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Identification of bacterial pathogens in formalin fixed, paraffin embedded (FFPE) tissue samples is limited to targeted and resource-intensive methods such as sequential PCR analyses. To enable unbiased screening for pathogens in FFPE tissue samples, we established a whole genome sequencing (WGS) method that combines shotgun sequencing and metagenomics for taxonomic identification of bacterial pathogens after subtraction of human genomic reads. To validate the assay, we analyzed more than 100 samples of known composition as well as FFPE lung autopsy tissues with and without histological signs of infections. Metagenomics analysis confirmed the pathogenic species that were previously identified by species-specific PCR in 62% of samples, showing that metagenomics is less sensitive than species-specific PCR. On the other hand, metagenomics analysis identified pathogens in samples, which had been tested negative for multiple common microorganisms and showed histological signs of infection. This highlights the ability of this assay to screen for unknown pathogens and detect multi-microbial infections which is not possible by histomorphology and species-specific PCR alone.
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Introduction

In pathology, infections are routinely diagnosed through histomorphologic examination of formalin-fixed, paraffin-embedded (FFPE) tissues. For example, acid-fast bacteria such as Mycobacterium tuberculosis can be detected by Ziehl-Neelson staining or by immunohistochemistry (Crothers et al., 2021). Herpesviridae such as Herpes simplex viruses 1 and 2, varicella zoster virus or cytomegalovirus can also be detected by immunohistochemistry and Epstein-Barr virus by in situ hybridization (Solomon et al., 2017). These methods require careful screening of the whole slide by a pathologist, because a single signal is already diagnostically relevant. Therefore, immunohistochemistry is frequently accompanied by molecular methods such as specific-specific PCR assays, which enable the detection of individual bacterial DNA molecules even when diluted in vast amounts of host DNA (Guiver et al., 2001; Guy et al., 2003; Kim et al., 2015; Salehi et al., 2016; Liu et al., 2017; Nunes et al., 2018). However, nucleic acid yields from FFPE tissues are often low due to formalin fixation (Dietrich et al., 2013; Do and Dobrovic, 2015). Formalin fixation of tissues samples in pathology is required for the preservation of tissue morphology, but results in DNA fragmentation and formalin-induced sequence artifacts.

Lack of commercial assays for identification of common pathogens from infected tissue samples led to the implementation of laboratory developed tests (LDT) (van Coppenraet et al., 2007; Klaus et al., 2010; Rabelo-Goncalves et al., 2014). This includes pathogen-specific PCRs (Ogredici et al., 2010; Kiss et al., 2016) or sequence analysis of genus-specific amplicons (Fehr et al., 2020). These tests require lengthy validation procedures and their sensitivity and specificity varies between different institutions.

Currently, pathogens on FFPE tissues are routinely identified by sequential rounds of species-specific LDTs. This is a resource-intensive procedure that is limited by the amount of DNA from small tissue biopsies. Furthermore, LDTs are only available for a finite number of pathogens, which increases the probability of rare infectious agents remaining unidentified. A single assay for broad and unbiased detection of pathogens from FFPE tissues would enable a faster and more informative diagnosis.

In recent years, 16S rRNA gene sequencing has become a widely used method for identification of various bacteria. The 16S rRNA gene contains nine variable regions, separated by conserved regions. Taxonomic resolution of bacterial strains depends on the size and the localization of the analyzed 16S rRNA gene region (Johnson et al., 2019; Jeong et al., 2021). While full-length analysis of the gene can be performed on microbial cultures or soil samples, FFPE tissue samples only allow for partial 16S rRNA analysis due to the high-level fragmentation of DNA extracted from FFPE tissue samples. Full-length and partial 16S rRNA analysis show similar results down to genus level (Johnson et al., 2019). In contrast to full-length 16S rRNA sequencing, which enables discrimination of nearly all known bacterial species, partial analysis of the 16S rRNA gene only allows to identify a subset of bacteria at species level. Furthermore, this subset is highly dependent on the length of the analyzed gene region. To overcome this limitation, commercially available kits for 16S rRNA analysis often contain various amplicons covering multiple variable regions (Johnson et al., 2019).

Our previous attempts at using commercial 16S rRNA kits yielded variable results on FFPE tissues with bacterial infections, and many commercial kits do not include lists of detectable bacterial species. This prompted us to develop a more robust assay for detection of a broad range of bacterial species from infected FFPE tissues of variable quality. Here we present the first metagenomics analysis for unbiased detection and identification of bacterial pathogens from FFPE tissue samples. This cost-effective assay uses standard reagents and third-party software for analysis. This approach relies on local data management and thus avoids the data security and privacy issue of online or remote server-based metagenomics services, which makes it suitable for routine diagnostic use.



Material and methods


Ethics statement

This study was conducted according to the principles expressed in the Declaration of Helsinki. Ethics approval was obtained from the Ethics Committee of Northwestern and Central Switzerland (Project-ID 2020-00629). For all patients, either personal and/or family consent was obtained for autopsies and sample collection.



Patients and sample collection

The study is based on the analysis of lung autopsy tissues collected at the Institute of Pathology Liestal, Switzerland. The first set of 30 samples from 25 individual patients was collected during the first wave of the COVID-19 pandemic between March and May 2020. The second set of 43 samples from 37 individual patients was collected during the second wave of the COVID-19 pandemic between October 2020 and January 2021. Clinicopathological features of all autopsy patients including symptoms, course of disease and comorbidities were described previously (Schwab et al., 2022).



Nucleic acid extraction

Extraction of DNA from up to 10 sections of FFPE tissue samples was automated by EZ1 Advanced XL (Qiagen, Hilden, Germany) using the EZ1 DNA Tissue Kit (Qiagen, Hilden, Germany). Concentration of DNA was measured with Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay (Thermo Fisher Scientific, Waltham, MA, USA).



Round robin test samples

Round robin test 1 (samples 1-4) is the 2020 version of the BakNAT1 (RfB, Bonn, Germany) provided to test for genomic detection of Bordetella pertussis, Chlamydia pneumoniae, Chlamydia trachomatis, Mycoplasma pneumoniae, Coxiella burnetii, Francisella tularensis, Legionella pneumophila and Staphylococcus aureus. Round robin tests 2 and 3 are tests for the specific detection of Helicobacter pylori (samples 5-8) and Borrelia burgdorferi sensu lato (samples 9-12), respectively (INSTANT e.V., Düsseldorf, Germany). Round robin test 4 is the PolyVir21/21 test for the specific detection of adenoviruses, herpes viruses and papillomaviruses (RfB, Bonn, Germany). All round robin test samples were reconstituted according to the instructions of the provider, and DNA was extracted as described above. The results of all round robin tests were confirmed by the providers (RfB, Bonn, Germany; INSTANT e.V., Düsseldorf, Germany) with written certificates that can be provided upon request.



Generation and dilution of mock communities

Three bacterial mock communities were generated from 18 individual clinical isolates from patients presenting with a respective infection. Individual bacterial species were isolated and characterized by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS, Supplementary Table 1). DNA from these 18 bacteria was isolated and randomized to three mock communities of 6 species each at 100’000 genomes per species. Six serial 1:10 dilutions of mock communities were generated. Purified human genomic DNA extracted from normal FFPE lung tissues from two autopsy patients was mixed at a 1:1 ratio and spiked into the serial dilutions of bacterial mock communities at 100’000 genomes each. In addition, a forth mock community was generated using a microbial community standard containing 8 different bacterial species (Zymo Research, Tustin, CA, USA) which was diluted as described before.



