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Abstract 

Aims 

COVID-19 has had enormous consequences on global health care and resulted in millions of 

fatalities. The exact mechanism and site of SARS-CoV-2 entry into the body remains 

insufficiently understood. Recently, novel virus receptors were identified, and alveolar 

macrophages were suggested as a potential viral entry cell type and vector for intra-alveolar 

virus transmission. Here, we investigated the protein expression of ten well-known and novel 

virus entry molecules along potential entry sites in humans using immunohistochemistry. 

 

Methods and results 

Samples of different anatomic sites from up to 93 patients were incorporated into tissue 

microarrays. Protein expression of ACE2, TMPRSS2, furin, CD147, C-type lectin receptors 

(CD169, CD209, CD299), neuropilin-1, ASGR1 and KREMEN1 were analyzed. In lung 

tissues, at least one of the three receptors ACE2, ASGR1 or KREMEN1 was expressed in the 

majority of cases. Moreover, all of the investigated molecules were found to be expressed in 

alveolar macrophages, and colocalization with SARS-CoV-2 N-protein was demonstrated 

using dual immunohistochemistry in lung tissue from a COVID-19 autopsy. While CD169 

and CD209 showed consistent protein expression in sinonasal, conjunctival and bronchiolar 

tissues, neuropilin-1 and ASGR1 were mostly absent, suggesting a minor relevance of these 

two molecules at these specific sites. 

 

Conclusion 
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Our results extend recent discoveries indicating a role for these molecules in virus entry at 

different anatomic sites. Moreover, they support the notion of alveolar macrophages being a 

potential entry cell for SARS-CoV-2. 
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Introduction 

SARS-CoV-2 and its associated syndrome COVID-19 have taken a toll on humanity. Despite 

global vaccination campaigns and protective measures, viral transmission is not under control 

with infections on the rise. 

Although intensely explored, the mechanism of SARS-CoV-2 viral entry is still insufficiently 

understood. Angiotensin-converting enzyme 2 (ACE2) with its main co-receptor 

Transmembrane protease serine 2 (TMPRSS2) (1) is widely regarded as the principal entry 

receptor (2). In the first months of the pandemic, furin and CD147 (basigin) have emerged as 

potential viral entry facilitators (1,3,4). Whereas the significance of furin--by cleaving the 

SARS-CoV-2 spike protein--in viral entry was scientifically proven (5), the importance of 

CD147 remains controversial (6,7). 

Recently, several alternative viral entry molecules have been discovered. Three C-type lectin 

receptors, CD169 (Siglec-1, Sialoadhesin), CD209 (DC-SIGN) and CD299 (LSIGN, DC-

SIGNR, C-type lectin domain family 4 member M [CLEC4M]), enhance ACE2-dependent 

viral entry in their role as attachment receptors (8–12). CD169 is a surface molecule 

expressed in macrophages of several anatomic sites that primarily promotes adhesion to 

neutrophils, and has been described as an entry mediator for retroviruses (13). CD209, mainly 

expressed on dendritic cells, and its receptor CD299 are known for their capability of viral 

capture and transmission of HIV and hepatitis C virus (14,15). Interestingly, CD209 

expression was shown to facilitate viral transmission of SARS-CoV-1 from alveolar 

macrophages (AMs) to type II pneumocytes, inducing airway stress and dysfunction (16–18). 

Moreover, CD209 has been proposed to act as a SARS-CoV-2 receptor on liver sinusoidal 

endothelial cells (19). In addition, lectin proteins were shown to activate the complement 

system (20) and stir further inflammatory response by initiating cytokine production in 
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myeloid cells (21), which fits well into the established concept of inflammasome activation 

by SARS-CoV-2 (22).  

Furthermore, Neuropilin-1 (NRP-1), originally described as a pro-angiogenic protein and a 

mediator for neuronal cell guidance in the developing nervous system (23), has been shown 

to potentiate viral transmission of SARS-CoV-2 (24–26). In addition, using genomic receptor 

profiling, the roles of Kringle Containing Transmembrane Protein 1 (KREMEN1) and 

asialoglycoprotein receptor 1 (ASGR1) as “receptor-like host factors” in SARS-CoV-2 have 

recently been proposed (27,28). Both proteins are described to act independently from ACE2. 

While KREMEN1 is a known entry receptor for multiple enteroviruses, such as 

coxsackievirus A10 (29,30), ASGR1, a C-type lectin receptor primarily expressed in 

hepatocytes (31), facilitates the entry of hepatitis B virus (32). Importantly, the expression 

and distribution of these novel SARS-CoV-2 viral entry molecules (CD169, CD209, CD299, 

NRP-1, ASGR1 and KREMEN1) along potential entry sites in humans has not been studied 

in detail so far. 

