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SUMMARY

Secondary infections contribute significantly to covid-19 mortality but driving
factors remain poorly understood. Autopsies of 20 covid-19 cases and 14 controls
from the first pandemic wave complemented with microbial cultivation and RNA-
seq from lung tissues enabled description of major organ pathologies and speci-
fication of secondary infections. Lethal covid-19 segregated into two main death
causes with either dominant diffuse alveolar damage (DAD) or secondary pneu-
monias. The lung microbiome in covid-19 showed a reduced biodiversity and
increased prototypical bacterial and fungal pathogens in cases of secondary
pneumonias. RNA-seq distinctly mirrored death causes and stratified DAD cases
into subgroups with differing cellular compositions identifying myeloid cells,
macrophages and complement C1q as strong separating factors suggesting a
pathophysiological link. Together with a prominent induction of inhibitory im-
mune-checkpoints our study highlights profound alterations of the lung immunity
in covid-19 wherein a reduced antimicrobial defense likely drives development of
secondary infections on top of SARS-CoV-2 infection.

INTRODUCTION

Covid-19 originates from infection of the upper respiratory tract with SARS-CoV-2, which can progress

into severe acute lung injury (ALI). Based on the tissue-typic expression of the viral host-entry receptor

ACE2 and certain proteases (e.g. TMPRSS2) facilitating cellular uptake, also other organs like the

kidney could be directly infected (Hou et al., 2020b). In addition, severe disturbances of immune and

coagulation systems during covid-19 lead to a multifaceted disease with variable multi-organ damages

(Ramlall et al., 2020). A consistent finding in severe covid-19 is initial immune hyperactivation (called

‘‘cytokine storm’’) leading to subsequent immune exhaustion, a phenomenon also known in other

severe infections (Blanco-Melo et al., 2020; Lowery et al., 2021; Roquilly et al., 2020; Wang et al.,

2021). Consequently, secondary infections which develop on top of SARS-CoV-2 infection contribute

significantly to covid-19 mortality similar to severe influenza (Buehler et al., 2021). Curiously, the patho-

physiology leading to the development of secondary lung infections is generally poorly understood. We

performed an autopsy study of 20 consecutive covid-19 patients who died during the first pandemic

wave. Full autopsies were performed and various specimen types were collected for tissue-based inves-

tigations, molecular measures including deep sequencing and cultivation of virus and other microbes.

Integrating all information gained from this ‘‘holistic’’ autopsy approach allowed us to gain a deeper un-

derstanding of host and microbial factors contributing to secondary infections as a major sequel of lethal

covid-19.

RESULTS

Autopsy cohort, SARS-CoV-2 body distribution and genotyping

Twenty consecutive covid-19 patients were examined post-mortem (Figure S1). Thirteen cases were males

and 7 were females; their ages ranged from 53 to 93 years (median: 79 years). All hadmultiple comorbidities

typically prevalent in severe covid-19. In addition, 14 age-matched non-covid-19 controls who died
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within the same time period were included for comparisons (Tables S1 and S2). Patients were tested for

SARS-CoV-2 tissue distributions by quantitative RT-PCR (target: nucleocapsid-gene) and most positive

samples with the highest viral loads originated from the respiratory tract, followed by myocardium, liver,

kidney and pleural effusions. Other tissues and body liquids were positive only in single cases or tested

overall negative (Figure 1A). Notably, deep RNA-seq generated from lung tissues revealed SARS-CoV-2

transcripts in each covid-19 case, including the four qRT-PCR negative ones, showing increased sensitivity

of deep transcriptomic analysis (127G 29 million reads were generated per sample on average; Figure 1B).

The viral genome was entirely captured by RNA-seq yielding more plus-strand reads (mean: 37.89 reads

per million; range: 0.02–131,165.41) than minus-strand reads (mean: 1.81 reads per million; range:

0–484.81; Figure 1C). In addition, 11 SARS-CoV-2 strains could be cultivated from post-mortem lung tissues

using Vero cells (Table S3). Successful virus cultivation significantly correlated with abundance of SARS-

CoV-2 reads (Figures 1D and S2).

SARS-CoV-2 genotyping facilitated by PCR and sequencing directly from autopsy specimens yielded 14

complete viral genomes (Table S4). Nine different sequence variants were detected showing up to 12

nucleotide changes compared to the reference (SARS-CoV-2 Wuhan-Hu-1; total genome size 29,903 bp;

Table S5). Strains corresponded to the pangolin lineages B.1.22, B1.5, B and B.1.160.1, respectively (clades

19A and 20A), representing the dominant genotypes of the first pandemic wave (Figure 1E). Twelve strains

harbored a D614G mutation in the spike (S) protein, which leads to increased viral transmissibility and,

therefore, this genotype superseded the wild-type strain already early in the pandemic (Hou et al.,

2020a). We identified also 2 viral clusters in our cohort, cluster 1 (case 3, 4, 6, 8, and 9) and cluster 2

(case 1, 2, and 5), respectively (Figure 1F). Notably, cases 6, 8 and 9 from cluster 1 originated from the

same residential care home and all cases from cluster 2 stayed in the same hospital ward before covid-

19. Thus, it is very likely that these individuals were infected from the same sources and/or transmission

occurred.

Major organ pathologies and death causes

Lungs showed the dominant pathologies in relation to covid-19, only one case (#1) presented with acute

myocardial infarction as the ascribed death cause. Diffuse alveolar damage (DAD), the histopathological

representation of ALI, in a patchy distribution and often prevalent in multiple lung segments was the major

finding in 11 cases. Early exudative stages and later organizing stages of DAD were found within the same

patient together, often adjacent to nearly normal or less affected parenchyma indicating ongoing tissue

damage (Figures 2A and S3–S5). Also, a significant positive correlation of SARS-CoV-2 loads from nasopha-

ryngeal tissues to lungs was found (Figure 2B) likely suggesting active seeding of infectious particles from

the upper respiratory tract via micro-aspiration (Hou et al., 2020b). We extensively assessed microscopic

lung features (see STAR Methods for details of histopathological scoring) to specify and grade the severity

of lesions and also to capture the heterogeneity of different lung pathologies. Features greatly varied be-

tween cases and the majority of patterns did not correlate with disease duration (defined as the interval

between the first SARS-CoV-2 positive PCR and death) or viral loads (Figure 2C). Although early DAD fea-

tures (intra-alveolar edema, hyaline membranes) correlated positively with shorter disease duration and

late features (fibrosis) increased with disease duration, early and late features were often intermixed

showing no inverse correlation (Figure 2D) corroborating findings also by other studies (Borczuk et al.,

2020). Of importance, the clearest discriminating feature of cases was the presence of neutrophilic granu-

locytes, indicative of secondary infections (i.e., ‘‘pneumonia’’), in comparison to DAD. Three cases showed

DAD superimposed with acute inflammation and 5 cases showed mainly pneumonia as the dominant

pathology, wherein DAD was only focally visible overlaid with dense inflammation. Altogether, 16 cases

Figure 1. SARS-CoV-2 tissue distributions, genotyping and virus cultivation

(A) SARS-CoV-2 loads (compared to human glyceraldehyde 3-phosphate dehydrogenase, GAPDH) and tissue distributions derived from postmortem

sampling (median highlighted). Case numbers are given on the right.

(B) Significant association of qRT-PCR positivity (n-gene) with viral loads determined by RNAseq of lung tissues (Mann-Whitney test).

(C) Distribution of viral reads generated from lung tissues along the SARS-CoV-2 genome. Cumulative coverage of plus andminus strand transcripts is shown

(median in bold). Identified nucleotide and amino-acid changes in comparison to the Wuhan reference strain are indicated.

(D) Correlation of SARS-CoV-2 plus and minus strand reads with cultivation (Spearman correlation). Triangles specify cultivation-positive samples. EM

picture showing viral particles in Vero CCL-81 cells (arrows).

(E) Cladogram showing detected virus genotypes within a global context. The Wuhan reference strain (center) and the UK variant B.1.1.7 (Ecuador/INSPI-

179112/2021) are included for comparisons. The pangolin lineage designation is used to specify viral genotypes.

(F) Dendrogram showing detected viral genotypes. Corresponding mutations in the S protein are indicated and virus strains are color coded accordingly.
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showed neutrophilic granulocytes present in bronchi, bronchioli, or alveoli suggestive of secondary infec-

tions. Thus, lung histopathology in lethal covid-19 could be stratified into DAD, DAD superimposed with

pneumonia and dominating pneumonia (Figures 2E and S3). Pneumonia cases showed increased IL-6 levels

compared with pure DAD cases, whereas CRP levels were weaker discriminators (Figure 2F). It is note-

worthy that neither disease duration nor viral loads correlated with the presence of neutrophils, nor did

any other clinical parameter (Figures 2G and S6). Other organs showed features of preexisting comorbid-

ities including arteriosclerosis, hypertension and diabetes, especially in the kidneys, wherein SARS-CoV-2

could be detected in tubular epithelia by positive immunohistochemistry (Figure S7). Heart and liver spec-

imens revealed no clear evidence of direct SARS-CoV-2 carriage or features of myocarditis or hepatitis

(Figures S8 and S9). A detailed summary of organ histopathologies is given in the supplementary material

(Table S6).

Lung microbiome alterations and secondary infections in lethal covid-19

The lung microbiome is altered in DAD and thought to be a relevant factor for the development of second-

ary infections (Dickson et al., 2016; Luyt et al., 2020). RNA-seq from lung tissues was screened for microbial

sequences and bacterial (16S rRNA gene) and fungal (internal transcribed spacer, ITS) marker genes were

amplified to additionally specify microbial changes. On average 6573.33 G 2552.32 (MWGSD) reads per

million (rpm) per sample were not human in RNA-seq and likely of microbial origin, of those 2.02 G

4.00% and 0.03 G 0.05% could be clearly annotated to specific microbes with different microbial annota-

tion pipelines (Figure 3A). Excluding SARS-CoV-2 reads, which were the dominant microbial component in

several cases (range: 0.01–131218.36 rpm), bacterial sequences were dominant, significantly increased in

covid-19 cases with pneumonia compared to DAD and controls. Fungal and viral sequences other than

SARS-CoV-2 were also significantly enriched in covid-19 cases with pneumonia (Figure 3B). Number of bac-

terial reads significantly correlated with neutrophil scores suggesting that their presence is a sign of sec-

ondary infections, however, the post-mortem interval did not, precluding a strong influence of post-mortal

bacterial overgrowth in our investigation (Figure 3C). Bacteria are assumed to be the dominant microbiome

component in lungs (Huffnagle et al., 2017). Analysis based on the bacterial 16S rRNA gene marker showed

that richness was significantly decreased in the DAD and pneumonia cases of covid-19 compared to con-

trols indicating an overall reduced biodiversity (Figure 3D). In contrast, evenness was significantly

decreased in the pneumonia group of covid-19 only, suggesting a dominance of certain taxa, possibly rep-

resenting the agents of secondary infections (pairwise Kruskal-Wallis; *p < 0.05, **p < 0.005). Principal

component analysis (PCA) clearly separated controls from covid-19 cases with DAD and cases with pneu-

monia indicating significantly different bacterial community compositions (Figure 3E). Lung tissues were

also cultured for bacteria and fungi and both—covid-19 cases and controls—yielded cultivable microor-

ganisms but in different quantities and taxonomic constellations (Table S7).

Finally, we integrated RNA-seq, 16S, ITS, and culture data to define dominant pathogens, most likely rep-

resenting the agents of secondary infections and to account for the different samples used for microbial

identifications in the light of the patchy disease representations likely impacting the microbial repertoires

(Figure S10 and Table S8). Dominant pathogens were defined if they were dominant in the RNA and/or

DNA data (representing >10% of microbial reads excluding SARS-CoV-2) and if they also yielded a reason-

able culture growth (R104 cfu/mL). Dominant taxa were typical agents of pulmonary secondary infections

like Staphylococcus aureus, Enterococcus faecium, or Klebsiella pneumoniae, as well as fungi like Candida

spp. or the mold Rhizopus microsporus identified in one case (#18; (Zurl et al., 2021)). Often multiple

pathogens were found simultaneously indicating polymicrobial infections (e.g., in case #16 wherein K.

pneumonia, S. aureus andCandida glabratawere cultivated in reasonable amounts and were also captured

by RNA-seq). In addition, 5 covid-19 cases yielded transcripts of Epstein-Barr virus (EBV), which were also

Figure 2. Lung pathology of lethal covid-19 stratifies into DAD and pneumonia

(A) Histological representation of DAD in lungs. A patchy representation of DAD is shown (left). Hyaline membranes (arrows) as a hallmark lesion of early DAD

(top right). Immunohistochemical detection (nucleoprotein antibody) of SARS-CoV-2 infected pneumocytes (bottom right).

(B) (Top) Immunohistochemical detection of SARS-CoV-2 infected respiratory epithelium of the nasopharynx. (Bottom) Correlation between SARS-CoV-2

loads in the nasopharyngeal mucosa and lung tissue determined by qRT-PCR (Spearman correlation).

(C) Scoring of prevalent histopathology patterns in lungs. Cases are ordered according to duration of disease.

(D) Correlation analysis of early and late DAD histopathology features and disease duration (Spearman r).

(E) Main discrimination of lung pathology according to DAD and pneumonia patterns. Cases are ordered according to alveolar neutrophil scores.

(F) Serum C-reactive protein (CRP) and interleukin-6 (IL-6) levels in DAD and pneumonia cases (Mann-Whitney test).

(G) Correlation analyses of neutrophil abundance and clinical parameters (Spearman r; Mann-Whitney test).
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detectable by RNA in-situ hybridization of lung tissues but not in controls (Figure 3H). EBV often emerges

because of endogenous reactivation in the context of impaired immunity (Tangye et al., 2017). Control

cases yielded microbial sequences and cultivable microbes in lower quantity and they often belonged

to known contaminants like Lactobacillus sp. or Propionibacterium sp. (Table S8). In summary, the lung mi-

crobiome in covid-19 shows a reduced taxonomic richness but harbors a diverse spectrum of bacterial and

fungal pathogens typically associated with secondary lung infections. Prominent pathogens like S. aureus,

Klebsiella or Candida spp. are also known agents of secondary infection in influenza, SARS, and MERS

(Klein et al., 2016; Morens et al., 2008). Notably, secondary infections were rarely detected ante-mortem

in our cohort (Table S8). The presence of poly-microbial infections and the relatively high proportion of

EBV positivity suggest an overall impaired immunity in covid-19 lungs.

The lung metatranscriptome mirrors the major death categories DAD and pneumonia

Deep RNA-seq of lung tissue revealed 4,547 differentially expressed genes between covid-19 cases and

controls (adj. p < 0.05). Hierarchical clustering indicated depleted (cluster 1) or enriched (cluster 2) genes

in covid-19 compared to controls (Figure 4A). Pathway analysis indicated impaired central cellular functions

within mRNA metabolism, post-translational protein modification, the respiratory chain, VEGFA signaling

and extracellular matrix organization in covid-19. Enriched pathways consisted mainly of innate and

adaptive immune functions, neutrophil degranulation, cytokine signaling as well as complement activation

(Figure 4B). Overall, these data confirm profound and complex transcriptional alterations in covid-19 lung

tissue (Delorey et al., 2021; Liao et al., 2020; Wu et al., 2020). Unsupervised principal components analysis

(PCA) of differentially expressed genes clearly separated covid-19 samples on principal component 1 (PC1)

from controls but also clearly separated pneumonia samples from pure DAD cases (Figure 4C). Comparison

of differentially expressed genes between these major death categories indicated that the major discrim-

inator from controls was DAD showing 3862 unique differentially expressed genes (adj. P < 0.05 and abs.

LFC >= 0.58) followed by pneumonia with 1673 unique differentially expressed genes (Figure 4D). DAD and

pneumonia differed by only 226 differentially expressed genes. Notably, among the top 50 differential

expressed genes enriched in pneumonia cases several macrophage markers were evident, including the

receptor ADGRE1 (murine homolog F4/80) as top-hit, the interleukin-1 receptor-associated kinase-like 2

(IRAK2) or PSTPIP2, which is involved in macrophage polarization (Figure 4E). Thus, macrophages seem

to be implicated in covid-19 secondary infections. In summary, deep transcriptomic analyses specified

multiple dysregulated processes in covid-19, including vascular and coagulation systems, connective tissue

remodeling as well as activated immunity and complement (Nie et al., 2021). Similar to histopathology, the

major discriminator from controls based on gene expression was DAD followed by pneumonia likely

mirroring the development of secondary infections on top of ALI caused by the virus.

Cellular deconvolution subgroups covid-19 lung pathology

Cellular compositions were inferred from RNA-seq by using xCell (Aran et al., 2017). Hierarchical clustering

based on cellular compositions clearly separated samples into four distinct groups. Group 1 (‘‘control’’)

consisted only of control cases and was related to group 2 (‘‘DAD1’’) consisting of covid-19 cases with

pure DAD (in addition to one control case #22). Group 3 (‘‘DAD2’’) also contained DAD cases, including

one sample with the histological category DAD and secondary pneumonia. This group was related to

group 4 (‘‘pneumonia’’) composed of all pneumonia cases, in addition to 3 DAD cases and the two remain-

ing DAD cases with secondary pneumonia (Figure 5A). It is noteworthy that neither disease duration nor

early versus late DAD histological features or SARS-CoV-2 loads significantly correlated with a specific

grouping (Figure S11). Cell types discriminating these groups showed a specific assembly (Figure 5B).

Figure 3. Microbiome alterations and agents of secondary infections in covid-19 lungs

(A) Annotation of non-human transcripts to microbial sequences with PathSeq and MetaPhlAn, respectively (hits per million; Kruskal-Wallis test).

(B) Significantly increased bacterial, fungal and viral reads in the pneumonia category of covid-19 (PathSeq annotation, Kruskal-Wallis test).

(C) Bacterial reads significantly correlate with neutrophil counts but not with the post-mortem interval (Spearman correlation).

(D) Richness and evenness in the bacterial component of the lung microbiome (based on the 16S rRNA gene marker; Kruskal-Wallis test).

(E) Beta-diversity analysis (PCA based on unweighted UniFrac and Bray-Curtis distance) clearly separates DAD and pneumonia cases of covid-19 from

controls (16S rRNA gene; PERMANOVA, Kruskal-Wallis test).

(F) Summary of bacterial, fungal and viral microbes prevalent in covid-19 lungs. Shown are microbes detected by cultivation, RNA and/or DNA sequencing

(red labeled taxa were also spuriously found in controls).

(G) Dominant pathogens causing secondary infections in covid-19 lungs compared to controls (summary of cultivation and deep sequencing).

(H) Microscopic representation (H&E) of bacterial (left, case #16) and fungal (middle, case #18) pathogens in lung tissues. Epstein-Barr virus RNA positivity in

lung tissue (EBV RNA in-situ hybridization, case #11).
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Figure 4. The lung metatranscriptome mirrors the major death categories DAD and pneumonia

(A) Hierarchical clustering shows depleted (cluster 1) and enriched (cluster 2) genes (n = 4,547; adj. P< 0.05) in lung tissue of covid-19 cases compared to

controls.

(B) Gen set enrichment analysis (canonical pathways) of major depleted (top) and enriched (bottom) pathways in covid-19 lungs.

(C) PCA based on differentially expressed genes clearly discriminates DAD cases and cases with secondary pneumonia of covid-19 from controls.

(D) Venn diagram specifying differentially expressed genes in DAD as the major discriminator followed by pneumonia (adj. P< 0.05, LFCR0.58).

(E) Volcano plot showing the top 25 significantly deregulated genes in secondary pneumonia versus DAD. Several macrophage genes are increased.
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Cluster 1 consisted mainly of vascular and stromal cell types like endothelial cells, pericytes and fibroblasts,

enriched in ‘‘DAD1’’ and ‘‘DAD2’’. Top enriched genes in this cluster were certain collagen genes, the

vascular transcription factor sox 18, the basement membrane protein ladinin-1 or the endothelial protein

stabilin-1 (Figure 5C). Cell types of cluster 2 consisted mainly of structural and stromal cells, in addition to

certain immune and blood cell types and they were overall reduced in covid-19. Top down-regulated genes

included the extracellular matrix proteins sparc-like 1,multimerin-1 and plastin-3 or the cell adhesionmole-

cule p-selectin important for the recruitment of leukocytes typically prevalent on activated endothelial cells

and platelets (Figure 5C). Together these alterations highlight the vascular and connective tissue changes

emerging during DAD development (Figure 2B) (Ackermann et al., 2020; Hughes and Beasley, 2017). Cell

types of cluster 3, which were dominantly induced in ‘‘DAD2’’ and to a lesser extent in ‘‘pneumonia’’ showed

enrichment of myeloid (cluster 3a) and epithelial cell types (cluster 3b). Top induced genes in cluster 3a

were the myeloid cell specific genes siglec-1, CD11c and complement factor C1q. Top induced genes in

cluster 3b consisted of keratin 6A, collagen XVII, the tyrosine kinase signaling protein cbl-c and

beta-1,3-N-acetylglucosaminyltransferase 3 (b3gnt3), typically expressed in epithelia and also involved

in lymphocyte trafficking and homing. Cell types in cluster 4, strongly increased in ‘‘pneumonia’’ consisted

of different leukocyte classes including B-, T-cells and (neutrophilic) granulocytes. Top induced genes

consisted of the interleukin 8 receptor genes cxcr1 and cxcr2, the chemokine receptor type 2 (CCR2), CEA-

CAM3, CD22 (B cell marker), and the cell surface receptors TREML2 and FCGR3B.

