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SUMMARY

SARS-CoV-2 lung infection triggers an acute reaction that can severely impair oxygen exchange. However, 

the underlying molecular processes are poorly understood. The TROP1/EPCAM p.M115T polymorphism was 

found associated with COVID-19 severity. We discovered here that the T115 Trop-1/EpCAM is a driver of cell 

growth, whereas M115 Trop-1/EpCAM has little, if any, cell growth induction capacity. TROP1/EPCAM 

knockout mice showed altered proliferation of embryonic stem cells. The Trop-1/EpCAM T115 allele 

was then found to drive hyperproliferative capacity in murine fibrosarcoma cells. Corresponding growth stim

ulation was shown in human colon cancer cells, through CRISPR-Cas9 ablation of the endogenous TROP1/ 

EPCAM and comparative transfection of TROP1/EPCAM p.T115 (T-mod) or p.M115 (M-mod) alleles. In 

COVID-19 patients, T115 Trop-1/EpCAM was shown to cause aberrant, hyperproliferative wound repair in 

SARS-CoV-2-damaged lung alveoli that led to critical oxygen-exchange impairment. Analysis of COVID-19 

patient lungs at autopsy showed hyperproliferation of T115 Trop-1/EpCAM+ epithelial cells over the alveolar 

epithelium damaged by the infection. This correlated with T115 Trop-1/EpCAM+ inflammatory cells hyperpro

liferation and alveolar hyaline membrane formation. These multi-layered barriers were computed to reduce 

oxygen diffusion by up to 100-fold. Our findings indicate an unanticipated mechanism for lung damage by 

T115 Trop-1/EpCAM, and suggest a potential target for corresponding therapeutic approaches.

INTRODUCTION

Years after the beginning of the COVID-19 pandemic, one of the 

major challenges remains the identification of the molecular 

mechanisms that determine the severity the disease. Age, sex, 

and pre-existing pathological conditions were shown to affect 

clinical outcomes.1–3 Genetic factors can play a key, though 

incompletely understood, role in disease progression.4–18 The 

application of a machine learning model to exome sequencing 

data of the GEN-COVID consortium (n = 2,446) allowed us to 

identify the p.Met115Thr (M115T) (rs1126497; c.344T>C) poly

morphism of the TROP1/EPCAM gene as an independent prog

nostic factor for the course of COVID-19. Additional genetic var

iants have been associated with COVID-19 severity, among 

them polymorphisms at a chromosome 3p21.31 locus (which 

encompasses genes such as the LZTFL1 transcription factor, 
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the SLC6A20 Solute Carrier Family 6 Member 20, the CCR9 che

mokine and the CXCR6 chemokine receptor).4 Association of a 

polymorphism of TROP1/EPCAM, a gene that takes part to 

maintaining the architecture of epithelial tissues,19–22 to 

COVID-19 severity suggested an involvement of the T115 allele 

in lung epithelial cell pathology.23,24

The TROP1/EPCAM gene25 (STAR Methods – nomenclature) 

encodes Trop-1/EpCAM,19,20 a monomeric transmembrane 

glycoprotein that transduces an intracellular calcium signal.21

In epithelial cells, Trop-1/EpCAM takes part in the formation of 

cell-cell adhesion structures at contact sites of adjacent cells.22

Trop-1/EpCAM does not belong to other known cell-cell adhe

sion molecule classes26 and, despite early indications,27 rather 

than being an adhesion molecule itself,28,29 it downregulates 

the adhesive function of E-cadherin and β-catenin.30

Trop-1/EpCAM is expressed by proliferating epithelial cells,19,31

and by progenitor cells of epithelial,32–35 germinal,36 and hemato

poietic37 lineages. Of relevance, Trop-1/EpCAM is also expressed 

by a vast fraction of human cancers,32,38,39 whereby the Trop-1/ 

EpCAM+ CD44+ cells comprise the proliferating compartment/ 

progenitor cells.40 Activation of Trop-1/EpCAM by proteolytic 

cleavage41,42 triggers tumor cell growth19,43 and malignant 

progression.44–46

Here, we show that a frequent polymorphism (p.M115T) of the 

TROP1/EPCAM gene47 is a host factor that drives lung damage 

in severe COVID-19 disease. Trop-1/EpCAM is a cancer driver 

and large-scale tumor DNA sequencing projects (www. 

cbioportal.org/datasets) have frequently listed the TROP1/EP

CAM p.M115T (rs1126497; c.344T>C) polymorphism as a muta

tion (https://www.uniprot.org/uniprotkb/P16422/entry), largely 

because of lack of comparison of tumor sequences with germ

line data.

