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Background: Recent research highlights the contribution of co-infections to elevated disease severity and mortality among COVID-19
patients. Given China’s decision to ease epidemic prevention policies in December 2022, a comprehensive exploration of the risks and
characteristics of co-infections with respiratory pathogens becomes imperative.

Methods: We conducted a retrospective analysis of 716 COVID-19 patients admitted to a primary hospital in China. The detection of
twelve respiratory pathogens was conducted using qPCR, and the potential risk factors were analyzed through Cox regression analysis.
Results: Within this cohort, 76.82% of cases exhibited co-infection involving eleven distinct pathogens. Among these, bacterial co-
infections were observed in 74% of cases, with Streptococcus pneumoniae and Haemophilus influenzae emerging as the most prevalent
bacterial co-infection agents. Additionally, 15% of cases presented with viral co-infections, predominantly involving influenza A virus
and respiratory syncytial virus. Nevertheless, our investigation suggested that there might be some inappropriate antibiotic use in
treatments. Furthermore, risk analysis unveiled dyspnea, hypoproteinemia, low lymphocyte counts, and co-infection with Mycoplasma
pneumoniae as prominent risk factors for COVID-19 inpatients.

Conclusion: Our findings underscore a significant occurrence of co-infections among COVID-19 patients during the epidemic, emphasiz-
ing the need for enhanced antibiotic stewardship. Effective management strategies should encompass respiratory status, nutritional aspects,
and vigilance towards co-infections involving M. pneumoniae during COVID-19 treatment. This study underscores the significance of
comprehensive management protocols to address the multifaceted challenges presented by co-infections in COVID-19 patients.
Keywords: COVID-19, co-infection, respiratory pathogens, risk factors

Introduction

Since the first report of severe and critical acute respiratory syndrome coronavirus-2 (SARS-Cov-2) in December of 2019
in Wuhan, Hubei, China, it has rapidly spread to all regions of the world." As of now, there have been over 7.66 billion
confirmed SARS-CoV-2 infections and at least 6.93 million reported deaths. (Last update: 16 May 2023, https:/www.
who.int/emergencies/diseases/novel-coronavirus-2019). The World Health Organization (WHO) declared the end of

COVID-19’s emergency phase on May 5, 2023. However, due to insufficient vaccination rates, immune escape caused
by mutations of SARS-CoV-2, and the imbalance of medical resources in different regions, the coronavirus disease 2019
(COVID-19) is expected to remain a significant threat to human health for an extended period in the future.’
Preceding viral infections, such as influenza and COVID-19, can impair antibacterial immunity, providing an opportunity
for other colonizing pathogens, such as Streptococcus pneumoniae, Klebsiella pneumonia, to cause life-threatening second
bacterial/viral pneumonias.® The proportions of co-infections varies across studies, regions and populations, but it can exceed
50% deceased COVID-19 patients.* This highlights the significance of co-infections as a crucial prognostic factor among

these patients. The most frequently identified bacteria co-infections in COVID-19 patients include Klebsiella pneumoniae,

Infection and Drug Resistance 2023:16 6781-6793 6781
Received: 6 September 2023 © 2023 Thu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at httpx / Iwww.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati nc/3.0/). By accessing the work

Accepted: 18 October 2023
Published: 25 October 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-8589-2834
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhu et al Dove

Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus influenzae.>® The most common co-infecting viruses are
influenza A virus (FluA), influenza B virus (FluB), respiratory syncytial virus (RSV) and coronavirus.>*

Antibiotics are considered the most effective means of treating bacterial infections. However, there are concerns that
the current epidemic has increased the risk of antibiotic abuse, potentially leading to an increased risk of drug-resistant
bacterial infections.” Although some reports on bacterial and viral co-infection exist,®® further investigation and research
are still necessary and urgently needed in China, where the epidemic peak occurred after the adjustment of epidemic
prevention policies in December, 2022. Understanding the occurrence of co-infection, evaluating the rationality of
antibiotic use, and analyzing risk indications and risk factors in COVID-19 treatment are of paramount significance
for the scientific management of COVID-19 in the future.

This study conducted a retrospective analysis of the clinical features of 716 COVID-19 inpatients in Guangxi
province, China, during December 2022 to January 2023. Throat swabs were used for detecting the presence of 12
respiratory pathogens, which are most common and clinically significant in local hospital, through quantitative real-time
polymerase chain reaction PCR (qPCR). Additionally, the study analyzed risk indicators that significantly influenced
patient prognosis.

Materials and Methods

Clinical Data Collection

This study was conducted at the Affiliated Hospital of Youjiang Medical University for Nationalities in Guangxi, China,
which is one of the important medical institutions in Southwest China. From December142022to January 30 2023, the
COVID-19 patients admitted with COVID-19 were included in this study. The diagnosis and classification of COVID-19
followed the guidelines of the Diagnosis and treatment plan for SARS-Cov2 infection (10th Edition).” Patient informa-
tion, clinical manifestations, laboratory data, and treatment details were collected. All procedures involving human
materials and electronic medical information were approved by the Medical Ethics Committee of Affiliated Hospital of
Youjiang Medical University for Nationalities (Approval number: YYFY-LL-2023-119). Because all clinical data of
hospitalized COVID-19 patients data used were fully anonymized, and no personal identifiers were accessible to the
research team, the requirement for consent was waived.