In summary, cellular deconvolution clearly sub-stratified the major categories DAD and pneumonia of

covid-19 lung pathology. Noteworthy, DAD subclustered into two different groups, one showing mainly

induction of vascular and stromal cell elements (‘‘DAD1’’), the other dominant induction of genes related

to myeloid and epithelial cells (‘‘DAD2’’), and this subgroup showed more commonalities with the pneu-

monia group.

Macrophages complement c1q and immune impairment in covid-19 lungs

Myeloid cells includingmacrophages play a central role in the pathogenesis of DAD (Chen et al., 2020; Fan and

Fan, 2018; Huang et al., 2018), and bronchalveolar lavage fluids (BALFs) of patients with severe covid-19 reveal

high proportions of macrophages (Liao et al., 2020; Wang et al., 2020). We confirmed significantly increased

macrophages in covid-19 lungs by CD163 immunohistochemistry, depicting a M2-type macrophage marker

(Figure 6A), corroborating a recent proteomic study wherein CD163 was found among the most induced pro-

teins in lungs and spleens derived fromcovid-19 autopsies (Nie et al., 2021). Deconvolution indicated bothM1-

and M2-type macrophages significantly enriched predominantly in ‘‘DAD2’’ whereas monocytes were mainly

induced in the ‘‘pneumonia’’ group (Figure 6B). IncreasedCD163positivemacrophagesgathering around virus

positive cells were recently shown also in a macaque model of SARS-CoV infection, indicating that infected

pneumocytes may lead to macrophage recruitment in coronavirus infections (Liu et al., 2019).

Among the most discriminative genes between DAD subtypes we found complement factor C1q dominantly

induced in ‘‘DAD2’’ (Figure 5C). Complement activation is implicated in DAD pathogenesis and linked to

severe covid-19 (Holter et al., 2020; Java et al., 2020; Perico et al., 2021). Other complement factors

showed no discriminative expression pattern between pathological subgroups in our cohort, except

certain complement receptors and properdin mainly induced in pneumonia cases (Figure 6C). C1q levels

did not correlate with survival times of patients (Figure S12). Western blots generated from extracts of

lungs confirmed significantly increased C1q protein (Figure 6D). A major source of C1q are macrophages

corroborated also by a recent single-cell transcriptomic analysis of covid-19 lungs (Figure S13) (Lu et al.,

2008; Xu et al., 2020) suggesting a strong connection between macrophages and complement C1q in covid-

19 (Carvelli et al., 2020). Immunohistochemical analysis of lung tissues with a C1q specific antibody showed

staining of the vasculature, the interstitial and alveolar space but also of alveolar cells including macrophages

and pneumocytes, indicating a multifaceted deposition of C1q in the context of covid-19 in our series

(Figure 6E).

C1q is the initiating component of the classical complement cascade but exhibits also immune regulatory

functions. It induces the development of pro-resolving M2 type macrophages and is involved in the

Figure 5. Cellular deconvolution stratifies lung pathology sub-groups

(A) Hierarchical clustering based on cell-type enrichments derived from xCell analysis indicates a specific grouping of samples.

(B) Scheme indicating cell clusters which discriminate different groups.

(C) Top induced genes in the respective cell clusters determining the specific grouping (Kruskal-Wallis test).
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clearance of apoptotic and necrotic cells, which are highly increased in covid-19 lungs (Bohlson et al., 2014;

Li et al., 2020b; Mulay et al., 2021). In this process C1q binds to cellular break-down products and is sub-

sequently recognized by phagocyte receptors like the leukocyte-associated immunoglobulin-like receptor

1 (LAIR-1; syn.: CD305) conferring uptake and triggering a tolerogenic state in the phagocyte (Son et al.,

2015; Thielens et al., 2017). As shown by a recent single-cell transcriptomics analysis of covid-19 lungs,

LAIR-1 is mainly present in macrophages (Figure S14) (Delorey et al., 2021). LAIR-1 together with LILRB4

(leukocyte immunoglobulin-like receptor subfamily B member 4; syn.: ILT3) belong to immunoglobulin-

like receptors recognizing collagen domains such as present in C1q, thereby inhibiting immune activation

(Lebbink et al., 2006; Son et al., 2012). RNA-seq confirmed significant induction of LAIR-1 and LILRB4 domi-

nantly in ‘‘DAD2’’ followed by ‘‘pneumonia’’ (Figure 7A). Expressions of all 3C1q polypeptide chains (A, B, &

C) significantly correlated with LAIR-1 and LILRB4 expression but not with induced collagens (Figures 7B

and S15). This might suggest a functional link between C1q and the immune inhibitory receptors LAIR-1

and LILRB4.

Because the development of secondary infections is likely driven by local immune-impairment we screened

for other anti-inflammatory markers. TGF-b1 is a key factor in the development and healing response of ALI

and also implicated in covid-19 lung pathology (Peters et al., 2014; Vaz dePaula et al., 2021). TGF-b1 tran-

scription was significantly increased in covid-19, showing a huge variability, however, TGF-b1 protein

measured by immunohistochemistry and western blotting showed no significant induction compared to

controls (Figures 7C and S16). Because several immune and non-immune cell types are able to produce

TGF-b1, the observed variability in expression might reflect the temporal heterogeneity of lung pathol-

ogies in our cohort. Induction of certain inhibitory immune-checkpoints is reported in covid-19 (Bobcakova

et al., 2021; Diao et al., 2020; Files et al., 2021; Jeannet et al., 2020; Li et al., 2020a). We confirmed transcrip-

tional induction of several inhibitory immune-checkpoints in covid-19 lungs (LAG3, PDCD1, ADORA2A,

VSIR, CTLA4, SIRPA, LAIR1, SIGLEC9, LILRB4, SIGLEC7, and HAVCR2), whereas some showed no induction

(CD276, SP140, IDO1, KLRG1, andCD274) or were even reduced (GGT1 andCD80) compared with controls

(Figures 7D and S17). Of note, the top induced inhibitory immune-checkpoint was found to be LAG3

(lymphocyte-activation gene 3; syn.: CD223), dominantly induced in ‘‘DAD2’’ and ‘‘pneumonia’’ based

on RNA-seq, which was also confirmed by immunohistochemistry wherein mainly lymphocytes showed

strong staining signals (Figures 7E and S18). LAG3 was recently described as a major increased factor in

a plasma proteomic study of severe covid-19 (Filbin et al., 2021). During immune exhaustion multiple inhib-

itory receptors act often in synergy amplifying immune impairment, like LAG3 and PD-1 co-induced during

chronic viral infections (Blackburn et al., 2009). We confirmed synergistic induction of several inhibitory im-

mune-checkpoints in covid-19 lungs, which showed a different costimulatory pattern compared to controls

(Figure 7F). Of interest, co-expression patterns discriminated cases with high viral loads (KLRG1, CTLA4,

SP140, CD274, IDO1, LAG3, PDCD1, HAVCR2, and CD80) from samples with pneumonia (CD276,

TGFB1, ADORA2A, LILRB4, LAIR1, VSIR, SIRPA, SIGLEC7, and SIGLEC9) suggesting a divergent pattern

of induction of inhibitory immune-checkpoints during the course of covid-19 lung pathology (Figure 7G).

In summary, these data highlight that multiple pillars of immune impairment act in severe covid-19, leading

to a reduced antimicrobial defense in lungs driving the development of secondary infections. The molec-

ular dissection of cell types and immune inhibitory signals might enable the development of specific mea-

sures counteracting this potentially lethal complication.

DISCUSSION

We performed a systematic autopsy study of 20 consecutive covid-19 cases and 14 controls to gain

unbiased information about lethal disease courses from the early pandemic. Integration of autopsy, culti-

vation and deep sequencing provided important clues about host and microbial factors involved in the

development of secondary infections as a major sequel of lethal covid-19. Thus, our study might serve

Figure 6. Macrophage and complement C1q induction in covid-19 lungs

(A) Immunohistochemical counting of CD163 positive macrophages shows induction in covid-19 compared to controls (Mann-Whitney test).

(B) Both M1 and M2 macrophages are specifically increased in ‘‘DAD2’’ compared to ‘‘DAD1’’ (grouping according to xCell analysis; Kruskal-Wallis test).

(C) Heatmap of complement genes specifies C1q induction in a subgroup of DAD cases and in pneumonia.

(D) C1q protein (29 kDa) is significantly increased in covid-19 lung tissue compared to controls (reference human GAPDH; Mann-Whitney test).

(E) Significant induction of C1q detected by immunohistochemistry (Mann–Whitney test) and different staining patterns in covid-19 lungs; top left & middle:

C1q staining of alveolar cells; top right: double immunohistochemistry staining (red: C1q, nuclear black: TTF-1) shows C1q staining of alveolar macrophages;

bottom left: intravascular C1q staining; bottom middle: free C1q specific staining of proteinaceous fluid in the alveolar space; bottom right: double

immunohistochemistry staining (red: C1q, nuclear black: TTF-1) shows C1q staining of pneumocytes (TTF-1 positive).
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Figure 7. Signatures of immune-impairment in covid-19 lungs

(A) The tolerogenic leukocyte receptors LAIR-1 and LILRB4 are mainly induced in ‘‘DAD2’’ and ‘‘pneumonia’’ (Kruskal–Wallis test).

(B) Spearman correlation of RNA expression of LAIR-1 and LILRB4 with C1q chains and induced collagen types (Spearman r; p*<0.05 to p***<0.001).

(C) Significant induction of TGFb1 transcription (Kruskal-Wallis test). Protein measurement by immunohistochemistry and western blotting does not reveal a

significant difference of covid-19 lungs to controls (Mann-Whitney test).

(D) Strong induction of immune checkpoint inhibitors in covid-19 (order according to z-score).
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as a blue-print for a ‘‘holistic’’ autopsy approach tempting to gain relevant pathophysiological insights from

a newly emerging disease (Layne et al., 2022). Viral genotyping facilitated directly from autopsy material

provided epidemiologic clues about transmission and captured already early events of viral genetic adap-

tation. Of note, a significant proportion of corpses yielded cultivable SARS-CoV-2 indicating that autopsy

might facilitate virus spread and that special safety requirements should be applied during post-mortem

examinations of covid-19 patients (Loibner et al., 2021). Our investigation showed that covid-19 lung pa-

thology is multifaceted and that a major discriminator of lethal courses is DAD and the presence of second-

ary infections. This was evident by histology but also mirrored by the deep transcriptomic analysis and

microbiology. Secondary infections are reported to develop in up to 42% of patients with covid-19 (Buehler

et al., 2021). Notably, DAD caused by the virus itself and secondary infections are chronologically divergent

and provoke overtly different host reactions. It is also noteworthy that SARS-CoV-2 infection alone might

not trigger prominent neutrophil recruitment to the lung at all and neutrophil signatures found in recent

covid-19 studies might likely already indicate secondary infections (Liao et al., 2020; Melms et al., 2021;

Nie et al., 2021; Wauters et al., 2021; Xu et al., 2020). Thus, it is important to seek for a proper pre-classi-

fication of tissue samples based on histology to omit wrong conclusions in molecular down-stream

analyses.

The resident lung microbiome is a relevant factor in the pathogenesis of lung infections and reported to be

altered in sepsis and DAD (Dickson et al., 2016; Luyt et al., 2020). Secondary lung infections are also compli-

cating influenza, SARS and MERS, wherein bacteria like S. aureus or Klebsiella spp. and fungi such as

Candida or Aspergillus spp. are found (Klein et al., 2016; Morens et al., 2008). Such microbial agents

were also present in our cohort. Curiously, the mechanistic understanding why secondary infections

develop on top of viral infections is still limited. We could not identify any associated clinical parameter

clearly correlated with secondary infections but showed that lung immunity is impaired in covid-19, which

might drive these infections. This finding was also underscored by the presence of polymicrobial infections

and EBV indicative for a general decreased immunity (Tangye et al., 2017). Typical comorbidities of covid-

19, like chronic kidney disease or diabetes, are already signified by a lowered immunity increasing the infec-

tion risk (Carey et al., 2018; Syed-Ahmed and Narayanan, 2019). Moreover, ICU admission and mechanical

ventilation are established risk factors for the development of pneumonias (Wu et al., 2019). Thus, second-

ary lung infections in covid-19 could originate from different sources including direct immune challenge by

SARS-CoV-2, the underlying condition andmedical interventions (Callender et al., 2020). Curiously, thema-

jority of our patients received antibiotics, which failed to effectively protect against secondary infections.

This circumstance might have been influenced by underdeveloped antibiotic regimens or ineffective sub-

stances (e.g., chloroquine; (Axfors et al., 2021)) given during the early pandemic but also from concomitant

therapeutic immunosuppression (e.g., corticosteroids) altogether modulating the infection risk on an

individual base. Notably, ICU admission and intubation, however, were generally associated with lower

neutrophil scores. Because all intubated patients received antibiotics in our series, this therapy might

have delayed secondary pneumonia development.

Severe cases of covid-19 typically present with high inflammatory markers complicating the distinction

between severe courses with pure DAD or bacterial or fungal secondary infections. As in our cohort,

hospitalized covid-19 patients are empirically treated with broad-spectrum antibiotics but efficacy of this

therapy is still debated (Sieswerda et al., 2021). Because patients frequently need prolonged hospitaliza-

tions and respiratory support, unnecessary antibiotic therapy also likely increases the risk of hospital-ac-

quired pneumonias caused by resistant bacteria. On a population level increased antibiotic usage likely

leads to rising antimicrobial resistance further complicating management of the pandemic (Chong et al.,

2021; Sopirala, 2021). Noteworthy, antibiotic challenge of the resident lung microbiome might also impact

secondary infection development. In analogy to the GI tract wherein depletion of the resident microbiome

potentially provokes overgrowth of pathogens (e.g., inC. difficile colitis; (Chang et al., 2008)), similar mech-

anisms might happen in the respiratory tract. Notably, we detected a significant reduced biodiversity in

Figure 7. Continued

(E) LAG3 transcriptional induction (Kruskal-Wallis test) and increased lymphocyte staining with LAG3 immunohistochemistry in covid-19 lung tissue (Mann-

Whitney test).

(F) Simultaneous transcriptional induction of immune checkpoint inhibitors in covid-19 lungs compared to controls (Pearson correlation; p*<0.05,

p***<0.001).

(G) Hierarchical clustering of immune checkpoint inhibitors in covid-19 cases shows a different grouping of samples with high viral loads (transcript

abundance) versus samples with the histological pneumonia category (clustering: average linkage; distance measure: Pearson).

ll
OPEN ACCESS

14 iScience 25, 104926, September 16, 2022

iScience
Article



lungs of our covid-19 patients which was likely influenced by antibiotics. Single reports indicate a rise of

secondary infections in the second pandemic wave compared to the initial phase indicating a fluctuating

picture of secondary infections (Fortarezza et al., 2022; Hedberg et al., 2022). This development might have

been influenced by several factors including a changed epidemiology of patients (different comorbidities

and ages), seasonal effects, which seem to be particularly important for the development of fungal

pneumonias but also changes in clinical practice (Ayzac et al., 2016; Group et al., 2021).

Immune exhaustion seems to follow the systemic immune hyperactivation in severe covid-19 and myeloid

cells, which are important for the recognition of virus infected cells, are key to initiate the proinflammatory

response (McGonagle et al., 2020; Merad and Martin, 2020). Recent single-cell transcriptomic studies of

covid-19 patients identified myeloid cells as a major induced cell type in BALF specimens with high propor-

tions of proinflammatory macrophages (Liao et al., 2020; Melms et al., 2021). Generally, M1-type macro-

phages dominate early DAD, whereas later DAD stages show increased M2-types involved in tissue repair

with immunosuppressive features (Huang et al., 2018). Thus, later (organizing) phases of DADmight be spe-

cifically prone to acquire secondary infections. Respiratory failure in covid-19 is linked to strong comple-

ment activation (Holter et al., 2020; Java et al., 2020; Messner et al., 2020), which likely occurs when the dis-

ease progresses (Nienhold et al., 2020). Extensive deposition of complement factors, including C1q, in

vessels and epithelial cells of lungs and skin was reported in covid-19 (Macor et al., 2021; Magro et al.,

2020). Notably, the SARS-CoV-2 spike-protein might directly activate complement via the alternative

pathway (Yu et al., 2020). Complement in covid-19 is currently discussedmainly in the context of endothelial

injury and fibrin-clot formation (Perico et al., 2021). Our study suggests another pathophysiological role,

wherein C1q andmacrophages might perpetuate immune impairment. Immune complexes formed by viral

antigens and antibodies can activate factor C1 as shown in SARS-CoV infection (Yang et al., 2005). C1q is

involved in the clearance of apoptotic and necrotic cells by phagocytes, a process termed efferocytosis

(Doran et al., 2020). Apoptosis and necrosis are prominent in covid-19 lungs (Filbin et al., 2021; Li et al.,

2020b; Mulay et al., 2021). During efferocytosis suppression of overwhelming inflammation is important

and phagocytes involved in this process are producing anti-inflammatory cytokines. Therefore, C1q binds

to molecules released from apoptotic and necrotic cells (e.g., phosphatidylserine, nucleic acids, etc.) and

these complexes are recognized by receptors present on phagocytes, like LAIR-1, conferring uptake and

inducing a tolerogenic state (Bohlson et al., 2014; Lu et al., 2008; Son et al., 2015; Thielens et al., 2017).

Noteworthy, binding of C1q to LAIR-1 on plasmacytoid DCs restricts the production of type I interferons

impairing antiviral defense, which also occurs in covid-19 (Son et al., 2012, 2015). The ‘‘DAD2’’ subtype

in our study shows increased macrophages, C1q and LAIR-1 and might therefore represent cases with a

lowered immune tone prone for the development of secondary infections. Overall the progression of early

(exudative) DAD into late (fibrotic) DAD indicates healing of ALI characterized by significant connective tis-

sue remodeling and a reduced inflammatory tone (Margaroli et al., 2021; Matthay et al., 2019). Immune sup-

pressive factors such as TGF-b1 are known to be involved in this process and also LAIR-1 and LILRB4 recog-

nizing collagens or collagen-like proteinsmight act anti-inflammatory during this disease phase (Fernandez

and Eickelberg, 2012; Fouet et al., 2021; Paavola et al., 2021; Son et al., 2012; Tomic et al., 2021). Moreover,

the synergistic induction of several tolerogenic factors including inhibitory immune-checkpoints (Bobca-

kova et al., 2021; Diao et al., 2020; Filbin et al., 2021; Files et al., 2021; Hadjadj et al., 2020; Jeannet

et al., 2020; Li et al., 2020a) and increased (apoptotic) cell death of immune-cells (Cizmecioglu et al.,

2021; Feng et al., 2020) altogether perpetuate immune failure in covid-19.

Limitations of the study

The limitations of our descriptive study are that causalities cannot be directly inferred and that the relatively

small cohort cannot reveal the entire picture of severe covid-19 and associated secondary infections.

Varying clinical courses and different comorbidities might also have influenced our findings. In addition,

treatment of covid-19 has changed since the early pandemic, thus, current severe courses and developing

sequels might also have changed. We also cannot be sure whether the two described forms of DAD might

represent just a spectrum of pathophysiological states or are specific pathotypes. Moreover, post-mortem

effects like RNA degradation might have introduced additional noise in our investigation. Nevertheless, we

found autopsy complemented with microbiology and molecular measures as a powerful tool to gain rele-

vant clues about covid-19 pathophysiology. Of importance, there exists an obvious knowledge gap in the

understanding of the molecular mechanisms driving the development of secondary infections on top of in

viral lung diseases. This should initiate further studies to understand the molecular pathways in more detail

and to unravel chronological phases of immuno-suppression which could also lead to development of
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rational therapies counteracting this sequel not only in covid-19. For these investigations, autopsy speci-

mens and associated molecular data might serve as a valuable resource.
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F.O. (2013). The SILVA ribosomal RNA gene
database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–
D596. https://doi.org/10.1093/nar/gks1219.

Ramlall, V., Thangaraj, P.M., Meydan, C., Foox, J.,
Butler, D., Kim, J., May, B., De Freitas, J.K.,
Glicksberg, B.S., Mason, C.E., et al. (2020).
Immune complement and coagulation
dysfunction in adverse outcomes of SARS-CoV-2
infection. Nat. Med. 26, 1609–1615. https://doi.
org/10.1038/s41591-020-1021-2.

Robinson, M.D., McCarthy, D.J., and Smyth, G.K.
(2010). edgeR: a Bioconductor package for
differential expression analysis of digital gene
expression data. Bioinformatics 26, 139–140.
https://doi.org/10.1093/bioinformatics/btp616.

