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A B S T R A C T   

Pulmonary capillary microthrombosis has been proposed as a major pathogenetic factor driving severe COVID- 
19. Autopsy studies reported endothelialitis but it is under debate if it is caused by SARS-CoV-2 infection of 
endothelial cells. In this study, RNA in situ hybridization was used to detect viral RNA and to identify the infected 
cell types in lung tissue of 40 patients with fatal COVID-19. SARS-CoV-2 Spike protein-coding RNA showed a 
steadily decreasing signal abundance over a period of three weeks. Besides the original virus strain the variants of 
concern Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (B.1.1.529) could also be detected by the assay. Viral 
RNA was mainly detected in alveolar macrophages and pulmonary epithelial cells, while only single virus- 
positive endothelial cells were observed even in cases with high viral load suggesting that viral infection of 
endothelial cells is not a key factor for the development of pulmonary capillary microthrombosis.   

1. Introduction 

Since late 2019 severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has caused a global pandemic [12]. While most infected 
people experience a bland course with mild or no symptoms at all, some 
patients develop a more severe corona virus disease 2019 (COVID-19) 
necessitating hospitalization and in severe cases intensive care unit 
treatment with mechanical ventilation or extracorporal membrane 
oxygenation. Especially, elder people and patients with pre-existing 
co-morbidities are at risk to develop an acute respiratory distress syn-
drome [12]. As the SARS-CoV-2 genome seems to be in a hyper-mutating 
state, new virus variants are frequently detected and are responsible for 
the numerous waves of infection still keeping the world in suspense. 
During the last two pandemic years, several vaccines targeting the viral 
Spike protein have proven efficacy. In addition, medications either 
targeting the viral replication or acting as immunomodulators to prevent 
an overwhelming immune response have shown to reduce the likelihood 
of a fatal disease outcome. However, patients requiring mechanical 
ventilation still face a high risk of mortality. Thus, there is a need for 
deciphering the pathophysiology of COVID-19. 

Several studies reported an endotheliopathy leading to increased 
permeability, edema, diffuse alveolar damage, hemorrhage and 

thrombosis [1,14,15]. While some authors claimed the detection of viral 
particles in infected (kidney) endothelial cells, others questioned these 
results and stated that structures normally found in the cytoplasm of a 
cell after conventional chemical fixation may be misinterpreted as viral 
particles [9,26]. In particular, it is still unclear whether 
SARS-CoV-2-related endotheliopathy is caused by viral infection of 
endothelial cells or by another indirect mechanism (e.g. via a cytokine 
storm related to strong activation of the immune system during 
COVID-19). Here, we analyzed the presence of viral RNA in lung tissue 
of COVID-19 patients over time and identified the infected cell types by 
dual-color RNA in situ hybridization (RNA-ISH). 

2. Material and methods 

2.1. Study cohort 

All COVID-19 patients being referred to the Institute of Pathology, 
Heidelberg University Hospital for autoptic examination between 
March, 26th 2020 and February, 28th 2022 were registered in the 
COVID-19 autopsy and biomaterial registry Baden Wuerttemberg. 
SARS-CoV-2 infection was confirmed by reverse transcriptase poly-
merase chain reaction performed on nasopharyngeal swab samples 
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either before or during hospitalization or prior to autopsy in all patients. 
From this COVID-19 repository, 40 patients were selected based on the 
time interval between positive SARS-CoV-2 testing and death, which 
covered a period of one month. These included 12 patients infected by 
virus variants of concern. Lung tissue from autopsy cases before the 
COVID19 pandemic served as negative controls. The study was 
approved by the ethics committee of the University of Heidelberg Fac-
ulty of Medicine (no. S-242/2020) and carried out in accordance with 
the Declaration of Helsinki. According to the ethićs vote informed con-
sent was not required. 

2.2. Autopsies 

All autopsies were performed applying a standardized protocol as 
described previously [13]. Tissue samples were fixed immediately after 
organ dissection using 4% neutral-buffered formalin. To optimize lung 
fixation, formalin was instilled in the trachea and the major pulmonary 
vessels. Lung dissection was performed after three days of fixation in a 
formalin-filled container of adequate size. Axial sections (slice thickness: 
1 cm) were retrieved and photographically documented. Three repre-
sentative tissue samples were taken from each pulmonary lobe for his-
tological examination. Tissue samples were submitted to the tissue bank 
of the German Center for Infection Research. 