Synchronously to the discovery of alternative viral entry molecules, monocytes and (alveolar) 

macrophages have been described as a potential vector cell for SARS-CoV-2 entry and 

transmission (33–38). Viral replication in AMs as well as viral uptake was demonstrated in 

mouse models (33,37) and using transcriptomic profiling (36). A cellular shift towards pro-

inflammatory monocytes has been described in the alveoli (39). SARS-CoV-2 uses the M1 

macrophage, with its distinct pro-inflammatory cytokine profile (40), as a vehicle for 

transmission and infection of the alveolar epithelium (33). In parallel, the ingestion of SARS-

CoV-2 in monocytes elicits a strong inflammatory response (41,42), which is critical in 

COVID-19. 
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Here, we extend our previous work (43) by analyzing the (co)expression of ten potential viral 

entry molecules, ACE2, TMPRSS2, furin, CD147, CD169, CD209, CD299, NRP-1, ASGR1, 

KREMEN1, and address their clinical relevance and anatomic distribution. Moreover, 

expression patterns in AMs are delineated. Using dual immunohistochemistry on autopsy 

lung tissue from a patient who died of COVID-19, we demonstrate that SARS-CoV-2 N-

protein is detectable in AMs expressing ACE2 and other entry receptors. Our work indicates 

an important role for AMs as a cellular hub for entry and transmission of SARS-CoV-2. 
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Methods 

Patient samples 

The patient samples include 95 sinonasal, 84 conjunctival, and 93 lung specimens. 

The most frequent diagnoses were sinusitis/nasal polyp (89/95; 93.7%), conjunctival 

pterygium (50/84; 59.5%), and cancer in the lung (48/93; 51.6%), respectively. 

Sinusitis/nasal polyp qualified as inflammatory. In non-cancerous lung samples, 19 (20.4%) 

showed emphysematous changes, and 7 (7.5%) an inflammatory condition, including 

bacterial pneumonia, aspergillosis, usual interstitial pneumonia, and hypersensitivity 

pneumonitis. In conjunctival specimens, 24 (28.6%) samples were operated due to tumorous 

conditions, e.g., nevi, cysts, and fibroepithelial polyps, and 7 (8.3%) had an inflammation. 

Further details are listed in Table S1. Tissues from three autopsies were included: SARS-

CoV-2-infected lung tissue from a 84 year old female who died of COVID-19 pneumonia, 

and SARS-CoV-2-negative lung tissues from a 62 year old male with fungal pneumonia, as 

well as a 15 year old male with CMV pneumonia. 

Briefly, tissue microarrays (TMAs) of formalin-fixed, paraffin-embedded 

conjunctival, sinonasal, bronchiolar and alveolar samples were used to determine receptor 

protein expression by immunohistochemistry. Data for ACE2, TMPRSS2, furin and CD147 

are from our previous publication (43). The study was approved by the local ethics committee 

of the Canton of Bern, Switzerland (KEK 200/2014). 

 

Immunohistochemistry (IHC) 

For each specimen, three representative tissue cores of 0.6 mm diameter were assembled into 

TMAs using a Grand Master automated tissue microarrayer (3DHistech, Budapest, Hungary). 

2.5 μm sections were deparaffinized in dewax solution (Leica Biosystems, Wetzlar, 
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Germany), and rehydrated. Single-stain IHCs were performed on a BOND RX automated 

immunostainer (Leica). 

Primary antibodies were incubated for 30 min at room temperature and used as 

indicated in Table S2. Antibody detection was performed with the BOND Polymer Refine 

Detection kit (DS9800, Leica) using 3,3-diaminobenzidine (DAB) as a brown chromogen. 

The samples were counterstained with hematoxylin, dehydrated and mounted with Pertex 

(Sakura, Alphen aan den Rijn, Netherlands). Slides were scanned on a Pannoramic 250 Flash 

scanner (3DHistech). Dual-stain IHCs were performed on a Benchmark Ultra Immunostainer 

using the OptiView DAB detection kit for macrophage and receptor antibodies, and the 

UltraView Universal AP Red detection kit  (Roche Diagnostics, Rotkreuz, Switzerland) for 

the SARS-CoV-2 N-protein antibody. Antibodies were incubated for 32 min at 37°C and 

used as indicated in Table S2. The anti-SARS-CoV-2 N-protein antibody has been described 

previously (44). Dual-stain IHC slides were photographed using a DS-Fi3 camera on an 

Eclipse Ni microscope with a 40x plan apochromat lambda objective, and NIS software 

(Nikon, Tokyo, Japan). 

Placental, testicular, prostatic and renal tissues were used as positive and negative 

controls, respectively (Figure S1). Lung tissues from two non-COVID-19 autopsies (see 

patient samples) were used as SARS-CoV-2 negative controls. 

 

TMA interpretation and statistics 

TMA cores were evaluated in a blinded, independent and randomized manner by 

three pathologists (K.B., M.W., S.F.) using Scorenado, a web-based analysis tool 

(https://github.com/digitalpathologybern/scorenado) (45,46). Staining intensities for 

epithelium and stroma were quantified three-tiered: 0, negative; 1, low; and 2, moderate-

strong. AMs were quantified four-tiered: 0, negative; 1, low; 2, moderate; 3, strong. Median 
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values across all observers were used for final analyses with decimal numbers rounded up. 

Scores were only included if tissue quality was deemed sufficient by at least two pathologists. 

Discrepant cases, i.e., a deviation of ≥ 1 in scoring, were jointly reviewed for a final 

consensus score. For consensus, at least two of three raters had to agree on the final score. 