Roquilly, A., Jacqueline, C., Davieau, M., Mollé,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-SARS-CoV-2 nucleoprotein monoclonal

rabbit antibody

Sino Biological Cat# 40143-R019; clone: 019;

RRID:AB_2827973

Anti-CD68 monoclonal mouse antibody Ventana Medical Systems Cat# 790-2931; clone: KP-1; RRID:AB_2335972

Anti-CD163 monoclonal mouse antibody Ventana Medical Systems Cat# 760-4437; clone: MRQ-26;

RRID:AB_2335969

Anti-TTF1 monoclonal mouse antibody Cell Marque Cat# 343M-96; clone: 8G7G3/1;

RRID:AB_1158937

Anti-TGFß1 polyclonal rabbit antibody Santa Cruz Biotechnology Cat# SC-146; RRID:AB_632486

Anti-TGFß polyclonal rabbit antibody Cell Signaling Technology Cat# 3711; RRID:AB_2063354

Anti-LAG3 polyclonal rabbit antibody Abcam Cat# ab180187; clone: EPR4392(2);

RRID:AB_2888645

Anti-C1q polyclonal rabbit antibody Agilent Cat# A0136; RRID:AB_2335698

Anti-GAPDH monoclonal rabbit antibody Cell Signaling Technology Cat# 2118; clone: 14C10; RRID:AB_561053

HRP-linked ECL Anti-Rabbit IgG GE Healthcare Cat# NA934; RRID:AB_772206

Dako REAL TM EnVision TMHRP rabbit/mouse

detection-system

Agilent Cat# K5007; RRID:AB_2888627

ultraView DAB detection-system Roche Cat# 760-500; RRID:AB_2753116

Bacterial and virus strains

SARS-CoV-2 strains from study This study N/A

Bacterial and fungal strains from study This study N/A

Biological samples

Autopsy tissue and body fluid samples This study N/A

Respiratory tract swabs This study N/A

Chemicals, peptides, and recombinant proteins

Thioglycollate broth Oxoid Cat# CM0173

OptiPro SFM medium Gibco Cat# 12309019

L-Glutamine Gibco Cat# 11539876

Penicillin-Streptomycin (10.000 U/ml) Gibco Cat# 11548876

TRIzol� Invitrogen Cat# 15596026

RIPA buffer Sigma Cat# R0278

Pefabloc Roche Cat# 11429868001

cOmpleteTM Mini Merck Cat# 11836153001

PhosSTOPTM Roche Cat# 4906845001

Laemmli buffer Bio-Rad Cat# 1610737EDU

Critical commercial assays

MagNA Lyser green beads tubes Roche Cat# 03358941001

Maxwell 16 LEV simplyRNA blood kit Promega Cat# AS1310

QIAamp Viral RNA Mini Kit Qiagen Cat# 221413

High-Capacity cDNA Reverse Transcription Kit

with RNase inhibitor

Applied Biosystems Cat# 4374966

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SuperScript III One-Step RT-PCR System with

Platinum Taq High Fidelity DNA Polymerase

mastermix

ThermoFisher Cat# 12574018

SYBR Green PCR Mastermix Applied Biosystems Cat# 4309155

Ampure XP beads Beckman Coulter Cat# A63881

NEBNext Fast DNA Fragmentation & Library

Prep Set for Ion Torren kit

New England Biolabs Cat# E6285L

KAPA RNA HyperPrep Kit with RiboErase

(HMR) for Illumina� platforms

KAPABIOSYSTEMS Cat# KR1351

16s Complete PCR Mastermix kit Molzym Cat# S-020-0250

QiaQick gel extraction kit Qiagen Cat# 28706X4

Ponceau S solution Sigma Cat# P7170

ECL Select Western Blot Reagent Amersham Cat# 12644055

RNAlater ThermoFisher Cat# AM7024

Deposited data

16S rRNA gene-, ITS- and RNAseq data European nucleotide archive (ENA) Acc. no. PRJEB45873

Experimental models: Cell lines

Vero CCL-81 cells European Collection of Authenticated

Cell Cultures

ECACC 84113001

Oligonucleotides

RdRp_SARSr-F

GTGARATGGTCATGTGTGGCGG

(Corman et al., 2020) N/A

RdRp_SARSr-P2

FAM-CAGGTGGAACCTCATCAGGAGATGC-

BBQ

(Corman et al., 2020) N/A

RdRp_SARSr-R

CARATGTTAAASACACTATTAGCATA

(Corman et al., 2020) N/A

N_Sarbeco_F CACATTGGCACCCGCAATC (Corman et al., 2020) N/A

N_Sarbeco_P

FAM-ACTTCCTCAAGGAACAACATTGCCA-

BBQ

(Corman et al., 2020) N/A

N_Sarbeco_R

GAGGAACGAGAAGAGGCTTG

(Corman et al., 2020) N/A

2019-nCoV_N1-F

GACCCCAAAATCAGCGAAAT

https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

2019-nCoV_N1-R

TCTGGTTACTGCCAGTTGAATCTG

https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

2019-nCoV_N2-F

TTACAAACATTGGCCGCAAA

https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

2019-nCoV_N2-R

GCGCGACATTCCGAAGAA

https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

2019-nCoV_N3-F

GGGAGCCTTGAATACACCAAAA

https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

2019-nCoV_N3-R

TGTAGCACGATTGCAGCATTG

https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

RP-F AGATTTGGACCTGCGAGCG https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

RP-R GAGCGGCTGTCTCCACAAGT https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GAPDH_f CCTCCACCTTTGACGCT https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

GAPDH_r TTGCTGTAGCCAAATTCGTT https://www.cdc.gov/coronavirus/2019-

ncov/lab/rt-pcr-panel-primer-probes.html

N/A

CoV_gen_f1 TAAAGGTTTATACCTTCCCAGG This study N/A

CoV_gen_r1

CAGATGTGAACATCATAGCATC

This study N/A

CoV_gen_f2

AAAGAGCTATGAATTGCAGACACC

This study N/A

CoV_gen_r2

GGAGGGTAGAAAGAACAATACA

This study N/A

CoV_gen_f3 GATGCTATGATGTTCACATCTG This study N/A

CoV_gen_r3

CAGAATCTGGATGAAGATTGCCAT

This study N/A

CoV_gen_f4 TGTATTGTTCTTTCTACCCTCC This study N/A

CoV_gen_r4

CTCCATCCAAATAAGTTGGACCAA

This study N/A

CoV_gen_f5

ATGGCAATCTTCATCCAGATTCTG

This study N/A

CoV_gen_r5

CACATCACCATTTAAGTCAGGGAA

This study N/A

CoV_gen_f6

TTGGTCCAACTTATTTGGATGGAG

This study N/A

CoV_gen_r6 CACTCTGCAACTAAGCCAAA This study N/A

CoV_gen_f7

TTCCCTGACTTAAATGGTGATGTG

This study N/A

CoV_gen_r7

GCCAGTAACTTCTATGTCAGATTG

This study N/A

CoV_gen_f8 TTTGGCTTAGTTGCAGAGTG This study N/A

CoV_gen_r8

CACTAGTAGATACACAAACACCAG

This study N/A

CoV_gen_f9

CAATCTGACATAGAAGTTACTGGC

This study N/A

CoV_gen_r9 CCAGCCTGTACCAAGAAATTA This study N/A

CoV_gen_f10

CTGGTGTTTGTGTATCTACTAGTG

This study N/A

CoV_gen_r10

CCAACCATGTCATAATACGCAT

This study N/A

CoV_gen_f11 TAATTTCTTGGTACAGGCTGG This study N/A

CoV_gen_r11

CCAACTTACGTTGCATGGCTG

This study N/A

CoV_gen_f12

ATGCGTATTATGACATGGTTGG

This study N/A

CoV_gen_r12

GGATGATCTATGTGGCAACGG

This study N/A

CoV_gen_f13

CAGCCATGCAACGTAAGTTGG

This study N/A

CoV_gen_r13

GGTGGTATGTCTGATCCCAATATT

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CoV_gen_f14 CCGTTGCCACATAGATCATCC This study N/A

CoV_gen_r14

GCATGTTAGGCATGGCTCTATCA

This study N/A

CoV_gen_f15

AATATTGGGATCAGACATACCACC

This study N/A

CoV_gen_r15 GGTCGTAACAGCATTTACAA This study N/A

CoV_gen_f16

TGATAGAGCCATGCCTAACATGC

This study N/A

CoV_gen_r16 GTCTCAGGCAATGCATTTAC This study N/A

CoV_gen_f17 TTGTAAATGCTGTTACGACC This study N/A

CoV_gen_r17

GCTTCTCTAGTAGCATGACACCC

This study N/A

CoV_gen_f18 GTAAATGCATTGCCTGAGAC This study N/A

CoV_gen_r18

CACATGGACTGTCAGAGTAATAGA

This study N/A

CoV_gen_f19

GGGTGTCATGCTACTAGAGAAGC

This study N/A

CoV_gen_r19

CACTTAGATGAACCTGTTTGCGC

This study N/A

CoV_gen_f20

TCTATTACTCTGACAGTCCATGTG

This study N/A

CoV_gen_r20

GACTAGAGACTAGTGGCAATAA

This study N/A

CoV_gen_f21

GCGCAAACAGGTTCATCTAAGTG

This study N/A

CoV_gen_r21 GCAAATCTGGTGGCGTTAAA This study N/A

CoV_gen_f22

TTATTGCCACTAGTCTCTAGTC

This study N/A

CoV_gen_r22

GAGGAGAATTAGTCTGAGTCT

This study N/A

CoV_gen_f23 TTTAACGCCACCAGATTTGC This study N/A

CoV_gen_r23

GCTCTGATTTCTGCAGCTCTAATT

This study N/A

CoV_gen_f24 AGACTCAGACTAATTCTCCTC This study N/A

CoV_gen_r24

CCTTGGAGAGTGCTAGTTGCC

This study N/A

CoV_gen_f25

AATTAGAGCTGCAGAAATCAGAGC

This study N/A

CoV_gen_r25

GGCATAGGCAAATTGTAGAAGACA

This study N/A

CoV_gen_f26

GGCAACTAGCACTCTCCAAGG

This study N/A

CoV_gen_r26

GTGAAACTGATCTGGCACGTAACT

This study N/A

CoV_gen_f27

TGTCTTCTACAATTTGCCTATGCC

This study N/A

CoV_gen_r27

CCATAGGGAAGTCCAGCTTCTG

This study N/A

CoV_gen_f28

AGTTACGTGCCAGATCAGTTTCAC

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CoV_gen_r28 GTCCTCCCTAATGTTACACA This study N/A

CoV_gen_f29

CAGAAGCTGGACTTCCCTATGG

This study N/A

CoV_gen_r29 TTTGTATGCGTCAATATGCTT This study N/A

CoV_gen_f30 TGTGTAACATTAGGGAGGAC This study N/A

CoV_gen_r30 TTTGTCATTCTCCTAAGAAGC This study N/A

16S_515_f TGCCAGCAGCCGCGGTAA (Maiwald 2011)

16S_806_r GGACTACCAGGGTATCTAAT (Maiwald 2011)

ITS1 TCCGTAGGTGAACCTGCGG (Halwachs et al., 2017)

ITS2 GCTGCGTTCTTCATCGATGC (Halwachs et al., 2017)

Software and algorithms

R (v4.1) https://www.R-project.org/ N/A

GISAID SARS-CoV-2 (hCoV-19) database GISAID https://www.gisaid.org

clustalw (v2.1) (Larkin et al., 2007) ftp://ftp.ebi.ac.uk/pub/software/clustalw2/

figtree (v1.4.4) http://tree.bio.ed.ac.uk/software/figtree/

STAR (Dobin et al., 2013) https://github.com/alexdobin/STAR

bowtie2-2.4.1 (Langmead and Salzberg 2012) http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

HTSeq (v0.12.4) G Putri, S Anders, PT Pyl, JE Pimanda, F Zanini

Analysing high-throughput sequencing data in

Python with HTSeq 2.0 https://doi.org/10.

1093/bioinformatics/btac166(2022)

https://htseq.readthedocs.io/en/master/

xCell (Aran et al., 2017) https://github.com/dviraran/xCell

edgeR (Robinson et al., 2010) https://bioconductor.org/packages/release/

bioc/html/edgeR.html

Gene set enrichment analysis online tool (Subramanian et al., 2005) https://www.gsea-msigdb.org/gsea/

msigdb/annotate.jsp

Single-cell atlas database SCovid (Qi et al., 2022) http://bio-annotation.cn/scovid/

MetaPhlAn2 (v2.6.0) (Segata et al., 2012) https://github.com/biobakery/MetaPhlAn2

Pathseq (GATK v4.1.0.0) (Kostic et al., 2011) https://github.com/broadinstitute/gatk

QIIME2 (v. 2020.6) (Bolyen et al., 2019) https://qiime2.org/

LEfSe (Segata et al., 2011) https://www.bioconductor.org/packages/

release/bioc/html/lefser.html

DADA2 (Callahan et al., 2016) https://bioconductor.org/packages/release/

bioc/html/dada2.html

UNITE reference database (Nilsson et al., 2018) Nilsson RH, Larsson K-H,

Taylor AFS, Bengtsson-Palme J, Jeppesen TS,

Schigel D, Kennedy P, Picard K, Glöckner FO,

Tedersoo L, Saar I, Kõljalg U, Abarenkov K.

2018. The UNITE database for molecular

identification of fungi: handling dark taxa and

parallel taxonomic classifications. Nucleic

Acids Research, https://doi.org/10.1093/

nar/gky1022

https://unite.ut.ee/

SILVA reference database (Quast et al., 2013) https://www.arb-silva.de/

bcftools (v1.3.1) http://github.com/samtools/bcftools

Incscape (v0.92) https://inkscape.org/de/release/

inkscape-0.92/

fastx (v0.0.13) http://hannonlab.cshl.edu/fastx_toolkit/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Gregor Gorkiewicz (gregor.gorkiewicz@medunigraz.at)

Materials availability

There are restrictions to the availability of tissue samples, viral, bacterial and fungal strains generated by

the study (e.g. ethics, biosafety). Inquiries should be directed to the lead contact.

Data and code availability

The RNAseq, 16S rRNA gene and ITS amplicon sequencing data has been deposited in the European

Nucleotide Archive (ENA): PRJEB45873.

This paper does not report original code.

Any additional information required to re-analyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Twenty consecutive covid-19 patients which deceased at the first pandemic peak in our institution (23/3/

2020 and 26/4/2020) were post-mortally examined. In addition, 14 age-matched non-covid-19 controls

which deceased within the same time period were included for subsequent analyses. They were selected

based on age and matching comorbidities. Details of subjects are given in the main text and Tables S1 and

S2. The study was approved by the ethics committee of the Medical University of Graz (EK-number: 32–362

ex 19/20).

METHOD DETAILS

Autopsy procedure & specimen collection

Autopsies were performed according to CDC guidelines (https://www.cdc.gov/coronavirus/2019-ncov/

hcp/guidance-postmortem-specimens.html) and the epidemic response plan of the county of Styria in a

BSL-3 facility that has been specifically designed for post-mortem examinations and sample collection

(Loibner et al., 2021). Full autopsies were performed and swabs (eSwab, Copan), tissue and body fluid sam-

ples were taken. To omit cross-contaminations between the respiratory tract and the GI tract, the autopsy

was sequentially performed. First, the thorax was opened with sterile instruments and lungs and the upper

respiratory tract were dissected and sampled. Subsequently, the remaining organs were sectioned with

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

seqclean https://sourceforge.net/projects/seqclean/

samtools (Danecek et al., 2021) http://www.htslib.org/

GraphPad PrismTM https://www.graphpad.com/scientific-

software/prism/

ImageJ https://imagej.nih.gov/ij/index.html

BioRender https://biorender.com/

Other

eSwab Copan Cat# 80490CEA

Inform EBER Epstein Barr Virus early RNA kit Ventana Cat# 800-2824

ISH invers blue detection-system Ventana Cat# 800-092

Genbox anaer bioMérieux Cat# 45534

Blood agar BD Diagnostics Cat# 256506

MacConkey agar BD Diagnostics Cat# 215197

Chocolate agar BD Diagnostics Cat# 257456
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new sterile instruments and sampled. Tissues were immediately fixed in 10% buffered formalin (for histol-

ogy) or 2,5% buffered (sodium cacodylate; pH 6.5; Sigma) glutaraldehyde (for electron microscopy), snap

frozen in liquid nitrogen or preserved in RNAlater (ThermoFisher) and stored at -80�C until further

processing.

Histopathology and immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissue specimens were processed and stained according to stan-

dard procedures. Stains consisted of hematoxylin & eosin (H&E), periodic acid–Schiff (PAS), chromotrope

aniline blue (CAB), sirius red, Gomori, Prussian blue, Giemsa and toluidine blue. Chronic renal changes

involving the individual renal compartments were scored according to Sethi et al. (Sethi et al. (2017). Liver

fibrosis was scored according to Ishak et al. (Ishak et al. (1995). The following antibodies were used: Anti-

SARS-CoV-2 nucleoprotein (NP) antibody (dilution 1:100; detection-system: Dako REAL TM EnVision);

CD68 (dilution 1:100; detection-system: Ventana UltraView DAB); TTF1 (dilution 1:200; detection-system:

Dako K5007); TGFb1 (dilution 1:50; detection-system: Ventana UltraView DAB); LAG3 (dilution 1:5000;

detection-system: Dako K5007); C1q (dilution 1:5000; detection-system: Dako K5007); CD163 (dilution

1:50; detection-system: Ventana UltraView DAB). RNA in-situ hybridization for EBV was performed with

the Inform EBER Epstein Barr Virus early RNA kit and the detection-system ISH iView Blue Plus (Ventana).

Scoring of histological lung features

From each case multiple specimens from each lobe were taken to account for variations in disease repre-

sentation (at least 2 specimens per lobe corresponding to 10 specimens per case at least, mean: 13, range:

10-21) and assessed for histopathological features. The histologic progression of DAD includes classically 3

phases (exudative, proliferative, and fibrotic) that correlate with disease duration (Castro, 2006). In our se-

ries fibrotic (late) changes were only sparsely present (see Figure 2C) and early and late features of DAD

were heterogeneously distributed and often intermixed, thus, we summarized features into (a) early

(exudative) and (b) late (proliferative, fibrotic) phases for simplification, as well as included (c) additional

features present in DAD histopathology (Hughes and Beasley, 2017). Features consisted of: Interstitial

edema/thickening of the alveolo-capillary membranes (non-fibrotic); alveolar edema; hyaline membranes;

intra-alveolar (loose) fibrin; scaled of pneumocytes; intra-alveolar proliferation of pneumocytes; alveolar

septal fibrosis (early stage organizing DAD); alveolar septal fibrosis (end stage organizing DAD); bronchi-

alisation; squamous metaplasia; virus induced cellular changes in pneumocytes and/or alveolar macro-

phages; alveolar hemorrhage; interstitial hemorrhage; interstitial hemosidern (free); alveolar hemosiderin

(siderophages); fibrin thrombi (capillaries); fibrin thrombi (larger vessels); vascular remodeling (increased

density, vascular fissures); intra-alveolar macrophage accumulation; lymphocytes (within alveolo-capillary

membranes); lymphocytes (within interstitial space); intra-alveolar (fibro-) cellular infiltrate; lymphocytes

(alveolar); megakaryocytes (capillaries); alveolar neutrophils; bronchial neutrophils; a 4-grade scoring sys-

tem was used to describe the severity of the different pathological features. Score 0 (feature absent), score

1 (feature present in%33%), score 2 (feature present in%66%), score 3 (feature present in >66%). Scores

per slides were summed up and a final score (mean value) was calculated for the respective case.

Microbial culture and identification

Native lung tissues were transferred into mixing vessels (ProbeAX; AxonLab) containing 5 mL of physiolog-

ical saline and were homogenized using a dispersion instrument (ULTRA-TURRAX� Tube Drive; AxonLab).

The homogenates were inoculated (0.1 mL aliquots) onto aerobic blood agar, MacConkey agar, chocolate

agar, and anaerobic blood agar plates (BD Diagnostics) and into thioglycollate broth (Oxoid). Plates were

incubated at 35�C and 37 �C aerobically, in an atmosphere containing 5% carbon dioxide and anaerobically

(Genbox anaer, bioMérieux) for up to 14 days, respectively. Cloudy thioglycollate broths were sub-cultured

onto plates. Colonies were identified using matrix-assisted-laser-desorption-ionization time-of-flight

mass-spectrometry (MALDI-TOF MS) using the Vitek� MS (bioMérieux) or MALDI BiotyperTM (Bruker) in-

struments or by 16S rRNA gene sequencing (Gorkiewicz et al., 2003).

Virus isolation

Lung tissues and swabs from lung parenchyma were used for cultivation of SARS-CoV-2 (Table S3). After

mechanical disruption samples were frozen (�80 �C) and thawed (37 �C) twice to increase cell lysis and viral

release. 2 mLOptiPro SFMmedium (Gibco) with 4 mM L-Glutamine (Gibco) and 1% penicillin-streptomycin

(10,000 U/mL; Gibco) were added to the samples. After centrifugation (10 min, 1500 rcf) the supernatants
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were filtered through a 0.45 mm membrane filter (Millipore) and inoculated on Vero CCL-81 cells

with OptiPro SFM medium with 4 mM L-Glutamine and 1% penicillin-streptomycin in T25 flasks

(ThermoFisher). After 3–4 days incubation at 37 �C and 5% CO2, the whole cells were mechanically de-

tached with cell scrapers and passaged including the supernatant on to new Vero CCL-81 cells growing

in T75 flasks (ThermoFisher). After 1 week the cells were harvested and supernatants were stored after

centrifugation (10 min, 1500 rcf) at �80 �C. Viral load was determined by qRT-PCR as described below.

RNA extraction

Samples consisted of swabs (eSwab, Copan), tissues and body fluids, the latter were collected with sterile

syringes. Fresh tissues were sampled directly into Magna Lyser Green Beads tubes (Roche) pre-filled with

400mL lysis buffer. Tissues were homogenized with a MagnaLyser instrument (Roche) with 6500 rpm for

30 sec. and 3 repetitions. RNA was extracted from 200 mL eSwab solution, 200 mL liquid sample or tissue

homogenate using the Maxwell 16 LEV simplyRNA Blood Kit (Promega) according to the manufacturer’s

instructions. RNAs from Vero cell cultures were isolated by using the QIAamp Viral RNA Mini Kit (Qiagen)

without addition of carrier RNA and transcribed into cDNA with the High-Capacity cDNA Reverse Tran-

scription Kit with RNase Inhibitor (Applied Biosystems) according to manufacturer’s instructions.