Detection of pathogens by metagenomics whole genome sequencing

To identify potential pathogens by metagenomics whole genome sequencing, 250ng of genomic DNA was enzymatically cleaved and barcoded using the Ion Xpress Plus Fragment Library Kit (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, the libraries were quantified (Ion Library TaqMan Quantitation Kit, Thermo Fisher Scientific, Waltham, MA, USA) and analyzed with Ion GeneStudio S5xl (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing data for each sample was analyzed using the CLC genomics workbench (version 21.0.2, Qiagen, Hilden, Germany) in combination with the microbial genomics module (version 21.1, Qiagen, Hilden, Germany): The raw reads were trimmed by quality (Mott algorithm with limit 0.05 and a maximum of 2 ambiguous bases per read) and mapped to the human genome (GRCh37 hg19, match score: 1, mismatch cost: 2, indel opening cost: 6, indel extension cost: 1). Recent advantages in telomere-to-telomere sequencing, however, resulted in a new, improved and, as authors claim, gapless assembly of the human genome (Nurk et al., 2022). Therefore, it is possible that a number of reads, which we call “unidentified”, originate from genomic regions that were poorly annotated in the human genome (GRCh37 hg19). Unmapped reads were analyzed by taxonomic profiling to identify reads of bacterial or viral origin. Profiling relied on an index of 5’868 bacterial reference genomes with a minimum length of 100’000 bp and 11’535 viral genomes with a minimum length of 1’000 bp, retrieved from the NCBI Reference Sequence Database (date of download: 2021-01-21). These length cut-offs were introduced to avoid matches to incomplete database entries for bacterial and viral genomes. The NCBI Reference Sequence Database also includes DNA reference information of fungal and archae pathogens, but lacks reference genomes of the protozoan kingdom. As the focus of this study was detection of bacteria and DNA viruses, we did not optimize the method for fungi yet.



Down-sampling in silico

For metagenomics whole genome sequencing, a median of 25 million total reads per sample was generated and analyzed. To make the method more cost-effective for routine use without loss of quality, we tested in silico whether 5 million reads are sufficient for the analysis. To that end, 5 million reads were randomly selected from the raw reads of 6 FFPE samples (Supplementary Figure 1) and subjected to our metagenomics analysis pipeline. This process was repeated 100 times, and the results were compared to the results from the full set of reads. This down-sampling to 5 million reads was performed in order to reach costs comparable to a small or medium NGS sequencing panel as is frequently offered in most molecular pathology labs.



Detection of individual respiratory pathogens by quantitative PCR

RNA was extracted from up to six sections of FFPE lung tissue blocks using RecoverAll Total Nucleic Acid Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA). Syndromic testing for respiratory pathogens was performed using the TaqMan Microbial Array Specialty Card, which represents an early access version of the TrueMark Respiratory Panel 2.0 (ThermoFisher Scientific, Waltham, MA, USA). This 384 well plate allows the analysis of eight samples in parallel for 42 respiratory pathogens by TaqMan (Supplementary Table 2). For each sample, 80 ng of total RNA were converted to cDNA, pre-amplified, applied to the TaqMan array card and measured by the QuantStudio 7 Pro Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, USA).



Assessment of lung damage and neutrophilic infiltration in FFPE tissue samples

Hematoxylin and eosin (H&E) and Elastica van Gieson (EvG) stained sections of all lung tissues used in this study were independently evaluated by two experienced board-certified pathologists (VZ and KDM) for the presence of diffuse alveolar damage (DAD) and its stage, intra-alveolar edema and hemorrhage. In addition, the general severity of histopathological changes was scored for all 73 lung samples (1=mild/discrete alterations, 2=moderate, 3=severe changes). Parameters that were taken into account for scoring included reduction of alveolar air-filled spaces, typical histologic features of DAD with hyaline membrane formation, infiltration of lymphocytes, monocytes and neutrophils into interstitial and alveolar spaces, type 2 pneumocyte hyperplasia, desquamation of pneumocytes, histologic features of organizing pneumonia including intra-alveolar fibrin deposition and fibrosis (acute fibrinous and organizing pneumonia, AFOP) (Copin et al., 2020; Xu et al., 2020).

The number of neutrophils per lung tissue section was scored by two experienced board-certified pathologists on H&E stained sections and by immunohistochemical stains for CD15 and MPO (0=no neutrophils, 1=few neutrophils, 2=moderate number of neutrophils, 3=high number of neutrophils). Discrepant cases were reviewed by a third board-certified pathologist to reach consent.



Statistical analysis

All statistical analyses were performed within GraphPad Prism v9.2. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Groups were compared using one-way analysis of variance (ANOVA) or Chi-square test.




Results

We developed a novel workflow for identification of pathogens from formalin-fixed, paraffin-embedded (FFPE) tissue samples (Figure 1) and validated our protocol by analyzing four DNA samples containing bacterial mock communities, three round robin test sample sets and 73 FFPE lung autopsy tissues from 62 patients who died during the first and second wave of the COVID-19 pandemic and underwent autopsy at our institution (Schwab et al., 2022).




Figure 1 | Schematic overview of metagenomics analysis of DNA extracted from FFPE tissue samples. FFPE, formalin-fixed paraffin-embedded; Next gen. sequencing, Next-generation sequencing.




Metagenomics workflow on test samples of known composition

To establish our workflow, we used four DNA test samples of known composition, each containing serial dilutions of DNA from 6-8 known bacterial pathogens (so called mock communities) admixed with human genomic DNA (Figure 2A). These samples simulated DNA from patient lungs suffering from polymicrobial infections. Each of these four test samples contained at least one bacterial species detectable by a commercial multiplexed qPCR array for pathogen detection (Supplementary Table 2). Dose linearity of this assay and sensitivity down to 1 genome in 100’000 human genomes was observed for 5 out of the 6 covered species (Figure 2B, left column). The remaining species, Staphylococcus aureus, was detected down to 10 genomes in 100’000 human genomes. It is of note that this is not a direct indicator of sensitivity of the workflow on FFPE tissues, as the bacterial DNA was not isolated from FFPE bacteria.




Figure 2 | Sensitivity of metagenomics analysis on test samples of known composition. (A) Schematic workflow for generating serial dilutions of known bacterial pathogens (mock communities), admixed with human genomic DNA. (B) Detection of known bacterial pathogens and associated phages in diluted mock communities and detection of reference strains in a microbial community standard by quantitative PCR (qPCR, left column of panels), taxonomic profiling for bacteria (middle column of panels) and viruses (right column of panels). Each row of panels represents results of an individual mock community represented by several dilutions. Within a row of panels, line color and symbol shape indicate data originating from a specific isolate or reference species. Background of bacterial/viral analysis: The most abundant background signal detected for a bacterial and a viral species is indicated. WGS, whole genome sequencing; Ct, cycle threshold.



