the entire course of severe COVID-19. This 
analysis revealed dynamic changes in certain mediators in 
response to SARS-CoV-2 and other pathogens in the host. 
The general pattern of levels of inflammatory mediators 
reflected the observed pathogen dynamics. In cases 1 and 
2, higher levels of inflammatory mediators were observed 
in blood at the early stage of ICU treatment when SARS-
CoV-2 abundance was high, although some lasted for only 
a brief period (4–8 days) (Figure 3). In addition, the peak in 
abundance was comparable between cases 1 and 2, except 
for IL-6; the peak for IL-6 in case 1 (705.27 pg/mL) was 10 

times higher than that in case 2 (69.25 pg/mL) (Figure S2).
However, SARS-CoV-2 was not alone in exhibiting 

high levels in parallel with mediators of inflammatory 
responses (Figure 4). In addition to SARS-CoV-2, the 
proliferation of other pathogens, such as A. baumannii and 
M. odoratus, was associated with elevated inflammatory 
responses in other patients (Figure 3). In case 1, the rising 
levels of M. odoratus (>105 RPM) at day 56 (Figure 2B) 
were associated with a significant increase in IL-1β, IL-8, 
CCL2, and CCL3 mRNA levels in the LRT, although the 
levels of these mediators remained low in the blood (Figures 
2A,3A,3D,3H,3I). In case 4, very high levels of many 
inflammatory mediators, including IL-1α, IL-1β, IL-6, IL-
8, IL-10, IFN-γ, CCL2, and CCL3, were found in blood 
and the URT at day 24, 2 days before the patient’s death. 
This was seemingly associated with intense replication of 
A. baumannii (>106 RPM, or 23.4% of total RNA) in the 
respiratory tract (Figures 2B,3).

Interestingly, there were marked differences in some 
inflammatory mediators between blood and the URT and 
LRT. For example, blood levels of IL-6 and IFN-γ peaked 
at the early phase of infection in cases 1 (days 14–26) and 

Figure 2 Kinetics of (A) clinical features and (B) pathogen abundance in four COVID-19 patients during the course of severe disease. 
(A) Murray score, CPIS, and CRP levels as measures of lung injury status and general infection status during the entire course of disease. 
(B) Abundance levels of each pathogen genome/transcriptome are measured with RPM. CPIS, Clinical Pulmonary Infection Score; CRP, 
C-reactive protein; RPM, reads per million; HSV, herpes simplex virus; CMV, cytomegalovirus.
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Figure 3 The abundance or expression level of inflammatory mediators in serum, URT and LRT for each of the four COVID-19 cases. (A-J) 
We included 10 cytokines or chemokines in this comparison—IL-1α, IL-1β, IL-6, IL-8, IL-10, IL-18, IFN-γ, CCL2, CCL3, and CCL5 in 
each case following the course of disease from the illness onset to the last point of sampling. Blue: serum cytokines (protein, pg/mL); yellow: 
URT cytokines (mRNA, RPM); red: LRT (mRNA, RPM). The treatments represented by different colored arrow lines: orange represent 
anti-SARS-CoV-2; blue represent anti-bacterial; green represent glucocorticoid; red: IFN-γ; purple represent anti-fungal; yellow represent 
immunopotentiator. URT, upper respiratory tract; LRT, lower respiratory tract; IL, interleukin; IFN, interferon; CCL, chemokines; RPM, 
reads per million; PL, protein level; L, level.
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2 (days 15–21), although mRNA expression levels in the 
respiratory tract remained undetectable in both patients 
during the same period (Figures 2,3C,3G). Indeed, there 
was a general lack of association between inflammatory 
mediators in the blood and URT (Figure S3). Furthermore, 
differences in mediator levels between the URT and LRT 
were also observed. In case 2, the LRT experienced peak 
levels of IL-6 (up to 15 RPM) and CCL2 (up to 103 RPM) 
between days 22 and 33 (Figure 3), but this was not observed 
in the URT. The HSV appeared during this period but was 
only detected between days 23 to 31 in the URT and at 
relatively low levels (<10 RPM).