SARS-CoV-2 quantitative RT-PCR

qRT-PCR for detection and quantification of SARS-CoV-2 in autopsy samples were performed as described

(Corman et al., 2020). Briefly, primers, probes and 5 mL of RNA were added to 10 mL of SuperScript III One-

Step RT-PCR System with Platinum Taq High Fidelity DNA Polymerase mastermix (ThermoFisher). PCR was

performed on a Quantstudio 7 instrument (ThermoFisher) with the following cycling conditions: 55 �C for

15 min, 95 �C for 3 min; 45 cycles consisting of 95 �C for 15 sec and 58 �C for 30 sec. Amplification data

was downloaded and processed using the qpcR package of the R project (https://www.r-project.org/).

Amplification efficiency plots were visually inspected and Cp2D (cycle peak of second derivative) values

were calculated for samples with valid amplification curves. Plots were generated with R using the reshape,

tidyverse and ggplot packages. qRT-PCR of virus cultures employed primer sets recommended by the CDC

detecting three different regions of the viral nucleocapsid andhumanRNAsePorGAPDHas control (https://

www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html). PCR was performed with the

SYBR Green PCR Mastermix (Applied Biosystems) on a Quantstudio 7 instrument (ThermoFisher) with the

following cycling conditions: 25 �C for 2 min, 50 �C for 15 min, 95 �C for 10 min, 45 cycles consisting of

95 �C for 3 sec and 55 �C for 30 sec.

Viral genome sequencing

PCR primers spanning the whole genome of SARS-CoV-2 were designed yielding in about 2kb amplicons

(Table S9). 2.5 mL of RNA were used in three separate RT-PCR reactions as described above with oligonu-

cleotide primers at 400 nM concentration with the following cycling conditions: 55 �C for 15 min, 95 �C for

3 min; 35 cycles consisting of 95 �C for 15 sec and 57 �C for 3 min; final extension at 72 �C for 10 min. PCR

products were combined and purified by incubation with 1.8X Ampure XP beads (Beckman Coulter)

followed by two washes with 75% ethanol and elution in 30 mL water. Amplicons were fragmented to

150–250 bp length and Ion Torrent barcode and sequencing adapters were ligated to the fragments using

the NEBNext Fast DNA Fragmentation & Library Prep Set for Ion Torren kit (New England Biolabs) accord-

ing to the manufacturer’s recommendations. Libraries were sequenced on an Ion Torrent S5XL instrument

using a 540 Chip Kit and the 200 bp sequencing kit (ThermoFisher). Sequences were aligned to the SARS-

CoV-2 reference genome (acc. no.:NC_045512.2) using TMAP (v5.10.11) and variants were called with the

Torrent Variant Caller (v5.10–12). All called variants were visually inspected and consensus sequences of

the viral genomes were generated with bcftools (v1.3.1). Consensus sequences were aligned using

clustalw (v2.1) (Larkin et al., 2007), guide trees were visualized in figtree (v1.4.4) and final adjustments

were made with Incscape (v0.92). SARS-CoV-2 genomes from our study were uploaded and analyzed

with the GISAID SARS-CoV-2 (hCoV-19) databasewhich can be accessed via https://www.gisaid.org/

epiflu-applications/next-hcov-19-app/ (Hadfield et al., 2018; Sagulenko et al., 2018).

RNA sequencing

Libraries for RNA sequencing (RNA-seq) from lung tissues (19 covid-19 cases #2-#20 and 7 control cases

#21, #23-#28) were prepped with the KAPA RNA HyperPrep Kit with RiboErase (HMR) for Illumina� plat-

forms (KAPABIOSYSTEMS) according to the manufacturers protocol. Slight modifications from the

ll
OPEN ACCESS

28 iScience 25, 104926, September 16, 2022

iScience
Article



protocol consisted of a fragmentation step at 65 �C for 1min, 12 cycles of PCR, as well as an additional

bead cleanup at the end of the prep. Libraries were pooled in two pools of 13 samples each by concen-

tration measured with Qubit (ThermoFisher), followed by a bead-cleanup step and an additional QC with

Qubit (ThermoFisher) and BioAnalyzer (Agilent). Sequences were resolved on a NovaSeq 6000

Sequencer (Illumina) with a standard paired-end protocol. RNA-seq data were aligned to the human

reference genome using STAR (Dobin et al., 2013) (GRCh38 assembly, Ensembl V99 gene models) in

2-pass mode with the following parameters: -sjdbOverhang 100-outFilterMultimapNmax 20-

outFilterMismatchNoverLmax 0.05-outFilterScoreMin 0-outFilterScoreMinOverLread 0-outSJfilterReads

Unique-outSJfilterOverhangMin 20 15 15 15 15-outSJfilterCountUniqueMin 3 3 3 3-outSJfilterCountTotalMin

3 3 3 3-outSJfilterDistToOtherSJmin 0 0 0 0--outSJfilterIntronMaxVsReadN 100000-alignIntronMin

20-alignIntronMax 100000–alignMatesGapMax 100000-alignSJoverhangMin 12-alignSJstitchMismatchNmax

5–1 5 5-alignSJDBoverhangMin 7-alignSplicedMateMapLmin 0-alignSplicedMateMapLminOverLmate 0.5-lim-

itSjdbInsertNsj 5000000-clip3pAdapterMMp 0.5-outSAMmultNmax 1-outSAMmapqUnique 60-outFilterType

BySJout-outSAMunmapped Within-outWigType bedGraph-outReadsUnmapped None SortedByCoordinate-

outSAMattrIHstart 1-twopassMode Basic-chimSegmentMin 8-chimOutType Junctions WithinBAM SoftClip-

chimScoreMin 1-chimScoreDropMax 20-chimJunctionOverhangMin 8-chimSegmentReadGapMax 3-quant-

Mode GeneCounts-outSAMstrandField intronMotif-outFilterIntronStrands None-chimMainSegmentMult

Nmax 2-outSAMattributes NH HI AS nM NM MD jM jI XS ch. Alignment to the virus genome reference

NC_045512.2 was performed using bowtie2-2.4.1 (Langmead and Salzberg, 2012) on all reads that did not

map to the human genome. Read counts on plus-/minus-strand were counted using custom python scripts.

Exact positioning of the reads on plus-/minus-strand was done splitting the bam files aligned to

NC_045512.2 using samtools-f 0 3 10 and samtools-F 0 3 10 (v0.1.19–44428cd) and bedtools genomecov-

ibam BAM NC_045512.2-d (bedtools v2.17.0).

RNA profiling

Gene counts were determined using HTSeq (v0.12.4) (Anders et al., 2015) and normalized as fragments per

kilobase per million (FPKM) after TMM correction. Gene set variation analysis (GSVA) was performed

against a set of immune signatures with xCell (Aran et al., 2017) and means were calculated per cell type

using custom R-scripts. Graphs and analyses were generated using R (v.3.6.0). Differential gene expression

was conducted using edgeR (Robinson et al., 2010). Differentially expressed genes were selected with

FDR<0.05, logCPM>1, and FPKM>1 in at least 5 samples. Clustering of differentially expressed genes

was performed using hclust hierachical clustering and subsequent cutting of the gene tree at R function

cutree with h = 0.25. Gene set enrichment analysis for clusters was done using the online tool (https://

www.gsea-msigdb.org/gsea/msigdb/annotate.jsp) (Subramanian et al., 2005) for canonical pathways

and FDR<0.05.

Single cell transcriptomic metanalysis

Selected genes from single-cell transcriptomic metadata from Xu et al. (Xu et al. (2020) and Delorey et al.

(Delorey et al. (2021) were analyzed with the single-cell atlas database SCovid (Qi et al., 2022).

Microbiome analysis based on RNAseq

Microbiome analysis was performed with the following steps using all reads from STAR alignment not map-

ping to the human reference: quality filtering using fastx-q 30-p 26-Q33 (v0.0.13) cleaning of the fasta file

using seqclean-x86_64-N-M-A, realigning to the human reference using blastn against all databases and

removal of all reads with 94% similarity. Remaining reads were annotated using MetaPhlAn2 (v2.6.0)

(Segata et al., 2012) and Pathseq (GATK v4.1.0.0) (Kostic et al., 2011) with default settings.

Microbiome analysis based on the 16S rRNA gene and internal transcribed spacers (ITS)

Bacterial (16S rRNA gene) and fungal (ITS) microbiome analysis from lung tissue was done from FFPE sam-

ples which enabled us to preselect samples based on histology showing unambiguous pathology (i.e. DAD

vs. pneumonia). DNA was extracted from FFPE tissues using the Maxwell 16 Tissue DNA Purification Kit

(Promega). DNA concentration was measured by Picogreen fluorescence. The variable V4 region of the

bacterial 16S rRNA gene was amplified with PCR using oligonucleotide primers 16S_515_f and

16S_806_r (Maiwald, 2011) from 50 ng DNA extracted from lung tissue. Likewise, fungal ITS sequences

were amplified with primers ITS1 and ITS2 (Halwachs et al., 2017). PCR was performed using the 16S Com-

plete PCR Mastermix Kit (Molzym). The first PCR reaction product was subjected to a second round of PCR
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with primers fusing the 16S/ITS primer sequence to the A and P adapters necessary for Ion Torrent

sequencing whileadditionally including a molecular barcode sequence to allow multiplexing of up to

96 samples simultaneously. PCR products were subjected to agarose gel electrophoresis and the band

of the expected length (about 330 bp) was excised from the gel and purified using the QIAQick (Qiagen)

gel extraction system. DNA concentration of the final PCR product was measured by Picogreen fluores-

cence. Amplicons from up to 60 samples were pooled equimolarly and sequencing was performed on

Ion Torrent XL benchtop sequencer using the Ion 400 bp sequencing chemistry (all reagents from

ThermoFisher). Sequences were split by barcode and transferred to the Torrent suite server. Raw bam-files

comprised of single-end reads generated by NGS, were converted from bam files to fastq.gz files by using

samtools (Danecek et al., 2021). Quality control and preprocessing of sequences was performed using

FastQC (version 0.7), MultiQC (version 1.7) and trimmomatic (version 0.36.5) using following parameters:

LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:200. Sequence processing and microbiome

analysis was performed using QIIME2 (version 2020.6) (Bolyen et al., 2019). After quality filtering all samples

with less than 9833 reads/sample were excluded from downstream analysis. In concordance with RNA-Seq

analysis Covid-1 was excluded for sub-analysis (cause of death: myocardial infarction), resulting in 18

Covid-19 and 12 control samples for 16S analysis (average frequency: 28201.7 reads/sample). For ITS anal-

ysis only 1 sample showed more than 9833 reads/per sample (case #18: 10272 reads). All other samples

showed no clear ITS signal with a sequencing depth of maximum 219 reads per sample and were therefore

discarded. Denoising, dereplication and chimera filtering of single-end reads were performed using

DADA2 (denoise-pyro) (Callahan et al., 2016). 16S-based analysis was performed with the latest SILVA

138 taxonomy and the Naive Bayes classifier trained on Silva 138 99% OTUs full-length sequences (Quast

et al., 2013). For ITS-based analysis a classifier was trained on the UNITE reference database (ver8-99-clas-

sifier; 04.02.2020) (Nilsson et al., 2019) according to John Quensen (http://john-quensen.com/tutorials/

training-the-qiime2-classifier-with-unite-its-reference-sequences/; assessed 20/08/2020). Differences in

microbial composition between groups were tested with implemented QIIME2 plugins using PERM-

ANOVA (p < 0.05, qiime diversity beta-group-significance: Bray-Curtis, Jaccard, Unweighted UniFrac,

Weighted UniFrac) and Kruskal-Wallis (p < 0.05, qiime diversity alpha-group-significance: Observed fea-

tures, Shannon, Evenness, Faith PD). For metagenomic biomarker discovery taxonomic feature-tables

served as input for the LEfSe (linear discriminant analysis effect size) method (Galaxy version 1.0;

p < 0.05, LDA>2, All-against-all) (Segata et al., 2011). Plots were generated with R (version 3.6.2)6 in RStudio

(1.1.463)7 using following packages: tidyverse (1.3.0)8, qiime2r (0.99.6)9, ggplot2 (3.3.3)10, dplyr (1.0.6)11

and ggpubr (0.4.0.999)12 and GraphPad Prism. The graphical abstract was created with BioRender

(www.BioRender.com).

Protein isolation and western blot

Proteins from lung tissues were extracted with TRIzol� (ThermoFisher) according to the supplier’s proto-

col. Briefly, tissue homogenates were subjected to phase separation wherein the organic phase containing

the protein was further processed. Four volumes of ice-cold acetone were added to the organic phase and

the mixture was incubated at �20 �C overnight, followed by a centrifugation step (13000 rpm) at 4 �C for

15 min. The supernatant was discarded and the pellets were dried at 60 �C for 60 min. Subsequently,

100 mL RIPA buffer (Sigma) containing protease inhibitors and phosphatase (0.1 mM Pefabloc, 1 mM

DTT, 1X cOmpleteTM Mini, 1X PhosSTOPTM) and 1 % SDS (Roche) were added and the mixture incubated

at 65 �C for 90 min. Supernatants were transferred to a new Eppendorf tube and 100 mL 8 M urea in 0.05 M

Tris (pH 8,5) and 1% SDS were added and incubated at 55 �C for 30 min. Corresponding supernatants and

pellets were pooled and transferred to 2 mL MagNA Lyser tubes (Roche) with ceramic beads and

homogenized 2 times at 6500 rpm for 20 sec. Samples were incubated on ice for 10 min and subsequently

centrifugated with 13000rpmat 4 �C for 15 min. Supernatants were transferred to new Eppendorf tubes. For

western blotting proteins were mixed with 4X Laemmli buffer (Bio-Rad) and incubated for 10minat 95 �C

and then loaded onto 11% (v/v) SDS-PAGE gels (Amersham) and electrophoresed at 80 mA for 2 h and sub-

sequently transferred onto nitrocellulose membranes (Amersham). Blotting efficiency was determined with

Ponceau staining (Ponceau S solution, Sigma). Non-specific binding was blocked with 5% (w/v) non-fat dry

milk (Bio-Rad) in TRIS-buffered saline and 0.1% (v/v) Tween 20 (Merck) for 1 h. Subsequently, the mem-

branes were incubated with antibodies against C1q (Dako Denmark A/S 1:5000), TGFß1 (Cell Signaling

Technology, 1:1000), and GAPDH (Cell Signaling Technology, 1:1000) overnight at 4 �C. Thereafter, mem-

branes were washed and incubated with the appropriate HRP-conjugated secondary antibody (Amersham,

ECL Anti-Rabbit IgG, 1:5000). Immunolabeling was detected using ECL Select Western Blot Reagent

(Amersham) and visualized with the ImageQuant� LAS 500 instrument (Amersham). GAPDH was used as
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loading control to determine protein abundance and band density was quantified and compared by using

ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism and R were used for data analysis and imaging. All data are represented as meansG SD if

not otherwise specified. Statistical significance testing employed the Mann-Whitney and Kruskal-Wallis

tests and p-values <0.05 were considered statistically significant. Correlation analyses employed Spearman

and Pearson correlation. For differentially gene expression and gene enrichment analyses a False

Discovery Rate (FDR) <0.05 was used. Permanova was used for statistical determination in the Principal

Component Analysis (PCA). The n number is specific for the number of human subjects.
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Rapid detection of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) is essential 

to prevent viral dissemination. Rapid antigen tests 
(RATs) have recently been approved and are now 
widely used in the current coronavirus disease (CO-
VID-19) pandemic (1). Although the performance of 
RATs has been evaluated extensively in clinics (2–4), 
data on postmortem testing are still lacking (5).

We performed a prospective cohort study in which 
we evaluated the performance of the Roche/SD Bio-
sensor SARS-CoV-2 RAT (https://www.roche.com) 
in 30 consecutive deceased COVID-19 patients at the 
University Hospital, Medical University of Graz (Graz, 
Austria), during November 28–December 23, 2020. 
We tested each corpse with nasopharyngeal swabs 
for RAT (using the manufacturer’s kit) and eSwabs 
(https://www.copanusa.com) for quantitative reverse 
transcription PCR (qRT-PCR) targeted to the viral en-
velope (E) and nucleocapsid (N) genes of SARS-CoV-2. 
Furthermore, we used virus isolation from lung tissue 
swabs from an additional cohort of deceased COV-
ID-19 patients (n = 11) to compare molecular detection 
and virus cultivability (Appendix, https://wwwnc.
cdc.gov/EID/article/27/6/21-0226-App1.pdf).

All patients were Caucasian, median age was 78 
years (range 62–93 years), and 51.2% were female. 
The median disease duration (interval between the 
Àrst positive SARS-CoV-2 PCR and death) was 11 
days (range 1–43 days). The median postmortem in-
terval (time between death and specimen sampling) 
was 23 hours (range 8–124 hours; Table; Appendix).

PCR is the current standard for SARS-CoV-2 de-
tection (1,2). In our cohort, qRT-PCR targeted to the 
E gene showed a higher sensitivity than qRT-PCR for 

Detecting severe acute respiratory syndrome coronavi-
rus 2 in deceased patients is key when considering ap-

propriate safety measures to prevent infection during 
postmortem examinations. A prospective cohort study 
comparing a rapid antigen test with quantitative reverse 
transcription PCR showed the rapid test’s usability as a 
tool to guide autopsy practice.
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the N gene (Appendix Figure 1). Consequently, we 
used E gene qRT-PCR as the reference in subsequent 
evaluations. Results showed that 80% (24/30) of cases 
were qRT-PCR positive, whereas 56.7% (17/30) were 
RAT positive (Figure, panel A). RAT had an overall 
speciÀcity of 100% (95% CI 61%–100%) and an over-
all sensitivity of 70.8% (95% CI 50.8%–85.1%) when 
using E gene qRT-PCR as the reference. RAT nega-
tive cases showed signiÀcantly higher C

t
 values in 

qRT-PCR compared with RAT positive cases (mean 
38.24 [SD 7.01] vs 20.74 [SD 3.46]; Figure, panel B). 
Correspondingly, RAT sensitivity increased when 
cases were stratiÀed according to C

t
 values (C

t
 <35, 

sensitivity 73.9% [95% CI 53.5%–87.5%]; C
t
 <30, sensi-

tivity 94.4% [95% CI 74.2%–99.7%]; C
t
 <25, sensitivity 

100% [95% CI 80.6%–100%]; (Table; Appendix Table 
1). Furthermore, when we compared qRT-PCR results 
from nasopharyngeal swabs of patients in which vi-
ral culture was performed (from corresponding lung 
tissue swabs of an additional cohort), cultivability 
was restricted to cases with C

t
 values <23.7, which is 

below the threshold of false-negative RAT cases (C
t
 

values >25.8; Figure, panels B, C). These results are 
in line with most clinical RAT studies that also used 
virus culture (2–4,6), in which cultivability is exceed-
ingly rare in cases with low viral loads determined 
with qRT-PCR. We used cultivation from lung tissue 
swab specimens for this analysis because the lung of-
ten shows increased SARS-CoV-2 loads in deceased 
patients (7; Appendix Table 2) and therefore repre-
sents a major infection source during autopsy.

Furthermore, we determined parameters that 
inÁuenced test performance. We noted a signiÀcant 
positive correlation between disease duration and C

t
 

values (Figure, panel D). Such correlation was also 
evident in RATs; all cases with disease courses >17 
days were RAT negative (Figure, panel E). Postmor-
tem intervals did not correlate with C

t
 values or RAT 

results (Figure, panels G, H). Thus, a long disease du-
ration rather than a long postmortem interval seems 
to be the main factor for increased C

t
 values and nega-

tive RATs. RAT and cultivation results closely mir-
rored each other with respect to viral load (Figure, 
panels B, C), disease duration (Figure, panels E, F), 
and postmortem interval (Figure, panels H, I).

Although RAT had an overall lower sensitivity 
than qRT-PCR in this study, our data suggest that 
viral loads of false-negative RAT cases are probably 
below the threshold of cultivability. Because culture 
is regarded as a measure of virus viability and infec-
tivity (8), these cases likely pose only minimal risks of 
SARS-CoV-2 transmission during postmortem exam-
inations. However, each corpse having a postmortem 
evaluation must be treated as potentially infectious. 
Even a PCR-negative nasopharyngeal swab specimen 
does not exclude the presence of viable virus in other 
body sites, as shown in COVID-19 (7), thus empha-
sizing the general application of appropriate autopsy 
safety measures. 