The same DNA dilution series was analyzed by metagenomics. An average of 25x106 (range 20x106 - 29x106) reads were generated per sample. A median of 99.9% of reads passed the quality based trimming and filtering (range 99.9 - 100.0%). Mapping to the human genome GRCh37 (hg19) excluded 99.6% of reads (range 92.2 - 99.7%) before entering taxonomic analyses (Supplementary Figures 2A, B). As expected, the highest levels of non-human reads were measured in test samples containing 100,000 bacterial genomes per species (median 3.7%, range 2.4% - 7.8%), while samples with lower content of bacterial DNA had a median of 0.4% (range 0.3-1.5%) of unmapped reads (Supplementary Figure 2C). Depending on the number of bacterial genomes per sample, 0.2% to 87.3% and 0.03% to 1.11% of the unmapped reads were taxonomically assigned to the bacterial or viral kingdom, respectively. Within each kingdom, the majority of reads could be assigned to bacterial (50.9 – 89.7%) or viral (59.3 – 100.0%) species. Of note, the viruses detected by our assay were all caudovirales, which represent DNA phages that are associated with at least one of the known bacterial species in the mock communities. Consistent with the composition of our test samples, we did not detect viruses that are pathogenic for humans. However, our data show that our metagenomics workflow is suitable for identification of viruses with a DNA genome.

Six bacterial species and three viruses were identified in over 50% of mock community dilution samples (Supplementary Table 3) and in the plain human genomic DNA sample, while they were absent from the undiluted bacterial mock communities. Therefore, we conclude that DNA from these species was co-purified with the human DNA samples that were used for dilution of bacterial mock community DNA. This endogenous background of bacteria and viruses served as an internal standard for our assay: We defined the number of reads from the most abundant background species for each of the two kingdoms, bacteria and viruses, as the minimum number of reads/threshold for species to be identified as pathogens.

Metagenomics analysis of mock communities resulted in dose-linear detection of most bacterial genomes (Figure 2B, middle column). In samples with 1 and 10 genomes per DNA species, 5 (19.2%) and 18 (69.2%) of all 27 bacterial genomes in our test samples were detected, but the signal was weaker than the microbial background introduced as a standard via the human DNA. In samples with 100 and 1’000 genomes per isolate, 24 (92.3%) and 25 (96.2%) of all bacterial species were detected, respectively. Hence, this data indicates an approximately 100-fold lower sensitivity of the metagenomics analysis compared to species-specific qPCRs (Supplementary Figure 2D). Taxonomic profiling revealed presence of DNA bacteriophages in samples with 1’000 or more bacterial genomes per isolate (Figure 2B, right column). In each mock community, detected species of phages matched with the bacterial genus of the included isolates.



Metagenomics workflow on round robin test samples of unknown composition

In order to test the utility of the metagenomics assay for DNA samples of unknown composition, the workflow was applied to three round robin tests containing multiple bacterial species, with each test consisting of four individual samples (Figure 3). Round robin test 1 was designed for detection of Bordetella pertussis, Chlamydia pneumoniae, Chlamydia trachomatis, Mycoplasma pneumoniae, Coxiella burnetii, Francisella tularensis, Legionella pneumophila and Staphylococcus aureus. Metagenomic analysis of the four samples revealed varying DNA amount (<10% to >70%) of human origin (Figure 3A). Taxonomic analysis of non-human reads revealed that each sample contained at least two species of interest, while Coxiella burnetti and Francisella tularensis were absent in all four samples (Supplementary Table 4). The result was confirmed by the provider of the round robin test, demonstrating that our metagenomics assay is suitable for parallel detection of unknown bacterial species. Of note, we detected Torque teno sus virus species 1a, 1b and k2b, i.e. pig anelloviruses with a single-stranded circular DNA genome, in 17.1% of the total reads of sample 3. This was again confirmed by the provider of the round robin test. Therefore, the high proportion of unidentified reads in this sample is likely attributable to swine tissue. Together with the detection of bacterial phages in mock communities, this allows us to draw the conclusion that our metagenomics assay is suitable for the detection of DNA viruses, but due to the nature of our pipeline that focuses on DNA analysis, we cannot detect RNA viruses.




Figure 3 | Bacterial and viral reference species identified by metagenomics analysis in round robin tests. (A) Genetic origin of sequence information interpreted from read mapping to the human genome GRCh37 (hg19) or taxonomic profiling of non-human reads. Reads that could not be assigned to human, bacteria or viruses were labeled as unidentified. (B) Different species identified in bacterial and viral reads in individual round robin test samples.



Round robin test 2 was designed for detection of Helicobacter pylori. Metagenomics analysis detected H. pylori in two out of four samples, which were confirmed as positive by the provider. In addition, metagenomics identified Campylobacter jejuni in one H. pylori negative sample, and the provider confirmed its presence as a control for assay specificity. All samples of this round robin test contained 85.3% – 90.7% human DNA, and 2.8% – 7.3% and 0.005 – 0.018% bacterial and viral reads, respectively (Figure 3A).

The third round robin test was designed for detection of Borrelia burgdorferi sensu lato. Our metagenomics analysis assigned reads to species of the Borrelia burgdorferi sensu lato complex in three of the four samples at varying read numbers reflecting different concentrations of the analytes (Supplementary Table 4) (Rudenko et al., 2011). This was confirmed by the provider. A large fraction (85.3% - 96.2%) of human reads was found in all samples, and 1.2% – 3.1% and 0.009% – 0.017% bacterial and viral reads, respectively (Figures 3A, B). All samples of round robin tests 2 and 3 shared a similar pattern of 12 bacterial and 17 viral species, which was confirmed as endogenous background by the provider of these two round robin tests (Supplementary Table 5).



Metagenomics workflow on human FFPE lung tissues

Finally, we used the metagenomics workflow to analyze 73 formalin-fixed, paraffin-embedded (FFPE) lung tissues from a cohort of 62 autopsy patients who all died during the first and second wave of the COVID-19 pandemic and underwent autopsy in our institution (Schwab et al., 2022). Twenty-three (37%) of these 62 patients died from COVID-19, mostly without bacterial co-infections, 11 (18%) SARS-CoV-2 negative patients were suffering from bacterial respiratory infections, and 4 (6%) of these 11 patients died from their bacterial lung infections. Seven (11%) of these 11 patients and the remaining 28 (45%) patients died of non-respiratory causes (n=35, 56% of patients). These autopsies were analyzed as two consecutive series of 30 lung tissue samples from 25 patients (set 1) and 43 lung tissue samples from 37 patients (set 2).

All human lung tissue samples were screened for respiratory pathogens by the commercial multiplexed qPCR array card that was used as a control for the metagenomics assay on test samples of known composition. This assay revealed bacteria in 21 (29%) lung tissue samples of 19 (31%) cases. Staphylococcus aureus was most frequently detected (n=16 samples), while Klebsiella pneumoniae, Legionella pneumophila and Streptococcus pneumoniae were detected in only 3 and 2 samples, respectively (Figure 4A).




