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Objective

Patients with connective tissue diseases (CTDs) are at high risk of infection due to various reasons. The purpose of the study was to investigate the infection diagnosis value of metagenomic next-generation sequencing (mNGS) shotgun in CTDs to guide the use of anti-infective therapy more quickly and accurately.



Methods

In this retrospective study, a total of 103 patients with CTDs admitted with suspected infection between December 2018 and September 2021 were assessed using mNGS as well as conventional microbiological tests (CMT).



Results

Among these 103 patients, 65 were confirmed to have an infection (Group I) and 38 had no infection (Group II). mNGS reached a sensitivity of 92.31% in diagnosing pathogens in Group I. Moreover, mNGS showed good performance in identifying mixed infection. In all infection types, lung infection was the most common. mNGS also played an important role in detecting Pneumocystis jirovecii, which was associated with low CD4+ T-cell counts inextricably.



Conclusion

mNGS is a useful tool with outstanding diagnostic potential in identifying pathogens in patients with CTDs and conduce to provide guidance in clinical practice.
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Introduction

Connective tissue diseases (CTDs) have significant morbidity and mortality, due in part to concurrent infections (Falagas et al., 2007). The reasons why patients with CTDs show a peculiar vulnerability to infection are diverse: the changes in the intrinsic immune environment, the use of immunosuppressive drugs, and the severity of the disease and complications (Di Franco et al., 2017). One of the major immunological alterations is represented by impairment of the complement system, which is strongly associated to the development of systemic lupus erythematosus (SLE) and to an increased susceptibility to infection (Skattum et al., 2011). Since most patients with CTDs have autoimmune dysfunction, long-term immunosuppressive treatments are inevitable, such as glucocorticoid, conventional disease-modifying anti-rheumatic drugs, and biologics. Although therapeutic agents have improved the symptoms of patients substantially, they are also responsible for a wide spectrum of infections, especially when used in combination (Chiu and Chen, 2020). Infection can also be related to the organ damage due to rheumatic diseases. Some CTDs are more likely to be complicated with interstitial lung disease (ILD), such as systemic sclerosis and dermatomyositis (Kawano-Dourado and Lee, 2021). Thus, underlying lung lesions secondary to CTDs may increase the incidence of respiratory tract infections (Ricci et al., 2021).

It is necessary to identify the correct pathogens quickly, because inaccurate coverage and untimely treatment can give rise to side effects or fail to achieve the desired results. With respect to the diagnosis of bacterial or fungal infections, there are various diagnostic methods. Direct examination and culture are currently the most common procedures. Smear is convenient but the positive rate remained at a relatively low level. As culture is time-consuming, it may delay the optimal treatment time. Furthermore, not all kinds of pathogens are suitable to be cultured and pathogens infecting the immunocompromised host can also be difficult to grow. Moreover, empiric broad-spectrum antimicrobial therapy may contribute to the occurrence of false-negative culture results (Farrell et al., 2013). Viruses are usually tested by nucleic acid-based tests, serologic tests, and immunological tests, which lack specificity to some extent (Vemula et al., 2016). Therefore, there is an urgent need to address the problems of quick and accurate diagnosis.

Recently, it is becoming extremely difficult to ignore the existence of metagenomic next-generation sequencing (mNGS). As a novel technique that has high-throughput capabilities, is unbiased, is accurate, and has a rapid turnaround time, mNGS has proven invaluable for detecting pathogens in clinical samples (Chen et al., 2020). These advantages allow the mNGS test to specify multiple pathogens simultaneously and detect the exit of microbial even with low abundance. mNGS also makes it possible to identify difficult-to-culture microorganisms. Although some studies on the application of mNGS in infectious diseases have been carried out, no previous study has investigated its application in patients with CTDs suspected of infection. The purpose of this study is to evaluate the ability of mNGS to detect pathogens and analyze the characteristics of the distribution of pathogens in CTDs associated with infection.