Sample Collection and Respiratory Pathogen Detection

Throat swabs were collected from patients upon admission. SARS-Cov-2 was detected using the Detection Kit for 2019
Novel Coronavirus (2019-nCoV) RNA (PCR-Fluorescence Probing) (DaAnGene, DA0933) as per the manufacturer’s
instructions. The 12 common pathogens causing respiratory tract infections were detected using the Six Respiratory
Pathogens Multiplex Nucleic Acid Diagnostic Kit (Sansure, S3310E) and Six Respiratory Pathogens Nucleic Acid
Diagnostic Kit (Sansure, S3066E) through qPCR analysis. The 12 detected pathogens include six bacteria (Klebsiella
pneumoniae, Legionella pneumophila, Streptococcus pneumoniae, Haemophilus influenzae type b (Hib), Pseudomonas
aeruginosa, Staphylococcus aureus), five viruses (Influenza A virus (FluA), Influenza B virus (FluB), Respiratory
Syncytial Virus (RSV), Adenovirus (AdV), Human rhinovirus (HRV)), and Mycoplasma pneumoniae (Mp).

Statistical Analysis

The categorical variables were shown as numbers (percentages) and the continuous variables were shown as medians
(interquartile ranges [IQRs]). Wilcoxon rank-sum test, Pearson’s Chi-squared test, and Fisher’s exact test were used to
compare the distribution of categorical and continuous variables between the cohorts where appropriate. Chi square test
was used to evaluate the correlation between categorical variables and Cramer’s V coefficient was used to assess the
strength of association. The visualization of intersecting co-infection pathogens was performed by UpSetR (v1.4.0)."
The package StepReg (v1.4.4) and survival (v3.5.0) was used to perform univariable and multivariable Cox regression
analysis. Forward steps method was used to select the major risk factors. All statistical analysis was conducted using
R (v4.2.1).
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Antiviral Treatments and Clinical Outcomes

Our hospital’s antiviral treatment and clinical outcomes for COVID-19 patients is primarily based on the “Diagnosis and
treatment plan for SARS-Cov2 infection (10th Edition).”” Patients are categorized based on the severity of clinical
symptoms. General treatment includes addressing the patient’s energy and nutritional intake, maintaining water and
electrolyte balance, and managing fever and phlegm. Antiviral treatment is mainly administered based on the patient’s
condition and may include medications such as Nirmatrelvir/Ritonavir tablets, Remdesivir tablets, monoclonal antibo-
dies, and others. For severe and critical patients, timely organ function support is provided. Patients are categorized based
on clinical indicators into four groups: mild, moderate, severe, and critical. Mild cases primarily exhibit upper respiratory
tract infections. Patients with a continuous high fever for three days along with cough and shortness of breath, but
a respiratory rate of <30 breaths per minute and resting oxygen saturation >93%, are diagnosed as moderate. When the
respiratory rate exceeds 30 breaths per minute, oxygen saturation falls below 93%, and there is progressive exacerbation
of pulmonary lesions, the diagnosis is severe. Critical cases are diagnosed when respiratory failure, shock, or other organ
dysfunction occurs. Patients can be considered for discharge when their vital signs stabilize, and there is a significant
improvement in pulmonary lesions, allowing for a transition to oral medication treatment.

Results

Characteristics of COVID-19 Patients

As shown in Table 1, this study included a total of 716 COVID-19 patients who were hospitalized at Youjiang Affiliated
Hospital for Nationalities during the period between December 14, 2022, and January 30, 2023. The selection of patients
for the study was based on the diagnostic criteria outlined in the Diagnosis and Treatment Plan for SARS-Cov2 Infection
(10th Edition).” The data collected for analysis encompassed basic background information, information on any
complications experienced by the patients, the medical interventions they received, and their clinical features at baseline.