In conclusion, RAT should not be seen as a po-
tential replacement for but rather as an addition to 
of current postmortem testing strategies. Especially 

 
 Patient characteristics and postmortem data for investigation of rapid antigen test for postmortem evaluation of SARS-CoV-2 

carriage, Graz, Austria* 

Characteristic RAT cohort, n = 30 Culture cohort, n = 11 
Age, y, median (range) 78 (62–93) 79 (65–93) 
Sex, no. (%)   
 M 14 (47.7) 6 (56) 
 F 16 (53.3) 5 (45.4) 
Disease duration,† d, median (range) 12 (1–43) 9 (3–34) 
Postmortem interval‡, h, median (range) 22 (8–124) 25 (14–68) 
qRT-PCR positive, no. (%) 24 (80) 11 (100) 
Ct value, median (range)   
 E gene 22.8 (14.1–37.3) 19.9 (13.7–36.0) 
 N gene 26.9 (18.0–34.6) 24.6 (17.3–33.7) 
Cultivation positive, no. (%) NA 7 (63.6) 
RAT positive, no. (%) 17 (56.7%) NA 
Total RAT specificity (95% CI§), n = 30 100% (61%–100%) NA 
RAT sensitivity (95% CI§), n = 30 70.8% (50.8%–85.1%) NA 
 Total, n = 30   
 Ct <35,¶ n = 23 73.9% (53.5%–87.5%) NA 
 Ct <30,¶ n = 18 94.4% (74.2%–99.7%) NA 
 Ct <25,¶ n = 16 100% (80.6%–100%) NA 
*Ct, cycle threshold; E, envelope; N, nucleocapsid; NA, not applicable; qRT-PCR, quantitative reverse transcription PCR: RAT, rapid antigen test; SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Interval from first positive (antemortem) SARS-CoV-2 PCR to death. 
‡Interval from death to specimen sampling. 
§Determined via the hybrid Wilson/Brown method ( ). 
¶Determined via E gene qRT-PCR. 
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when qRT-PCR is not readily available, RAT might 
be useful in selecting the most hazardous corpses that 
should be examined under special conditions (e.g., 
Biosafety Level 3 [9]). RAT could therefore be a valu-
able adjunct tool in guiding autopsy practice.
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Figure. Postmortem detection and cultivation of SARS-CoV-2 for investigation of RAT for postmortem evaluation of SARS-CoV-2 
carriage, Graz, Austria. A) Among 30 deceased SARS-CoV-2 patients, RAT detected fewer positive cases than did qRT-PCR. B) RAT-
negative cases show signi¿cantly higher C

t
 values in qRT-PCR compared with RAT-positive cases (Mann-Whitney test). C) Cultivation 

negative and positive cases mirror C
t
 values of RAT results (Mann-Whitney test). D–F) Longer disease durations are signi¿cantly 

correlated with higher C
t
 values (Spearman correlation test; D), negative RAT results (Mann-Whitney test; E), and negative cultivation 

results (Mann-Whitney test; F). G–I) No signi¿cant correlation was found between postmortem intervals and C
t
 values (Spearman 

correlation test; G), RAT results (Mann-Whitney test; H), or cultivation results (Mann-Whitney test; I). C, cultivation; C
t
, cycle threshold; 

neg, negative; qRT-PCR, quantitative reverse transcription PCR; RAT, rapid antigen test; SARS-CoV-2, severe acute respiratory 
syndrome coronavirus 2; +, positive; –, negative.
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Coronavirus disease (COVID-19) is caused by se-
vere acute respiratory syndrome coronavirus 

2 (SARS-CoV-2), which emerged in Wuhan, China, 

We documented 4 cases of severe acute respiratory syn-

drome coronavirus 2 reinfection by non–variant of con-

cern strains among healthcare workers in Campinas, Bra-

zil. We isolated infectious particles from nasopharyngeal 
secretions during both infection episodes. Improved and 
continued protection measures are necessary to mitigate 
the risk for reinfection among healthcare workers.

1These authors contributed equally to this article.
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The mutual value of histopathology and ITS sequencing in the diagnosis of mucormycosis

Aims: Mucormycosis is a fast-progressing disease

with a high mortality rate. The most important factor

determining survival of patients is early and accurate

diagnosis. Although histopathology often recognises

invasive mould infections at first, histomorphology

alone is insufficient in providing an accurate diagno-

sis. Unbiased molecular methods to detect and iden-

tify fungi are promising, yet their role in

complementing routine histopathological workflows

has not been studied sufficiently.

Methods and results: We performed a retrospective

single-centre study examining the clinical value of

complementing histopathology with internal tran-

scribed spacer (ITS) sequencing of fungal DNA in the

routine diagnosis of mucormycosis. At our academic

centre, we identified 14 consecutive mucormycosis

cases diagnosed by histopathology and subsequent

ITS sequencing. Using histomorphological examina-

tion, fungal hyphae could be detected in all cases;

however, morphological features were unreliable

regarding specifying the taxa. Subsequent ITS

sequencing identified a remarkable phylogenetic

diversity among Mucorales: the most common species

was Rhizopus microsporus (six of 14; 42.9%), followed

by Lichtheimia corymbifera (three of 14, 21.4%) and

single detections of Rhizopus oryzae, Actinomucor ele-

gans, Mucor circinelloides, Rhizomucor pusillus and Rhi-

zomucor miehei (one of 14; 7.1%, respectively). In one

case, we additionally detected Pneumocystis jirovecii in

the same lung tissue specimen, suggesting a clinically

relevant co-infection. Fungal culture was performed

in 10 cases but yielded positive results in only two of

10 (20%), revealing its limited value in the diagnosis

of mucormycosis.

Conclusions: Our study demonstrates that a combina-

tion of histopathology and ITS sequencing is a practi-

cally feasible approach that outperforms fungal culture

in detecting Mucorales in tissue-associated infections.

Therefore, pathologists might adapt diagnostic work-

flows accordingly when mucormycosis is suspected.

Keywords: histopathology, ITS sequencing, molecular pathology, mucormycosis, mycology

Introduction

The rising incidence of mucormycosis during the

COVID-19 pandemic has increased awareness of this

rare but highly lethal fungal infection. The fast-

progressing clinical course of mucormycosis leads to

an overall mortality rate of up to 80%.1,2 However,
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individual prognosis varies, and is largely dependent

upon early and accurate diagnosis.3 In contrast to

aspergillosis there are currently no routine antigen

tests available for mucormycosis,4 although promis-

ing serological tests have been described recently.5,6

Furthermore, fungal culture has a low sensitivity in

detecting Mucorales.3,7 It is noteworthy that histo-

pathological identification of moulds within tissue

samples is often the first hint towards a diagnosis of

mucormycosis.7 However, exact specification via mor-

phology remains error-prone; in particular, the differ-

entiation of Mucorales from Aspergillus spp. (e.g. by

the size of hyphae, septation features, etc.) often falls

short, but is clinically highly relevant because of

divergent treatment regimens.8 Thus, the inclusion of

molecular methods into existing diagnostic workflows

could prove valuable. In this study, we aimed to

assess the clinical value of complementing traditional

diagnostic measures with internal transcribed spacer

(ITS) sequencing in the routine histopathology

workup of fungal infections.

Methods

We performed a retrospective single-centre study

comparing the diagnostic performance of fungal cul-

ture, histopathology and ITS sequencing in detection

of mucormycosis. The study was approved by the

ethics committee of the Medical University of Graz

(EK-number: 32–362 ex 19/20). Our cohort included

all consecutive mucormycosis cases diagnosed by his-

topathology and subsequent ITS sequencing at our

academic centre between 2015 and 2022. Clinical,

pathological and microbiological metadata of these

cases were collected retrospectively from electronic

medical records and correlated with sequencing

results.

ITS sequencing was performed as previously

described.9–11 Briefly, DNA extraction from formalin-

fixed paraffin-embedded (FFPE) tissues was performed

via mechanical tissue disruption (MagNA Lyser;

Roche, Indianapolis, IN, USA) and via an semi-

automated extraction system (Maxwell Tissue DNA

Purification; Promega, Madison, WI, USA). DNA con-

centration was measured by Picogreen fluorescence

(Promega) and fungal ITS sequences were amplified

with the primers ITS1 50-TCCGTAGGTGAACCTGCGG-

30 and ITS2 50-GCTGCGTTCTTCATCGATGC-30.

Sequencing was performed on the Ion Torrent S5XL

platform using the Ion 400 bp Sequencing Kit

(Thermo Fisher Scientific, Waltham, MA, USA). All

sequences were bioinformatically processed as

previously described.9–11 The phylogenetic relatedness

of detected Mucorales ITS sequences was inferred by

using the maximum likelihood method and the

Tamura–Nei model,12 conducted with MEGA11.13,14

Results

We identified 14 consecutive mucormycosis cases diag-

nosed by histopathology and subsequent ITS sequenc-

ing. Ten patients were male, and the median age was

53.5 years (range = 5–74 years). All 14 patients had

severe comorbidities, mainly haematological malignan-

cies (10 of 14, 71.4%). The most common specimen

site of ITS-based Mucorales detection was the lung

(eight of 14; 57.1%), followed by the upper respiratory

tract and the myocardium (two of 14; 14.3%, respec-

tively), as well as bone and soft tissue (one of 14,

7.1%, respectively). Clinicopathological characteristics

of our cohort are summarised in supporting informa-

tion, Table S1. Using histomorphological examination,

fungal hyphae could be detected in all cases and

always presented with angioinvasion (Figure 2), a

hallmark feature of mucormycosis. This angioinvasiv-

ness often leads to vascular occlusion and subsequent

infarction of the infected organ, mimicking thrombo-

embolic events clinically. Importantly, angioinvasion is

regarded as the main factor driving the fast-

progressing clinical course of mucormycosis.15 Labora-

tory findings are summarised in supporting informa-

tion, Tables S2 and S3. Of note, all cases with

available blood laboratory parameters presented with

varying degrees of lymphopaenia (lymphocyte count

range = 0.1–0.9 9 109/l, median = 0.4 9 109/l).

Detected Mucorales showed a remarkable phyloge-

netic diversity. The most common species was Rhizopus

microsporus (six of 14; 42.9%), followed by Lichtheimia

corymbifera (three of 14, 21.4%) and single detections

of Rhizopus oryzae, Actinomucor elegans, Mucor circinel-

loides, Rhizomucor pusillus and Rhizomucor miehei (one

of 14; 7.1%, respectively). Phylogenetic relatedness of

detected Mucorales is shown in Figure 1.

Exact species identification enabled by ITS sequenc-

ing has important implications for epidemiology and

for a clearer understanding of infection routes.7 This

is exemplified, for instance, by case 10, wherein we

identified Rhizomucor miehei, a fungus thus far mainly

described in cheese production, as the causative agent

of pulmonary mucormycosis. Of note, this organism

was detected in two separate samples from the same

patient (BAL and lung tissue) and was also micro-

scopically visible in tissue, excluding the possibility of

mere contamination. In another patient (case 14),

� 2024 The Authors. Histopathology published by John Wiley & Sons Ltd., Histopathology, 84, 702–706.
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our approach enabled us to concomitantly detect

Lichtheimia corymbifera and Pneumocystis jirovecii in

the same lung tissue specimen, suggesting a clinically

relevant co-infection. In general, species identification

of Mucorales is an increasingly recognised factor that

might influence treatment efficacy of antifungal

agents.16 For example, Rhizopus spp. have shown

resistance against amphotericin B and M. circinelloides

against posaconazole.17 The translation of such pre-

clinical data to patient care relies upon studies that

integrate unbiased species identification which might

be achieved by ITS sequencing.

Subsequently, we compared the diagnostic perfor-

mance of ITS sequencing to fungal culture, currently

the method of choice to detect Mucorales. Fungal cul-

ture was performed in 10 of 14 (71.4%) of our

mucormycosis cases, yielding positive results in only

two of 10 (20%; Figure 2A). A false-negative culture

result was irrespective of the number of Mucorales

reads detected by ITS sequencing (Figure 2B) and

irrespective of clearly visible fungal hyphae on histol-

ogy (Figure 2C,D). Low sensitivity of culture in

detection of mucormycosis is in accordance with pre-

vious studies,3,7 underscoring the value of a tissue-

based molecular pathology approach.

Discussion

Our study provides evidence that ITS sequencing

should be applied when mucormycosis is suspected

and tissue is available. Notably, histopathology often

raises the first suspicion of mucormycosis, e.g. by

presence of angio-invasive moulds associated with

ischaemic necrosis, which can then be confirmed

immediately by ITS sequencing. In contrast to fungal

culture, ITS sequencing can be performed on FFPE

tissues, making additional sampling redundant and

enabling a rapid and accurate diagnosis.9 In addition,

due to the universal detection of fungal DNA by ITS

sequencing, mixed fungal infections can also be

detected. This is especially important for patients at

risk, which are typically immunocompromised and

thus prone to fungal infections. Furthermore, our

small series suggests that tissue-based ITS sequencing

Figure 1. Phylogenetic tree of detected Mucorales. The tree is based on maximum-likelihood analysis (Tamura–Nei model12). Bootstrap

values (expressed as percentages of 1000 replications) are shown at branch points. The scale bar indicates the number of substitutions per

site of branch lengths. GenBank Accession numbers of most homologous hits and tissues of Mucorales detection are also shown. Analysis

was performed with MEGA11.13,14

� 2024 The Authors. Histopathology published by John Wiley & Sons Ltd., Histopathology, 84, 702–706.

704 M Zacharias et al.

 1
3

6
5

2
5

5
9

, 2
0

2
4

, 4
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/h

is.1
5

1
3

1
 b

y
 N

IC
E

, N
atio

n
al In

stitu
te fo

r H
ealth

 an
d

 C
are E

x
cellen

ce, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
6

/0
2

/2
0

2
6

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



has a significantly higher sensitivity than fungal cul-

ture in detecting Mucorales, irrespective of the fungal

load, which might also be related to the focal nature

of Mucorales infection. Additionally, the remarkably

high phylogenetic diversity of Mucorales found in our

cohort suggests impaired sensitivity when taxon-

specific polymerase chain reaction assays would be

applied. The ability of ITS sequencing for the differen-

tiation of specific Mucorales species is in line with

previous experimental evidence.18 It is noteworthy

that exact species identification enabled by ITS

sequencing yields important epidemiological clues for

a clearer understanding of infection sources and may

guide personalised treatment, even in cases where

fungi cannot be cultivated.

In conclusion, we demonstrate that combining his-

topathology and ITS sequencing is a practically feasi-

ble approach that outperforms fungal culture in

detecting Mucorales in tissue-associated infections.

Therefore, pathologists might adapt diagnostic work-

flows accordingly when mucormycosis is suspected.
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Background: Targeted treatment modalities for non-small cell lung carcinoma (NSCLC) patients are 

expanding rapidly and demand a constant adaptation of molecular testing strategies. In this regard, broad 

reflex testing via next-generation sequencing (NGS) might have several advantages. However, real-world 
data regarding practical feasibility and clinical relevance are scarce, especially for RNA-based NGS. 

Methods: We performed a retrospective study comparing NGS use in two consecutive years (2019 and 2020). 

In 2019, reflex testing mainly consisted of DNA-based NGS for mutations and immunohistochemistry (IHC) 
for ALK, ROS1, and NTRK fusion products. At the beginning of 2020, our approach has changed, with DNA- 

and RNA-based NGS panels now being simultaneously performed. This change in protocol allowed us to 

retrospectively evaluate if broad molecular reflex testing brings additional value to lung cancer patients.
Results: Within the whole cohort (n=432), both DNA- and RNA-based NGS yielded almost always 

evaluable results. Only in 6 cases, the RNA content was too little for an appropriate analysis. After 

integrating RNA-based NGS in the reflex testing approach, the number of detected fusions increased 

signiòcantly (2.6% vs. 8.2%; P=0.0021), but also more patients received targeted therapies. Furthermore, 
exceedingly rare alterations were more likely to be detected, including the so far undescribed EGFR-NUP160 

fusion.

Conclusions: Our study demonstrates that a comprehensive approach to reflex NGS testing is practically 
feasible and clinically relevant. Including RNA-based panels in the reflex testing approach results in more 
detected fusions and more patients receiving targeted therapies. Additionally, this broad molecular proòling 
strategy identifies patients with emerging biomarkers, underscoring its usefulness in the rapidly evolving 

landscape of targeted therapies.

Keywords: Non-small cell lung carcinoma (NSCLC); reflex testing; next-generation sequencing (NGS); DNA 

sequencing; RNA sequencing
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Introduction

Lung cancer is the leading cause of cancer death worldwide (1). 

However, treatment modalities for non-small cell lung 

carcinoma (NSCLC) patients are expanding rapidly with 

an ever-increasing number of approved targeted therapies. 

Today, approximately 15 years after applying the first 

EGFR tyrosine kinase inhibitor (TKI) (2,3), targeted 

therapies are an established cornerstone in clinical practice. 

Since detecting the respective molecular alteration is 

a prerequisite for therapy initiation, pure histologic 

classiòcation of lung carcinoma is insufòcient. It has to be 
complemented by molecular analyses, providing a complete 

diagnosis, including predictive and prognostic information.

The increasing number of approved targeted therapies 

results in a constant need to adapt molecular testing 

strategies and include more and more genes in testing 

panels, often leading to insufficient molecular testing (4). 

The National Comprehensive Cancer Network (NCCN) 

Guidelines recommend using testing panels that include the 

following genes: EGFR, ALK, ROS1, BRAF, KRAS, MET, 

RET, and NTRK 1/2/3. Furthermore, high-level MET 

amplification and ERBB2 (HER2) mutations are regarded 

as emerging biomarkers for novel therapies (5). From a 

practical point of view, several international guidelines 

are trying to answer the questions of whom, when, and 

which genes to test and which methods to use (6-8). All 

these guidelines agree that EGFR, ALK, ROS1, and BRAF 

should always be included in testing panels. When available, 

extended testing panels should also have KRAS, MET, RET, 

and ERBB2. Different guidelines also agree that the optimal 

diagnostic method is reflex testing and that all advanced 

stage adenocarcinomas should be tested. Of note, there 

has been a recent report of a positive double-blind phase 3 

trial (ADAURA trial) with osimertinib as adjuvant therapy 

in patients with stage IB to IIIA EGFR mutation-positive 

NSCLC (9). This has resulted in a rapid change in NCCN 

Guidelines, now recommending EGFR molecular testing of 

all newly diagnosed carcinomas, regardless of the stage (5). 

National guidelines are in concordance with international 

guidelines but reflect the local situation regarding drugs 

and testing availability [for review, see (10,11)]. The 

2020 recommendations of the Austrian working group 

on lung pathology and oncology for the diagnostic 

workup of NSCLC with a focus on predictive biomarkers 

recommended reflex testing of all newly diagnosed lung 

adenocarcinoma for EGFR, ALK, ROS1, KRAS, BRAF, and 

NTRK 1/2/3 with a recommendation to include also ERBB2, 

MET and RET, preferably using NGS methods (12). 

At our institution (Medical University of Graz, Austria), 

testing strategies have changed over time, especially 

between 2019 and 2020. Until the end of 2019, all newly 

diagnosed lung adenocarcinoma samples were examined 

via reflex testing using a DNA-based NGS panel, including 
EGFR, KRAS, BRAF, and ERBB2 genes. ALK was tested 

using immunohistochemistry (IHC) without additional 

confirmation if clearly and strongly positive staining 

was present. For ROS1 and NTRK, IHC was used as a 

screening method with obligate confirmation via NGS. 

Since January 2020, we have changed our protocol to 

optimize tissue management and provide better molecular 

profiling of tested tumors. All newly diagnosed lung 

adenocarcinomas are since then examined via reflex testing 
using DNA- and RNA-based NGS panels. The DNA-based 

panel (“mutation panel”) comprises 22 genes, among which 

EGFR, KRAS, BRAF, ERBB2, ALK, and MET. The RNA-

based panel (“fusion panel”) encompasses, among other 

genes, ALK, ROS1, NTRK, RET, and MET.

Although reflex testing might have several advantages for 
NSCLC patient management, real-world data regarding 

practical feasibility and clinical relevance are scarce for 

DNA-based NGS (13-15) and non-existent for RNA-

based NGS. Therefore, we performed a retrospective study 

comparing NGS use in two consecutive years (2019 and 

2020), aiming to examine if reflex broad molecular proòling, 
including DNA- and RNA-based NGS, brings additional 

value to lung cancer patients.

We present the following article in accordance with the 

STROBE reporting checklist (available at https://dx.doi.

org/10.21037/tlcr-21-570).

Methods

Patient cohort

All lung cancer patients diagnosed at our University 

Hospital whose tissue specimens were tested via DNA- 

and/or RNA-based next-generation sequencing between 

01.01.2019 and 31.12.2020 were included in the study 

(n=432). Clinical data were retrospectively obtained from 

electronic medical records. All patients signed informed 

consent.

This retrospective study conformed to the principles 

outlined in the Declaration of Helsinki (as revised in 2013). 

It was approved by the Ethics Committee of the of the 

Medical University of Graz (33-066 ex 20/21).
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DNA-based NGS

For each case, 2 to 12 FFPE tissue sections (each 4 μm  

thick)  were  used for  DNA extract ion.  DNA was 

extracted from macrodissected tumor areas of FFPE 

sections. Extraction was performed using the Maxwell 16 

instrument (Promega) and the Maxwell RSC DNA FFPE 

Kit (Promega, CatNr: AS1450). DNA was quantified 

by Picogreen fluorescence, and 10ng DNA was used for 

library preparation. NGS libraries were prepared using 

the AmpliSeq library kit 2.0 (Thermo Fisher Scientific) 

and the Ion Ampliseq Colon and Lung Cancer Research 

Panel v2 primer pool covering hotspot mutations in  

22 genes (KRAS, EGFR, BRAF, PIK3CA, AKT1, ERBB2, 

PTEN, NRAS, STK11, MAP2K1, ALK, DDR2, CTNNB1, 

MET, TP53, SMAD4, FBXW7, FGFR3, NOTCH1, ERBB4, 

FGFR1, FGFR2). Sequencing was performed on an Ion 

S5XL benchtop sequencer (Thermo Fisher Scientific) to 

a length of 200 base pairs.  Initial data analysis was done 

using the Ion Torrent Suite Software Plug-ins (Thermo 

Fisher Scientific, open-source, GPL, https://github.com/

iontorrent/). Briefly, this included base calling, alignment 

to the reference genome (HG19) using the TMAP mapper, 

and variant calling by a modified diBayes approach 

considering the flow space information. Called variants 

were annotated using open source software ANNOVAR (16)  

and SnpEff (17). All coding, nonsynonymous mutations 

were further evaluated and visually inspected in IGV (http://

www.broadinstitute.org/igv/), and variant calls resulting 

from technical read errors or sequence effects were excluded 

from the result.