Methods


Study design

In this retrospective study, we consecutively enrolled 103 patients with CTDs undergoing the mNGS test because of suspected infection who were admitted at the Department of Rheumatology, the Second Affiliated Hospital of Zhejiang University School of Medicine, China, from December 2018 to September 2021. Suspected infection was defined as patients who presented with symptoms, such as fever, cough, weakness, or radiographic involvement. Samples were obtained from sites of suspected infection as clinically indicated, including blood, sputum, joint fluid, bronchoalveolar lavage fluid (BALF), and tissue. Other conventional microbiological tests (CMT) were carried out according to the condition of each subject as clinically indicated, including Gram stain, acid-fast bacilli smear, bacterial culture, fungal smear and culture, T-SPOT.TB test, Epstein–Barr virus and Cytomegalovirus IgM and IgG antibody test, Epstein–Barr virus and Cytomegalovirus nucleic acid detection, (1,3)-β-D-glucan assays (G test), galactomannan assays (GM test), Widal agglutination test, Cryptococcus neoformans capsular polysaccharide antigen detection, Aspergillus IgG antibody detection, and respiratory microorganism IgM antibody test (Mycoplasma pneumoniae, Chlamydia pneumoniae, Legionella pneumophila, respiratory syncytial virus, influenza virus A, influenza virus B, parainfluenza virus, and adenovirus).

A retrospective-review protocol was approved by the Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine in China [No. 2021 (1099)]. The ethics committee approved the waiver of informed consent due to the retrospective nature of the study. All research data were anonymously analyzed.



Case definition

Two independent clinicians analyzed an anonymized data file for each patient. Data were collected for each patient including demographic data, types of CTDs, laboratory examinations, glucocorticoid and immunosuppressive treatments, and results of all microbiological tests.

In view of all available documentation, it was determined whether each patient was confirmed to have an infection (Group I) or an infectious etiology could be excluded (Group II). First, they determined the likelihood of an infectious origin implied by clinical symptoms. Then, they identified pathogens that were potentially responsible for the episode of infection, based on mNGS and other microbiological tests. For non-commonly reported pathogens, unless mNGS results were in accordance with the patient’s clinical features, the detected reads were classified as non-pathogenic microbe sequences. Last, an infection-related diagnosis was established.



Sample processing

Low-speed centrifugation (1,500 g for 20 min) was performed to remove human cells in the samples including BALF, blood, and cerebrospinal fluid (CSF). For the blood, only the plasma was collected for further testing.

Samples were then homogenized using bead beating followed by DNA or RNA extraction using the IngeniGen DNA or RNA Extraction Kit (IngeniGen XMK Biotechnologies, Inc., Zhejiang, China). Briefly, a 300-μl sample was added to the lysate buffer and mixed thoroughly. The lysates were subsequently incubated for 30 min at 50°C. Then, magnetic beads were added to the mixture and placed stably for 10 min. The magnetic beads were washed with washing buffer 1 and washing buffer 2, respectively. Last, 60 μl of elution buffer, which had been preheated at 65°C to elute the nucleic acids off the beads, was added.

The DNA or RNA libraries were prepared using the IngeniGen DNA or RNA Library Prep Kit according to standard procedures. Briefly, the DNA was fragmented, and the Illumina-compatible adaptors were added to the fragmented DNA simultaneously by a tagment enzyme. The library was purified by magnetic beads and then amplified by 15 PCR cycles. 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 2 × 75 bp chemistry. Sterile nuclease-free water as a negative control was included in each run to detect the background contaminants, involved in the process of nucleic acid extraction, library preparation, and sequencing. A kind of unique marine bacterium (100 CFU/ml) as an internal control was also added to each sample to monitor the whole process. Data analysis was performed using IngeniSeq MG, a proprietary automated shotgun metagenomics analysis platform for pathogen detection. Briefly, all raw reads were quality-filtered using an in-house made program, including filtering adapter contamination and low-quality and low-complexity reads. Next, the human host sequence mapped to the human reference genome (hg19) and other contaminant sequences that were known to be derived from the reagents were removed by using Burrows–Wheeler alignment, and the filtered sequences were de-duplicated and then matched against a curated database consisting of 20,343 microbial reference genomes, including 7,044 bacteria, 2,890 fungi, 9,233 virus, 172 parasites, 139 mycoplasma, and 128 chlamydia. All microbial reference genomes are downloaded from public databases, such as NCBI. The resulting hits were again filtered by a proprietary algorithm that further removed background contaminants that may appear during sampling processing and library preparation. The quality control matrix is briefly presented here: (1) a true-positive result is admitted only when the negative control has corresponding reads <10% compared with the sample; (2) the internal control should have reads >50 for the results to be valid in each sample.



Data analysis

The Mann–Whitney U rank sum nonparametric test was utilized to compare the laboratory examination data of two groups. The Chi-square test was applied to assess the pathogen-specific diagnostic performance of mNGS, and kappa statistics were used to evaluate agreements between mNGS and CMT. p-values < 0.05 were considered statistically significant. Statistical analysis was performed using the SPSS statistical package 25.0 software. Figure drawings were accomplished by GraphPad Prism 8.0 software.