The number of AMs was counted by eyeballing and arbitrarily quantified in a three-tiered 

manner for each tissue core: <10 AMs per core, low; 11 to 30 AMs per core, moderate; >30 

AMs per core, high (Figure S2). Then, median values (up to three tissue cores per patient) 

were used for further analysis (details in Table S3). Maximum 71 conjunctival, 90 sinonasal, 

81 bronchiolar, and 93 alveolar tissue samples were included for definite analysis. All 

samples were derived from biopsy or resection specimens of different patients (FFPE 

material from 2016 and before). In oncologic lung specimens, tissue cores were obtained 

from non-neoplastic lung parenchyma distant from the tumor region. Expression in stroma 

was jointly scored for immune cells and fibroblasts. In bronchioli, only epithelial expression 

was assessed. 

Statistical analyses were performed using SPSS 28.0 (SPSS Inc., Chicago, USA). 

Two-sided Pearson chi-squared tests were used to calculate contingency tables. P-values 

<0.05 were considered statistically significant. Correlation analyses were conducted using 

Spearman-rho coefficients (ρ) in GraphpadPRISM 9 (GraphPad Software, Inc., San Diego, 

USA). Venn diagrams were drawn using the “VennDiagram” package (47) in R Studio (R 

Foundation for Statistical Computing, Vienna, Austria). Fleiss kappa (κ) was used to assess 

the strength of interobserver agreement for multiraters (48). Moreover, expression of 

molecules was compared in three arbitrarily defined age subgroups (0-30 yr; 31-60 yr; >60 

yr).  
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Results 

Consistent protein expression of CD169 and KREMEN1 in sinonasal, conjunctival and 

bronchiolar epithelium 

The mucosal sites of the sinonasal tract and the conjunctiva are potential viral entry sites for 

SARS-CoV-2. We analyzed the expression of NRP-1, CD169, CD209, CD299, ASGR1 and 

KREMEN1 in up to 216 TMA cores of conjunctival, 270 cores of sinonasal and 243 cores of  

bronchiolar specimens, respectively. Initial interobserver agreement was “moderate” (global 

κ=0.530; 95% confidence interval [CI] 0.513-0.546; sinonasal specimens: κ=0.547; 95% CI 

0.517-0.578; conjunctival specimens: κ=0.513; 95% CI 0.478-0.547; lung specimens: 

κ=0.509; 95% CI 0.483-0.534, further details in Table S4) before consensus was reached via 

discussion of discrepant scores. 

We found that CD169 and KREMEN1 are expressed in sinonasal, conjunctival and 

bronchiolar epithelium in the majority of samples (Table 1, Figure S3). CD169 was 

expressed in 74/86 (86.0%) specimens of sinonasal epithelium, 54/71 (76.1%) specimens of 

conjunctival epithelium and 61/80 (76.3%) specimens of bronchiolar epithelium. KREMEN1 

expression was found in the epithelium of 66/70 (94.3%) sinonasal, 58/60 (96.7%) 

conjunctival and 32/62 (51.6%) bronchiolar specimens. Stromal KREMEN1 expression was 

also detected in the majority of sinonasal specimens (48/70; 68.6%). At least one of the three 

receptors ACE2, ASGR1 or KREMEN1 was expressed in epithelial cells in 38/47 (80.1%) of 

the bronchiolar samples (Figure 1A), while CD209 was not expressed at all in bronchiolar 

epithelium (0/59; 0%, Figure S3). Strongest correlations of the investigated molecules were 

observed for CD169 in bronchiolar epithelium: CD169 expression significantly correlated 

with CD147 (p<0.001, ρ=0.544), furin (p<0.001, ρ=0.589), TMPRSS2 (p<0.001, ρ=0.519), 

NRP-1 (p<0.001, ρ=0.519) and ASGR1 (p<0.001, ρ=0.5) expression (Table 2). 
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In inflammatory conditions of the sinonasal tract, epithelial KREMEN1 expression was 

significantly lower (p=0.022), while epithelial CD169 expression was significantly higher 

(p=0.019) compared to non-inflammatory conditions. Inflamed conjunctival specimens 

demonstrated significantly higher (p<0.001) epithelial CD299 expression compared to non-

inflammatory conditions. For the neoplastic samples of the conjunctiva, stromal CD299 

expression was significantly higher (p=0.019) while epithelial KREMEN1 expression was 

lower (p=0.005) than in non-neoplastic conditions. 

In summary, our data indicate that KREMEN1 and C-type lectin receptors, mainly CD169, 

are consistently expressed in three potential virus entry sites, and may be differentially 

regulated in inflammatory and neoplastic conditions, depending on receptor type and site of 

expression. 