Figure 4 | Metagenomics analysis of FFPE lung tissue samples. (A) Detection of bacterial pathogens in human FFPE lung tissue samples by quantitative PCR (qPCR) and by metagenomics analysis. (B) Detection of S. aureus by qPCR and by metagenomics analysis in 16 samples. Box shows range from first to third quartile and median, whiskers display minimum and maximum. Statistical analysis: T-test; ***, p<0.001. (C) Grade of neutrophilic infiltration in human FFPE lung autopsy tissues. (D) Number of samples positive for the indicated species, as determined by metagenomics analysis. (E) Fraction of samples with one or more bacterial species identified by metagenomics analysis, sorted by grade of neutrophilic infiltration. Statistical analysis: χ-square-test; ****, p<0.0001. (F) Fraction of reads representing individual species for each sample presented in E. Colors (e.g. red, green, blue, purple, orange) represent individual genera and shades of the same color (e.g. dark red, red, light red, rose, faint rose) represent individual species of the same genus, sorted from most frequent to least frequent. According to their rank of abundance within an individual sample, genus and species are highlighted by colors and shades: red represents the most frequent genus; green the 2nd, blue the 3rd, purple the 4th and orange the 5th most frequent genus. Grey represents all genera with rank 6 or higher. FFPE, formalin-fixed paraffin-embedded; Ct, cycle threshold.



Next, all human lung tissue samples were screened for pathogens by the metagenomics assay. For the first set of samples (n=30), a median of 25x106 total reads per sample was generated to allow comparison with results from mock communities. In order to reduce costs for future implementation in diagnostic routine, the second set of samples (n=43) was analyzed at a median of only 5x106 total reads per sample. Down-sampling was performed and 100 times repeated for all samples positive for bacterial pathogens to show that reduction from 25x106 to 5x106 total reads has no significant impact on detection probability of pathogens in clinical samples (Supplementary Figure 1). Independent of the number of total reads per sample, the results for lung FFPE samples were comparable (Supplementary Figures 3A, B). As expected, lung FFPE tissue samples, on average, showed a larger proportion of human reads (99.4%) and a smaller fraction of bacterial (0.016%) or viral reads (0.0004%) than round robin test samples (Supplementary Figure 3C, Supplementary Table 6).

Metagenomics analysis identified pathogens in 13 (62%) of 21 lung tissue samples that showed a positive reading by the multiplexed qPCR array card (Figure 4A), yet failed to detect S. aureus in 8 (33.3%) samples. Ct values of S. aureus-specific qPCR indicated lower abundance of S. aureus, as indicated by a high Ct value in samples that escaped the metagenomics readout (Figure 4B). This dichotomy was consistent with a trend in the histological picture, in which neutrophilic infiltrates are indicative of bacterial inflammation. In 5 out of 8 (62.5%) samples with S. aureus detected by metagenomics, histology revealed moderate to high numbers of neutrophilic granulocytes, while only 2 out of 8 (25.0%) samples where metagenomics missed S. aureus showed signs of infiltrating neutrophils (Figure 4C).

As mentioned before, the commercial qPCR respiratory array card allows for detection of only 42 defined respiratory pathogens by TaqMan (Supplementary Table 2). In contrast, our metagenomics assay can detect more than 5’000 bacteria and more than 11’000 DNA viruses. While the qPCR respiratory array panel identified a limited number of 4 bacterial species in human FFPE lung samples, metagenomics detected more different pathogens. Most frequently, metagenomics analysis of lung FFPE tissues identified S. aureus (n=8), Lactobacillus rhamnosus (n=4) and Staphylococcus epidermidis (n=4) (Figure 4D). Some bacteria were known respiratory pathogens such as S. aureus, K. pneumoniae, L. pneumophila and S. pneumoniae, yet we also detected species of Lactobacillus and Prevotella (Figure 4D). These results indicate the potential of the metagenomics analysis to identify frequent as well as rare pathogens or commensals, which may have contaminated the lung tissues of deceased patients, e. g. as a consequence of aspiration and subsequent pneumonia.

To correlate histological signs of bacterial inflammation to metagenomics results, neutrophilic infiltration was scored for all lung autopsy tissues (Supplementary Figure 3D). Metagenomics analysis identified bacterial species in 29 (39.7%) of 73 lung tissue samples, and most of the samples with bacteria showed moderate to heavy neutrophilic infiltration of grades 2 and 3 (20 out of 29 cases, 69.0%, Figure 4E). In lung tissue samples with bacteria identified by metagenomics analysis, more than half of the bacterial reads could be assigned to a single bacterial species (19/29, 65.5%). In only 7 (24.1%) of 29 samples, taxonomic profiling assigned reads to 6 or more different genera (Figure 4F). This shows that the metagenomics workflow may serve to identify the bacterial diversity in an infected organ, e.g. during superinfections.

In summary, we established and validated a novel metagenomics assay as an approach for unbiased identification of unknown pathogens in routine diagnostic FFPE tissue samples. This approach is able to detect down to 1‰ of bacterial reads in a background of human genomes, i.e. 100 bacterial genomes in 100’000 human genomes. It complements histological readouts of infected samples. As such, it adds depth to pure morphological analysis and qPCR analysis. This assay may serve to appreciate (1) unidentified bacterial and viral (DNA) infections in FFPE tissues; (2) species of bacteria and DNA viruses in polymicrobial infections; (3) the tissue microbiome on FFPE samples.




Discussion

Here we describe a novel metagenomics WGS method for unbiased identification of microbes in human FFPE tissue samples. We validated our workflow using DNA test samples of known composition (“mock communities”) and round robin test sample sets of unknown composition before analyzing human FFPE lung tissues from two different sets of unselected autopsies. A multiplexed panel of species-specific qPCRs covering 42 frequent respiratory pathogens was used as an orthogonal assay and demonstrated that metagenomics WGS identified bacterial species in samples of both known and unknown composition reliably. Comparison of the qPCR and metagenomics workflow further demonstrated that qPCR is, on average, a factor of 100 more sensitive than metagenomics, while metagenomics serves to appreciate the diversity of pathogens in FFPE tissues.

One of our most notable results was the identification of diverse bacterial species in human tissue samples with neutrophilic infiltration. This underscores the value of a diagnostic approach that integrates morphology and molecular analyses in daily practice. The vast majority of infected lung samples presents with a low diversity of infection. Most frequently, mono-microbial infections are observed, and polymicrobial infections are often dominated by one individual pathogen. Only in one FFPE lung tissue sample of an autopsy case, metagenomics analysis revealed a polymicrobial infection with a mixed composition of diverse pathogens, while the histological picture was similar to tissue samples infected with a single pathogen (Supplementary Figure 4). Despite formaldehyde-induced artifacts and low yields of FFPE DNA obtained from human lung tissue samples (Do and Dobrovic, 2015; Arreaza et al., 2016; McDonough et al., 2019), accuracy of detection was comparable to data from dilution series of mock communities and round robin tests.