Results


General characteristics

In the present study, a total of 103 patients were enrolled. The baseline characteristics of the patients are listed in Table 1. Factors include gender, age, maximum body temperature before treatment, course of primary disease, and types of CTDs. Among the 103 patients, 65 were diagnosed with infection by clinical and microbiological evidence (Group I) and 38 were finally confirmed without infection (Group II). The laboratory examinations of the two groups are shown in Table 2, including white blood cell (WBC), neutrophil (N), lymphocyte (Ly), C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), procalcitonin (PCT), ferritin, proportion and absolute CD4+ T-cell counts, and CD4+/CD8+ T-cell count ratio. Patients in Group I showed lymphopenia with a median lymphocyte count of 0.78 × 109/L in peripheral blood and had significantly lower total T-cell proportion (p = 0.048), CD4+ T-cell counts (p < 0.001), and proportion (p = 0.007) compared with Group II, while PCT (p = 0.017) and ferritin (p < 0.001) were significantly increased compared to Group II.


Table 1 | Demographics of the enrolled patients with suspected infection.




Table 2 | Laboratory examinations of infection and non-infection patients.





Distribution of clinically relevant pathogens

Sample sources of mNGS from all of the enrolled patients are shown in Table 3, including BALF, blood, and CSF. Among the 65 patients in Group I, distribution of infection sites is shown as follows. The most common site was lung (n = 54, 83.08%), followed by blood (n = 3, 4.62%), and skin and soft tissue (n = 3, 4.62%). Two patients with abdominal infection were diagnosed as subphrenic abscess and bacterial peritonitis. Two patients with brain infection were diagnosed as suppurative meningitis and viral encephalitis. One patient was diagnosed with infectious arthritis. Combined with CMT and mNGS, pathogens can be cleared in 61 patients but remain unknown in 4 patients. According to the results of pathogen distribution, bacteria (n = 27, 44.26%) was the most common pathogen identified, followed by fungi (n = 14, 22.95%) and virus (n = 6, 9.84%). Among the 27 patients infected by bacteria only, Gram-negative bacteria (n = 13, 20.00%) was the most frequent type, followed by Gram-positive bacteria (n = 8, 12.31%), and then Mycobacteria (n = 6, 9.23%). As for fungi, it should be noted that Pneumocystis jirovecii infected half of the patients. For those identified with Mycobacteria, three cases had Mycobacterium tuberculosis and there was one case each of Mycobacterium avium, Mycobacterium chelonae, and Mycobacterium intracellulare. Mixed infection was not rare and was found in 14 patients, 6 of whom were detected by mNGS only, 1 of whom by culture, and 7 of whom by both mNGS and conventional microbiological tests.


Table 3 | Different sample sources from all of the enrolled patients.





Performance of mNGS

The results of mNGS for the identification of clinically relevant pathogens are presented in Figure 1. The top four pathogens were P. jirovecii (n = 12), Cytomegalovirus (n = 7), Acinetobacter baumannii (n = 6), and Pseudomonas aeruginosa (n = 6). In seven subjects detected with Cytomegalovirus by mNGS, five were tested positive by PCR. Also worth noting was that Epstein–Barr virus was frequent; five subjects were positive for which by mNGS, and PCR confirmed the same results among four of them. Figure 1 also revealed the relationship between the site of sample collection and its legitimate pathogen detected correspondingly. Herein, diagnostic sensitivity and specificity of mNGS were calculated using the clinical composite diagnosis as reference standard. As shown in Table 4A, mNGS showed a good sensitivity of 92.31%. The specificity of mNGS was 71.05%. NPV and PPV were 84.38% and 84.51%, respectively. The results of mNGS and the causative pathogens in the final diagnosis were concordant for 56 of the 65 patients for the analyses performed on samples in Group I, with a coincidence rate of 86.15%. The comparison of the diagnostic results of mNGS with the method of culture and CMT for 103 patients is shown in Table 4B. mNGS had an agreement rate of 42.7% with culture (κ = 0.102) and 54.4% with CMT (κ = 0.212). Additionally, mNGS increased the positive rate of diagnosis compared with CMT (p = 0.003). For nine subjects with discordance results in Table 5, mNGS reported five false-negative cases, three of whom were detected pathogens by other microbiological tests but the rest could not be identified by the pathogen yet. Among the remaining four subjects, mNGS results were different from other microbiological tests and were not considered as causative pathogens combined with clinical manifestations.