RNA-based NGS

For each case, five to eight FFPE tissue sections (each 

10 μm thick) were used for RNA-based NGS. After 

microdissection, RNA extraction was performed via the 

Maxwell RSC RNA FFPE kit (Promega, Mannheim, 

Germany). After RNA quantification via ribogreen 

fluorescence on a Qubit fluorometer (Life Tech Austria, 

Vienna, Austria), 250 ng of total RNA were utilized for 

further analyses using the Archer FusionPlex Expanded 

Lung 18090 v1.0 primer pool (ArcherDX, Boulder, CO, 

USA). Sequencing was performed on the S5XL benchtop 

sequencer (Ion Torrent, Thermo Fischer, Waltham, MA) 

using the Ion S5 Sequencing 200 kit (Thermo Fischer, 

Waltham, MA, USA) and Ion 550 chip kit. Acquired 

sequencing data were analyzed via the ArcherDX Analysis 

software Version 5.1.3. (ArcherDX, Boulder, CO, USA). 

Translocations called with more than 10 individual reads 

by the Archer analysis software were included in the final 

reports.

Validation of assays for DNA and RNA-based analyzes

All analyses were performed in the diagnostic context on 

the Ion Torrent platform in conjunction with Ampliseq 

and Archer chemistry, neither is CE-IVD. However, a 

thorough validation of all in-house NGS assays has been 

performed. In detail, assays were tested for specificity, 

sensitivity, the limit of detection, as well as repeatability 

and reproducibility to ascertain concordance to the general 

safety and performance requirements described in Annex 

I of the IVDR (EU 2017/746). For the validation, we used 

a mix of commercial known-truth samples and patient 

samples previously analyzed with alternative technologies 

(qPCR, Pyrosequencing, or FISH) at our Institute. 

Furthermore, our Institute participates regularly in EQA 

schemes for all diagnostic analyses. 

Statistical analyses

Categorical data are reported as absolute frequencies (%), 
numerical data as medians (range). All statistical analyses 

(Fisher’s exact test, Mann Whitney test, Spearman rank 

correlation test, as appropriate) were performed with 

GraphPad Prism version 9.1.0 for Mac, GraphPad Software, 

San Diego, California, USA, www.graphpad.com. Data are 

expressed as box-and-whisker plots indicating a median 

and interquartile range (boxes) as well as minimum and 

maximum (whiskers) unless otherwise specified. P values 

≤0.05 were considered statistically signiòcant. 

Results

Patient characteristics

Within the whole cohort (n=432), the median age was  

66 years (range, 32–88 years), and 194 (44.9%) patients 
were female (Table 1). Most patients were smokers (n=322; 

74.5%), while only 87 (20.1%) were non-smokers. In 
23 (5.3%) patients, the smoking status could not be 
determined. The median number of pack-years was  

30 (range, 0–150). Female gender was associated with lower 

pack-years (r=−0.318; P<0.0001; Figure 1). Histologically, 

the most common subtype was adenocarcinoma (AC) 
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Table 1 Patient characteristics of the study cohort

Clinical/pathological characteristics All (n=432) 2019 (n=189) 2020 (n=243) P value 

Basic characteristics

Age - median (range) 66 [32–88] 66 [35–88] 66 [32–87] 0.733

Female gender, n (%) 194 (44.9) 87 (46.0) 107 (44.4) 0.697

Male gender, n (%) 238 (55.1) 102 (54.0) 136 (55.6) 0.697

Smoking status, n (%)

Smoker 322 (74.5) 145 (76.7) 177 (72.8) 0.375

Current smoker 145 (33.6) 61 (32.3) 84 (34.6) 0.681

Former smoker 177 (41.0) 84 (44.4) 93 (38.3) 0.202

Non-smoker 87 (20.1) 34 (18.0) 53 (21.8) 0.336

Smoking status not known 23 (5.3) 10 (5.3) 13 (5.3) >0.9999

Pack-years, median (range) 30 (0–150) 35 (0–150) 30 (0–125) 0.179

Histology, n (%)

Adenocarcinoma 368 (85.2%) 168 (88.9%) 200 (82.3%) 0.058

Squamous cell carcinoma 36 (8.3%) 11 (5.8%) 25 (10.3%) 0.115

Other 28 (6.5%) 10 (5.3%) 18 (7.4%) 0.434

Staging, n (%)

Initial tumor 406 (94.0) 180 (95.2) 226 (93.0) 0.416

UICC 2017 stage 0.411

IA1 15 (3.5) 9 (4.8) 6 (2.5)

IA2 46 (10.6) 24 (12.7) 22 (9.1)

IA3 37 (8.6) 15 (7.9) 22 (9.1)

IB 28 (6.5) 12 (6.3) 16 (6.6)

IIA 13 (3.0) 6 (3.2) 7 (2.9)

IIB 26 (6.0) 10 (5.3) 16 (6.6)

IIIA 42 (9.7) 23 (12.2) 19 (7.8)

IIIB 21 (4.9) 6 (3.2) 15 (6.2)

IIIC 4 (0.9) 2 (1.1) 2 (0.8)

IVA 57 (13.2) 19 (10.1) 38 (15.6)

IVB 117 (27.1) 54 (28.6) 63 (25.9)

Recurrent tumor 26 (6.0) 9 (4.8) 17 (7.0) 0.416

Local recurrence 11 (2.5) 4 (2.1) 7 (2.9) 0.762

Distant recurrence 15 (3.5) 5 (2.6) 10 (4.1) 0.443

(n=368; 85.2%), followed by squamous cell carcinoma (SCC) 
(n=36; 8.3%). The high amount of adenocarcinoma in this 
population is explained by the fact that reflex testing in SCC 

is not officially recommended. Only certain patients are 

tested (e.g., younger patients). SCC histology was associated 

with higher numbers of pack-years (r=0.181; P=0.001) and 



4225Translational Lung Cancer Research, Vol 10, No 11 November 2021

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2021;10(11):4221-4234 | https://dx.doi.org/10.21037/tlcr-21-570

Figure 1 Correlation matrix of patient characteristics and corresponding NGS data. Positive correlation coefòcients are marked red, and 
negative correlation coefòcients are observed blue (Spearman rank correlation test). NGS, next-generation sequencing.

was less common in women (r=−0.128; P=0.010). In most 
cases (n=406; 94%), molecular testing was performed on 
the primary tumor at the time of initial diagnosis, while in 

26 (6%) cases, molecular testing was performed on tumors 
that recurred, both locally (n=11; 2.5%) and distantly (n=15; 
3.5%). It is important to note that there were no signiòcant 
differences in these characteristics between 2019 (n=189) 

and 2020 (n=243). 

DNA-based NGS

In all cases where DNA-based NGS was performed (n=407; 

94.2%), also evaluable results could be obtained, although 
in 4 (0.9%) cases, the tumor cell content was <10%. 
Analyzed sample types in 2019 and 2020 included resection 

specimens (31.1% and 34.4%, respectively), biopsies (61.2% 
and 60.3%, respectively) and cytologic samples (7.7% and 
5.4%, respectively). Most of the samples originated from 
the primary tumor in the lung (79.8% and 75.4%, in 2019 

and 2020, respectively) (Table S1). A genetic alteration 

could be detected in 348 (80.6%) cases (Table S1).  

The presence of a detectable mutation was significantly 

associated with higher numbers of pack-years (Figure 2). 

The distribution of detected alterations in our cohort is 

depicted in Figure 2. The most frequent mutations occurred 

within the TP53 gene (n=194; 44.9%), followed by KRAS 

mutations (n=142; 32.9%). The targetable G12C mutation 
accounted for almost half of all KRAS mutations (n=62; 

14.4%). EGFR mutations occurred in 55 (12.7%) cases, with 
exon 19 deletions (n=22; 5.1%) and L858R mutations (n=21; 
4.9%) being by far the most common ones. A T790M 
mutation was detected in 1 (0.2%) patient with recurrence 
of a tumor initially treated with afatinib due to the presence 

of the exon 19 deletion. As depicted in Figure 1, EGFR 

mutations occurred more commonly in women (r=0.199; 

P<0.0001) and were associated with lower numbers of pack-
years (r=0.321; P<0.0001), while TP53 mutations occurred 
less commonly in women (r=−0.129; P=0.009) and were 
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Figure 2 DNA-based NGS results. (A-C) In contrast to age and UICC stage, the number of pack-years is signiòcantly positively correlated 
with the detection of at least one mutation (Mann-Whitney test); (D) Overall distribution of detected mutations; (E) Comparison of detected 

mutations between both subgroups (patients from 2019 and 2020). NGS, next-generation sequencing.
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associated with higher numbers of pack-years (r=0.246; 

P<0.0001). Furthermore, there was a significant negative 
correlation between EGFR and KRAS mutations (r=-0.253; 

P<0.0001), both being well-known driver mutations and 
therefore most often exclusively present. In 23 (5.3%) 
cases, mutations within the BRAF gene could be detected, 

with almost a third of them being V600E mutations (n=7; 

1.6%). In 2 (0.5%) patients with a recurrent tumor, a point 
mutation within the ALK gene was detected, both of them 

concurrently harbored an EML4-ALK fusion, which had 

been treated with a TKI before. In 15 (3.5%) cases with 
SCC histology, DNA-based NGS was performed, and in 14 

(3.2%) cases, a genetic alteration could be detected. Almost 
all tested SCC cases harbored a TP53 mutation (n=13; 3%), 
followed by mutations within FGFR3 (n=2; 0.5%), PTEN 

(n=1; 0.2%), MET (n=1; 0.2%), and EGFR (n=1; 0.2%).
The distribution of described mutations according to 

different years (2019 vs. 2020) is presented in Table S1.

There is a discrepancy between the total number of 

patients tested (189 in 2019 and 243 in 2020) and the 

number of patients with DNA-based NGS performed 

(183 in 2019 and 224 in 2020). The reason is that some 

samples were only tested with an RNA-based panel based 

on clinicians’ wishes or in search of eventual mutation in 

samples already tested for DNA (in previous years).

RNA-based NGS

RNA-based NGS was performed in 269 (62.3%) cases and 
almost always yielded evaluable results (Table S2). Only 

in 6 (1.4%) cases, the RNA content within the sample 
was too low or of poor quality for an appropriate analysis. 

Analyzed sample types in 2019 and 2020 included resection 

specimens (34.2% and 35.9%, respectively), biopsies 
(60.5% and 59.3%, respectively) and cytologic samples 
(5.3% and 4.8%, respectively). Out of 6 “failed” samples, 
two were resection specimens and 4 biopsies. All cytologic 

samples were satisfactory for analysis. Most of the samples 

originated from the primary tumor in the lung (76.3% and 
77.9%, in 2019 and 2020, respectively) (Table S2). A genetic 

alteration could be detected in 25 (5.8%) cases. Contrary to 
DNA-based NGS, the presence of a detectable alteration 

in RNA-based NGS was signiòcantly associated with lower 
numbers of pack years (Figure 3). The introduction of reflex 
testing in 2020 resulted in a significantly higher number 

of detected alterations (Table S2). The distribution of 

detected alterations in our cohort is depicted in Figure 3. 

Overall, the most frequent alterations detected via RNA-
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Figure 3 RNA-based NGS results. (A-C) In contrast to age and UICC stage, the number of pack-years is signiòcantly negatively correlated 
with the detection of a fusion (Mann-Whitney test); (D) Overall distribution of detected fusions; (E) Comparison of detected fusions 

between both subgroups (patients from 2019 and 2020). NGS, next-generation sequencing.
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based NGS were ALK fusions (n=9; 2.1%), with EML4-

ALK fusions being by far the most common ones (n=8; 

1.9%). Rearrangements involving the RET proto-oncogene 

could be detected in 5 (1.2%) cases and its fusion partners 
were CCDC6 (n=3; 0.7%) or KIF5B (n=2; 0.5%). MET exon 

14 (METex14) skipping was detectable in 4 (0.9%) cases 
and was more common in the elderly (r=0.173; P=0.005). 

Fusions involving NRG1 or ROS1 were seen in 3 (0.7%) and 
2 (0.5%) cases, respectively. Furthermore, exceedingly rare 
rearrangements involving otherwise commonly mutated 

genes (BRAF, EGFR) were also observed. RET fusions, 

NRG1 fusions, BRAF fusions, and EGFR fusions could 

only be detected in the year 2020 (Figure 3), demonstrating 

the importance of reflex testing in detecting rare but 

increasingly targetable gene rearrangements. In 30 (6.9%) 
cases with SCC histology, RNA-based NGS was performed, 

and in 2 (0.5%) cases, a genetic alteration could be detected, 
one harboring an ALK-KRT6A, the other an EGFR-

NUP160 fusion.

The distribution of detected fusions according to 

different years (2019 vs. 2020) is presented in Table S2.

There is also a discrepancy between the total number 

of patients tested in 2020 [243] and the number of patients 

with RNA-based NGS performed [231]. The reason is that 

only adenocarcinomas were always tested with both panels, 

while non-adenocarcinoma samples were sometimes not 

tested with RNA-based panel.

Detection of targetable genetic alterations

There are several targeted therapies approved for NSCLC 

patients harboring specific genetic alterations. These 

currently targetable alterations include EGFR mutations, 

ALK fusions, the BRAF V600E mutation, RET fusions, the 

METex14 skipping mutation, ROS1 fusions, and NTRK 

fusions. At least one of these alterations could be detected 

in 82 (19%) patients (Table 2). In 51 (11.8%) of those cases, 
an additional synchronous genetic alteration was observed, 

with 7 (1.6%) of them harboring a second targetable 
alteration. Interestingly, detecting a targetable alteration 

was signiòcantly more likely in patients with lower numbers 
of pack-years but did not signiòcantly correlate with UICC 
tumor stage or age (Figure 4). Two SCC cases (0.5%) 
harbored a targetable genetic alteration, one with an EGFR 

mutation, the other with an ALK-KRT6A fusion.

In addition to well-established biomarkers for already 

approved targeted therapies, many further genetic 

alterations are on the horizon for implementation in 

clinical practice. In a recent comprehensive overview about 

the evolving landscape of biomarker testing in Europe, 
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Table 2 Clinical relevance of detected genetic alterations 

Patients with genetic alterations All, n=432 (%) 2019, n=189 (%) 2020, n=243 (%) P value 

Alteration detected (all) 364 (84.3) 163 (86.2) 201 (82.7) 0.353

Targetable alteration detected 82 (19.0) 35 (18.5) 47 (19.3) 0.902

In early stage (I−IIIA) 36 (8.3) 17 (9) 19 (7.8) 0.727

In late stage (IIIB−IV) 40 (9.3) 16 (8.5) 24 (9.9) 0.738

In recurrent tumor 6 (1.4) 2 (1.1) 4 (1.6) 0.7

With co-alteration (all) 51 (11.8) 26 (13.8) 25 (10.3) 0.294

With targetable co-alteration 7 (1.6) 3 (1.6) 4 (1.6) >0.9999

Targeted therapy received (all) 38 (8.8) 14 (7.4) 24 (9.9) 0.397

In early stage (I−IIIA) 3 (0.7) 2 (1.1) 1 (0.4) 0.584

In late stage (IIIB−IV) 29 (6.7) 10 (5.3) 19 (7.8) 0.337

In recurrent tumor 6 (1.4) 2 (1.1) 4 (1.6) 0.7

Therapy based on detected mutation
1

27 (6.3) 12 (6.3) 15 (6.2) >0.9999

Osimertinib 19 (4.4) 9 (4.8) 10 (4.1) 0.815

Afatinib 11 (2.5) 5 (2.6) 6 (2.5) >0.9999

Trametinib/Dabrafenib 4 (0.9) 2 (1.1) 2 (0.8) >0.9999

Gefitinib 2 (0.5) 2 (1.1) 0 (0) 0.191

Mobocertinib 1 (0.2) 0 (0) 1 (0.4) >0.9999

Therapy based on detected fusion/skipping
1

11 (2.5) 2 (1.1) 9 (3.7) 0.123

Alectinib 6 (1.4) 0 (0) 6 (2.5) 0.038

Brigatinib 4 (0.9) 0 (0) 4 (1.6) 0.135

Selpercatinib 3 (0.7) 0 (0) 3 (1.2) 0.26

Capmatinib 1 (0.2) 1 (0.5) 0 (0) 0.438

Lorlatinib 1 (0.2) 1 (0.5) 0 (0) 0.438

Emerging biomarker
2
 detected 72 (16.7) 30 (15.9) 42 (17.3) 0.795

In early stage (I−IIIA) 29 (6.7) 15 (7.9) 14 (5.8) 0.439

In late stage (IIIB−IV) 38 (8.8) 13 (6.9) 25 (10.3) 0.235

In recurrent tumor 5 (1.2) 2 (1.1) 3 (1.2) >0.9999

Results of both subgroups (patients from 2019 and 2020, respectively) were compared using Fisher’s exact test. 
1
, some patients received 

more than one substance; 
2
, NRG1 fusion, KRAS G12C, ERBB2, FGFR1 [according to (10)].

Kerr and colleagues regarded ERBB2 mutations, KRAS 

G12C mutations, NRG1 fusions, and FGFR1 mutations as 

emerging biomarkers (10). At least one of these alterations 

could be detected in 72 (16.7%) patients in our cohort, 
laying the groundwork for future targeted therapy in this 

subgroup (Table 2). However, no SCC cases harbored such 

an alteration. 

Of note, both established and emerging biomarkers were 

more frequently detected in 2020 (Table 2 and Figure 4). 

Therapeutic consequences

The detection of a targetable genetic alteration via NGS 

resulted in the application of targeted therapy in 38 (8.8%) 
patients, 14 (7.4%) in 2019, and 24 (9.9%) in 2020. Almost 
all of these patients (n=35; 8.1%) were in late-stage (IIIB-
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Figure 4 Clinical relevance of detected genetic alterations. (A,D) UICC stage significantly correlates with the application of targeted 

therapy, but not with the presence of a targetable alteration (Mann-Whitney test); (B,E) Age signiòcantly negatively correlates with the 
application of targeted therapy, but not with the presence of a targetable alteration (Mann-Whitney test); (C,F) The number of pack-years 

signiòcantly negatively correlates with the presence of a targetable alteration, but not with the application of targeted therapy (Mann-Whitney 
test); (G) Comparison of detected targetable alterations, applied targeted therapy (mutation and fusion speciòc), and detected emerging 
biomarkers between both subgroups (patients from 2019 and 2020).
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IV) or in recurrence (Table 2). In addition to patients 

with AC, also one SCC patient harboring an ALK-fusion 

received targeted therapy. Overall, in patients with a 

targetable alteration, consecutive administration of targeted 

therapy was highly associated with an advanced tumor stage 

(Figure 4), reflecting current therapy guidelines. Younger 

patients with a targetable alteration were more likely to 

receive targeted therapy than older patients (Figure 4).  

Furthermore, patients with lower numbers of pack-

years were signiòcantly more likely to harbor a targetable 
alteration, mainly caused by the presence of EGFR mutations 

that are far more common in non-smokers (Figure 1).  

Importantly, the higher frequency of targeted therapies 

in 2020 can be clearly attributed to much higher fusion 

detection rates, as shown in Figure 4. The most commonly 

applied substances were Osimertinib (n=19; 4.4%), Afatinib 
(n=11; 2.5%), Alectinib (n=6; 1.4%), Brigatinib (n=4; 
0.9%), and Trametinib/Dabrafenib (n=4; 0.9%). Especially 
substances targeting a genetic rearrangement were more 

frequently applied in 2020, mirroring the higher fusion 

detection rates after introducing reflex testing via RNA-

based NGS (for comparisons, see Table 2 and Table S2).

Very important issue is also the turnaround time. 

Introducing both NGS panels in 2020 prolonged turnaround 
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time for 2 working days, from 8 in 2019 to 10 in 2020.

Discussion

Comparing NGS-based NSCLC testing in two consecutive 

years in a real-life setting, we showed that both DNA- and 

RNA-based analysis could be performed in a remarkably 

high number of patients, identifying a plethora of targetable 

genetic alterations, resulting in targeted therapy for many 

patients. More specifically, we demonstrated that RNA-

based analysis, when performed in a reflex manner at 

the same time as DNA-based analysis, reliably identifies 

patients with targetable genetic rearrangements who would 

otherwise be missed. 

However, to have such a high yield, adequate tissue 

management is essential. One of the most fundamental 

challenges in the diagnostic process of NSCLC is 

tissue availability, as more and more biomarkers should 

be examined within small histologic (18) or cytologic 

specimens (19). Therefore, proper tissue handling of 

samples from lung cancer patients is critical. Saving 

tissue is actually one of the major arguments for reflex 

testing. At our institute, we have established a workflow 

that guarantees the economical use of all tiny lung cancer 

specimens. First, a certiòed pulmonary pathologist evaluates 
if a malignant tumor is present and orders a speciòc tissue 
re-cutting program for lung cancer specimens if that is 

the case. This means that the paraffin block will be cut 

on the same microtome by the same person, preventing 

the additional “leveling” steps and saving tissue. The 

tumor sample will be cut on up to 15 blank slides. The 

first six have one 4 μm thick slice (primarily reserved for 

immunohistochemistry), and the last nine up to three 4 μm 

thick slices per slide (used mainly for molecular analysis). 