2.3. Histology 

For histological evaluation, 3-μm sections were retrieved from 
formalin-fixed, paraffin-embedded (FFPE) samples and stained accord-
ing to standard protocols (hematoxylin and eosin, periodic acid Schiff 
reaction, and acid fuchsin orange G). The histological sections of the 
lungs were assessed by at least two pathologists (TL, CS). Histological 
changes were recorded in a standardized fashion as reported previously 
[13]. 

2.4. RNA in situ hybridization 

RNA in situ hybridization (RNA-ISH) was performed on 5-μm thick 
sections of FFPE lung tissues using the RNAscope® platform according 
to the manufactureŕs instructions (Advanced Cell Diagnostics (ACD), 
Newark, CA, USA). For single detection of the Spike protein coding gene 
a SARS-CoV-2 specific probe (RNAscope® Probe V-nCoV2019-S, ACD 
Cat# 848561) was used together with a single detection kit (RNAscope® 
2.5 HD Reagent Kit-RED, ACD, Cat# 322350). For dual RNA-ISH the 
duplex detection kit (RNAscope® 2.5 HD Duplex Reagent Kit, ACD, Cat# 
322430) was used combining the SARS-CoV-2 specific probe and probes 
for Melanoma Cell Adhesion Molecule (MCAM, RNAscope® Probe Hs- 
MCAM-C2, ACD Cat# 601731-C2) to detect endothelial cells, keratin 
18 (KRT18, RNAscope® Probe Hs-KRT18-C2, ACD Cat# 310211-C2) to 
detect epithelial cells, or CD68 to detect macrophages (RNAscope® 
Probe Hs-CD68-C2, ACD Cat# 560591-C2). In brief, FFPE slides were 
deparaffinized in xylene and ethanol followed by hydrogen peroxide 
treatment to block endogenous peroxidase activity (RNAscope® 
hydrogen peroxide, ACD, Cat# 322335), incubation in target retrieval 
solution for 15 min (RNAscope® Target Retrieval Reagents, ACD Cat# 
322000), and proteolytic digestion for 30 min as pre-incubation pro-
cedures (RNAscope® Protease Plus, ACD Cat# 322331). The slides were 
then transferred into a pre-warmed humidity control tray (ACD) and 
incubated with either a mixture of Channel 1 and Channel 2 solutions for 
the Duplex Assay or the SARS-CoV-2-probe only in case of single probe 
detection. The humidity control tray was placed in a HybEZ oven (ACD) 
for 2 h of incubation at 40 ◦C. The slides were then washed two times 
using RNAscope washing buffer and returned to the oven for another 30 
min after submersion in AMP-1 reagent. Washing and amplification 
steps were repeated using the AMP-2 to AMP-6 reagents with alternating 
15-min and 30-min incubation periods, respectively. For single probe 
detection, the RED solution was prepared by mixing RED-A (RNAscope® 

Fast Red A, ACD Cat# 320458) and RED-B (RNAscope® Fast Red B, ACD 
Cat# 320459) in a ratio of 60:1. For signal visualization the RED solu-
tion was incubated for 10-min, followed by counterstaining with 50% 
hematoxylin and 0.05% ammonia. For dual probe detection, four 
additional amplification steps were performed before detecting the first 
probe using the RED solutions as describe above. 

The second probe was visualized using the GREEN solutions (GREEN 
A (RNAscope® GREEN A, ACD Cat# 320718) plus GREEN B (RNA-
scope® GREEN B, ACD Cat# 320719), ratio 50:1). Counterstaining was 
performed as describe above for single probe detection. Each slide was 
examined by two pathologists (TL, CS). The overall viral load was 
semiquantitatively assessed by visual scoring using a four-tiered system 
(0 − 3): score 0 (no hybridization signal detected), score 1 (focal, iso-
lated signals), score 2 (focal, piled signals) or score 3 (diffuse signals). In 
addition, the maximum number of double positive cells/mm2 was 
counted in all cases showing a high viral load. 