As a second important insight, we found a 100x lower sensitivity of the metagenomics analysis compared to species-specific PCRs in FFPE lung tissues and mock communities. This lower sensitivity can be explained by the absence of pathogen-specific enrichment steps in the metagenomics workflow. For metagenomics, we intentionally avoided species-specific enrichment, e. g. by targeted amplification, to avoid selection bias for some species and reduced sensitivity for less abundant ones. As a means to increase overall sensitivity, we attempted enrichment of bacterial DNA by depletion of human DNA using methylated CpG-specific binding protein, a method that was described for body fluids with high bacterial load (Feehery et al., 2013). However, when tested on DNA from FFPE lung tissue samples, this enrichment method resulted in DNA yields that were insufficient for further processing, likely due to the low bacterial load of tissue (data not shown). As an alternative approach to increase sensitivity, pre-analytical microscopic examination of the specimen and selection of the area of interest could be useful in some cases. For example, based on our result that tissues with neutrophilic infiltration contained most bacteria, selection of neutrophil-rich tissue areas may increase the sensitivity of pathogen detection in FFPE samples (Selva et al., 2004). However, in light of the sensitivity limits of our assay, negative results of metagenomics analyses in samples with a high grade of neutrophilic infiltration do not exclude the presence of bacterial species, especially low-titer infections or pathogens difficult to diagnose (e.g. with Mycobacterium tuberculosis), or the presence of other pathogens such as fungi or protozoa, which are not covered by the reference database (Yeager et al., 1967; Mustafa et al., 2006; Lee et al., 2011).

The lower sensitivity of the metagenomics method, however, has one advantage over sensitive species-specific qPCR assays. Sub-clinical infections or commensals with low abundance are not detected. With that, the metagenomics assay reduces false-positive signals and the associated risk of over-interpretation of findings. Especially in an autopsy setting, it is key to distinguish post-mortal bacterial growth from an active infection before death.

Detection of bacteriophages can be regarded as a further confirmation for the presence of specific bacterial genera. In our experience, detection of DNA phages and/or an increased number of unmapped reads above 2% indicate elevated bacterial titers and thus a significant bacterial infection of clinical relevance. In one of our previous papers, we analyzed FFPE lung tissues by the methodology described here (Nienhold et al., 2020). This shows that the method is in principle suitable for detection of DNA viruses in FFPE material. The amount of reads from bacteriophages followed a similar linearity as the reads of the respective bacterial genus in the same series of samples. Indeed, bacteriophages were detected in some FFPE lung tissue samples with high titer bacterial infections. In our sensitivity/linearity test, bacteriophages were detected in samples containing more than 1000 genomes of the respective bacterial genus. These results show that, with our procedure, we are able to lyse bacterial cells within FFPE samples, and results generated by the dilution series of mock communities are reproducible in human FFPE samples.

Overall, we recommend parallel microscopic examination of tissues to interpret metagenomics results in context of local histomorphology. This will create a deeper understanding of how specific bacterial species may evoke specific histological patterns and clinical symptoms. The challenges in molecular infectious pathology require a new type of pathologist. In the future, specialized pathologists need to combine morphological findings with knowledge in molecular and cell biology, genetics, biochemistry and bioinformatics (Mullauer, 2017).

Debesa-Tur et al. published a first study on WGS-based metagenomics on FFPE samples (Debesa-Tur et al., 2021). While our methodology is similar to the method described in that paper, our study is still the first study that focuses specifically on detection of bacterial pathogens in FFPE samples, rather than the microbiome. This is an important aspect, particularly for pathologists. We also apply this method to lung tissues with lower microbial burden, compared to colon that was analyzed by Debesa-Tur et al. This is an important extension of the method, because WGS metagenomics assays have mostly been used for samples with a comparatively high amount of bacteria and/or low amount of host cells, such as liquor or synovial fluids (Thoendel et al., 2018; Blauwkamp et al., 2019; Piantadosi et al., 2021). In line with this notion, it was assumed that shotgun sequencing may not be a viable replacement for 16S rRNA sequencing when characterizing blood or biopsy microbiomes, where there is more host DNA contamination and relatively low bacterial biomass (Hillmann et al., 2018). However, our study now demonstrates that WGS-based metagenomics is usable for these tissues.

The metagenomics workflow for identification of pathogens from FFPE human tissues as described here has several limitations. Due to the nature of routine tissue handling and work-up, there is always a risk of accidental contamination of samples. This risk is mitigated by the lower sensitivity of the metagenomics analysis compared to species-specific qPCRs. A further limitation is that RNA viruses escape detection as this metagenomics assay is based on the analysis of DNA. In the future, it might be possible to extend our workflow by an additional RNA extraction and reverse transcription step. However, it can be expected that RNA yields from small biopsies will be low, and substantial effort will be required to optimize the sensitivity range.

A further limitation is that we validated this assay on human lung tissue only. It is expected that the metagenomics analysis works best in tissues that are sterile or have only a restricted microbiome (Baughman et al., 1987; Charlson et al., 2011). In tissues with a complex microbial background the distinction of relevant pathogens from commensals requires a defined threshold for subtraction of background species that do not contribute to relevant infections. For instance, in skin (Grice et al., 2009; Chang et al., 2018) and intestinal (Qin et al., 2010) tissues, metagenomics analysis will be limited to the detection of one or more prominent species that are clearly above the background signal of commensals. However, the definition of the background threshold will be arbitrary as it depends on the tissue analyzed and the bacterial species detected. Further, relevant species that might give rise to subclinical low-titer infections such as Mycobacterium tuberculosis must be exempted from this subtraction (Caulfield and Wengenack, 2016). Therefore, the metagenomics method is inappropriate or limited for detection of these infections. This is a caveat specific for our method described here and not a limitation of metagenomics analyses in general. Known commensals can be subtracted from a complex, abundant microbiome based on species information, and the remaining reads can be analyzed for potential pathogenic species irrespective of their abundance. Furthermore, it is possible to enhance the sensitivity of metagenomic methods through pre-enrichment methods. Amplicon-based 16S rRNA gene sequencing methods might be more sensitive and better suitable to detect low-titer infections, however, introduce a detection bias because targeted amplification limits the number of species that can be detected (Johnson et al., 2019).

Finally, the selection of a specific reference database directly impacts the range of detectable pathogens, as the number of covered species varies between databases (DeSantis et al., 2006; Quast et al., 2013; Sayers et al., 2022). The software used in this study, the CLC genomics workbench, is customizable as it allows to import any database and raw data of choice, including raw data from all common NGS technology providers (e.g. Ion Torrent, Illumina, Pacific Biosciences, Oxford Nanopore Technologies) to generate a custom reference database. This analysis can be performed locally, i.e. it can be used in settings where legal restrictions do not allow uploading and analyzing patient data on shared commercial server space.

In summary, the metagenomics analysis workflow presented here is to the best of our knowledge the first method that enables rapid and unbiased identification of pathogens in FFPE tissue samples. This method is ideal for cases where an infection is suspected based on clinical or histological results, yet species-specific PCRs of common pathogens are negative. This metagenomics assay enables the identification of unknown bacterial pathogens and may generate novel hypotheses about the conditions under which commensal bacteria may become pathogenic. In combination with histomorphological results, this method is expected to provide deeper insights into the mechanisms of bacterial infections in tissues.
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Supplementary Figure 1 | In silico down-sampling of metagenomics reads on six FFPE samples with bacterial infections. Left, bar graphs, metagenomics analysis results from the original NGS analysis (1.0x107 to 4.4x107 total reads per sample). Right, bar graphs, metagenomics analysis results from 100 randomly picked sets of 5x106 reads from the original NGS data of each sample.