Furthermore, the usage of diagnostic immunohistochemical 

stains (if needed) is restricted to thyroid transcription factor 

1 (TTF1) and deltaNp63 (p40) [as recommended in (20)], 

as well as to programmed death-ligand 1 (PD-L1) for 

predictive purposes [as recommended in (21)]. Since the 

recent introduction of the entity “NSCLC—not otherwise 

speciòed (NOS)” in biopsy/cytologic specimens, no further 
immunohistochemical staining are required in cases 

where the amount of tumor tissue is small (22), facilitating 

economic tissue handling even more. In other words, if 

there is a very small amount of NSCLC in a sample, for the 

patient it is more important to have an adequate molecular 

proòle than the exact histologic diagnosis. 
Our study cohorts, looking at both years separately, 

were well balanced concerning all clinical and histologic 

parameters. Interestingly, although adenocarcinoma was the 

most predominant histologic type, there is still a very high 

proportion of males and smokers. This fact reflects still the 
high number of smokers in the Austrian population, and the 

only recently introduced smoking-ban law in Austria. SCC 

patients have been rarely tested (5.8% and 10% in 2019 and 
2020, respectively), and as previously explained, only on 

the request from clinicians (e.g., for younger patients). The 

increase of tested SCC in 2020 is due to reflex screening 

of all lung carcinomas with the pan-TRK antibody, with 

obligate conòrmation of any positive reaction with NGS.
It is known that the frequency of mutations in NSCLC 

is dependent on multiple factors, including ethnicity. For 

example, EGFR mutations are more common in Asians (23),  

while the KRAS G12C mutation is more common in 

Caucasians (24). In our cohort, frequencies of detected 

mutations were mostly comparable with other studies 

examining Caucasian lung cancer patients, although slight 

differences could be encountered (25-28). In comparison to 

the study by Volckmar et al., for example, we detected more 

mutations in MET (5.1% vs. 3%) and DDR2 (6.9% vs. 2%), 
while mutations in ERBB2 (0.7% vs. 3%), STK11 (4.9% vs. 

10%), PIK3CA (2.5% vs. 6%), FGFR3 (1.9% vs. 4%) and 
PTEN (0.5% vs. 2%) were less frequent in our cohort (27). 

Within the SCC subgroup, our NGS results are largely 

consistent with other studies that included SCC cases. For 

example, both in our cohort and in the CRISP study, TP53 

mutations were by far the most frequent alterations in SCC 

(93.3% and 69.1%, respectively) (26). Furthermore, 2 (5.3%) 
of our SCC patients harbored a targetable alteration (EGFR 

mutation and ALK fusion, respectively), with the latter even 

receiving targeted therapy. These òndings again correspond 
well to the CRISP study, where targetable alterations could 

also be detected in SCC patients, including 4.4% with an 
EGFR mutation and 0.5% with an ALK fusion (26). 

A major argument for multiple gene testing using DNA- 

and RNA-based NGS is the rapidly evolving landscape 

of targetable alterations in NSCLC. KRAS mutations, for 

example, have long been regarded as strictly undruggable 

and are now in the spotlight of drug development (29). 

Especially drugs targeting the KRAS G12C mutation (e.g., 

Sotrasib and Adagrasib) show promising data in clinical 

trials (30,31). The same is true for targeted therapies against 

MET, RET, and Her2 (32-34). Furthermore, STK11 and 

KEAP mutations are associated with an impaired response 

to anti-PD(L)1 agents, expanding the role of NGS in 

detecting biomarkers for immunotherapy (35). In general, 
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routine testing for emerging biomarkers even before drug 

approval has several advantages. First, characterizing 

clinical and pathological parameters of a patient subgroup 

harboring a speciòc molecular alteration is paramount for 
upcoming clinical studies and clinical decision-making after 

drug approval. Two recent studies have comprehensively 

done this in large cohorts of lung cancer patients harboring 

the KRAS G12C mutation (36,37), which would not have 

been possible without previous routine testing. This need 

for testing before drug approval also becomes evident when 

looking at the early years of EGFR inhibitors, where their 

clinical benefit in a fraction of patients was attributed to 

factors like gender, smoking status, or histological subtype. 

Only after the correlation of these factors with sequencing 

data, it became clear that they are confounders of EGFR 

mutation status, which subsequently influenced treatment 

indications (38). Another crucial argument for routine 

testing of emerging biomarkers before drug approval is 

that patients with the detected alteration can potentially be 

treated in early access programs and/or immediately after 

drug approval. 

Recently, several papers have investigated the effects 

of reflex testing in NSCLC, most of them confirming 

its benefits (13-15). However, these studies were limited 

to DNA-based NGS, although gene rearrangements in 

NSCLC are increasingly recognized and targetable. In our 

cohort, the inclusion of RNA-based NGS into our reflex 

testing approach led to much higher detection rates of the 

respective gene alterations. The frequencies of detected 

ALK fusions and METex14 skipping increased nearly 

threefold (1.1% to 2.9% and 0.5% to 1.2%, respectively), 
resulting in a concomitant increase of patients receiving 

targeted therapy (0.5% to 2.5%). Furthermore, most other 
detected fusions could only be recognized after introducing 

reflex RNA-based NGS. RET fusions, for example, were 

detected in 2.1% of patients in 2020 (with 1.2% receiving 
targeted therapy), while none was detected in 2019. A very 

peculiar ònding is that in both 2019 and 2020, there is an 
unexpectedly low number of samples with ROS1 fusion 

(1.1% and 0%, respectively) compared to the published data 
[ranging from 1–2% (26,27) to 3–5% (25)]. One possible 

explanation could be that in the Austrian population, 

these mutations are lower than in other published data. 

The second possibility is that NGS might not be the ideal 

method for ROS1 fusion detection.

In addition to overall higher numbers of detected fusions, 

the introduction of RNA-based NGS into our reflex testing 
approach also enabled us to recognize exceedingly rare 

alterations. EGFR fusions, for example, do only rarely occur 

but are potentially targetable, with several reports showing 

a clinical beneòt for these patients when treated with a TKI 
(39-42). We have also detected the so far unrecognized 

EGFR-NUP160 fusion in an SCC patient and could 

therefore expand the known spectrum of EGFR rearranged 

NSCLC with the help of our comprehensive reflex testing 
approach. 

It is important to stress again that parallel, reflex 

testing with both DNA and RNA based NGS panels 

prolonged turnaround time for only 2 days, which is in our 

opinion very good, and still in the frame of international 

recommendations.

Another very important issue is immunotherapy, 

which is out of the scope of this manuscript. However, 

in a real-life setting, as previously mentioned, it is very 

important to test for PD-L1, and to have it included 

in a reflex protocol. Combination of these results (PD-

L1 immunohistochemistry and NGS) provides better 

information and can help in identification patients that 

could potentially be treated effectively with immunotherapy.

In  conclus ion,  our  s tudy  demonstrated that  a 

comprehensive approach to reflex NGS testing in NSCLC 

is practically feasible and clinically relevant. Including 

RNA-based panels in the reflex testing approach results in 

more detected fusions and more patients receiving targeted 

therapies. Additionally, this broad molecular profiling 

strategy identifies patients with emerging biomarkers, 

providing some of them with the possibility of early drug 

access. Furthermore, a pool of patients positive for different 

biomarkers is known, and no additional testing will be needed 

after the new drugs are approved. Finally, with clinical studies 

increasingly using targeted therapy as adjuvant/neoadjuvant 

treatment, our comprehensive reflex testing approach will 

become even more relevant in the future. 
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Table S1 DNA-based NGS results. Both subgroups (patients from 2019 and 2020) were compared using Fisher's exact test

2019 2020 P value

Testing characteristics - no. (% of all cases with NGS) n=189 n=243

DNA-based NGS performed 183 (96.8%) 224 (92.2%) 0.06

DNA-based NGS evaluable 183 (96.8%) 224 (92.2%) 0.06

Alteration detected 161 (85.2%) 187 (77%) 0.037

Detected alterations - no (% of all cases with NGS) n=189 n=243

TP53 mutation (all) 90 (47.6%) 104 (42.8%) 0.331

KRAS mutation (all) 62 (32.8%) 80 (32.9%) >0.9999

G12C 27 (14.3%) 35 (14.4%)

G12D 8 (4.2%) 14 (5.8%)

G12V 8 (4.2%) 14 (5.8%)

G12A 5 (2.6%) 3 (1.2%)

G13C 5 (2.6%) 1 (0.4%)

Q61H 2 (1.1%) 3 (1.2%)

G12F 1 (0.5%) 3 (1.2%)

G12S 2 (1.1%) 1 (0.4%)

Q61L 0 (0%) 2 (0.8%)

other 4 (2.1%) 4 (1.6%)

EGFR mutation (all) 26 (13.8%) 29 (11.9%) 0.663

Exon 19 del 11 (5.8%) 11 (4.5%)

L858R 9 (4.8%) 12 (4.9%)

L861Q 2 (1.1%) 2 (0.8%)

T790M 0 (0%) 1 (0.4%)

other 6 (3.2%) 6 (2.5%)

DDR2 mutation (all) 17 (9%) 13 (5.3%) 0.181

M441I 14 (7.4%) 9 (3.7%)

Non-M441I 4 (2.1%) 4 (1.6%)

BRAF mutation (all) 13 (6.9%) 10 (4.1%) 0.28

V600E 4 (2.1%) 3 (1.2%)

Non-V600E 10 (5.3%) 7 (2.9%)

MET mutation (all) 14 (7.4%) 8 (3.3%) 0.076

T1010I 10 (5.3%) 6 (2.5%)

Non-T1010I 4 (2.1%) 2 (0.8%)

STK11 mutation (all) 8 (4.2%) 13 (5.3%) 0.657

PIK3CA mutation (all) 5 (2.6%) 6 (2.5%) >0.9999

CTNNB1 mutation (all) 5 (2.6%) 4 (1.6%) 0.513

Table S1 (continued)

Supplementary
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Table S1 (continued)

2019 2020 P value 

SMAD4 mutation (all) 5 (2.6%) 4 (1.6%) 0.513

FGFR3 mutation (all) 2 (1.1%) 6 (2.5%) 0.475

F386L 2 (1.1%) 4 (1.6%)

Non-F386L 0 (0%) 2 (0.8%)

FGFR1 mutation (all) 2 (1.1%) 2 (0.8%) >0.9999

ERBB2 mutation (all) 1 (0.5%) 2 (0.8%) >0.9999

ERBB4 mutation (all) 2 (1.1%) 1 (0.4%) 0.584

ALK mutation (all) 1 (0.5%) 1 (0.4%) >0.9999

FGFR2 mutation (all) 2 (1.1%) 0 (0%) 0.191

NRAS mutation (all) 1 (0.5%) 1 (0.4%) >0.9999

PTEN mutation (all) 0 (0%) 2 (0.8%) 0.507

FBXW7 mutation (all) 0 (0%) 1 (0.4%) >0.9999

MAP2K1 mutation (all) 0 (0%) 1 (0.4%) >0.9999

Sample type - no. (% of all cases with DNA-based NGS) n=183 n=224

Resection specimen 57 (31.1%) 77 (34.4%) 0.525

Biopsy 112 (61.2%) 135 (60.3%) 0.919

Cytology/Cell block 14 (7.7%) 12 (5.4%) 0.417

Sample origin - no. (% of all cases with DNA-based NGS) n=183 n=224

Lung 146 (79.8%) 169 (75.4%) 0.341

Pleura 4 (2.2%) 10 (4.5%) 0.278

Lymph node 22 (12%) 26 (11.6%) >0.9999

Distant metastasis 11 (6%) 19 (8.5%) 0.446
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Table S2 RNA-based NGS results. Both subgroups (patients from 2019 and 2020) were compared using Fisher's exact test

2019 2020 P value 

Testing characteristics - no. (% of all cases with NGS) n=189 n=243

RNA-based NGS performed 38 (20.1%) 231 (95.1%) <0.0001

RNA-based NGS evaluable 37 (19.6%) 226 (93%) <0.0001

Alteration detected 5 (2.6%) 20 (8.2%) 0.021

Detected alterations - no. (% of all cases with NGS) n=189 n=243

ALK fusion (all) 2 (1.1%) 7 (2.9%) 0.31

EML4-ALK 2 (1.1%) 6 (2.5%)

KRT6A-ALK 0 (0%) 1 (0.4%)

RET fusion (all) 0 (0%) 5 (2.1%) 0.071

CCDC6-RET 0 (0%) 3 (1.2%)

KIF5B-RET 0 (0%) 2 (0.8%)

METex14 skipping 1 (0.5%) 3 (1.2%) 0.635

NRG1 fusion (all) 0 (0%) 3 (1.2%) 0.26

CD74-NRG1 0 (0%) 2 (0.8%)

SLC3A2-NRG1 0 (0%) 1 (0.4%)

ROS1 fusion (all) 2 (1.1%) 0 (0%) 0.191

EZR-ROS1 1 (0.5%) 0 (0%)

SDC4-ROS1 1 (0.5%) 0 (0%)

BRAF fusion (all) 0 (0%) 1 (0.4%) >0.9999

KLHL7-BRAF 0 (0%) 1 (0.4%)

EGFR fusion (all) 0 (0%) 1 (0.4%) >0.9999

EGFR-NUP160 0 (0%) 1 (0.4%)

NTRK fusion (all) 0 (0%) 0 (0%) >0.9999

Sample type - no. (% of all cases with RNA-based NGS) n=38 n=231

Resection specimen 13 (34.2%) 83 (35.9%) >0.9999

Biopsy 23 (60.5%) 137 (59.3%) >0.9999

Cytology/Cell block 2 (5.3%) 11 (4.8%) >0.9999

Sample origin - no. (% of all cases with RNA-based NGS) n=38 n=231

Lung 29 (76.3%) 180 (77.9%) 0.835

Pleura 1 (2.6%) 10 (4.3%) >0.9999

Lymph node 5 (13.2%) 22 (9.5%) 0.558

Distant metastasis 3 (7.9%) 19 (8.2%) >0.9999
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Simple Summary: Targeted therapies have revolutionized the treatment of patients with non-small

cell lung cancer (NSCLC). Adenocarcinoma, the most common histological subtype of NSCLC, is

the posterchild of this therapeutic approach because of its high rate of treatable targets. In our study,

we provide evidence that squamous cell carcinoma (SCC), the second most common histological

subtype of NSCLC, also harbors a significant number of treatable targets, although at a lower rate

than adenocarcinoma. Furthermore, we show that most SCC patients harboring such an alteration

were >50 years of age and current or former smokers, questioning restrictive molecular testing

strategies. Based on our data, we propose that broad molecular profiling should be performed in all

newly diagnosed NSCLC cases, irrespective of histological subtype, but also irrespective of age or

smoking status.

Abstract: Due to the success story of biomarker-driven targeted therapy, most NSCLC guidelines

agree that molecular reflex testing should be performed in all cases with non-squamous cell carci-

noma (non-SCC). In contrast, testing recommendations for squamous cell carcinoma (SCC) vary

considerably, specifically concerning the exclusion of patients of certain age or smoking status from

molecular testing strategies. We performed a retrospective single-center study examining the value

of molecular reflex testing in an unselected cohort of 316 consecutive lung SCC cases, tested by

DNA- and RNA-based next-generation sequencing (NGS) at our academic institution between 2019

and 2023. Clinicopathological data from these cases were obtained from electronic medical records

and correlated with sequencing results. In 21/316 (6.6%) cases, we detected an already established

molecular target for an approved drug. Among these were seven cases with an EGFR mutation,

seven with a KRAS G12C mutation, four with an ALK fusion, two with an EGFR fusion and one

with a METex14 skipping event. All patients harboring a targetable alteration were >50 years of age

and most of them had >15 pack-years, questioning restrictive molecular testing strategies. Based on

our real-world data, we propose a reflex testing workflow using DNA- and RNA-based NGS that

includes all newly diagnosed NSCLC cases, irrespective of histology, but also irrespective of age or

smoking status.

Keywords: lung cancer; squamous cell carcinoma; molecular testing; next-generation sequencing
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1. Introduction

Targeted therapies have revolutionized the treatment of non-small cell lung carcinoma
(NSCLC). However, treatment efficacy is largely dependent on the upregulation of specific
oncogenic pathways in tumor cells and, therefore, the detection of the respective molecular
alterations is a prerequisite before treatment initiation [1]. Molecular testing approaches for
NSCLC have changed dramatically within the last years. Today, next-generation sequencing
(NGS) is regarded as the gold standard method for clinically relevant molecular profiling,
especially as the landscape of potentially targetable genetic alterations expands rapidly [2].

The two main entities comprising NSCLC are adenocarcinoma (AC) and squamous
cell carcinoma (SCC) [3]. Since the introduction of targeted therapies, AC has been in the
spotlight because of its relatively high proportion of targetable genetic alterations [4,5].
International guidelines for the management of NSCLC patients strongly recommend reflex
broad molecular profiling of all newly diagnosed AC cases and mostly agree that ALK,
BRAF, ERBB2, KRAS, MET, NTRK, RET, and ROS1 must be included in testing panels [6–8].

In contrast to AC, molecular testing recommendations for SCC are more controversial.
The latest molecular testing guidelines from the College of American Pathologists (CAP),
the International Association for the Study of Lung Cancer (IASLC) and the Association
for Molecular Pathology (AMP) recommend testing in non-AC only in patients with
minimal (1–10 packs per years) or absent tobacco exposure and in patients younger than
50 years [7]. In line with this, the recently published European Society for Medical Oncology
(ESMO) Clinical Practice Guideline for oncogene-addicted NSCLC does not recommend
molecular testing in patients with a confident diagnosis of SCC, except unusual cases
like never/former light smokers (≤15 pack-years) or young (<50 years) patients [6]. In
contrast, the current National Comprehensive Cancer Network Clinical Practice Guidelines
in Oncology (NCCN Guidelines) for NSCLC recommend that “molecular testing may be
considered in all patients with metastatic NSCLC squamous cell carcinoma and not just
those with certain characteristics, such as never smoking status and mixed histology.” [8].

At our institution (Medical University of Graz, Graz, Austria), pathologist-initiated re-
flex molecular testing has been routinely performed for several years in all newly diagnosed
NSCLCs, independent of histology. This broad molecular profiling strategy enabled us to
perform a single-center study examining the value of reflex testing in a large, unselected
cohort of consecutive lung SCC cases. With this study, we add real-world evidence to the
above-described controversy between different international NSCLC guidelines.

2. Materials and Methods

2.1. Patient Cohort

We included all newly diagnosed NSCLC cases with squamous histology tested
by DNA- and RNA-based NGS at our academic institution (Diagnostic and Research
Institute of Pathology, Medical University of Graz, Austria) between 1 January 2019 and
30 September 2023 (n = 316). Exclusion criteria were incomplete molecular testing and/or
incomplete NGS data. Since our study cohort comprises all consecutive cases (irrespective
of age, smoking status, and tumor stage), a selection bias can be excluded. Clinical,
pathological, and molecular data were retrospectively obtained from electronic medical
records. The study was conducted according to the Helsinki Declaration guidelines and
was approved by the Ethics Committee of the Medical University of Graz (33-066 ex 20/21).

2.2. DNA-Based Next-Generation Sequencing

DNA-based next-generation sequencing was performed as previously described [9].
Briefly, DNA extraction was performed for between 2 and 12 FFPE tissue sections for each
case using the Maxwell 16 instrument (Promega, Mannheim, Germany) and the Maxwell
RSC DNA FFPE Kit (Promega, Mannheim, Germany; CatNr: AS1450). After quantification
of DNA via picogreen fluorescence, library preparation was performed with 10 ng of DNA.
The libraries were prepared using the AmpliSeq library kit 2.0 (Thermo Fisher Scientific,
Waltham, MA, USA) and the Ion Ampliseq Colon and Lung Cancer Research Panel v2
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primer pool covering hotspot mutations in 22 genes (ALK, AKT1, BRAF, CTNNB1, DDR2,
EGFR, ERBB2, ERBB4, FBXW7, FGFR1, FGFR2, FGFR3, KRAS, MAP2K1, MET, NOTCH1,
NRAS, PIK3CA, PTEN, SMAD4, STK11, TP53). Sequencing was performed on an Ion S5XL
benchtop sequencer (Thermo Fisher Scientific, Waltham, MA, USA). The initial data analy-
sis was performed using the Ion Torrent Suite Software Plug-ins (Thermo Fisher Scientific,
open source, GPL, https://github.com/iontorrent/, accessed on 20 February 2024), and
was performed as described previously [9]. In short, this included base calling, alignment to
the HG19 reference genome via TMAP mapper, and variant calling via a modified diBayes
approach. Called variants were annotated via the open-source software ANNOVAR ([10])
and SnpEff ([11]). As a next step, all coding and nonsynonymous mutations were fur-
ther evaluated and visually inspected using IGV (http://www.broadinstitute.org/igv/,
accessed on 20 February 2024). Variant calls resulting from sequence effects or technical
read errors were excluded.

2.3. RNA-Based Next-Generation Sequencing

RNA-based next-generation sequencing was also performed as previously described [9].
Briefly, RNA extraction was performed on from five to eight FFPE tissue sections for each case
using the Maxwell RSC RNA FFPE Kit (Promega, Mannheim, Germany). After quantification
of RNA via ribogreen fluorescence (Qubit fluorometer, Life Tech Austria, Vienna, Austria),
250 ng of RNA was used for further analyses with the Archer FusionPlex Expanded Lung
18090 v1.0 primer pool (ArcherDX, Boulder, CO, USA). This panel included the genes
ALK, BRAF, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, MET, NRG1, NTRK1, NTRK2, NTRK3,
NUTM1, PIK3CA, RET, and ROS1. Sequencing was performed on an Ion S5XL benchtop
sequencer (Thermo Fisher Scientific, Waltham, MA, USA) and Ion 550 chip kit. Sequencing
data were analyzed with the ArcherDX Analysis software (ArcherDX, Boulder, CO, USA).
Translocations called with more than 10 individual reads were included in the final results.