3. Results 

3.1. Study cohort 

During the recruitment period of the study 115 clinicopathological 
COVID-19 autopsies were performed at our institution. For this study, 40 
patients of this cohort were selected and analyzed for presence and 
distribution of SARS-CoV-2 Spike protein-coding RNA in lung tissue. 
These included 28 patients infected by the original SARS-CoV-2 strain 
and 12 patients infected by different variants of concern (Alpha, B.1.1.7, 
n = 5; Delta, B.1.617.2, n = 5; Omicron, B.1.1.529, n = 2, respectively). 
The patientś characteristics are detailed in Table 1. The male to female 
ratio was 1.5–1. Median age at death was 79 years (range: 41–95 years). 
The mean duration of COVID-19, from onset to symptoms to death, was 
10 days (range 0–31). In particular, ten of these patients died in less than 
one week, another nineteen during the second week, and the last eleven 
later than 14 days following disease onset. The mean duration of hos-
pitalization was 7 days (range 0–36). Histological evaluation showed the 
previously reported pattern of lung damage over time with diffuse 
alveolar damage and alveolar edema observed in the exudative stage, 
followed by a proliferative stage characterized by pneumocyte hyper-
plasia, squamous metaplasia, and desquamation, and subsequently the 
development of an organizing pneumonia resulting in interstitial fibrosis 
(Fig. 1A-C) [13]. These pulmonary changes were considered the main 
cause of death in 26 patients. In the remaining twelve patients, autopsies 
revealed either bronchopneumonia related to super-infection (n = 6), 
myocardial infarction (n = 3), septic shock (n = 2), decompensated 
heart insufficiency (n = 1), pulmonary artery embolism (n = 1), or se-
vere iron deficiency anemia (n = 1) as the underlying cause of death. 

3.2. Detection of SARS-CoV-2 variants in situ 

SARS-CoV-2 viral RNA was visualized in lung tissues using a probe 
against the Spike protein coding RNA sequence. Positive signals were 
retrieved within hyaline membranes covering the alveolar spaces as well 
as in the cytoplasm of cells within the alveoli and the alveolar septa 
(Fig. 1D-I). Based on the semiquantitative assessment of the SARS-CoV-2 
RNA-ISH, six cases revealed a high viral load (Fig. 1D), ten cases were 
characterized as intermediate (Fig. 1E), and 16 cases were classified as 
having a low viral load (Fig. 1 F). Overall, no SARS-CoV-2 virus RNA 
could be detected in the lung tissue sections of eight patients. As the 
signal abundance varied remarkably between the individual cases 
(Table 1), the study cohort was categorized according to disease dura-
tion (less than one week, one to two weeks, and more than two weeks, 
respectively), which revealed a significant inverse association between 
signal abundance and duration (Spearmańs rho: − 0.51, p = 0.001). In 
particular, the viral load was significantly reduced in cases with a dis-
ease duration more than 2 weeks compared to the other two subgroups 
(p < 0.05, Fig. 2 A). Six patients of this cohort had received a primary 
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vaccination series. At least in this cohort of deceased COVID-19 patients, 
the viral load (as determined by semiquantitative evaluation) was not 
significantly different between vaccinated or non-vaccinated cases 
(p > 0.05, Fig. 2B). 

Regarding virus variants, our diagnostic approach detected 89% 
(n = 16/18) of the cases infected by the original virus strain and 80% 
(n = 4/5), 100% (n = 5), and 50% (n = 1/2) of cases infected by the 
Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (B.1.1.529) variants, 
respectively. 

Histological analysis of the lung tissue sections showed only the early 
exudative stage of COVID-19 pneumonia in 18 patients, the additional 
presence of proliferative stage features was seen in six patients, and 
areas of late disease with interstitial fibroses were evident in 14 patients 
(Fig. 1A-C). Two patients could not be adequately categorized due to 
severe overlapping bronchopneumonia. Again, an inverse correlation 
between signal abundance and the stage of COVID-19 pneumonia was 
noted (Spearmańs rho: − 0.46, p = 0.004), which was paralleled by a 
positive association between disease duration and disease stage 
(Spearmańs rho: 0.49, p = 0.002). In line with this, less viral load was 

seen in the fibrosing stage of COVID-19 pneumonia compared to the 
exudative or the proliferating disease stage (p < 0.05, Fig. 2 C). 

Patientś with fatal outcome after SARS-CoV-2 infection are 
frequently older males with existing co-morbidities like arterial hyper-
tension, chronic obstructive pulmonary disease (COPD), and type 2 
diabetes mellitus (T2DM) [13]. There was no statistical association be-
tween abundance of viral RNA in lung tissue and age, sex, presence of 
arterial hypertension or COPD, mechanical ventilation or 
COVID-19-related death (each p > 0.05), but the abundance of 
SARS-CoV-2 signals in lung tissue was significantly less in patients with 
known T2DM (p = 0.01). 