 

Strong protein expression of CD209 in sinonasal and conjunctival stroma 

CD209 (DC-SIGN) is known as an entry receptor for SARS-CoV-1 and has been postulated 

as a candidate entry receptor for SARS-CoV-2 as well (10,16). In our study, we observed 

high CD209 expression in the stroma of both sinonasal (50/72; 69.4%) and conjunctival 

(45/48; 93.8%) samples (Table 1, Figure S3). CD299 (LSIGN or DC-SIGNR), the third 

lectin protein investigated, showed mostly absence of staining in sinonasal tissue, while its 

expression in conjunctival epithelium was detectable in the majority of cases with at least 

low-level expression in 37/66 (56.0%) specimens. NRP-1 and ASGR1 were not detected in 

sinonasal and conjunctival tissue in the majority of specimens (Table 1). No significant 

correlations of receptor expression with age, sex, history of malignancy, eosinophil count, 

allergy or the presence of fungi were found (Figure S4). Altogether, in the upper respiratory 

tract, we found a strong and reproducible stromal expression of CD209, a surface protein 
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specific for dendritic cells that has proven pathogen-binding capacity (14,15,49), with 

possible relevance for SARS-CoV-2 virus entry. 

 

Expression of viral entry molecules in alveolar macrophages 

The implication of AMs as viral entry cells, replication niche and infectious transmitters of 

SARS-CoV-2 has been recently described (33,36,37). We therefore analyzed the expression 

of seven potential receptor entry molecules, i.e., ACE2, NRP-1, CD169, CD209, CD299, 

ASGR1, KREMEN1, and their auxiliary molecules, TMPRSS2, furin and CD147, in AMs. 

We found that all these molecules can be expressed in AMs, with heterogeneous strength of 

expression (Table 3, Figure 2, Figure S5). The highest protein expression levels were 

observed for furin and CD147, with at least moderate expression in 71/93 (76.3%) cases 

each. ACE2, CD209 and CD299 expression was low or absent in AMs in the majority of 

samples. NRP-1, ASGR1 and KREMEN1 showed low median expression levels. At least one 

of the three receptors ACE2, ASGR1 or KREMEN1 was expressed in 79/91 (86.9%) of the 

cases (Figure 1B). Interestingly, higher AM densities significantly correlated with higher 

expression levels for all molecules investigated (KREMEN1: p=0.025; all other markers 

p<0.001; Figures S2 and S6). While AM density was significantly higher (p=0.016) in 

normal alveolar tissue from lung specimens removed for a neoplasm compared to non-

neoplastic specimens, a comparison between non-inflammatory and inflammatory lung 

conditions did not reveal any significant differences (data not shown).  

Moreover, dual IHC revealed colocalization of SARS-CoV-2 N-protein with ACE2, 

TMPRSS2, ASGR1 and CD147 in SARS-CoV-2-positive autopsy lung tissue of an 84 year 

old female patient with lethal COVID-19 pneumonia. Interestingly, in this lung tissue CD209 

expression was restricted to alveolar epithelium without being co-expressed in SARS-CoV-2 

N-protein-positive AMs, and CD299 was completely negative (Figure 3 and data not shown).  

 13652559, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/his.14871 by U

niversität B
ern, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.zotero.org/google-docs/?pETfpg
https://www.zotero.org/google-docs/?7k6N22


Except for KREMEN1, no expression of any of the investigated markers in the alveolar 

septae and pneumocytes was detected (Figure S3). While protein expression was positively 

correlated among all of the molecules (Figure 4), correlations with patient age, sex, 

concurrent malignancy or history of malignancy were not observed (Figure S4). A 

comparison between emphysematous and non-emphysematous samples did not reveal any 

significant expression differences in alveolar macrophages for any of the molecules. 

However, the expression of TMPRSS2 and CD169 in bronchiolar epithelium was 

significantly higher (p=0.008 and p=0.042, respectively) in emphysematous lung samples. On 

the other hand, furin (p=0.005), TMPRSS2 (p=0.013), and CD169 (p=0.029) expression was 

significantly higher in bronchiolar epithelium in a neoplastic context. In inflamed tissue, 

significantly lower CD169 (p=0.014) expression was observed in AMs; ASGR1 (p=0.053) 

and CD169 (p=0.054) only showed trends of lower expression in bronchiolar epithelium. 

In summary, our data indicate that AMs are a potential cell type for viral entry, as they can 

express a relevant number of virus receptors and associated molecules capable of binding and 

capturing the virus, and show positive immunostaining for SARS-CoV-2 N-protein in 

COVID-19 infected lung tissue (33). 

 

Discussion 

We previously found that ACE2 is only weakly expressed in the lower human respiratory 

tract. Moreover, preliminary analysis of our data indicated that AMs consistently expressed 

ACE2, TMPRSS2, furin and CD147 (43). Here we extended our analyses by several 

additional molecules potentially relevant for viral entry of SARS-CoV-2 that have not been 

systematically investigated in the respiratory tract so far.  