Table | Characteristics of Hospitalized COVID-19 Patients Included in This Study

Variable Overall, N = 716 Number of Patients Number of Patients p-value®
with Co-Infection without Co-Infection
(N =550)* (N = 166)*

Age 64.00 (49.00, 73.00) 63.00 (48.00, 73.00) 66.00 (53.25, 73.00) 0.170
Gender 0.468

Female 276 (39%) 216 (39%) 60 (36%)

Male 440 (61%) 334 (61%) 106 (64%)
Classification 0.215

Moderate 611 (85%) 476 (87%) 135 (81%)

Severe 78 (11%) 56 (10%) 22 (13%)

Critical 27 (3.8%) 18 (3.3%) 9 (5.4%)
Vaccinated 661 (92%) 502 (91%) 159 (96%) 0.056
Length of hospital stay 7.00 (5.00, 9.00) 7.00 (5.00, 9.00) 8.00 (6.00, 10.00) 0.003
Death 45 (6.3%) 36 (6.5%) 9 (5.4%) 0.601
Treatment; Number (%)
ICU admission 228 (32%) 172 (31%) 56 (34%) 0.551
Respiratory support 258 (36%) 197 (36%) 61 (37%) 0.827
Antibiotics 469 (66%) 357 (65%) 112 (67%) 0.543
Comorbidities; Number (%)
Hypertension 184 (26%) 143 (26%) 41 (25%) 0.737
Diabetes 96 (13%) 69 (13%) 27 (16%) 0.218
Asthma 18 (2.5%) 14 (2.5%) 4 (2.4%) >0.999
Active TB 8 (1.12%) 5 (0.90%) 3 (1.81%) 0.595
Hypoproteinemia 172 (24%) 124 (23%) 48 (29%) 0.092

(Continued)
Infection and Drug Resistance 2023:16 htps: 6783

Dove:



https://www.dovepress.com
https://www.dovepress.com

Zhu et al

Dove

Table | (Continued).

Variable Overall, N = 716 Number of Patients Number of Patients p-value®

with Co-Infection without Co-Infection

(N = 550)* (N = 166)*

Clinical signs at admission; Number (%)
Fever 217 (30%) 175 (32%) 42 (25%) 0.109
Cough 524 (73%) 404 (73%) 120 (72%) 0.766
Headache 42 (5.9%) 30 (5.5%) 12 (7.2%) 0.394
Dyspnea 99 (14%) 74 (13%) 25 (15%) 0.599
Diarrhea 6 (0.8%) 5 (0.9%) | (0.6%) >0.999
Vomit 16 (2.2%) 12 (2.2%) 4 (2.4%) 0.772
Laboratory values at admission; Median
(IQR)
Leukocyte (1079 cells/L)® 747 (5.71, 10.32) 7.50 (5.79, 10.32) 7.39 (5.57, 10.45) 0.613
Neutrophil (1049 cells/L)? 5.04 (3.39, 7.73) 5.04 (3.37, 7.57) 5.10 (3.45, 7.98) 0.746
Lymphocytes (1079 cells/L)® 1.30 (0.80, 1.99) 1.32 (0.80, 2.02) 1.12 (0.77, 1.70) 0.032
Hemoglobin (g/L)f 123.00 (108.00, 136.00) 123.00 (108.00, 135.00) 124.00 (106.25, 139.75) 0.507
Hematocrit (%)® 38.80 (34.58, 42.80) 38.70 (34.70, 42.48) 39.05 (34.12, 43.30) 0.498
C-reactive protein (mg/L)" 16.88 (3.91, 60.26) 14.09 (3.74, 56.48) 23.04 (6.39, 79.52) 0.073
Prothrombin time (s)’ 12.10 (11.43, 12.90) 12.10 (11.40, 12.90) 12.20 (11.60, 12.80) 0.292
Fibrinogen (g/L)’ 4.34 (3.19, 5.69) 4.34 (3.19, 5.64) 4.34 (3.13, 5.90) 0.954
D-dimmer (g/L) 0.47 (0.34, 0.96) 0.46 (0.34, 0.90) 0.50 (0.35, 1.19) 0.212

Notes: *Median (IQR); n (%). "Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test. “The reference range is 4x10° to 10x10° cells/L. “The reference
range is 2%10° to 7.7%10° cells/L. “The reference range is 0.8x10° to 4x10° cells/L. "The reference range is 120 to 160 g/L. The reference range is 40% to 50%. "The
reference range is 0 to 10 mg/L. ‘The reference range is 9.8 to 13.5 s. 'The reference range is 2 to 4 g/L. “The reference range is 0 to 0.5 g/L.

Among the 711 patients, a total of 440 (61%) were male, and the median age was 64 years old, with an interquartile range
(IQR) of 49 to 73 years. Remarkably, a substantial majority of the patients, precisely 661 (92%) of them, had been
vaccinated. Based on clinical typing, it was observed that 611 (65%) of the patients had moderate infections, 78 (11%)
had severe infections, and 27 (3.8%) had critical infections. Over the course of the study, a total of 45 patients (6.3%)
unfortunately died. In terms of hospital stay, the median length of hospitalization (LOHS) for the patients was 7 days,
with an interquartile range (IQR) of 5 to 9 days. An investigation into the comorbidities exhibited by the patients
revealed that the most common conditions were hypertension, affecting 184 patients (26%), and hypoproteinemia,
affecting 172 patients (24%). Furthermore, an analysis of the predominant clinical signs among the patients indicated
that the most common symptoms reported were cough, experienced by 524 patients (73%), and fever, reported by 217
patients (30%). In addition, we conducted a detailed analysis of the immunological characteristics among hospitalized
COVID-19 patients with different disease severity grades (Table S1). The results showed that clinically key inflammatory

markers, such as C-reactivate protein and D-dimer, showed a significant increase in severe and critical patients.