3.3. Lung endothelial cells are not a major target of SARS-CoV-2 

In order to depict the cell types, which were infected by SARS-CoV-2, 
dual RNA-ISH were performed. Intracellular SARS-CoV-2 In cases with 
high viral load, Spike-coding RNA signals were predominantly detected 
in keratin 18 (KRT18; median 6 positive cells/mm2, range 5–10; Sup-
plementary Table 1) RNA positive pneumocytes (Fig. 1 G) and CD68 

Table 1 
Patients characteristics.  

ID Age Sex Primary vaccination 
completed 

Duration 
(d) 

VOC Co-morbidities Mechanical 
ventilation 

Viral load 
(ISH) 

Disease 
stage 

Cause of death  

1  41 m no  12 No FLD declined  3 exudative COVID-19  
2  89 f no  2 No AH, CAD declined  0 exudative COVID-19  
3  81 m no  15 No AH, DM declined  1 NA bronchopneumonia  
4  71 m no  4 No AH, DCMP declined  1 exudative myocardial 

insufficiency  
5  77 f no  5 No AH, CAD, COPD no  2 NA bronchopneumonia  
6  95 m no  5 No AH, ILD declined  3 exudative COVID-19  
7  73 f no  10 No AH, MN, RA declined  2 proliferating COVID-19  
8  81 f no  5 No AH, CAD, COPD, MetS declined  1 fibrosing COVID-19  
9  89 m no  8 No AH, COPD declined  2 exudative COVID-19  
10  78 m no  6 No AH, CAD, COPD, MN declined  2 exudative COVID-19  
11  80 m no  7 No AH, COPD no  2 exudative COVID-19  
12  60 f no  8 No AH, ILD yes  3 proliferating COVID-19  
13  79 m no  9 No AH, COPD, MDS declined  2 exudative COVID-19  
14  82 m no  11 No AH, DM declined  1 exudative septic multiorganfailure  
15  78 f no  9 No AH, DM yes  1 fibrosing septic multiorganfailure  
16  79 f no  10 No DCMP, MN, PH, SMF declined  1 fibrosing COVID-19  
17  86 f no  11 No AH, CAD, COPD, DM, 

RI 
declined  1 exudative COVID-19  

18  90 f no  11 No AH, DM, MetS, RI declined  0 fibrosing COVID-19  
19  69 m no  15 B.1.1.7 AH, DM, S yes  0 fibrosing Myocardial infarction  
20  66 m no  31 No CLL, COPD yes  1 proliferating COVID-19  
21  86 m no  8 No AH, CAD, COPD, MN declined  2 proliferating COVID-19  
22  86 f no  14 No AH, MN declined  1 proliferating bronchopneumonia  
23  93 f no  15 No AH, CAD, RI declined  1 exudative myocardial infarction  
24  78 m no  15 No AH yes  1 fibrosing COVID-19  
25  78 m no  16 No AH yes  0 fibrosing COVID-19  
26  65 m no  18 B.1.1.7 AH, CAD, DM, MetS yes  1 fibrosing myocardial infarction  
27  91 m no  19 No AH, RI declined  0 fibrosing COVID-19  
28  61 f no  23 No AH, MetS yes  0 exsudative COVID-19  
29  79 m no  22 No AH, CAD, COPD, DM yes  0 fibrosing COVID-19  
30  59 m no  27 No AH, CAD, SA yes  1 fibrosing bronchopneumonia  
31  91 m yes  6 B.1.1.7 AH, CAD, COPD, S declined  2 exsudative COVID-19  
32  74 m no  9 B.1.1.7 CAD, K, MN declined  3 proliferating COVID-19  
33  68 f no  12 B.1.1.7 AH, LC, RA yes  2 fibrosing bronchopneumonia  
34  65 m yes  4 B.1.617.2 AH, CAD, MetS, S yes  2 exsudative COVID-19  
35  80 f yes  1 B.1.617.2 AH, CAD, COPD, 