2.4. Validation of Assays for DNA and RNA-Based Analyzes

A thorough validation of all in-house NGS assays was performed as previously de-
scribed [9]. In short, assays were tested for diagnostic performance parameters in concordance
with the requirements described in the Annex I of the IVDR (EU 2017/746). A mix of commer-
cially available known-truth samples and patient samples previously analyzed at our institute
with alternative technologies, like qPCR, pyrosequencing or FISH, were used for this purpose.

2.5. Statistical Analyses

Statistical analyses have been performed as specified in the respective graphs (Mann–
Whitney test or Kruskal–Wallis test, as appropriate). Numerical data are reported as medi-
ans (range), and categorical data are reported as absolute frequencies (%). p-values ≤ 0.05
were considered statistically significant. Statistical analyses were performed with GraphPad
Prism, GraphPad Software, San Diego, CA, USA.

3. Results

3.1. Patient Characteristics

Between 1 January 2019 and 30 September 2023, DNA- and RNA-based NGS was
performed in 316 consecutive NSCLC cases with squamous histology. The cohort included
211 (66.8%) men and 105 (33.2%) women. The median age was 68 years (range 36–85). Nearly
all patients had a smoking history (97.9% being either current or former smokers) and the
median number of pack-years was 40 (range 0–200). Since we performed reflex molecular
testing independent of tumor progression, our study cohort included cases in stage I (n = 52,
21.1%), stage II (n = 41, 16.6%), stage III (n = 88, 35.6%) and stage IV (n = 66, 26.7%). DNA- and
RNA-based NGS was performed on different types of samples, most commonly on biopsies
(n = 255, 80.7%), followed by resection specimens (n = 56, 17.7%) and cytology/cell block
specimens (n = 5, 1.6%). Most commonly, lung tissue was the source for molecular testing
(n = 271, 85.8%). In the remaining cases, specimens from lymph nodes, distant metastases
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or pleura were tested. In accordance with current guidelines, PD-L1 testing using the tumor
proportion score (TPS) was performed in all cases with a median TPS of 5% (range 0–100%).
The main patient characteristics of the cohort are summarized in Table 1.

Table 1. Patient characteristics of the study cohort.

Basic Characteristics n = 316

Age—median (range) 68 (36–85)
Female 105 (33.2%)
Male 211 (66.8%)

Smoking status known n = 242
Smoker 237 (97.9%)

Current smoker 151 (63.7%)
Former smoker 86 (36.3%)

Never smoker 5 (2.1%)

Pack-years known n = 201
≤15 pack-years 15 (7.5%)
>15 pack-years 186 (92.5%)
Pack-years median (range) 40 (0–200)

Staging known n = 247
Stage I 52 (21.1%)
Stage II 41 (16.6%)
Stage III 88 (35.6%)
Stage IV 66 (26.7%)

Sample type n = 316
Resection specimen 56 (17.7%)
Biopsy 255 (80.7%)
Cytology/Cell block 5 (1.6%)

Sample origin n = 316
Lung 271 (85.8%)
Pleura 2 (0.6%)
Lymph node 24 (7.6%)
Distant metastasis 19 (6%)

3.2. DNA-Based NGS Results

The median tumor cell content of the examined tissue area was 40% (range 10–90%).
Mutations could be detected in all 22 included genes, with varying frequency in different
cases (Figure 1, Tables S1 and S2). The most commonly mutated gene was TP53 (n = 228,
72.2%), followed by PIK3CA (n = 37, 11.7%) and PTEN (n = 20, 6.3%). In 7/316 (2.2%)
cases, an EGFR mutation could be detected (3× deletion in exon 19, 2× p.L858R in exon 21,
1× duplication in exon 20, and 1× p.R494T in exon 12). A total of 5/6 of the BRAF-mutated
cases harbored a point mutation in exon 11, with one exception being a case with BRAF
p.K601E mutation in exon 15. Although no BRAF p.V600E mutation was detected, there is
evidence that cases with the described BRAF p.K601E mutation might also be responsive
to tyrosine kinase inhibitors [12,13]. KRAS mutations were present in 15/316 (4.7%) cases
in our cohort, with 7/316 (2.2%) showing the now targetable KRAS G12C mutation. ALK
mutations were detected in 4/316 (1.3%) cases, all being point mutations, two in exon
23 and two in exon 29. Mutations in FGFR1, FGFR2 or FGFR3 were present in 17/316 (5.4%)
cases. All detected mutations within clinically relevant genes and their exact locations are
visualized in Figure S1 (lollipop plots).

In addition to mutations, amplification events could be suspected in 23/316 (7.3%)
cases due to detected differences in gene coverage. Subsequent confirmatory tests (e.g., CNV
analyses) have not been routinely performed. Of note, amplification events are increasingly
recognized as clinically relevant in NSCLC and should, thus, be reported if present [14].
In our cohort, they could be observed in EGFR, ERBB2, FGFR1, FGFR3, KRAS, MET or
PIK3CA (Figure 1 and Table S1).
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Figure 1. Oncoprint of all detected genetic alterations. Columns correspond cases and rows to genes. Percentages represent the incidence of alterations in respective
genes within our cohort. Types of genetic alterations are color-coded and are shown in the legend at the bottom. Analysis and visualization were performed with
Oncoprinter from cBioPortal [15,16].
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3.3. RNA-Based NGS Results

Genetic rearrangements could be detected in 8/316 (2.5%) cases, with the EML4-ALK
fusion being the most common one (n = 2, 0.6%). Furthermore, single cases harbored
a KRT6A-ALK, SLC24A3-ALK, MAD1L1-EGFR, EGFR-NUP160, ASH2L-FGFR1 or FGFR3-
TACC3 fusion, respectively. The detected translocation events of all eight cases are visu-
alized in Figure 2. Because in the so far undescribed SLC24A3-ALK fusion, the 3′ partner
gene maps to an intron, we additionally performed ALK immunohistochemistry, yielding a
strong positive result and thus demonstrating its functional relevance. In addition to fusion
events, a MET exon-14 skipping alteration could be detected in one case with the help of
RNA-based NGS.

′

Figure 2. Visualization of detected fusions. Panels (A–H) represent the seven cases with translocation
events. For each case, the involved genes, exons/introns and genomic locations are shown.
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3.4. Detection of Already Established Therapeutic Targets in NSCLC

A plethora of genetic alterations are already well-established therapeutic targets for
an approved drug in NSCLC, recently summarized in [14,17]. In our cohort of NSCLC
with squamous histology, 21/316 (6.6%) cases harbored one of these alterations. Clinico-
pathological characteristics of these cases are summarized in Table 2. Among these 21 cases
were seven with a KRAS G12C mutation, six with an EGFR mutation, four with an ALK
fusion, two with an EGFR fusion, one with a BRAF p.K601E mutation, and one with a
METex14 skipping event. In addition to the detected molecular drug targets, co-mutations
were observed in 13 cases, most commonly within TP53 (11/21 cases, 52.4%), and in single
cases also within CDKN2A, KEAP1, MET, PIK3CA, SMAD4, and STK11. Of note, 16/21
(76.2%) patients harboring a molecular drug target were female. Table S3 summarizes the
response evaluation criteria in solid tumors (RECIST) for all cases harboring an established
molecular target and receiving targeted therapy.

Because most NSCLC guidelines recommend molecular testing in SCC only in never/light
smokers (≤15 pack-years) or young (<50 years) patients [6,7], we correlated our molecular
findings with these clinical characteristics. Of note, the majority of our patients harboring
a molecular drug target had >15 pack-years (Figure 3A), and all were >50 years of age
(Figure 3B), undermining restrictive molecular testing strategies. Furthermore, molecular
biomarkers could be detected across all stages (Figure 3C).
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Figure 3. Established therapeutic targets and clinical characteristics. (A) The majority of cases
harboring an established therapeutic target have >15 pack-years, and (B) all cases harboring an
established therapeutic target are >50 years of age. (C) Established therapeutic targets could be
detected across all tumor stages.

Recently, it has been questioned whether molecular targets typically occurring in
AC can also be found in SCC or whether these target-bearing SCCs in fact represent
undersampled adenosquamous carcinomas (ASC), histologically a mixture of AC and SCC
components that per definition can only be diagnosed on resection specimens but not on
biopsies [3,18]. To address this issue, we searched for subsequent resection specimens of
these patients that harbored targetable alterations and compared the subsequent diagnosis
with that of the primary sample where molecular testing had been performed. Paired biopsy
and resection specimens were available in ten of these cases. In only 3/10 (30%) cases, the
definite diagnosis was then ASC, while the majority of cases (7/10, 70%) represented pure
SCC, proving that therapeutic targets do also occur in this histological subtype.
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Table 2. Clinicopathological characteristics of cases harboring molecular targets for already approved drugs.

Case Sex Age Smoker PY Stage Molecular Target Co-Mutations
PD-L1
(TPS)

Tested Specimen
(Site/Type)

Subsequent
Sample

Subsequent
Diagnosis

1 f 72 yes (former) 40 IIB EML4-ALK fusion no 5 lung biopsy lung resection SCC

2 f 61 no 0 IVA EML4-ALK fusion no 0 lung biopsy adrenal resection ASC

3 f 74 yes (former) 30 IVA KRT6A-ALK fusion no 0 lung biopsy no NA

4 f 75 yes (former) 30 IIA SLC24A3-ALK fusion no 10 lung biopsy lung resection SCC

5 m 76 yes (current) 50 IB EGFR-NUP160 fusion TP53 p.H179R 10 lung biopsy lung resection SCC

6 f 69 no 0 IIA MAD1L1-EGFR fusion no 0 lung biopsy lung resection ASC

7 f 70 yes (former) 15 IVB EGFR p.S768_D770dup TP53 p.E298X 10 brain resection no NA

8 f 70 NA NA IIIB EGFR p.L747_P753delinsS no 1 lung biopsy lung resection ASC

9 f 60 yes (former) 8 IIIA EGFR p.746_750del TP53 p.177_182del 60 lung biopsy no NA

10 f 67 yes (current) 20 IVB EGFR p.L747_P753delinsS TP53 p.M246fs 90 lung biopsy no NA

11 f 81 no (current) 0 IIIA EGFR p.L858R SMAD4 p.W524X 20 lung biopsy lung resection SCC

12 f 69 no 0 IB
EGFR p.L858R
EGFR p.S768I

TP53 p.R213Q 2 lung biopsy lung resection SCC

13 m 61 NA NA NA BRAF p.K601E
CDKN2A p.25_31del

STK11 p.A398V
NA lung biopsy no NA

14 f 55 NA NA NA KRAS p.G12C TP53 p.V157F NA soft tissue biopsy no NA

15 f 67 yes (former) 10 IIIB KRAS p.G12C
PIK3CA p.H1047R

TP53 V225fs
1 lung biopsy no NA

16 m 61 NA NA NA KRAS p.G12C TP53 p.V274F 70 adrenal biopsy no NA

17 m 70 yes (current) 50 IA3 KRAS p.G12C TP53 p.R213L 100 lung biopsy lung resection SCC

18 f 63 yes (current) 45 IVB KRAS p.G12C no 90 soft tissue biopsy no NA

19 f 66 yes (current) 35 IVB KRAS p.G12C
TP53 p.P190fs

KEAP1 p.Q217X
0 lung biopsy no NA

20 f 63 yes (current) 30 IIIA KRAS p.G12C no 10 lung biopsy lung resection SCC

21 m 73 yes (current) 50 IIIA METex14 skipping
TP53 p.P190L
MET p.T1010I

70 lung biopsy no NA

Abbreviations: PY, pack-years; TPS, tumor proportion score; NA, not applicable; SCC, squamous cell carcinoma; ASC, adenosquamous carcinoma.
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3.5. Detection of Emerging Therapeutic Targets in NSCLC

In addition to already well-established therapeutic targets, there is an increasing
number of genetic alterations regarded as emerging biomarkers for targeted therapy in
NSCLC [14]. At least one of these emerging biomarkers recently listed by Hofman et al.
was present in 87/316 (27.5%) cases of our cohort. The most common ones included genetic
alterations of PIK3CA (44 cases) and FGFR1-3 (26 cases). Similar to established biomarkers,
most patients harboring an emerging biomarker had >15 pack-years and were >50 years
of age (Figure 4A,B). Emerging molecular biomarkers could be detected across all stages
(Figure 4C). Furthermore, the presence of an emerging target was significantly associated
with a lower stage, while the presence of an established target was irrespective of stage
(Figure S3), substantiating the importance of a stage-agnostic molecular testing workflow.
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Figure 4. Emerging therapeutic targets and clinical characteristics. (A) The majority of cases harboring
an emerging therapeutic target have >15 pack-years, and (B) are >50 years of age. (C) Emerging
therapeutic targets could be detected across all tumor stages.

3.6. Correlation of PD-L1 Status with Established and Emerging Molecular Biomarkers

Apart from oncogenic mutations, personalized treatment decisions are largely influ-
enced by PD-L1 expression and there are several clinical trials examining the benefit of com-
bining targeted therapies with immune checkpoint inhibitors in lung SCC (NCT03735628;
NCT04721223; NCT04000529). Therefore, we examined the association between PD-L1
expression and detected genetic alterations within potentially targetable oncogenes in our
cohort (Figure S2). Interestingly, genetic alterations within FGFR3 were associated with a
significantly lower PD-L1 TPS, possibly influencing future treatment considerations.

4. Discussion

NSCLC is a success story of biomarker-driven targeted therapy approaches. Today, most
guidelines agree that broad molecular reflex testing should be performed in all Acs [8]. In
contrast, testing in SCCs is more controversial. While some guidelines recommend molecular
profiling only in patients that meet certain clinical criteria (e.g., non-smoker, young age), others
recommend it in all SCC patients, irrespective of smoking status or age [6–8]. To add real-world
evidence to this controversy, we performed a single-center study examining the value of broad
molecular reflex testing in an unselected cohort of 316 consecutive lung SCC cases.

From a technical point of view, molecular testing in NSCLC becomes increasingly chal-
lenging, with ever more genetic alterations to be covered and the most common testing
material being small biopsies with often low numbers of tumor cells. Thus, adequate tissue
management that guarantees an economical use of biopsy specimens is key. One of the most
important measures in this regard is to avoid additional leveling steps in the tissue block
because this would unnecessarily use up much of the tissue. Thus, unstained slides might be
cut as soon as histomorphology points towards a diagnosis of NSCLC. These slides can then be
stored until molecular testing is ordered by the clinician (clinician-initiated molecular testing)
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or immediately further processed by the molecular pathology laboratory (pathologist-initiated
molecular testing, “reflex testing”). Of note, pathologist-initiated reflex testing in NSCLC has
decidedly been recommended by a recent expert consensus paper [17].

Importantly, our NGS-based reflex testing approach for NSCLC is irrespective of
clinical parameters, including tumor stage and smoking status. Hence, our cohort included
a wide range of tumor stages and is therefore relevant both for palliative and neoadju-
vant/adjuvant treatment considerations. The importance of this stage-agnostic molecular
profiling approach is reflected by the recently published results of the ADAURA trial
that led to the approval of osimertinib in the adjuvant setting of resectable stage IB-IIIA
NSCLCs harboring specific EGFR mutations [19]. Substantiating this, in our cohort, both
established and emerging targets could be detected across all stages, with emerging targets
even being significantly associated with lower stages. Furthermore, our cohort consisted of
an exceedingly high proportion of current or former smokers, reflecting the generally high
smoking rate in Austria and other European countries [20]. Thus, the often-proclaimed
recommendation to perform molecular profiling in SCC only in non-/light smokers would
have deprived many of our patients of the chance to potentially receive biomarker-driven
targeted therapy. Furthermore, the recommended pathologist-initiated reflex testing work-
flow is hardly feasible when the (often unreliable) smoking status has to be waited out,
with the consequence of unnecessarily losing precious tissue and time.

Due to the high molecular complexity of lung SCC, combination therapies might be
essential for better treatment efficacy. Combining targeted therapy with immunotherapy
seems particularly promising [21]. Therefore, the relationship between specific tumor
mutations and immune-related biomarkers might be of interest for future treatment con-
siderations. We have observed that genetic alterations in FGFR3 are associated with a
significantly lower PD-L1 TPS. This is in line with a recent study that identified the E3
ubiquitin ligase NEDD4 as a key factor for PD-L1 degradation in FGFR3-activated cancer,
providing a mechanistic link for potential drug combinations in the future [22].

Although our study is one of the first real-world studies specifically dedicated to
lung SCC, there are other NSCLC studies that have also included SCC cases. For example,
Griesinger et al. reported on biomarker testing in 3717 advanced NSCLC cases, 796 of
them being of squamous histology. Within the latter subgroup, 4.4% harbored a genetic
alteration in EGFR, 1.4% in BRAF, 1.2% in ROS1, and 0.5% in ALK, testing results that
are comparable with our experience [23]. The cohort by Adib et al. included 337/3115
(10.8%) SCC cases, showing that 5% of them harbor targetable alterations [24], again being
largely consistent with our findings. In a study using DNA-based NGS in a cohort of
172 lung SCCs, Sands et al. identified potentially targetable mutations in 38% of cases, the
most common being PIK3CA mutations [25]. In a recent paper from the nNGM network
in Germany examining MET aberrations in NSCLC, Kron et al. reported four cases with
MET ex 14 skipping mutations in stage IIIB/IV SCC, further arguing in favor of testing all
NSCLC cases, irrespective of histological subtype [26].

The limitations of our study are its retrospective nature and the lack of long-term
clinical outcomes, e.g., survival data. However, we were able to include the response
evaluation criteria in solid tumors (RECIST) for all cases harboring an established molecular
target and receiving targeted therapy. In addition, by including all consecutive SCC cases
tested by DNA- and RNA-based NGS within a specified timeframe, we could exclude a
selection bias. Furthermore, real-world studies like ours have the advantage of reflecting
the routine setting, thus being easily applicable in future clinical practice.

In accordance with other real-world molecular testing studies that included lung SCC
cases, the frequency of detected therapeutic targets in SCC is lower than in AC [9,23,24].
Although SCC patients harboring a targetable mutation have a better outcome when treated
with a TKI, this effect might not be as pronounced as in AC [27]. These aspects might
raise financial considerations because the reimbursement of molecular testing costs is
different across countries and sometimes a challenge even for AC [28]. A mixture of AC
and SCC components, with each component comprising ≥10% of the tumor, is defined as
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adenosquamous carcinoma. These tumors might have a mutation profile similar to AC
and are therefore promising candidates for targeted therapy. Importantly, the definitive
diagnosis of adenosquamous carcinoma requires a resection specimen. However, the most
common specimen for primary histopathological evaluation is a small biopsy that often
includes only one of the components, either AC or SCC [3]. Underscoring this problem,
adenosquamous carcinomas masquerading as pure SCC have been reported [29], further
substantiating the need to not exclude NSCLC cases with squamous histology from reflex
molecular testing approaches.

By including RNA-based NGS in our reflex testing approach, we were able to detect
gene rearrangements in eight cases. Intriguingly, five of these fusion events have never been
described in the literature so far: KRT6A-ALK, SLC24A3-ALK MAD1L1-EGFR, EGFR-NUP160
and ASH2L-FGFR1. Although our assay for RNA-based NGS has been thoroughly validated
(see Section 2), these rare fusion events and their clinical relevance need to be confirmed in
future studies. In recent years, EGFR fusions in particular have been in the spotlight with
several case reports/series being reported in lung AC. Although there is currently no approved
drug specifically for EGFR fusions, many of these cases have been treated with EGFR TKIs
and antitumor responses have been documented, both in vitro and in clinics [30–33]. Due to
prevailing testing strategies that are often restricted to lung AC, data about fusion events in
lung SCC are exceedingly rare [34]. However, based on our findings of potentially relevant
fusion events, this might be a promising field for future clinical studies.

5. Conclusions

In conclusion, we provide real-world evidence that DNA- and RNA-based reflex
testing in NSCLC with squamous histology is of clinical relevance. More specifically,
we demonstrate that the majority of cases harboring already established or emerging
therapeutic targets were >50 years of age and had >15 pack-years, patient groups that
have so far often been excluded from molecular testing strategies. Therefore, we propose
a reflex testing workflow using DNA- and RNA-based NGS for all patients with NSCLC,
irrespective of histology, but also irrespective of age or smoking status (Figure 5). So far,
molecular testing in NSCLC with squamous histology is only rarely implemented in centers
across Europe [35]; however, we are convinced that the success story of biomarker-driven
personalized medicine in NSCLC can only be further continued with a non-selective broad
molecular profiling approach.

tt

 

Figure 5. Comparison of routine molecular workflows for NSCLC. The currently most often used
workflow is shown on the left, the proposed workflow based on data presented in this article is
shown on the right.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16050903/s1, Figure S1: Visualization of detected mutations
in potentially targetable oncogenes. All detected mutations and their locations within the respective
genes (ALK, BRAF, EGFR, ERBB4, FGFR1, FGFR2, FGFR3, KRAS, MET and PIK3CA) are shown.
Analysis and visualization were performed with MutationMapper from cBioPortal [15,16]; Figure S2:
Correlation between genetic alterations in potentially targetable oncogenes and PD-L1 expression.
In contrast to ALK, BRAF, EGFR, FGFR1, FGFR2, KRAS and MET, genetic alterations in FGFR3 are
associated with a significantly lower PD-L1 TPS (Mann–Whitney test); Figure S3: Correlation between
tumor stage and the presence of an established or emerging molecular target (Kruskal–Wallis test);
Table S1: DNA- and RNA-based NGS results; Table S2: Comprehensive clinicopathological and
molecular metadata of the whole study cohort; Table S3: Targeted therapy and treatment response of
patients harboring an established molecular biomarker.
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