In this article, we discovered that the T115 Trop-1/EpCAM is a 

driver of tumor cell growth, whereas M115 Trop-1/EpCAM has lit

tle, if any, cell growth induction capacity. We assessed M115 

versus T115 Trop-1/EpCAM alleles for induction of differential 

growth in experimental cell models. We obtained mTrop1 inactiva

tion by targeted gene replacement48 in the TBV-2 mouse embry

onic stem (ES) cells.49 We found a lower proliferative capacity of 

hemizygous TROP1/EPCAM ES cells, which indicated a quantita

tive response to endogenous TROP1/EPCAM genes. Transfection 

of fibrosarcoma L cells for T115 versus M115 Trop-1/EpCAM al

leles showed that the T115 allele confers hyperproliferative proper

ties, whereas the M115 allele shows essentially no capacity to 

induce cell proliferation. Intermediate proliferation rates were 

shown in T115/M115 heterozygous cells, suggesting a quantitative 

relationship versus T115 Trop-1/EpCAM expression levels. Formal 

confirmation of these findings was obtained by transgenesis of the 

two alleles in TROP1/EPCAM CRISPR-Cas9-ablated KM12SM 

human colon cancer cells.50 In this cellular system, growth-driving 

capacity was only retained by the T115 allele.

These findings led us to speculate that T115 Trop-1/EpCAM 

plays a pivotal role as an inducer of proliferation of wound-heal

ing cells in the damaged lung epithelium in COVID-19 patients. 

Immunohistochemistry (IHC) analysis of the lungs of COVID-19 

patients at autopsy demonstrated induction of Trop-1/EpCAM 

expression in alveolar type 2 (AT2) pneumocytes from the 

earliest stages of epithelial damage repair. This was followed 

by overproliferation of T115 Trop-1/EpCAM+ cells, and by the 

formation of multi-stratified layers of alveolar cells, which 

severely impeded oxygen diffusion. T115 Trop-1/EpCAM 

expression was also shown in inflammatory cells, where it corre

lated with immune cell proliferation in lung tissues of COVID-19 

patients with severe disease.51 This hyperinflammatory state 

led to intraalveolar hyaline membrane formation, which further 

reduced oxygen permeability.

These findings indicate an unanticipated path toward acute 

lung damage after viral infection that associates to severe 

COVID-19 outcomes.

RESULTS

p.M115T TROP1/EPCAM gene associates with COVID- 

19 severity

By applying post-Mendelian genetic models to a cohort of 2,446 

SARS-CoV-2 infected subjects with different disease severity, 

we identified the TROP1/EPCAM (NM_002354.3) p.M115T 

(rs1126497, c.344T>C) polymorphism as contributing to disease 

outcome.23,24

In order to assess the pathological role of this polymorphism, 

patients showing severe COVID-19 (cases) and infected individ

uals with no signs of disease (controls) were compared (n = 

1848). The identified frequencies were in Hardy-Weinberg equi

librium. The minor allele frequency in our cohort was similar 

(37.05%) to that reported in the Network for Italian Genomes 

database (NIG; http://nigdb.cineca.it/) (37.3%). The polymorphic 

allele frequency in our cohort was correspondingly similar to that 

reported for the European (non-Finnish) population (gnomAD) 

(Table 1). We subdivided patients into two categories, those hav

ing the TROP1/EPCAM p.T115 polymorphism in heterozygous 

or homozygous state and those homozygous for the p.M115 

allele (Table 2). We found that homozygotes for p.T115 have an 

increased risk for severe COVID-19 (odds ratio [OR] of 1.52 con

fidence interval [CI] 95% 1.15–2.01), with a p value of 2.9 × 10− 3 

(Table 3).