NSCLC, paraplegia 
declined  3 exsudative bronchopneumonia  

36  88 m yes  0 B.1.617.2 AH yes  1 exsudative Iron deficiency anemia  
37  74 f no  12 B.1.1.529 AH, CAD, MN, NF yes  1 exsudative COVID-19  
38  72 f no  8 B.1.617.2 GBM no  3 exsudative COVID-19 & end-stage 

cancer  
39  81 m yes  8 B.1.617.2 AH, CAD yes  1 fibrosing COVID-19  
40  87 m yes  12 B.1.1.529 CAD, COPD yes  0 fibrosing Pulmonary artery 

embolism 

Abbreviations: AH, arterial hypertension; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; DCMP, dilatative cardiomyopathy; f, female; 
FLD, fatty liver disease; GBM, glioblastoma multiforme, ILD, interstitial lung disease; K, kyphoscoliosis; LC, liver cirrhosis; m, male; MDS, myelodysplastic syndrome; 
METS, metabolic syndrome; MN, malnutrition; NA, not applicable; NF1, neurofibromatosis type 1; NSCLC, non-small cell lung cancer; PH, pulmonary hypertension; 
RA, rheumatoid arthritis, RI, renal insufficiency; S, sarcoidosis; SMF, secondary myelofibrosis; T2DM, type 2 diabetes mellitus; VOC, variant of concern 
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molecule (CD68; median 17 positive cells/mm2, range 10–29) RNA 
expressing alveolar macrophages (Fig. 1I). A SARS-CoV-2 RNA signal 
was significantly less frequently detected in Melanoma Cell Adhesion 
Molecule (MCAM) RNA-positive endothelial cells (Fig. 1H). In these 
cases, only isolated viral transcripts could be detected even in cases with 
high viral load (median 1 positive cells/mm2, range 0–1; Fig. 2D). In 
addition, viral RNA was present in hyaline membranes covering the 
alveolar spaces in 11 cases (Fig. 1D). 

4. Discussion 

The interaction of the viral Spike protein with cellular receptors (e.g. 
ACE2, TMPRSS2, and others) allows SARS-CoV-2 to efficiently enter its 
target cells [17,27]. These receptors are not only present on lung 
epithelial cells, but have also been reported to be consistently expressed 
by endothelial cells [10]. 

In line with the high expression of SARS-CoV-2 receptors in lung 
epithelial cells, SARS-CoV-2 Spike protein coding RNA was detected in 
KRT18 RNA expressing lung epithelial cells. As viral RNA is generated 
during viral replication in infected cells, the presence of viral RNA in 
hyaline membranes may be explained by death or lysis of infected 

epithelial cells. SARS-CoV-2 infection has been shown to exert variable 
cytopathogenic effects, ranging from lysis of the infected cells to no 
cytopathic effect in spite of intense viral replication [29]. This is in line 
with electron microscopy observations showing that new SARS-CoV-2 
particles were expelled from the cells, through cell lysis or by fusion 
of virus containing vacuoles with the cell plasma membrane [3]. 
Alternatively, release of viral RNA may be related to the host́s immune 
cells attacking infected cells. However, viral particles present in the 
alveolar spaces will be included during aerosol and droplet generation 
and will thus be shed by patients with active viral replication during 
breathing and talking [5] suggesting that detectable viral RNA in the 
alveolar spaces may also be considered as a surrogate of patient́s 
infectivity. However, we cannot reliably determine the source of the 
viral RNA detected extracellularly in the hyaline membranes. Besides 
direct viral infection a concurrent explanation for the presence of viral 
RNA in alveolar macrophages (expressing CD68 RNA) could be phago-
cytosis of alveolar debris. 

As autopsy studies revealed focal capillary microthrombosis and 
vascular dysfunction as the most likely factor leading to alveolar damage 
and consequently lung fibrosis during SARS-CoV-2 lung infection [13, 
18], the observation that endothelial cells also express SARS-CoV-2 