CD169 was shown to be expressed on circulating monocytes (50) and dendritic cells 

(51). This further highlights mononuclear phagocytes as important potential viral entry cells 

 13652559, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/his.14871 by U

niversität B
ern, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.zotero.org/google-docs/?2IE3sJ
https://www.zotero.org/google-docs/?jaiutZ
https://www.zotero.org/google-docs/?1WRG7x
https://www.zotero.org/google-docs/?8qqKT2


(52,53). In addition, CD169 is a known viral entry receptor with pathogen recognition ability 

(54). Here, we observed consistent expression of CD169 in sinonasal, conjunctival and 

bronchiolar epithelium, which supports its suggested role as an attachment receptor for 

SARS-CoV-2 (12). Siglec(-9) agonists can inhibit neutrophils in COVID-19, underlining 

potential therapeutic implications as well (55). While CD209 is robustly expressed in 

conjunctival stroma, CD299, a homologue of CD209, was undetectable in the majority of 

sinonasal and conjunctival tissues and bronchiolar epithelial cells. CD209 is a proven 

receptor for SARS-CoV-1 (16), and the conjunctivae are not to be neglected as a potential 

virus entry site (56,57). 

KREMEN1 and ASGR1 have been described as ACE2-independent receptors 

forming specific “ASK-receptor combinations” (ASK: ACE2/ASGR1/KREMEN1), which 

determine SARS-CoV-2 susceptibility (27). It is hypothesized that dual or triple positivity of 

these three receptors leads to higher susceptibility. While KREMEN1 was consistently, 

though weakly, expressed in the sinonasal, conjunctival and bronchiolar epithelium, ASGR1 

expression was mostly undetectable in all the investigated anatomic locations in our study. 

According to single-cell RNA sequencing data, both proteins are expressed in epithelium and 

immune cells with a general predominance of KREMEN1-positive cells (27). The expression 

of one “ASK” receptor is described as sufficient for viral entry. Here, in bronchiolar 

epithelium, at least one of these three molecules was expressed in the majority of cases.  

NRP-1 has been revealed as a SARS-CoV-2 host factor using cell lines (24,25). So 

far, the protein expression of NRP-1 in respiratory mucosa has been investigated in autopsy 

material of six patients with confirmed SARS-CoV-2 infection (25). In our study, NRP-1 was 

mostly absent or weakly expressed in healthy conjunctival, sinonasal and bronchiolar 

epithelium. 
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Interestingly, we found expression of all investigated molecules in AMs. Moreover, they 

showed significant and strong positive correlation among each other, suggesting diverse 

expression profiles (high and low-expressors) of these molecules. The strength of expression 

significantly correlated with a higher AM density as well. Recently, AMs have been 

described as the “Achilles heel” (58) of COVID-19 with an important role in viral entry and 

transmission (33), making them a potential virus target (35). In line with this, we detected 

SARS-CoV-2 N-protein in AMs. Surprisingly, in our study, the highest expression levels in 

AMs were observed for furin and CD147. Both proteins are no key entry receptors, but rather 

auxiliary entry molecules. CD147 has been described to be involved in platelet activation in 

COVID-19 (59). A mechanistic role in (alveolar) macrophages is currently unknown; 

however, treatment with anti-CD147 antibodies showed improved recovery in COVID-19 

pneumonia (60). Among all molecules, ACE2 expression in AMs was lowest with absence of 

expression in the majority of cases. However, in the vast majority of patients at least one of 

the “ASK” receptor molecules was expressed in AMs, with “triple negativity” in 13.1% of 

samples only. 

Our study has several limitations. First, despite allowing for simultaneous assessment 

of multiple tissues and overcoming batch effects in stainings, protein expression analysis in 

TMAs could lead to loss of information due to small amounts of tissue being analyzed. For 

example, in bronchioli, we only investigated epithelial expression, but not subepithelial 

compartments such as peribronchiolar stroma or smooth muscle. Moreover, initial 

interobserver agreement was poor for NRP-1, CD209, ASGR1, and KREMEN1 in the 

stromal tissue compartments, and for NRP-1, CD209, CD299 in bronchiolar epithelium 

(Table S4). This could have been due to the paucity of analyzable cells in the stroma, or the 

small TMA core size for epithelium assessment, respectively. 
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 Second, SARS-CoV-2 mRNA has been detected in type II pneumocytes (61). Here, 

pneumocytes were negative for most entry receptors except for weak KREMEN1 expression. 

Although we did not differentiate between type II and the more abundant type I pneumocytes, 

and KREMEN1 might mediate viral entry in the absence of other receptors, it is possible that 

viral entry is mediated by receptors expressed below the detection limit of IHC. Third, using 

dual immunohistochemistry we detected SARS-CoV-2 N-protein in AMs expressing several 

entry receptors. However, this analysis was only performed on tissue from a single patient, 

which precluded the analysis of possible inter-individual variations in the co-expression of 

these receptors along SARS-CoV-2 N-protein in COVID-19-diseased lungs. Fourth, although 

tissue cores from oncologic lung specimens were taken distant from the tumor, a 

microenvironmental shift in non-neoplastic lung parenchyma of tumor-bearing samples could 

lead to altered biomarker expression. Additionally, smoking habits or comorbidities of the 

included patients were unknown. Cigarette smoking can alter receptor protein expression 

(62), and also influences the alveolar compartment’s local immune state (63), e.g., by 

recruiting AMs (64). Concordantly, AM density was significantly higher in cancerous lungs, 

and TMPRSS2 and CD169 expression was significantly higher in bronchiolar epithelium of 

samples with emphysema, both smoking-associated conditions. 