Figure 1 | The correspondence between the sites of sample collection and frequency of different infection pathogens identified by mNGS in patients with confirmed infection (Group I).




Table 4a | mNGS value for evaluating infection in CTDs patients.




Table 4b | Diagnostic performance of mNGS compared with that of conventional methods.






Table 5 | Discordance results of different microbial detection tests in Group I.



For the 38 cases with no evidence of infection in Group II, mNGS detected pathogens in specimens from 11 patients, as shown in Supplementary Table 1. The microbes identified in the 11 cases by mNGS were present at relatively low abundance or considered as colonizing bacteria.



Lymphocyte subsets and their association with mNGS results

The absolute value of CD4+ T lymphocyte counts indicates the strength of immune function. CD4+ T-cell counts > 500/µl are generally considered as normal immune function. A cutoff of 200 CD4+ T cells/µl is defined as the key threshold to predict immune deficiency as usual (Freiwald et al., 2020). We investigated the pathogen type and frequency identified by mNGS with different degrees of CD4+ T-cell counts as in a prior study (Bordoni et al., 2019). Analysis of the subgroups based on the CD4+ T-cell counts is shown in Figure 2. In the CD4+ T cells<200/µl subgroup, P. jirovecii (n = 7) was the most detected pathogen, followed by Cytomegalovirus (n = 6).




Figure 2 | The relationship between pathogen type, infection frequency, and absolute value of CD4+ T-cell in patients with confirmed infection (Group I).






Discussion

Almost all patients with CTDs inevitably use immunosuppressive drugs to control the disease activity, which greatly increases the risk of infection (Wolfe and Peacock, 2017). Precise and timely microbial diagnosis of infection is essential for the clinical care of those immunocompromised patients. Some previous studies have reported about the mNGS diagnostic performance of infection in immunocompromised patients (Parize et al., 2017; Jiang et al., 2021). To our knowledge, this is the first study to evaluate the potential clinical relevance of mNGS involving different sites of specimen for the investigation of infection in a cohort of CTDs.

In our study, mNGS has a high sensitivity in identifying microorganisms and detecting a wide range of pathogens commonly and infrequently. This demonstrated that our study was capable of reflecting a variety of types of infectious diseases in adults admitted with suspected infection in a rheumatology unit. In the confirmed infection group (Group I), there were 19 patients suffering from dermatomyositis (DM)/polymyositis (PM), which ranked first in the enrolled CTDs. Six patients had anti-synthase antibody syndrome and five patients had anti-MDA5 positive dermatomyositis. A study confirmed the high mortality rate in Chinese DM/PM patients, with infection as the leading cause of death (Yang et al., 2020). Therefore, it is recommended to perform mNGS detection if we highly suspect infection in DM/PM patients.

It is noteworthy that for samples from 14 patients diagnosed with mixed infections, mNGS was able to detect pathogens in 13 of them. The diagnostic accuracy of mNGS was 92.86%. Wang et al. in their study found that the sensitivity of diagnosing mixed pulmonary infection by conventional diagnostic testing was 13.9%, which suggests that mixed infection is hard to detect (Wang et al., 2019). We suggest the timely use of mNGS when mixed infection or rare pathogens are suspected.

Lung infection was the most common in our study (54/65), identified by different samples. Forty-two were from BALF, seven from blood, two from lung and pleural biopsy, two from pleural effusion, and one from sputum. Clinicians tend to send BALF for examination, because it is generally accepted that BALF is the most direct sample to confirm whether patients suffer from lung infection (Zhang et al., 2014). In CTD-ILD, BAL has major clinical utility in excluding infections and in the diagnosis of specific patterns of lung damage. A retrospective study reviewing patients with DM-ILD undergoing bronchoscopy demonstrated that BAL can increase the diagnosis of infection in DM-ILD, and 22.1% patients commenced or changed antibiotic therapy on the basis of bronchoscopy results (He et al., 2021). Richter et al. found that pathogens were commonly grown from BALF of patients with granulomatosis polyangiitis (GPA) compared to those with idiopathic pulmonary fibrosis, and Staphylococcus aureus was particularly associated with patients with GPA (Richter et al., 2009). Bronchoscopy is a safe procedure in the general population, but as an invasive operation, there is no guarantee that it can be completely free from complications; serious adverse events could sometimes be observed in critically ill patients (Tomassetti et al., 2021). Thus, when patients in critical condition cannot tolerate bronchoscopy, it is more convenient to use blood samples. If it is possible, it will make great sense to design a prospective study to collect BALF and blood samples simultaneously to compare the accuracy of mNGS in identifying microorganisms in the future.