Fig. 1. Temporal course of SARS-CoV-2 lung infection, A) Early COVID-19 pneumonia showing alveolar edema and hyaline membrane formation. B) Intermediate 
proliferative stage of COVID-19 pneumonia with type II pneumocyte hyperplasia and squamous metaplasia. C) Late stage disease with coexistence of alveolar 
macrophages accumulation, type II pneumocyte hyperplasia and septal broadening due to interstitial fibrosis. D) Same patient as in A, diffuse SARS-CoV2-Spike RNA 
signals (red) in alveolar cells and hyaline membrane. E) Same patient as in B, focal piling of SARS-CoV2-Spike RNA signals (red) in alveolar and interstitial cells. F) 
Same patient as in C, focal detection of single hybridization signals (red) in this case. G) CD68 RNA positive macrophages (red) are packed with SARS-CoV-2 Spike 
RNA (green). H) Co-hybridization with a KRT18 probe (red) demonstrates presence of viral RNA (green) in pneumocytes (arrows). I) Very few Spike RNA signals 
(green) are seen in MCAM RNA (red) positive endothelial cells (arrows). I) Each bar represents 50 µm. 
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receptors could be of special interest [10]. Noteworthy, initial reports 
demonstrated SARS-CoV-2 viral particles in renal but not lung endo-
thelial cells [18,26], while others suggested a misinterpretation of 
autolytically altered cellular organelles as viral particles [9]. We were 
not able to reliably detect viral particles by electron microscopy in lung 
endothelial cells using tissues retrieved from autopsies of COVID-19 
patients (data not shown). Similarly, Cortese at al. were not able to 
detect SARS-CoV-2 in lung endothelial cells and Stahl et al. did not find 
SARS-CoV-2 infected endothelial cells in the gut [7,24]. Thus, we 
decided for an alternate diagnostic approach allowing for the analysis of 
larger tissue areas. Indeed, we were able to identify single virus-positive 
endothelial cells using dual RNA in situ hybridization in cases with high 
viral load (Fig. 1H), but the vast majority of the examined cases were 
negative for SARS-CoV-2 RNA in lung endothelial cells. As 
COVID-19-related lung damage was histologically present in nearly all 
of our patients (n = 38/40), it seems unlikely that direct viral infection 
of lung endothelial cells is key for the induction of capillary micro-
thrombosis. In line with this finding, platelets have been shown to ex-
press both ACE2 and TMPRSS2 and the viral Spike protein was able to 
directly enhance platelet activation [33] suggesting that altered platelet 
function itself might be involved in the pathogenesis of thrombotic 
events during severe COVID-19. 

Other striking findings in lungs of deceased COVID-19 patients 
include morphological changes affecting type II pneumocytes like hy-
perplasia, multinucleation, and squamous metaplasia besides accumu-
lation of alveolar macrophages [4,13,31]. Here, we demonstrated the 
presence of SARS-CoV-2 RNA in lung epithelial cells and alveolar mac-
rophages. Interestingly, spatial transcriptomics suggested that squa-
mous metaplasia may be an important feature of SARS-CoV-2 

pneumonia and revealed that SARS-CoV-2 infection may increase 
epithelial-to-mesenchymal transition besides activation of extracellular 
matrix pathways [16]. These transcriptomic analyses also pointed to the 
direction that SARS-CoV-2 macrophages are alternatively activated and 
may contribute to tissue remodeling during COVID-19 pneumonia. 
Taken together, these findings suggest that the infection of lung 
epithelial cells may directly affect the function of the air-blood barrier 
and may together with virus containing alveolar macrophages 
contribute to progressive lung fibrosis in patients with severe COVID-19 
[31]. 

The duration of infectivity of SARS-CoV-2 infected people has major 
implications for public health and duration of quarantine measures used 
for pandemic control. Viral RNA is detectable in nasopharyngeal swabs 
2–3 days before onset of symptoms at which viral titers peak, and 
decline over the following 7–8 days in most patients [11,25,28]. How-
ever, there are some patients in which viral RNA can be detected for 
weeks and months [20,23,32], which cannot be considered as a general 
surrogate of infectivity [22]. Similar results have been reported from 
animal models [2,21]. Initially, the duration of viral shedding and thus 
the contagious period of SARS-CoV-2 infected patients has been re-
ported to last about three weeks [19,30], but vaccination has shown to 
reduce the time to viral clearance [6]. Here, we observed a steady 
decrease in SARS-CoV-2 Spike protein-coding RNA signals in lung tissue 
over a period of three weeks, which is similar to the data provided by 
Desai et al. [8] and consistent with the reported periods of viral shedding 
in a non-vaccinated population. Interestingly, high and persistent 
SARS-CoV-2 shedding in the lower respiratory tract has been associated 
with a severe course of COVID-19 [5], which was the case in most of our 
patients. Noteworthy, we did not observe a significant difference in viral 