Co-Infection with Respiratory Pathogens in COVID-19 Patients

To investigate the co-infections in COVID-19 patients, we employed multiple fluorescence quantitative PCR to detect the
presence of 12 crucial respiratory pathogens. The findings revealed that a substantial proportion of patients, up to 77%
(550 out of 716), were affected by co-infections. Notably, we observed significant differences in the length of hospital
stay and leukocyte counts between COVID-19 patients with co-infection and those without co-infection (refer to Table 1
for details). A detailed breakdown of the co-infection types showed that 529 patients (74%) had bacterial co-infections,
while 108 patients (15%) had viral co-infections. Additionally, we identified 4 patients who were co-infected with Mp.
Remarkably, about 12% of the patients exhibited concurrent co-infection with both bacteria and viruses. Surprisingly,
there were no significant differences observed in the distribution of co-infection combinations among moderate, severe
and critical cohorts (refer to Table 2).
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Table 2 Single and Multiple Co-Infections in Patients with SARS-CoV-2 Identified by the qPCR (n = 716)
Characteristic of Infection Number (%) of Patients with Co-Infection
Overall, N = 716* | Moderate, N =611* | Severe, N = 78* | Critical, N = 27* p-value®
Any pathogen® 550 (77%) 476 (78%) 56 (72%) 18 (67%) 0.215
Any bacteria 529 (74%) 460 (75%) 52 (67%) 17 (63%) 0.011
Any virus© 108 (15%) 90 (15%) 14 (18%) 4 (15%) 0.725
Bacteria-Virus® 87 (12%) 74 (12%) 10 (13%) 3 (11%) 0.965
Bacteria-Mp 3 (0.4%) 3 (0.5%) 0 (0%) 0 (0%) >0.999
Virus-Mp© 2 (0.3%) 2 (0.3%) 0 (0%) 0 (0%) >0.999
Bacteria-Virus-Mp*© I (0.1%) | (0.2%) 0 (0%) 0 (0%) >0.999

Notes: *n (%). °Fisher’s exact test. “Pathogen/Virus refers to any respiratory pathogen/virus other than SARS-CoV-2.

In the study, we identified a total of 12 respiratory pathogens, comprising 6 bacteria, 5 viruses, and 1 Mycoplasma (refer to

Figure 1). Among these pathogens, all except Legionella pneumophila were detected in the patient cohort. The co-infecting
pathogens detected in this study were as follows: S. pneumoniae (444, 62.01%), Hib (143, 19.97%), K. pneumoniae (82,
11.45%), P. aeruginosa (73, 10.20%), FluA (42, 5.87%), RSV (40, 5.59%), Adenovirus (27, 3.77%), S. aureus (26, 3.63%),
FluB (13, 1.82%), Mp (4, 0.56%), and HRV (1, 0.14%) (see Figure S1). Of the cases analyzed, 304 (42.46%) showed detection
of only one co-infected pathogen, with S. pneumoniae being the most common pathogen in such cases (220, 30.73%) (see

Table S2). Regarding double pathogen detection, the most common combinations were S. pneumoniae - Hib (59, 8.24%),
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Figure | The distribution of detected co-infection pathogens of cases in this study. The 12 pathogens were shown as rows of a matrix at the bottom, with intersections of
pathogens indicated by connected filled circles, and the number of corresponding pathogens’ combinations shown as a bar plot above.
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S. pneumoniae — FluA (25, 3.49%), and S. pneumoniae - K. pneumoniae (22, 3.07%). Furthermore, we observed that three-
pathogen detection was also present, with the most common combinations being S. pneumoniae - Hib - K. pneumoniae (19,
2.65%) and S. pneumoniae - Hib - P. aeruginosa (9, 1.26%). Of particular interest was the detection of eight pathogens, namely
S. pneumoniae, Hib, FluA, Adenovirus, S. aureus, FluB, Mp, and HRYV, all in a single case.

Co-Infection with Patient Age and Disease Severity

Age has a notable impact on human immunity status. In this study, all twelve respiratory pathogens were detected in the
0-1 year age group, while eleven of them, except M. pneumoniae, were detected in individuals aged >65 years. Notably,
the positive rate of S. pneumoniae was close to 50% (11/23) in cases aged 1-12 years old, significantly higher than in
other age groups. Moreover, the positive rates of S. aureus and FIuA in cases under 18 years old were significantly higher
than in older age groups (refer to Table S3). In Table 3, we present the detection of several pathogens in the different
disease categories, including moderate, severe, and critical cases. However, FluB, Mp, and HRV were exclusively
detected in moderate disease cases. Interestingly, the detection rates of S. pneumoniae, RSV, and P. aeruginosa were
significantly higher in moderate, severe, and critical disease cases, respectively, indicating potential associations between
these pathogens and disease severity.