Our study clearly demonstrated that mNGS showed great potential to identify P. jirovecii. Similarly, Jiang et al. also reported that mNGS reached a sensitivity of 100% in diagnosing P. jirovecii pneumonia (PJP), which was remarkably higher than Gomori methenamine silver staining in non-HIV-infected patients (Jiang et al., 2021). In our study, mNGS figured out 12 cases with P. jirovecii infection, of which four subjects tested positive and eight subjects tested negative by G test. The diagnosis of PJP was based on the results of mNGS, combined with imaging manifestations in pulmonary and clinical symptoms such as decreasing oxygenation and dyspnea. Furthermore, subgroup analysis of CD4+ T-cell counts indicated that patients with low lymphocytes were vulnerable to P. jirovecii infection. Low CD4+ T-cell counts, attributable to glucocorticoid and immunosuppressant exposure to a certain extent, are identified as a significant risk factor for higher infection rate (Guillen et al., 2019). PJP is an opportunistic infection with high mortality among patients with underlying CTD conditions (Tadros et al., 2017). However, P. jirovecii cannot be cultured, and the sensitivity of conventional staining is low (Procop et al., 2004). Hence, the appearance of mNGS is utterly meaningful to detect P. jirovecii, especially on the condition of low CD4+ T-cell counts.

We can see that the rate of false-positive results had been high in patients who were confirmed without infection. Contamination is a probable factor, because of the various sample types, and the lack of a standard sample collecting method and site could affect the mNGS results. In addition, we can find that some of the microorganisms are the normal flora of the human oral cavity and upper respiratory tract, which are considered to be human symbiotic bacteria or colonizing bacteria, such as Prevotella melaninogenica and Rothia mucilaginosa. It is difficult to distinguish colonized pathogens from infection because there are no widely accepted quantitative cutoffs or threshold values for mNGS. Therefore, the definite diagnosis must be based on the comprehensive analysis of clinical characteristics, laboratory examinations, radiologic findings, and other microbiologic proofs rather than mNGS alone.

It should be mentioned that a recent Chinese study has attracted our attention (Su et al., 2022) because it was partially similar to our study. What separates them from us is that they only analyzed whole blood while our samples were collected from diverse sites and BALF was predominant. Types of CTDs with the highest incidence of infection were also slightly different; SLE and DM/PM ranked first and second in their results, whereas DM/PM and rheumatoid arthritis were more common in our study. Moreover, in their study, virus was the most common infection type, with Cytomegalovirus and Epstein–Barr virus being the highest, which showed a discrepancy with our findings, since our data showed that fungus such as P. jirovecii was observed the most. Distinctively, the pathogens of mixed infection were further classified in their results. Above all, both our results agree that mNGS had a higher detection rate than CMT.

This study had limitations. First, this was a retrospective study in a single center and the sample size was limited, which might have affected the accuracy of the evaluation of mNGS. Second, a negative control population of healthy individuals was not included in this study. Third, due to the complexity of infection, the sources of mNGS samples collected might not correspond to the infection site finally found through other microbial detection methods in a few patients. It may lead to a slight deviation in the results because we excluded these cases in advance during the study. Most importantly, we did not validate the diagnosis of some specific pathogens by quantitative real-time PCR (qPCR), such as P. jirovecii, Mycobacterium tuberculosis, and Aspergillus. qPCR as a molecular diagnostic method is applied widely and is highly sensitive for the analysis of species and abundance of microorganisms. However, because our study is a retrospective analysis, it would not be possible to verify the diagnosis of those samples by qPCR. We are convinced that it is of significance to conduct a comparison of the diagnostic efficiency of mNGS with qPCR in future research. To further evaluate the application of mNGS in the diagnosis of infections, multicenter prospective studies with a larger number of participants are encouraged. In addition, the sample collection method on mNGS performance needs further improvement.



Conclusion

Although there are some limitations, our study indicated that mNGS has opened a new avenue for its clinical application in terms of detection of infectious pathogens for patients with CTDs. It has a high sensitivity in identifying microorganisms, especially P. jirovecii, and outperforms other methods in detecting mixed infections.
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