Fig. 2. Quantification of viral RNA in lung tissue A) Clearance of viral RNA from lung tissue over time. B) Comparison of SARS-CoV-2 RNA signals in deceased 
COVID-19 patients with and without prior anti-SARS-CoV-2 vaccination. C) Viral RNA signals in different stages of COVID-19 pneumonia. D) Quantification of viral 
RNA in different cell types. CD68 marks alveolar macrophages. KRT 18 was used to detect lung epithelial cells and MCAM was used to identify SARS-CoV-2 in 
endothelial cells. *p < 0.05; **p < 0.01; ns, not significant. 
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load between vaccinated and non-vaccinated patients with fatal 
COVID-19 (p > 0.05). Whether this may be attributable to the low 
number of deceased vaccinated COVID-19 patients in our cohort or 
related to the fact of disease fatality remains a subject for future analysis. 

5. Conclusions 

We characterized the natural course of viral clearance of SARS-CoV-2 
RNA in lung tissue of adults with severe COVID-19 and fatal outcome. 
Furthermore, we demonstrated that variants of concern can be detected 
using the described RNA in situ hybridization approach. Our observa-
tions indicate that pulmonary microthrombosis, a known driver of dis-
ease progression, is likely not a direct consequence of endothelial cells 
infection. 
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[7] K. Cortese, G. Holland, L. Möller, M.C. Gagliani, E. Barisione, L. Ball, P. Pelosi, 
F. Grillo, L. Mastracci, R. Fiocca, M. Laue, Ultrastructural examination of lung 
“cryobiopsies” from a series of fatal COVID-19 cases hardly revealed infected cells, 
Virchows Arch. Int. J. Pathol. (2022) 1–11. 

[8] N. Desai, A. Neyaz, A. Szabolcs, A.R. Shih, J.H. Chen, V. Thapar, L.T. Nieman, 
A. Solovyov, A. Mehta, D.J. Lieb, A.S. Kulkarni, C. Jaicks, K.H. Xu, M.J. Raabe, C. 
J. Pinto, D. Juric, I. Chebib, R.B. Colvin, A.Y. Kim, R. Monroe, S.E. Warren, 
P. Danaher, J.W. Reeves, J. Gong, E.H. Rueckert, B.D. Greenbaum, N. Hacohen, S. 
M. Lagana, M.N. Rivera, L.M. Sholl, J.R. Stone, D.T. Ting, V. Deshpande, Temporal 
and spatial heterogeneity of host response to SARS-CoV-2 pulmonary infection, 
Nat. Commun. 11 (2020) 6319. 

[9] C.S. Goldsmith, S.E. Miller, R.B. Martines, H.A. Bullock, S.R. Zaki, Electron 
microscopy of SARS-CoV-2: a challenging task, Lancet 395 (2020), e99. 

[10] I. Hamming, W. Timens, M.L. Bulthuis, A.T. Lely, G. Navis, H. van Goor, Tissue 
distribution of ACE2 protein, the functional receptor for SARS coronavirus. A first 
step in understanding SARS pathogenesis, J. Pathol. 203 (2004) 631–637. 

[11] X. He, E.H.Y. Lau, P. Wu, X. Deng, J. Wang, X. Hao, Y.C. Lau, J.Y. Wong, Y. Guan, 
X. Tan, X. Mo, Y. Chen, B. Liao, W. Chen, F. Hu, Q. Zhang, M. Zhong, Y. Wu, 
L. Zhao, F. Zhang, B.J. Cowling, F. Li, G.M. Leung, Temporal dynamics in viral 
shedding and transmissibility of COVID-19, Nat. Med. 26 (2020) 672–675. 

[12] B. Hu, H. Guo, P. Zhou, Z.L. Shi, Characteristics of SARS-CoV-2 and COVID-19, Nat. 
Rev. Microbiol. 19 (2021) 141–154. 

[13] F.K.F. Kommoss, C. Schwab, L. Tavernar, J. Schreck, W.L. Wagner, U. Merle, 
D. Jonigk, P. Schirmacher, T. Longerich, The pathology of severe COVID-19-related 
lung damage, Dtsch. Arzteblatt Int. 117 (2020) 500–506. 

[14] F. Liu, K. Han, R. Blair, K. Kenst, Z. Qin, B. Upcin, P. Wörsdörfer, C.C. Midkiff, 
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