The analysis of antibiotic usage revealed that 65.5% (469 out of 716) of COVID-19 patients received antibiotic
treatment in this cohort. Among the 550 cases that detected respiratory pathogens, 64.9% (357) of them received
antibiotic treatment. And -lactam antibiotics, cephalosporins, and quinolone antibiotics were the most widely used (refer
to Figure S2). Surprisingly, even among cases with only virus co-infection (11 out of 21 cases) and cases without
detection of any other respiratory pathogens (112 out of 166 cases), antibiotic treatment was administered to 52.4% and
67.5% of them, respectively (refer to Table S4). It is important to note that some patients might have received antibiotics
for infections in other parts of the body (data not collected in this study). However, for most patients, the use of
antibiotics might have been intended to prevent bacterial co-infections. This suggests that the use of antibiotics in
primary hospitals may have exhibited a certain degree of irrationality.

Risk Factors Analyses of SARS-Cov2 Infection

Out of the 670 cases included in the risk factor analysis, 44 cases resulted in mortality, while 46 cases were excluded due
to missing data. All the collectable clinical factors were included in the Cox’s proportional hazards regression analysis,
and forward steps method was used to select the major risk factors. The survival curve indicated significant survival
differences between corresponding factor strata for dyspnea (p < 0.001), hypoproteinemia (p < 0.01), lymphocytes (p <
0.01), and the presence of M. pneumoniae infection (p < 0.001) (refer to Figure 2).

Table 3 Respiratory Pathogens Identified by the qPCR Among the Patients Tested in Different
Disease Severity (n = 716)

Pathogen Identified Number(%) of Patients with Co-Infection
Moderate®, N = 611 Severe, N = 78 Critical, N = 27 1.>-valueb

K. pneumoniae 66 (11%) 12 (15%) 4 (15%) 0.339
S. pneumoniae 397 (65%) 38 (49%) 9 (33%) <0.001
Hib 128 (21%) 12 (15%) 3(11%) 0.257
P. aeruginosa 56 (9.2%) 9 (12%) 8 (30%) 0.008
S. aureus 21 (3.4%) 5 (6.4%) 0 (0%) 0.309
FluA 39 (6.4%) 3 (3.8%) 0 (0%) 0.444
FluB 13 (2.1%) 0 (0%) 0 (0%) 0.626
RSV 29 (4.7%) 9 (12%) 2 (7.4%) 0.041
Adenovirus 22 (3.6%) 3 (3.8%) 2 (7.4%) 0.421
M. pneumonia 4 (0.7%) 0 (0%) 0 (0%) >0.999
HRV I (0.2%) 0 (0%) 0 (0%) >0.999

Notes: °n (%). °Fisher’s exact test; Pearson’s Chi-squared test.
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Figure 2 The outcome of COVID-19 patients under different risk factors. The Kaplan-Meier method and the Log rank test were used to compare the estimated survival
according to different risk factors. Survival curves according to dyspnea (A), hypoproteinemia (B), lymphocytes (C) and the infection of M. pneumonia (D), separately.

Univariable and multivariable Cox regression analyses were employed to identify potential risk factors. The results of
the univariable Cox regression analysis demonstrated significant associations between dyspnea, hypoproteinemia,
lymphocyte count, and the presence of M. pneumoniae infection with COVID-19 case mortality (refer to Table 4).
Upon adjusting for other factors, cases with dyspnea exhibited a higher risk of death compared to cases without dyspnea
(adjusted HR: 2.09, 95% CI: 1.11-3.95). Similarly, individuals with hypoproteinemia had an increased risk of death, with
an adjusted HR of 1.95 (95% CI: 1.03-3.66). The lymphocyte count significantly correlated with the risk of death in
COVID-19 patients. Those with lymphocyte counts lower than 0.8x109 cells/L faced an increased risk of death (adjusted
HR [95% CI]: 1.99 [1.06-3.75]). However, individuals with lymphocyte counts greater than 4x109 cells/L did not exhibit
a significant difference in the risk of death compared to those within the normal lymphocyte count range. Remarkably,
co-infection with M. pneumoniae was associated with a substantially higher risk of death compared to cases without this
co-infection (adjusted HR [95% CI]: 26.03 [3.29-206.06]).