TROP1/EPCAM sequence variants in cancer genomes

Trop-1/EpCAM expression impacts on tumor progression of 

breast tumors,38,52–55 non-small cell lung cancer,47,56,57 colon 

cancer,58 and others. In cancer cells, Trop-1/EpCAM functions 

as a proliferation driver, upon overexpression as a wild-type 

molecule.19

Table 1. Allele frequency of the rs1126497 (c.344T>C) polymorphism in the TROP1/EPCAM gene in the European (non-Finnish) 

population (gnomAD), and in the GEN-COVID cohort (cases plus controls)

Nucleotide Amino acid Allele frequency gnomAD Allele frequency GEN-COVID cohort Population

c.344T Met115 0.57 0.63 European (non-Finnish)

c.344C Thr115 0.43 0.37 European (non-Finnish)
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Systematic analysis for M115T variant prevalence and func

tion was conducted c/o the web repositories at the Broad insti

tute, International Cancer Genome Consortium (ICGC), Global 

Variome Shared Leiden Open Variation Database (LOVD), cBio

portal, and ClinVar. The M115T polymorphism was broadly mis

classified as a mutation in cancer sequence databanks 

(Figures 1A and 1B). The association to Lynch syndrome61 and 

to pediatric cancers was originally taken to support a mutage

netic model. These findings may now be reinterpreted as sup

porting a tumor progression role of a germline T115 Trop-1/ 

EpCAM variant.

Structure of M115 versus T115 Trop-1/EpCAM

Very little experimental evidence was available on the impact of 

the M115T polymorphism on Trop-1/EpCAM structure and func

tion.55,61,62 Comparison of Trop-1/EpCAM T115 versus M115 

transfectants did not reveal sizable differences in expression 

levels, suggesting a limited, if any, impact of this polymorphism 

on the transport and stability of the two polymorphic Trop-1/ 

EpCAM. Sorting Intolerant From Tolerant (SIFT) analysis 

(https://sift.bii.a-star.edu.sg/) can predict whether an amino 

acid substitution affects protein function,63 based on sequence 

homology and on the amino acids physical properties. SIFT 

computations indicated that Thr and Met possess high scores 

as tolerated residues at the 115 position (Figure S1).

The T115 Trop-1/EpCAM (4mzv) structure was used as a 

template to obtain the structure of the M115 Trop-1/ 

EpCAM59,60 (Figures 1C–1E). The T115 and M115 Trop-1/ 

EpCAM variants were subsequently superimposed with 

PyMol (https://www.pymol.org/) (Figure 1C). This showed no 

apparent divergence between the two structures. Formal 

assessment was conducted via the Ramachandran plot anal

ysis (Figure 1F). This revealed essential invariance of the Φ 
and Ψ peptide bonds throughout the structures of T115 and 

M115 Trop-1/EpCAM, suggesting limited differential impact 

of the T115 versus M115 polymorphic residues on the Trop- 

1/EpCAM structure.

T115/M115 was shown to be solvent-exposed residue in a 

surface cavity of the molecule, which is essentially filled by the 

hydrophobic side chain of Met (Figures 1D and 1E). This and 

the polar nature of the side chain of Thr suggested that potential 

interactions of binding partner(s) to this region of Trop-1/EpCAM 

may be altered by a polymorphic change to Met.

mTrop1 +/− knockout cells show a reduced proliferative 

capacity

We had previously shown that Trop-1/EpCAM can play a key role 

in the control of cell proliferation.19 Hence, we investigated the 

role of Trop-1/EpCAM T115 versus M115 alleles in driving cell 

growth.

Inactivation of the mouse mTrop1 was obtained by targeted 

gene replacement48 in the TBV-2 murine ES cell line.49 A 

1,267 bp DNA fragment located 85 bp upstream of exon 1 (5′ ho

mology region [HR]) was PCR-amplified from TBV-2 ES genomic 

DNA and a 3,700 bp DNA fragment from intron 3 to intron 5 (3′

HR) was PCR-amplified from a C57/Bl6 mouse bacterial artificial 

chromosome (BAC) library. The targeting vector containing the 5′

and 3′ HRs flanking the floxed phosphoglycerate kinase (PGK)- 

neo cassette was linearized and electroporated into the TBV-2 

ES cells. Homologous recombination at the mTrop1 locus was 

predicted to create a null allele by replacing a 2,341-bp region, 

containing the transcriptional and translational start sites and 

the first 27 codons of the mTrop1 open reading frame (ORF), 

with the PGK-neo selection cassette (Figure 2A). Candidate 

gene-replacement ES clones were selected by resistance to 

G418/ganciclovir.