Supplementary Figure 2 | Effect of the metagenomics analysis pipeline on raw reads from mock communities. (A) Number of reads at individual workflow stages. (B) Proportion of reads from previous workflow stage passing the indicated step in the analysis pipeline. (C) Number of unmapped reads in various dilutions and original concentration (undil.) of all four mock communities. Plots of (A–C): Box shows range from first to third quartile and median, whiskers display minimum and maximum. (D) Sensitivity of qPCR and metagenomics analysis in detecting known bacterial pathogens and reference species at different concentrations of mock communities.

Supplementary Figure 3 | Effect of the metagenomics analysis pipeline on raw reads from human FFPE lung tissue samples. (A) Number of reads at individual workflow stages. (B) Proportion of reads from previous workflow stage passing the indicated step in the analysis pipeline. Plots of (A, B): Box shows range from first to third quartile and median, whiskers display minimum and maximum. (C) Genetic origin of sequence information interpreted from read mapping to the human genome GRCh37 (hg19) or taxonomic profiling of non-human reads. Reads, which could not be assigned to human, bacteria or viruses, are labeled as unidentified. Positive, samples positive for bacterial species; Negative, samples without bacterial species, as determined by metagenomics analysis. Bar graph displays median and standard deviation for all 73 (29 positive and 44 negative) samples. Grey bar=median. (D) Neutrophilic infiltration in samples positive for Staphylococcus aureus, as determined by qPCR, in dependence of the detection of S. aureus by metagenomics analysis.

Supplementary Figure 4 | Sunburst graph depicting phylogeny and quantity of bacteria detected in the most complex case of infection in a human FFPE lung. Each circle represents a phylogenic level, starting with the kingdom level in the inner ring and ending with the species level at the outer rim.



References

 Arreaza, G., Qiu, P., Pang, L., Albright, A., Hong, L. Z., Marton, M. J., et al. (2016). Pre-analytical considerations for successful next-generation sequencing (NGS): Challenges and opportunities for formalin-fixed and paraffin-embedded tumor tissue (FFPE) samples. Int. J. Mol. Sci. 17 (9). doi: 10.3390/ijms17091579

 Baughman, R. P., Thorpe, J. E., Staneck, J., Rashkin, M., and Frame, P. T. (1987). Use of the protected specimen brush in patients with endotracheal or tracheostomy tubes. Chest 91 (2), 233–236. doi: 10.1378/chest.91.2.233

 Blauwkamp, T. A., Thair, S., Rosen, M. J., Blair, L., Lindner, M. S., Vilfan, I. D., et al. (2019). Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat. Microbiol. 4 (4), 663–674. doi: 10.1038/s41564-018-0349-6

 Caulfield, A. J., and Wengenack, N. L. (2016). Diagnosis of active tuberculosis disease: From microscopy to molecular techniques. J. Clin. Tuberc. Other Mycobact. Dis. 4, 33–43. doi: 10.1016/j.jctube.2016.05.005

 Chang, H. W., Yan, D., Singh, R., Liu, J., Lu, X., Ucmak, D., et al. (2018). Alteration of the cutaneous microbiome in psoriasis and potential role in Th17 polarization. Microbiome 6 (1), 154. doi: 10.1186/s40168-018-0533-1

 Charlson, E. S., Bittinger, K., Haas, A. R., Fitzgerald, A. S., Frank, I., Yadav, A., et al. (2011). Topographical continuity of bacterial populations in the healthy human respiratory tract. Am. J. Respir. Crit. Care Med. 184 (8), 957–963. doi: 10.1164/rccm.201104-0655OC

 Copin, M. C., Parmentier, E., Duburcq, T., Poissy, J., Mathieu, D., Lille, C.-I., et al. (2020). Time to consider histologic pattern of lung injury to treat critically ill patients with COVID-19 infection. Intensive Care Med. 46 (6), 1124–1126. doi: 10.1007/s00134-020-06057-8

 Crothers, J. W., Laga, A. C., and Solomon, I. H. (2021). Clinical performance of mycobacterial immunohistochemistry in anatomic pathology specimens. Am. J. Clin. Pathol. 155 (1), 97–105. doi: 10.1093/ajcp/aqaa119

 Debesa-Tur, G., Perez-Brocal, V., Ruiz-Ruiz, S., Castillejo, A., Latorre, A., Soto, J. L., et al. (2021). Metagenomic analysis of formalin-fixed paraffin-embedded tumor and normal mucosa reveals differences in the microbiome of colorectal cancer patients. Sci. Rep. 11 (1), 391. doi: 10.1038/s41598-020-79874-y

 DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 72 (7), 5069–5072. doi: 10.1128/AEM.03006-05

 Dietrich, D., Uhl, B., Sailer, V., Holmes, E. E., Jung, M., Meller, S., et al. (2013). Improved PCR performance using template DNA from formalin-fixed and paraffin-embedded tissues by overcoming PCR inhibition. PloS One 8 (10), e77771. doi: 10.1371/journal.pone.0077771

 Do, H., and Dobrovic, A. (2015). Sequence artifacts in DNA from formalin-fixed tissues: causes and strategies for minimization. Clin. Chem. 61 (1), 64–71. doi: 10.1373/clinchem.2014.223040

 Feehery, G. R., Yigit, E., Oyola, S. O., Langhorst, B. W., Schmidt, V. T., Stewart, F. J., et al. (2013). A method for selectively enriching microbial DNA from contaminating vertebrate host DNA. PloS One 8 (10), e76096. doi: 10.1371/journal.pone.0076096

 Fehr, M., Cathomas, G., Graber, A., Makert, E., Gaus, E., and Boggian, K. (2020). Multi-fungal sepsis and mucormycosis of the central nervous system in a patient treated with ibrutinib, a case report and review of the literature. Med. Mycol. Case Rep. 27, 14–16. doi: 10.1016/j.mmcr.2019.12.005

 Grice, E. A., Kong, H. H., Conlan, S., Deming, C. B., Davis, J., Young, A. C., et al. (2009). Topographical and temporal diversity of the human skin microbiome. Science 324 (5931), 1190–1192. doi: 10.1126%2Fscience.1171700

 Guiver, M., Levi, K., and Oppenheim, B. A. (2001). Rapid identification of candida species by TaqMan PCR. J. Clin. Pathol. 54 (5), 362–366. doi: 10.1136/jcp.54.5.362

 Guy, R. A., Payment, P., Krull, U. J., and Horgen, P. A. (2003). Real-time PCR for quantification of giardia and cryptosporidium in environmental water samples and sewage. Appl. Environ. Microbiol. 69 (9), 5178–5185. doi: 10.1128/AEM.69.9.5178-5185.2003

 Hillmann, B., Al-Ghalith, G. A., Shields-Cutler, R. R., Zhu, Q., Gohl, D. M., Beckman, K. B., et al. (2018). Evaluating the information content of shallow shotgun metagenomics. mSystems 3(6):e00069-18. doi: 10.1128/mSystems.00069-18

 Jeong, J., Yun, K., Mun, S., Chung, W. H., Choi, S. Y., Nam, Y. D., et al. (2021). The effect of taxonomic classification by full-length 16S rRNA sequencing with a synthetic long-read technology. Sci. Rep. 11 (1), 1727. doi: 10.1038/s41598-020-80826-9