Chi-square test was employed to analysis whether the dyspnea, low lymphopenia and hypoproteinemia are associated
with the bacterial co-infections (refer to Table 5). The results showed that lymphopenia is associated with the co-infection
of H. influenza, and hypoproteinemia is associated with the S. pneumonia, H. influenza, P. aeruginosa. This result
indicates a significant correlation between the co-infection of these bacteria and two key clinical indicators, namely
hypoproteinemia and lymphopenia, closely associated with COVID-19 outcomes. Furthermore, our study showed that
antibiotics usage is associated with the hypoproteinemia and lymphopenia. This suggests that the use of antibiotics may
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Table 4 Factors Associated with the Death of Hospitalized COVID-19 Patients (n=670)

No. of Patients with

Univariable Cox

Multivariable Cox

Event/Total(%) Regression Regression
HR (95% CI) p value HR (95% CI) p value

Dyspnea

No 26/576(4.51%) Reference Reference

Yes 18/94(19.15%) 2.78(1.51-5.11) <0.001 2.09(1.11-3.95) 0.023
Hypoproteinemia

No 17/507(3.35%) Reference Reference

Yes 27/163(16.56%) 2.54(1.37-4.73) <0.01 1.95(1.03-3.66) 0.039
Lymphocytes

Normal 19/454(4.19%) Reference Reference

Low 25/176(14.20%) 2.47(1.35-4.5) <0.01 1.99(1.06-3.75) 0.032

High 0/40(0.00%) 0(0-Inf) 0.997 0(0-Inf) 0.997
M. pneumonia

Negative 43/666(6.46%) Reference Reference

Positive 1/4(25.00%) 15.53(2.03—119.05) <0.01 26.03(3.29-206.06) <0.01

Note: Data was not sum to total because of missing data.

Table 5 Correlation Between Dyspnea, Lymphopenia, Hypoproteinemia, C-Reactive Protein, Death and Co-Infection Bacteria

M_pneumonia® | K_pneumoniae®* | S_pneumoniae® | H_influenzae® | P_aeruginosa® S_aureus® Antibiotics®
Dyspnea 0.939/0.030 0.157/0.059 0.124/0.062 0.153/0.058 0.389/0.039 1.000/0.009 0.081/0.069
Lymphopenia 0.166/0.071 0.610/0.037 0.426/0.049 0.024%/0.102 0.148/0.073 0.516/0.043 0.000%+%/0.222
Hypoproteinemia 1.000/0.002 0.742/0.017 0.011%/0.099 0.031%/0.085 0.044%/0.081 0.905/0.013 0.000%**/0.140
C-reactive protein 0.313/0.059 0.694/0.020 0.007*¢/0.107 0.466/0.032 0.017%/0.097 0.958/0.011 0.000%++/0.194
Death 0.608/0.058 0.867/0.015 0.280/0.046 1.000/0.000 0.138/0.065 0.912/0.020 0.192/0.055

Notes: “The format for presenting the results is as follows: “P value/Cramer’s V coefficient”. *** P < 0.001, ** P < 0.01, * P < 0.05.

be of significant importance in improving clinical symptoms in patients with bacterial co-infections. In addition, the
results indicate a significant correlation between C-reactive protein and co-infections with S. pneumoniae and
P. aeruginosa. Finally, in line with Cox regression analysis results, no significant association was observed between

antibiotic use and the risk of death.

Discussion
Over the past three years, China has implemented stringent, rapid, and coordinated control measures to curb the spread of

SARS-CoV-2. These measures have proven effective in controlling COVID-19 outbreaks and safeguarding public health. As
the epidemic situation evolves and with the increased vaccination coverage and accumulated experience in prevention and
control, China has gradually relaxed its strict epidemic control strategy.'' However, these policy changes have resulted in
a peak of COVID-19 infections,'? signaling the need for continuous vigilance. Co-infection is a significant factor influencing
the poor prognosis of COVID-19 patients.'*'* Despite several studies exploring co-infections with SARS-CoV-2,>° there
remains a dearth of research focusing on China’s primary hospitals after the adjustment of COVID-19 prevention and control
policies. Such research can provide valuable insights to guide effective management strategies and improve patient care in the
face of changing epidemic dynamics.

In this study, we conducted the detection of 12 important respiratory pathogens in hospitalized COVID-19 patients. The
results revealed that more than 77% (550 out of 716) of the cases had co-infections with at least one pathogen. This finding
indicates a notably higher co-infection rate in this cohort compared to the majority of previous reports. For instance, a meta-
analysis of 118 studies reported a pooled prevalence of co-infection as 19% (95% CI: 14%-25%).* Sreenath et al reported a co-
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infection rate of 46.5% in COVID-19 patients in India, with 13 pathogens detected.’ Several reasons contribute to the high rate
of co-infection observed in our study. First, the cases included in this study were moderate or severe, and such patients tend to
have a relatively higher co-infection rate.* Second, the use of a high sensitivity qPCR detection method for broad-spectrum
respiratory pathogens increased the positive detection rate compared to culture or PCR targeting limited strains. Third, the
high density of patients in the hospital during the peak of the epidemic might have increased inter-personal transmission. It is
important to note that a Chinese cohort study reported an even higher co-infection rate of 94.2% (242 out of 257 cases), with
the detection of 39 species.® These significant differences between various studies could be attributed to the characteristics of
the cohort, the spectrum of species detected, the regional health level, and other relevant factors.