In summary, first, the mechanistic relevance of AMs in SARS-CoV-2 susceptibility 

and transmission is further substantiated by the herein observed protein expression of all 

investigated molecules and the colocalization with SARS-CoV-2 N-protein. Second, ACE2 

seems, at least based on protein expression, not to be a single-handed player in the respiratory 

tract but rather part of an orchestrated entry complex. Third, C-type lectin proteins CD169 

and CD209 showed consistent expression in all the investigated anatomic locations, though 

most often at low levels. The relevance of NRP-1 and CD299 in the respiratory tract is 

questionable due to absence of expression in most samples.  
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Figure legends  

Figure 1. ACE2/ASGR1/KREMEN1 receptor combinations in human lung tissue. Venn 

diagrams demonstrating combined expression of ACE2/ASGR1/KREMEN1 (“ASK” 

receptors (27)) in bronchiolar epithelium (A, n=47) and alveolar macrophages (AMs) (B, 

n=91). No expression of any of the molecules (“triple negative”) in bronchiolar epithelium of 

nine patients (9/47, 19.1%), and in AMs of twelve patients (12/91, 13.2%). Expression of all 

three molecules in AMs of 30/91 (33.0%) patients. Green, ACE2+; orange, KREMEN1+; 

blue, ASGR1+; pink, triple negative. 

 

Figure 2. Expression of NRP-1, CD169, CD209, CD299, ASGR1 and KREMEN1 in 

alveolar macrophages. Representative IHC images out of 279 TMA cores, A: no 

expression, B: strong expression (extended version in Figure S5). Scale bar, 200 μm; inset, 

20 μm. 

 

Figure 3. Co-expression of SARS-CoV-2 N-protein and ACE2, TMPRSS2, ASGR1 and 

CD163 in SARS-CoV-2 infected lung tissue. Representative dual IHC images 

demonstrating co-expression in AMs in autopsy-derived FFPE lung tissue from an 84 year 

old female patient who died of COVID-19 pneumonia with acute respiratory distress 

syndrome. SARS-CoV-2 N-protein, red chromogen; ACE2/TMPRSS2/ASGR1/CD163, 

brown chromogen, respectively. Scale bar, 20 μm. 

 

Figure 4. Correlation matrix for alveolar macrophages. Non-Gaussian Spearman's ρ 

correlation matrix (heat map) reveals significant (independent values, n=92, two-tailed p < 

0.0001) positive correlation among all molecules in AMs. 
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Figure S1. Staining controls. Low (+) NRP-1 expression in proximal tubules of the kidney 

(A). Absence of expression in testicular (-) (B), prostatic (-) (C) and placental (-) (D) 

parenchyma. Low to moderate (+/++) CD169 expression in proximal tubules of the kidney 

(E). Absence of CD169 expression in testicular (-) (F), prostatic (-) (G) and placental (-) (H) 

parenchyma. Absence of CD209 expression in renal (-) (I), testicular (-) (J) and prostatic (-) 

(K) parenchyma. CD209 expression in placental Hofbauer cells (++) (L). Absence of CD299 

expression in renal (-) (M), testicular (-) (N), prostatic (-) (O) and placental (-) (P) 

parenchyma. ASGR1 positivity in corpora amylacea of the prostate (+) (S). Absence of 

ASGR1 expression in renal (-) (Q), testicular (-) (R) and placental (-) (T) parenchyma. 

Absence of KREMEN1 expression in renal (-) (U), testicular (-) (V) and placental (-) (X) 

parenchyma. KREMEN1 expression in prostatic acinar epithelium (+) (W). Scale bar, 200 

μm; inset, 20 μm. 

 

Figure S2. Alveolar macrophage (AM) density. Representative IHC images (NRP-1) 

demonstrating the three-tiered quantification of AM density in tissue cores of alveolar lung 

parenchyma. The strength of expression correlates with the number of AMs. Scale bar, 200 

μm; inset, 50 μm. 

 

Figure S3. Representative stainings of epithelial and stromal expression for the 

investigated molecules. (A-C) NRP-1 expression (n=239 TMA cores) in (A) sinonasal, (B) 

bronchial, and (C) conjunctival specimens. (D-F) CD169 expression (n=242 TMA cores) in 

(D) sinonasal, (E) bronchial, and (F) conjunctival specimens. (G-I) CD209 expression 

(n=179 TMA cores) in (G) sinonasal, (H) bronchial, and (I) conjunctival specimens. (J-L) 

CD299 expression (n=240 TMA cores) in (J) sinonasal, (K) bronchial, and (L) conjunctival 

specimens. (M-O) ASGR1 expression (n=225 TMA cores) in (M) sinonasal, (N) bronchial, 

 13652559, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/his.14871 by U

niversität B
ern, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and (O) conjunctival specimens. (P-R) KREMEN1 expression (n=192 TMA cores) in (P) 

sinonasal, (Q) bronchial, and (R) conjunctival specimens. Left panels, absence of expression; 

center panels, low expression (1), right panels, high expression (2), respectively (presence of 

expression in accordance with Table 1). Scale bar, 200 μm; inset, 20 μm. 