To demonstrate that SARS-CoV-2 may not be the only 
microbial factor that results in high levels of inflammatory 
mediators, samples from the four patients were divided 
into SARS-CoV-2 (I) non-active and (II) active groups, 
defined based on SARS-CoV-2 RPM levels (< or >102 
RPM). Interestingly, high levels of inflammatory mediators 
appeared in both active and non-active groups (Figure 4A), 
and similar observations were made for URT and LRT 
samples (mRNA levels; Figure 4B). However, it is important 
to note that the extremely high levels of IL-6 and IL-10 
were most likely associated with A. baumannii infections 
(Figure S4).

Correlations among clinical score, total infectome, and 
cytokine levels

To determine if pulmonary injury was related to pathogen 
abundance and inflammatory mediator levels, correlations 
among the Murray score/CPIS, the total infectome 
(including SARS-CoV-2 and other pathogens), and 
inflammatory mediator levels were examined for all four 
patients. In cases 1 and 2, the Murray score was significantly 
correlated with CPIS and several inflammatory mediators 
in the blood (i.e., IL-1Ra, IL-6, IL-18, TNF-α, and IP-10)  
(Figure 5), suggesting that pathogens and inflammatory 
responses are critical in causing severe symptoms in the 
lungs. Conversely, SARS-CoV-2 was significantly correlated 
with the Murray score in case 1 (r=0.636; P<0.05) but 
not case 2 (r=0.485; P=0.067). For case 2, M. orale had 
significant correlations with the Murray score (r=0.631; 
P<0.05) and many inflammatory mediators in the blood 
(i.e., IL-1α, IL-1Ra, IL-6, IL-8, IL-18, TNF-α, IFN-γ, 
IP-10, and CCL2) and respiratory tract (i.e., IL-1α, IL-8, 
and IL-18), whereas SARS-CoV-2 had significant positive 
correlations with IL-10, TNF-α, IP-10, and CCL3 (Figure 
5B). In addition to “infectomes”, the levels of inflammatory 

mediators were also likely to reflect clinical intervention. 
For example, a negative correlation was identified between 
the use of convalescent plasma and IL-1β, TNF-α, and IL-
10 (Figure 5B).

Discussion

Our study used an expansive meta-transcriptomics approach 
to characterize the total infectome and host responses in 
patients experiencing severe COVID-19. By revealing the 
changing abundance levels of a diverse array of pathogens 
(including SARS-CoV-2) in the context of an ever-changing 
host immune response, we show that the cytokine storms 
associated with acute lung injury and other severe clinical 
outcomes are not exclusively linked to the ongoing presence 
of SARS-CoV-2, especially toward the later course of 
the disease. These results suggest the need to consider 
the complex nature of pathogen co-infections and host 
interactions within each patient and to trace their changing 
dynamics throughout the course of the disease, especially 
for those experiencing prolonged periods of hospitalization. 
Consequently, these results indicate the need for a precision 
medicine approach to investigate both the infection and the 
host response, optimally and daily.

The meta-transcriptomics analysis also revealed at 
least eight pathogens in the four cases studied, with each 
patient containing 1–5 co-infecting pathogens. This is a 
higher frequency of co-infection than previously observed 
(i.e., 2.1–20.7%) (23,27). However, most previous studies 
have been based on diagnostic reports from hospitals or 
qPCR assays for a fixed panel of pathogens, and have been 
restricted by the selection of target pathogens, pathogen 
discovery methods, and often a single time point analysis. 
In contrast, the current meta-transcriptomics approach, 
although more expensive and time-consuming in practice, 
revealed all potential pathogens actively expressing RNA 
molecules within the host throughout the course of the 
disease (27,38,39). Using this strategy, we identified an 
opportunistic pathogen (M. odoratus) in case 1 that is 
not typically included in screening panels for respiratory 
pathogens, and it reached alarmingly high levels (>105 RPM,  
or 20.87% of total RNA). The patient in question 
eventually died, long after SARS-CoV-2 was cleared by the 
immune system.