Bacterial co-infection has been identified as a significant influencing factor leading to poor prognosis in patients with viral
pneumonia.'® Consistent with some previous studies,®'® we observed that S. pneumonia, Hib and K. pneumonia were the most
common co-infecting bacterial pathogens that detected in this COVID-19 cohort. These three bacterial species are commonly
considered as oral and upper respiratory colonizers, which may elevate the risk of lower respiratory tract infections,
particularly in patients with compromised immunity. Notably, S. pneumoniae was found to be more prevalent in COVID-
19 cases than in healthy controls.'” Its colonization has been associated with alterations in immune responses and an increased
risk of virus acquisition.'® Hib is known to cause pneumonia or acute meningitis, particularly in infants or children under the
age of five.'” Furthermore, it has been reported that co-infection with hypervirulent K. pneumoniae can lead to fatal sepsis in
COVID-19 patients.”® We observed multiple co-infections with various combinations of pathogens in our study, such as
S. pneumoniae - Hib (59, 8.24%), S. pneumoniae - K. pneumoniae (22, 3.07%), S. pneumoniae - Hib - K. pneumoniae (19,
2.65%), and S. pneumoniae - Hib - P. aeruginosa (9, 1.26%), among others. The elevation of C-reactive protein and D-dimer,
prominent inflammatory markers, was notably higher in severe and critical COVID-19 patients (refer to Table S1). Our
findings underscore a significant correlation between CRP and co-infections involving S. pneumoniae and P. aeruginosa,
aligning with prior research (refer to Table 5). Elevated levels of these markers are closely associated with bacterial co-
infections in COVID-19, particularly with Streptococci, and pose a significant risk for severe cardiac complications, notably
myocarditis.”' The hypervirulence and multi-antibiotic resistance of these co-infected bacteria pose challenges in the
treatment of COVID-19. Multiple studies suggest that vaccination, particularly with pneumococcal and Hib vaccines,
provides protection against symptomatic SARS-CoV-2 infection and reduces the risk of mortality.”” >* Based on these
findings, it is recommended that a multivalent pneumonia vaccine be considered as a preventive measure to protect against
pneumonia caused by the common co-infected bacteria during the COVID-19 pandemic.

SARS-CoV-2 co-infection with another virus, such as influenza and RSV, has been significantly associated with an
increased risk of death compared to SARS-CoV-2 monoinfection.?® In this study, virus co-infection was detected in 15%
of COVID-19 cases. It is reported that the implementation of COVID-19 prevention and control measures can
concurrently lower the infection rate of other pathogens like influenza.?® Our study indicated that the most prevalent co-
infection viruses were FluA (42, 5.87%), RSV (40, 5.59%), Adenovirus (27, 3.77%), and FluB (13, 1.82%). Complex
interactions between different viral infections have been reported in the literature. For instance, Lei Bai et al found that
co-infection with influenza A (FluA) enhanced SARS-CoV-2 infection,?” while another study showed that FluA and RSV
could inhibit the replication of SARS-CoV-2.2® Further research is needed to reveal the specific nature of these
interactions. However, the significant risk posed by multiple viral infections cannot be ignored. Influenza vaccinations

h,?*>° and vaccination remains the best means of preventing multi-

significantly reduce risk of hospitalization and deat
viral infections, particularly among high-risk groups.*'

The misuse and overuse of antibiotics have long been recognized as significant public health concerns, especially in
the post-COVID-19 era.” On one side, such practices are major contributors to the emergence of antibiotic resistance,
which can complicate the treatment of co-infections in COVID-19 patients. On the other side, the use of antibiotics can
disrupt the balance of the intestinal microecology. The dysbiosis of gut microflora has been linked to disease severity and
impaired immune response in COVID-19 patients.*? In this COVID-19 cohort, 65.5% of patients received antibiotic
treatment. However, the use of antibiotics did not always align with the detection of co-infected bacterial pathogens
(Table S4). In clinical practice, some patients use antibiotics as a preventive treatment measure for co-infection events,
which may also have a positive impact on prognosis for COVID-19 patients. However, more accurate and efficient
detection methods may help us use antibiotics more rationally, thereby minimizing their potential negative effects.
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Therefore, to facilitate a more judicious use of antibiotics, it is advisable to expand the utilization of PCR and other
clinical diagnostic tests for key infections, including S. pneumoniae, Haemophilus, Klebsiella, and Pseudomonas. This
strategic approach ensures that antibiotic treatment is reserved for patients with genuine clinical indications, thereby
minimizing unnecessary antibiotic exposure.