 

Figure S4. Correlation matrices. Non-Gaussian Spearman's ρ correlation matrix (heat map) 

showing all correlations for each anatomic site (sinonasal tract, conjunctiva, bronchioli). 

Ticked boxes are excluded from analysis. 

 

Figure S5. Expression of NRP-1, CD169, CD209, CD299, ASGR1 and KREMEN1 in 

alveolar macrophages. Representative IHC images out of 279 TMA cores. (A) No 

expression, (B) low expression (1), (C) moderate expression (2), (D) strong expression (3). 

Scale bar, 200 μm; inset, 20 μm. 

 

Figure S6. Intensity of receptor molecule expression with respect to AM density. 
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Table 1 Expression of NRP-1, CD169, CD209, CD299, ASGR1 and KREMEN1 in epithelium (top 

row) and stroma (bottom row) of sinonasal tract, conjunctivae, and bronchioli, respectively. The 

following scores were applied: 0, no expression / negative; 1, low expression; 2, high expression. 

Sinonasal tract Median Mean negative, n/n 

(%) 

low, n/n (%) high, n/n (%) 

NRP-1 

 

epithelial 

stromal 

0 

0 

0.5 

0.1 

45/86 (52.3) 

80/89 (89.9) 

36/86 (41.9) 

8/89 (9.0) 

5/86 (5.8) 

1/89 (1.1) 

CD169 

 

epithelial 

stromal 

1 

0 

1.2 

0.4 

12/86 (14.0) 

67/90 (74.4) 

49/86 (57.0) 

14/90 (15.6) 

25/86 (29.1) 

9/90 (10.0) 

CD209 

 

epithelial 

stromal 

0 

2 

0.2 

1.7 

56/67 (83.6) 

3/72 (4.2) 

11/67 (16.4) 

19/72 (26.4) 

0/67 

50/72 (69.4) 

CD299 

 

epithelial 

stromal 

0 

0 

0.2 

0 

70/87 (80.5) 

89/90 (98.9) 

17/87 (19.5) 

1/90 (1.1) 

0/87 (0) 

0/90 (0) 

ASGR1 

 

epithelial 

stromal 

0 

0 

0.4 

0 

57/85 (67.1) 

84/86 (97.7) 

19/85 (22.4) 

2/86 (2.3) 

9/85 (10.6) 

0/86 (0) 

KREMEN1 

 

epithelial 

stromal 

1 

1 

1.3 

0.8 

4/70 (5.7) 

22/70 (31.4) 

41/70 (58.6) 

39/70 (55.7) 

25/70 (35.7) 

9/70 (12.9) 

Conjunctivae  

NRP-1 

 

epithelial 

stromal 

0 

0 

0.3 

0.1 

51/68 (75.0) 

65/69 (94.2) 

17/68 (25.0) 

4/69 (5.8) 

0/68 

0/69 

CD169 

 

epithelial 

stromal 

1 

0 

0.8 

0.1 

17/71 (23.9) 

67/72 (93.1) 

51/71 (71.8) 

5/72 (6.9) 

3/71 (4.2) 

0/72 

CD209 

 

epithelial 

stromal 

0 

2 

0 

1.9 

53/53 (100) 

0/48 

0/53 

3/48 (6.3) 

0/53 

45/48 (93.8) 

CD299 

 

epithelial 

stromal 

1 

0 

0.6 

0.1 

29/66 (43.9) 

68/70 (97.1) 

35/66 (53.0) 

0/70 

2/66 (3.0) 

2/70 (2.9) 

ASGR1 

 

epithelial 

stromal 

0 

0 

0.1 

0 

61/65 (93.8) 

64/64 (100) 

4/65 (6.2) 

0/64 

0/65 

0/64 

KREMEN1 

 

epithelial 

stromal 

2 

0 

1.5 

0.4 

2/60 (3.3) 

31/52 (59.6) 

26/60 (43.3) 

20/52 (38.5) 

32/60 (53.3) 

1/52 (1.9) 

Bronchioli   

NRP-1 epithelial 0 0.5 42/81 (51.9) 38/81 (46.9) 1/81 (1.2) 

CD169 epithelial 1 1.1 19/80 (23.8) 38/80 (47.5) 23/80 (28.7) 

CD209 epithelial 0 0 59/59 (100) 0/59 0/59 
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2 

CD299 epithelial 0 0.1 73/80 (91.3) 7/80 (8.8) 0/80 

ASGR1 epithelial 0 0.7 39/74 (52.7) 21/74 (28.4) 14/74 (18.9) 

KREMEN1 epithelial 1 0.7 30/62 (48.4) 20/62 (32.3) 12/62 (19.4) 
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3 

Table 2 Correlation table showing significant correlation coefficients (p<0.05), for correlations with at least moderate strength (Spearman’s ρ > 0.4 (65)) in 

sinonasal, conjunctival and bronchiolar specimens (all correlations in Figure S4). Columns represent epithelial expression (unless otherwise specified as 

stromal) for each molecule in its corresponding anatomic site. 