Our results confirmed that cytokine storms contributed 
to acute lung injury, and occurring in both the peripheral 
circulation and, to a lesser extent, in the respiratory track. 
However, substantial differences exist in the timing of 

https://cdn.amegroups.cn/static/public/JTD-21-1284-supplementary.pdf
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Figure 4 Comparison of levels of serum and respiratory inflammatory mediators among SARS-CoV-2 active COVID-19 cases, SARS-
CoV-2 non-active COVID-19 cases, and healthy controls. Active and non-active SARS-CoV-2 cases were determined based on virus 
abundance levels: i.e., larger, or smaller than 100 RPM, respectively. We chose this cut-off because samples in the range 10–100 RPM had 

very low abundance (Ct >33) as assessed by qPCR and RPM correlation curve (Figure S1). Both serum protein (A) or respiratory mRNA 
levels (B) of inflammatory mediators were compared between health control (green circle), SARS-CoV-2 non-active phase (red square), 
and SARS-CoV-2 active phase (blue triangle). *, P<0.05; **, P<0.01; ***, P<0.001. RPM, reads per million; Ct, cycle threshold; qPCR, 
quantitative PCR; IL, interleukin; TNF-α, tumor necrosis factor-α; IFN, interferon; IP-10, IFN-γ-induced protein 10; CCL, chemokines; 
URT, upper respiratory tract; LRT, lower respiratory tract.

cytokine release and target pathogens. Importantly, the 
data generated here suggest that SARS-CoV-2 may not be 
the only pathogen contributing to the strong chemotactic 
and inflammatory responses (Figures 4,5), although it is 
most likely responsible for the initial surge in the levels of 
various inflammatory mediators (Figures 3,4) (14). Indeed, 
animal models with influenza virus infection demonstrate 

significantly higher morbidity and mortality during 
bacterial superinfection in comparisons to single viral 
infections (18). In the case of SARS-CoV-2, bacterial and 
fungal co-infection was associated with a 2.5-fold increase 
in the risk of death in cases with SARS-CoV-2, suggesting 
that the immunomodulation induced or enhanced by these 
pathogens was not trivial (40).
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Based on the results for patients in the current study, 
we propose two possible models for co-pathogen induced 
immunomodulation. In the first model, the cytokine 
storm is largely induced by the co-infecting pathogens. 
This was potentially observed in case 4, where a much 
stronger cytokine storm was observed with the infection 
of A. baumannii, a common hospital-acquired pathogen, 
after SARS-CoV-2 infection was almost cleared from the 
system. Severe infections caused by hospital-acquired 
A. baumannii are commonplace and believed to trigger 
lipopolysaccharide-Toll-like receptor 4 (TLR4)-mediated 
sepsis (41). In the second model, a combination of SARS-
CoV-2 and co-infecting pathogens is involved in triggering 

a cytokine storm, potentially with a synergistic effect. In 
our study, A. fumigatus and M. orale co-appeared with 
SARS-CoV-2 in cases 1 and 2, respectively, and M. orale 
had significant correlations with multiple inflammatory 
mediators and the Murray score. Although the mechanism 
for the later correlations remains unclear, it has been 
suggested that heat shock protein production by M. orale 
may activate macrophages to secrete pro-inflammatory 
cytokines, thus activating immunomodulation (42,43). 
Furthermore, it is important to note that the dynamics 
of inflammatory mediators varied substantially among 
different cases, even for those showing a similar disease 
course. Because these patients had distinct “infectomes”, 

Figure 5 Correlation among Murray score/CPIS, pathogen abundance and the abundance of inflammatory mediators. The measurement 
was performed for case 1 (A) and case 2 (B). The red color represents a positive correlation while the blue represents a negative correlation. 
Data is represented in normalized log10 counts, with the number of stars indicating significant levels: *, P<0.05; **, P<0.01. CPIS, Clinical 
Pulmonary Infection Score; HSV, herpes simplex virus; CMV, cytomegalovirus; M. odoratus, Myroides odoratus; A. fumigatus, Aspergillus 
fumigatus; IL, interleukin; TNF-α, tumor necrosis factor-α; IFN, interferon; IP-10, IFN-γ-induced protein 10; CCL, chemokines; PL, 
protein level; L, level.
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it is highly likely that such differences contribute to the 
distinct inflammatory responses.