 Johnson, J. S., Spakowicz, D. J., Hong, B. Y., Petersen, L. M., Demkowicz, P., Chen, L., et al. (2019). Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun. 10 (1), 5029. doi: 10.1038/s41467-019-13036-1

 Kim, J. U., Cha, C. H., and An, H. K. (2015). Direct identification of mycobacteria from clinical specimens by multiplex real-time PCR. J. Appl. Microbiol. 118 (6), 1498–1506. doi: 10.1111/jam.12780

 Kiss, S., Zsikla, V., Frank, A., Willi, N., and Cathomas, G. (2016). Helicobacter-negative gastritis: polymerase chain reaction for helicobacter DNA is a valuable tool to elucidate the diagnosis. Aliment Pharmacol. Ther. 43 (8), 924–932. doi: 10.1111/apt.13564

 Klaus, H. D., Wilbur, A. K., Temple, D. H., Buikstra, J. E., Stone, A. C., Fernandez, M., et al. (2010). Tuberculosis on the north coast of Peru: skeletal and molecular paleopathology of late pre-Hispanic and postcontact mycobacterial disease. J. Archaeological Science 37 (10), 2587–2597. doi: 10.1016/j.jas.2010.05.019

 Lee, H. S., Park, K. U., Park, J. O., Chang, H. E., Song, J., and Choe, G. (2011). Rapid, sensitive, and specific detection of mycobacterium tuberculosis complex by real-time PCR on paraffin-embedded human tissues. J. Mol. Diagn. 13 (4), 390–394. doi: 10.1016/j.jmoldx.2011.02.004

 Liu, Y. Y., Zhao, L. S., Song, X. P., Du, P. C., Li, D. M., Chen, Z. K., et al. (2017). Development of fluorogenic probe-based and high-resolution melting-based polymerase chain reaction assays for the detection and differentiation of bartonella quintana and bartonella henselae. J. Microbiol. Methods 138, 30–36. doi: 10.1016/j.mimet.2016.06.014

 McDonough, S. J., Bhagwate, A., Sun, Z., Wang, C., Zschunke, M., Gorman, J. A., et al. (2019). Use of FFPE-derived DNA in next generation sequencing: DNA extraction methods. PloS One 14 (4), e0211400. doi: 10.1371/journal.pone.0211400

 Mullauer, L. (2017). Milestones in pathology-from histology to molecular biology. Memo 10 (1), 42–45. doi: 10.1007/s12254-016-0307-z

 Mustafa, T., Wiker, H. G., Mfinanga, S. G., Morkve, O., and Sviland, L. (2006). Immunohistochemistry using a mycobacterium tuberculosis complex specific antibody for improved diagnosis of tuberculous lymphadenitis. Mod. Pathol. 19 (12), 1606–1614. doi: 10.1038/modpathol.3800697

 Nienhold, R., Ciani, Y., Koelzer, V. H., Tzankov, A., Haslbauer, J. D., Menter, T., et al. (2020). Two distinct immunopathological profiles in autopsy lungs of COVID-19. Nat. Commun. 11 (1), 5086. doi: 10.1038/s41467-020-18854-2

 Nunes, M., Parreira, R., Carreira, T., Inacio, J., and Vieira, M. L. (2018). Development and evaluation of a two-step multiplex TaqMan real-time PCR assay for detection/quantification of different genospecies of borrelia burgdorferi sensu lato. Ticks Tick Borne Dis. 9 (2), 176–182. doi: 10.1016/j.ttbdis.2017.09.001

 Nurk, S., Koren, S., Rhie, A., Rautiainen, M., Bzikadze, A. V., Mikheenko, A., et al. (2022). The complete sequence of a human genome. Science 376 (6588), 44–53. doi: 10.1126/science.abj6987

 Ogredici, O., Erb, S., Langer, I., Pilo, P., Kerner, A., Haack, H. G., et al. (2010). Brucellosis reactivation after 28 years. Emerg. Infect. Dis. 16 (12), 2021–2022. doi: 10.3201/eid1612.100678

 Piantadosi, A., Mukerji, S. S., Ye, S., Leone, M. J., Freimark, L. M., Park, D., et al. (2021). Enhanced virus detection and metagenomic sequencing in patients with meningitis and encephalitis. mBio 12 (4), e0114321. doi: 10.1128/mBio.01143-21

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464 (7285), 59–65. doi: 10.1038/nature08821

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41 (Database issue), D590–D596. doi: 10.1093/nar/gks1219

 Rabelo-Goncalves, E., Roesler, B., Guardia, A. C., Milan, A., Hara, N., Escanhoela, C., et al. (2014). Evaluation of five DNA extraction methods for detection of h. pylori in formalin-fixed paraffin-embedded (FFPE) liver tissue from patients with hepatocellular carcinoma. Pathol. Res. Pract. 210 (3), 142–146. doi: 10.1016/j.prp.2013.11.003

 Rudenko, N., Golovchenko, M., Grubhoffer, L., and Oliver, J. H. Jr. (2011). Updates on borrelia burgdorferi sensu lato complex with respect to public health. Ticks Tick Borne Dis. 2 (3), 123–128. doi: 10.1016/j.ttbdis.2011.04.002

 Salehi, E., Hedayati, M. T., Zoll, J., Rafati, H., Ghasemi, M., Doroudinia, A., et al. (2016). Discrimination of aspergillosis, mucormycosis, fusariosis, and scedosporiosis in formalin-fixed paraffin-embedded tissue specimens by use of multiple real-time quantitative PCR assays. J. Clin. Microbiol. 54 (11), 2798–2803. doi: 10.1128/JCM.01185-16

 Sayers, E. W., Bolton, E. E., Brister, J. R., Canese, K., Chan, J., Comeau, D. C., et al. (2022). Database resources of the national center for biotechnology information. Nucleic Acids Res. 50 (D1), D20–DD6. doi: 10.1093/nar/gkab1112

 Schwab, N., Nienhold, R., Henkel, M., Baschong, A., Graber, A., Frank, A., et al. (2022). COVID-19 autopsies reveal underreporting of SARS-CoV-2 infection and scarcity of Co-infections. Front. Med. (Lausanne) 9, 868954. doi: 10.3389/fmed.2022.868954

 Selva, E., Hofman, V., Berto, F., Musso, S., Castillo, L., Santini, J., et al. (2004). The value of polymerase chain reaction detection of mycobacterium tuberculosis in granulomas isolated by laser capture microdissection. Pathology 36 (1), 77–81. doi: 10.1080/00313020310001644516

 Solomon, I. H., Hornick, J. L., and Laga, A. C. (2017). Immunohistochemistry is rarely justified for the diagnosis of viral infections. Am. J. Clin. Pathol. 147 (1), 96–104. doi: 10.1093/ajcp/aqw198

 Thoendel, M. J., Jeraldo, P. R., Greenwood-Quaintance, K. E., Yao, J. Z., Chia, N., Hanssen, A. D., et al. (2018). Identification of prosthetic joint infection pathogens using a shotgun metagenomics approach. Clin. Infect. Dis. 67 (9), 1333–1338. doi: 10.1093/cid/ciy303

 van Coppenraet, L. S., Smit, V. T., Templeton, K. E., Claas, E. C., and Kuijper, E. J. (2007). Application of real-time PCR to recognize atypical mycobacteria in archival skin biopsies: high prevalence of mycobacterium haemophilum. Diagn. Mol. Pathol. 16 (2), 81–86. doi: 10.1097/PDM.0b013e318033625d