 ACE2 TMPRSS2 furin CD147 NRP-1 CD169 CD209 CD299 ASGR1 

Sinonasal tract  

CD169 epithelial     ρ=0.554 

p<0.001 

   ρ=0.502 

p<0.001 

CD209 epithelial    ρ=-0.425 

p=0.005 

     

CD299 epithelial     ρ=0.542 

p<0.001 

    

KREMEN1 epithelial ρ=0.403 

p=0.003 

        

Conjunctivae  

CD169 epithelial   ρ=0.515 

p<0.001 

      

CD169  stromal     ρ=0.409 (stromal) 

p<0.001 

  ρ=0.763 (stromal) 

p<0.001 

 

ASGR1 epithelial  ρ=0.4 

p=0.005 

       

Bronchioli  
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4 

CD169  ρ=0.519 

p<0.001 

ρ=0.589 

p<0.001 

ρ=0.544 

p<0.001 

ρ=0.519 

p<0.001 

  ρ=0.500 

p<0.001 

 

ASGR1  ρ=0.491 

p=0.001 

 ρ=0.406 

p=0.003 
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5 

Table 3 Expression of ACE2, TMPRSS2, furin, CD147, NRP-1, CD169, CD209, CD299, ASGR1 

and KREMEN1 in AMs. The following scores were applied: 0; no expression / negative; 1, low 

expression; 2, moderate expression; 3, high expression. Data for ACE2, TMPRSS2, furin and CD147 

were obtained by reanalyzing TMAs from (43). 

 Median Mean negative, n/n (%) low, n/n (%) moderate, n/n (%) high, n/n (%) 

ACE2 0 0.6 56/93 (60.2) 22/93 (23.7) 10/93 (10.8) 5/93 (5.4) 

TMPRSS2 1 1.3 19/93 (20.4) 41/93 (44.1) 19/93 (20.4) 14/93 (15.1) 

furin 2 2.2 3/93 (3.2) 19/93 (20.4) 28/93 (30.1) 43/93 (53.8) 

CD147 2 2.2 4/93 (4.3) 18/93 (19.4) 30/93 (32.3) 41/93 (44.1) 

NRP-1 1 0.9 41/92 (44.6) 28/92 (30.4) 16/92 (17.4) 7/92 (7.6) 

CD169 1 1.3 14/92 (15.2) 46/92 (50.0) 22/92 (23.9) 10/92 (10.9) 

CD209 0 0.7 50/91 (54.9) 25/91 (27.5) 11/91 (12.1) 5/91 (5.5) 

CD299 0 0.7 52/92 (56.5) 18/92 (19.6) 16/92 (17.4) 6/92 (6.5) 

ASGR1 1 1.0 38/92 (41.3) 26/92 (28.3) 16/92 (17.4) 12/92 (13.0) 

KREMEN1 1 1.2 27/91 (29.7) 30/91 (33.0) 27/91 (29.7) 7/91 (7.7) 
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Expression of NRP-1, CD169, CD209, CD169, CD299, ASGR1 and 

KREMEN1 (top-down) in alveolar macrophages. A: no expression, B: strong 

expression (3).

Core: 200 um, inset: 20 um.

um A B
N
R
P-
1

C
D
29
9

C
D
20
9

A
SG

R
1

C
D
16
9

K
R
EM

EN
1

 13652559, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/his.14871 by U

niversität B
ern, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ACE2

SARS red, 
molecule 
brown
20 um

ASGR1 CD163

TMPRSS2

 13652559, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/his.14871 by U

niversität B
ern, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1.00

0.68

0.73

0.81

0.81

0.57

0.69

0.57

0.69

0.71

0.68

1.00

0.74

0.70

0.74

0.40

0.67

0.66

0.62

0.76

0.73

0.74

1.00

0.71

0.72

0.34

0.72

0.54

0.60

0.71

0.81

0.70

0.71

1.00

0.73

0.65

0.77

0.68

0.75

0.73

0.81

0.74

0.72

0.73

1.00

0.49

0.68

0.63

0.65

0.74

0.57

0.40

0.34

0.65

0.49

1.00

0.40

0.45

0.49

0.46

0.69

0.67

0.72

0.77

0.68

0.40

1.00

0.57

0.59

0.71

0.57

0.66

0.54

0.68

0.63

0.45

0.57

1.00

0.66

0.64

0.69

0.62

0.60

0.75

0.65

0.49

0.59

0.66

1.00

0.68

0.71

0.76

0.71

0.73

0.74

0.46

0.71

0.64

0.68

1.00

N
R

P
-1

C
D

1
6

9

C
D

2
0

9

C
D

2
9

9

A
S

G
R

1

K
R

E
M

E
N

1

A
C

E
2

C
D

1
4

7

fu
ri

n

T
M

P
R

S
S

2

NRP-1

CD169

CD209

CD299

ASGR1

KREMEN1

ACE2

CD147

furin

TMPRSS2
-1.0

-0.5

0

0.5

1.0

 13652559, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/his.14871 by U

niversität B
ern, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Binder18.pdf
	HIS_14871_Figure 1
	HIS_14871_Figure 2_R1
	HIS_14871_Figure 3
	HIS_14871_Figure 4
	Spearman r: Correlation of Col: Entering replicate data