In addition to bacteria and fungi, the current data also 
revealed frequent co-infection with human herpesviruses 
while the patient’s received treatment for COVID-19. 
Indeed, HSV was detected in three of the four cases, and 
CMV was detected in the blood of case 1. The timing of the 
proliferation of herpesviruses followed the cytokine storm 
and disorders in immunity, although herpesvirus infection 
has been reported following the immunomodulatory 
therapies to dampen the cytokine storm (44). Importantly, 
reactivation of herpesvirus under immunosuppression 
conditions can have dire clinical consequences, such as liver 
impairment or failure (44,45), which may further aggravate 
COVID-19. Furthermore, many herpesvirus infections 
may lack overt symptoms in the early stages of infection. 
Among the cases positive for herpesviruses, only case 1 
developed symptoms of disseminated skin herpes, and 
despite the detection of viruses as early as day 31, related 
symptoms did not appear until day 43, prompting treatment 
with Ganciclovir, Famciclovir, Valacyclovir, and Bactroban 
(Mecobalamin with adjuvant therapy), with the condition 
beginning to improve on day 47 (44,45). Therefore, we 
suggest that herpesvirus infection be actively monitored 
throughout the entire course of COVID-19.

Our results have revealed substantial differences between 
serum levels of inflammatory mediators and mRNA levels 
of these mediators in the URT and LRT. One possibility is 
that these discrepancies are caused by differences in local 
versus systemic immune responses (46,47). Indeed, several 
mediators are highly expressed in the URT and/or LRT, 
but are absent in the blood, as expected with many locally 
confined infections. Nevertheless, in the current study, 
respiratory tract measurements were largely associated 
with the URT, with most data for LRT missing because 
of sparse sampling. Therefore, the current respiratory 
tract data are incomplete and hence cannot be used for 
conclusive comparisons. Another potential explanation 
is that discrepancies in measurements of inflammatory 
mediators reflect differences in the measurement approach 
used. Inflammatory mediators in the serum were measured 
with a protein assay, while those in the URT and LRT were 
measured at the mRNA level. The latter approach may 
not have sufficient resolution for differential expression 
comparisons if the overall expression level of the protein 
(e.g., IL6, IL-10, and IFN-γ) is low. Therefore, while our 
data suggest potential differences between inflammatory 
mediators in the blood and respiratory systems, further 

studies with more complete data points and a consistent 
analytical method are required to confirm this.

Despite the importance of the current observations, we 
note several limitations of our study. First, only four severely 
or critically ill patients with COVID-19 were included, so 
the sample size is too small to draw generalized conclusions. 
Second, samples were collected after patients were admitted 
to the ICU, and there was no information on the early phase 
of the disease. As a result, we cannot determine whether 
these cases were experiencing nosocomial infections. Third, 
this study lacks a substantial number of lower respiratory 
samples, such as sputum or BALF, throughout the course 
of COVID-19, limiting our ability to characterize the total 
infectome and host responses at these locations.

In summary, our study was able to demonstrate the 
complexity of the COVID-19 infectome, the potential 
interactions of pathogens with the host, and their potential 
roles in disease progression in severe and critically ill 
patients.
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Supplementary

Figure S1 Correlation between SARS-CoV-2 abundance and Ct values. Pearson correlation and the corresponding r and P values are 
indicated. Each plot includes a total of 4 COVID-19 patients URT samples. Ct, cycle threshold; URT, upper respiratory tract; RPM, reads 
per million.

Figure S2 Comparisons of serum IL-6 level between case 1 and case 2. Blue represents case 1; dark orange represents case 2. IL, interleukin.
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Figure S3 Bubble chart of the correlation between serum and LRT cytokines. Bubbles in red denote a positive correlation; bubbles in blue 
represent a negative correlation. Data is represented by normalized log10 counts. *, P<0.05. LRT, lower respiratory tract; IL, interleukin; 
IFN, interferon; CCL, chemokines; PL, protein level; L, level.
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Figure S4 Comparison of levels of serum and respiratory inflammatory mediators among case 1, case 2, case 3, case 4, and healthy controls. 
The criteria for identifying active and non-active SARS-CoV-2 phase are consistent with Figure 4. Both serum protein (A) or respiratory 
mRNA levels (B) of inflammatory mediators in 4 cases were divided into the SARS-CoV-2 non-active phase (red square) and the. SARS-
CoV-2 active phase (blue triangle). Green circle represents health controls. IL, interleukin; TNF-α, tumor necrosis factor-α; IFN, 
interferon; IP-10, IFN-γ-induced protein 10; CCL, chemokines; URT, upper respiratory tract; LRT, lower respiratory tract; RPM, reads per 
million.