 Xu, Z., Shi, L., Wang, Y., Zhang, J., Huang, L., Zhang, C., et al. (2020). Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir. Med. 8 (4), 420–422. doi: 10.1016/S2213-2600(20)30076-X

 Yeager, H. Jr., Lacy, J., Smith, L. R., and LeMaistre, C. A. (1967). Quantitative studies of mycobacterial populations in sputum and saliva. Am. Rev. Respir. Dis. 95 (6), 998–1004. doi: 10.1164/arrd.1967.95.6.998



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Nienhold, Mensah, Frank, Graber, Koike, Schwab, Hernach, Zsikla, Willi, Cathomas, Hamelin, Graf, Junt and Mertz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-968135-g003.jpg
>

[ Round robin test 1
§ 100 - Genetic origin
o 80 of reads
S 60 M viral
S 40 M bacterial
£ o
g 20 unidentified
3 M human
a0
Sample 1

[%] Round robin test 2
100 — —
® = W= Genetic origin
£ 80 of reads
© 60 M viral
< .
£ 40 M bacterial
= Al
2 20 u :mdentlﬁed
£ g uman
Sample 5

[%] Round robin test 3

Genetic origin
of reads

=
o O
o o

12}

©

8

S 60 M viral

< .

£ 40 M bacterial
£ ¢ i

g 20 unidentified
2 M human

e 0

Sample 9 10 11 12

Round robin test 4
_-_— ..

S
s
o
=

Genetic origin
of reads

M viral

M bacterial
unidentified

M human

o
o o

¢ Proportion of read
N
o O o

3

B

Sample 1 Sample 2

LY

OC. trachomatis 0 C. pneumoniae

B/ pneumophila B8S. aureus
B B. pertussis
Sample 5 Sample 6
u H. pylori C. jejuni
Sample 9 Sample 10

LN

m B. burgdorferi sensu lato

Sample 13 Sample 14
sHAAV 1 ®HSV-1 oHPV 16

Sample 3 Sample 4
B B. pertussis BS. aureus

O M. pneumoniae B[, pneumophila

Sample 7 Sample 8

O

o Other bacterial species

Sample 11 Sample 12

OO

o Other bacterial species

Sample 15 Sample 16
oHSV-3 o Other viral species





OEBPS/Images/fcimb.2022.968135_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Unbiased screen for pathogens
in human paraffin-embedded
tissue samples by whole genome
sequencing and metagenomics





OEBPS/Images/fcimb-12-968135-g001.jpg
Extraction

N

FFPE
sample

DNA
DNA
Shearing

Library
preparation

Next gen.
sequencing

raw reads

hg19
Discard
Trimming human reads
of raw reads human reads
Alignment
to hg19 non-human reads
Taxonomic
profiling
Bacteria: Viruses:
Species 1 — Species 1
Species 2

Species 3





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Unbiased screen for pathogens in human paraffin-embedded tissue samples by whole genome sequencing and metagenomics

      

        		

          Introduction

        



        		

          Material and methods

        

          		

            Ethics statement

          



          		

            Patients and sample collection

          



          		

            Nucleic acid extraction

          



          		

            Round robin test samples

          



          		

            Generation and dilution of mock communities

          



          		

            Detection of pathogens by metagenomics whole genome sequencing

          



          		

            Down-sampling in silico

          



          		

            Detection of individual respiratory pathogens by quantitative PCR

          



          		

            Assessment of lung damage and neutrophilic infiltration in FFPE tissue samples

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Metagenomics workflow on test samples of known composition

          



          		

            Metagenomics workflow on round robin test samples of unknown composition

          



          		

            Metagenomics workflow on human FFPE lung tissues

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-968135-g004.jpg
>

[

100
3
<80
g
@ 6o Detection by
5 metagenomics
< missed
S 40
'g = detected
520
o
0 [
[ T @
§, % ot 38
83 28 2¢ g8
S5 g3 83 &3
g8 kg g pp
g S8 e
(%]
D Number of samples
0 2 4 6 8

Staphylococcus aureus
Lactobacillus rhamnosus

Staphylococcus epidermidis
Corynebacterium segmentosum
Fusobacterium nucleatum
Klebsiella pneumoniae
Lactobacillus gasseri
Legionella pneumophila
Prevotella melaninogenica

Prevotella oris

Streptococcus agalactiae
Streptococcus anginosus
Burkholderia cenocepacia
Enterococcus faecalis
Enterococcus faecium

Haemophilus influenzae

Streptococcus pneumoniae

Streptococcus thermophilus

Grade of
neutrophilic
infiltration

@
(9]

w

N

S.aureus Ct

Grade of neutrophilic infiltration

detected missed
by metagenomics

detected missed
by metagenomics

E
[%]
100
3
280
£
&
260
[s}
§40
T
2
820
a
o]
0 1 2 3
Grade of neutrophilic infiltration
F Grade of
N EEENE B N0 BENN EmmEE neutrophilic
infiltration
0
S |1
» H2
® H3
o
z 40 Nré)f genera
o ana species
5 251415 |
2 20. | Cmmy]
g el
0. |__semlY,
TV






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-968135-g002.jpg
100°'000
Species 1 100°000 genomes U‘P‘L\!Wwi”\
< Species 2 +100°000 genomes gehaiies
: : 1:10 1110 1:10 1:10
Species 6 +100°000 genomes ™~ N N N

11

Cultures of
individual bacterial species
from clinical isolates

Bacterial mock community —

gPCR

gPCR

gPCR

gPCR
&WGS &WGS &WGS &WGS &WGS

gPCR  gPCR

& WGS

Mock community 1
K. aerogenes
- K. variicola / phages of Klebsiella
-w E. faecium / phages of Enterococcus
- S. aureus / phages of Staphylococcus
-+ S. haemolyticus
- S. pneumoniae | phages of Streptococcus
Background of bacterial / viral analysis

ock community 2
K. pneumoniae / phages of Klebsiella
P. aeruginosa / phages of Pseudomonas
C. koseri
S. epidermidis / phages of Staphylococcus
E. coli/ phages of Escherichia
- A. veronii | phages of Aeromonas
+ Background of bacterial / viral analysis
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-
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-
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Mock community 3

-e- L. monocytogenes / phages of Listeria

- C. freundii

-+ C. amalonaticus

-+ M. morganii / phages of Morganella

= P. mirabilis

- H. influenzae | phages of Haemophilus
Background of bacterial / viral analysis
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icrobial Community Standard
L. monocytogenes / phages of Listeria
P. aeruginosa / phages of Pseudomonas
E. faecalis / phages of Enterococcus
S. aureus / phages of Staphylococcus
E. coli/ phages of Escherichia
B. subtilis / phages of Bacillus
S. enterica / phages of Salmonella

M
-
-
-
-
-
-
-
- L. fermentum / phages of Lactobacillus

0
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Background of bacterial / viral analysis