Risk factor analysis was conducted to investigate the relationship between death and clinical features in COVID-19
cases. Dyspnea, a crucial clinical feature of lower respiratory tract infection and pneumonia, emerged as a significant risk
factor for death based on the results of univariable and multivariable Cox regression analysis. This finding highlights the
importance of prompt hospital admission for patients experiencing breathing difficulties to ensure timely and professional
treatment. Furthermore, the analysis revealed that hypoproteinemia was a significant risk factor for death in COVID-19
patients. Hypoproteinemia is associated with a high metabolic state that can lead to excessive protein loss.>* The loss of
proteins impairs immunological functioning and is linked to more severe disease, rapid deterioration, and higher fatality
rates.>* Lymphocytes play a central role in the immune response, influencing the outcomes of bacterial and viral
infections, as well as the effectiveness of vaccines.” Our study found that 14.20% (25 out of 176) of cases with low
lymphocyte counts experienced mortality, while none of the cases with high lymphocyte counts resulted in death. The
adjusted hazard ratio for the cohort with low lymphocyte counts was 2.01 (1.07-3.76) compared to those within the
normal interval. This highlights the significance of lymphocyte counts as a prominent clinical feature for assessing the
prognosis of COVID-19. Lastly, cases with co-infection of M. pneumonia predicted a higher risk of death compared to
other cases. Although a meta-analysis suggested that 42% of bacterial co-infections in COVID-19 were caused by
M. pneumonia,’® our cohort showed a lower prevalence of M. pneumonia co-infection at only 0.76% (4 out of 529).
Nonetheless, M. pneumonia co-infection may exacerbate clinical symptoms and increase morbidity if left undetected or
untreated.’” Therefore, active attention and timely treatment of M. pneumonia co-infections should be given during the
treatment process, especially for elderly and infant patients.

Dyspnea, lymphopenia and hypoproteinemia are the three risk factors to death for COVID-19 patients. More than
one-third of the patients simultaneously had both lymphopenia and hypoproteinemia (refer to Figure S3), which are
immunocompromised conditions, and it may be reasonable to consider prophylactic treatment with broad-spectrum
antibiotics for these susceptible patients. Correlation analysis indicated that lymphopenia is associated with the co-
infection of H. influenza, and hypoproteinemia is associated with the S. pneumonia, H. influenza and P. aeruginosa. This
result indicates a significant correlation between the co-infection of these bacteria and two key clinical indicators, namely
hypoproteinemia and lymphopenia, closely associated with COVID-19 outcomes. This also further emphasizes the
importance of controlling the occurrence of concurrent infections in the treatment of COVID-19 for prognosis.

Liminations

This study had several limitations that warrant consideration. Firstly, the analysis was confined to identifying co-infection
patterns that could be detected within the bounds of the multiplex respiratory PCR panel. The scope of pathogen
detection was limited to the selection of pathogens included in the panel, potentially overlooking certain co-infections,
such as fungal co-infections, that were not covered. Secondly, it’s important to acknowledge that the detection of
respiratory pathogens using qPCR does not conclusively confirm active infections; rather, it indicates the potential risk of
co-infection. As such, the presence of pathogens might not always translate to ongoing infections, and caution is needed
in interpreting these results solely as evidence of co-infection. Thirdly, differentiating whether the bacterial infections
documented in this study originate from community-acquired or nosocomial sources presents a challenge. It is plausible
that patients could have harbored the bacterial organisms prior to the onset of the viral infection. Fourthly, the vaccination
status concerning pneumococci, Hib, and influenza among our patients is unavailable, precluding an assessment of these
vaccines’ influence on co-infections in COVID-19 patients. Fifthly, our study lacks data from healthy or mildly affected
COVID-19 groups as controls, hindering a comprehensive analysis of PCR methods’ clinical relevance in detecting
COVID-19 co-infections and guiding treatment. Additionally, the detected pathogens might be associated with pre-
existing chronic conditions or could have been acquired within a healthcare setting. This complexity underscores the
need for nuanced interpretation when attributing the origin of bacterial infections.
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Conclusions

This study involved qPCR analysis of respiratory specimens from 716 hospitalized COVID-19 patients during a surge in
infections following the relaxation of public health measures in China. We screened for 12 common viral and bacterial
respiratory pathogens and found that 76.82% (550/716) of cases were co-infected with at least one pathogen, with 44.73%
(246/550) having two or more co-infecting pathogens. Among bacterial co-infections, S. pneumonia, Hib, and K. pneumonia
were the most prevalent, while FluA, RSV, and Adenovirus were the most common co-infection viruses. Our study revealed
discrepancies between the detection of bacterial co-infections and the prescription of antibiotics in some cases. Univariate and
multivariate Cox proportional hazards regression analyses identified several covariates associated with an increased risk of
death, including dyspnea, hypoproteinemia, low lymphocyte counts, and M. pneumonia co-infection. Vaccinating against co-
infectious pathogens, such as pneumococcal, Hib, and influenza vaccines, constitutes an effective strategy in COVID-19
treatment. This approach helps prevent co-infections and enhances patient outcomes when health system capacities may be
limited. Treatment guidelines that optimize respiratory support, nutrition, and selective antibiotic use can be beneficial,
particularly for vulnerable patients with severe or complicated COVID-19. Overall, this study emphasizes the importance of
understanding and managing co-infections in COVID-19 patients to enhance the quality of care and reduce mortality rates,
especially in challenging healthcare situations.
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