Growth of TROP1/EPCAM knockout versus wild-type ES cells 

under conditions that prevent differentiation (culture over a feeder 

cell layer, with medium supplemented with leukemia inhibitory fac

tor [LIF])49 showed distinct patterns of proliferation (Figure 2B). 

However, LIF can interfere with Trop-1/EpCAM function.64 Hence, 

the growth of TROP1/EPCAM knockout cell was further assessed 

in the absence of LIF and of feeder cells. This indicated a lower pro

liferative capacity of hemizygous TROP1/EPCAM ES cells 

(Figure 2C) versus wtTROP1/EPCAM, suggesting a quantitative 

cell growth response to the TROP1/EPCAM gene.

T115 Trop-1/EpCAM is a unique driver of cell growth

Trop molecules drive signaling for growth19 across distinct 

normal and transformed cells.50,65 Among them, L cells were 

shown to quantitatively respond to the expression of the 

TROP1/EPCAM gene.66 We transfected L cells with the 

T115 or M115 Trop-1/EpCAM alleles. Flow cytometry cell 

sorting67 selected Trop-1/EpCAM+ cells for parallel expres

sion levels of each Trop-1/EpCAM variant at the cell mem

brane (Figure 3A, left). Cell growth assays showed that the 

T115 allele confers hyperproliferative properties, whereas 

the M115 allele shows little, if any, growth induction capacity 

(Figure 3A, right). Transfectants were obtained that coex

pressed the T115 and M115 Trop-1/EpCAM alleles. Compar

ative assessment of the T/M versus T/T versus M/M Trop-1/ 

EpCAM alleles showed intermediate levels of cell growth in

duction for T/M. In other words, we found no evidence for a 

dominant negative effect of the M115 Trop-1/EpCAM on the 

T115 allele, but rather a quantitative dependence on T115 

Trop-1/EpCAM allele expression levels (Figure 3A, right).

Table 2. Number of patients with the rs1126497 (c.344T>C) 

polymorphism in the TROP1/EPCAM gene in the GEN-COVID 

cohort (cases plus controls)

Trop-1/EpCAM amino acids at position 115

Total

M115/M115 

homo

M115/T115 

hetero

T115/T115 

homo

Number of 

patients

713 887 248 1,848

Table 3. Statistical analysis for Trop-1/EpCAM polymorphism 

association with disease risk in the GEN-COVID cohort

Phenotype M115T_homo T Other Total

Severe 160 871 1031

Nonsevere 88 729 817

Total 248 1,600 1,848

OR = 1.52 (95% CI 1.15–2.01) p = 2.9 × 10− 3.
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Transgenic T115 Trop-1/EpCAM drives proliferation of 

CRISPR-Cas9 TROP1/EPCAM knockout cancer cells

The human KM12SM colon cancer cells constitutively express 

Trop-1/EpCAM and quantitatively respond to its growth-induc

tion activity. Thus, we knocked out the endogenous TROP1/ 

EPCAM gene in KM12SM cells by CRISPR-Cas9, using two in

dependent frame-shifting single guide RNAs (sgRNAs) targeting 

distinct regions of the TROP1/EPCAM gene (Figures 3B and 

S2; and STAR Methods). The loss of surface Trop-1/EpCAM 

protein expression by flow cytometry analysis confirmed the 

successful ablation of the gene (Figure 3C). We then stably 

transfected T115 Trop-1/EpCAM (T-mod) or M115 Trop-1/ 

EpCAM (M-mod) expression vectors in the TROP1/EPCAMKO 

KM12SM cells (Figure 3D).

To impede CRISPR-Cas9 from damaging the transduced 

TROP1/EPCAM genes, three silent mutations were introduced 

in each CRISPR-targeted region of the T-mod and M-mod 

TROP1/EPCAM cDNAs. This rendered the T-mod and M-mod 

transgenes mismatched and resistant to the CRISPR1 and 

CRISPR2 complexes that were designed to target the endoge

nous wtTROP1/EPCAM (Figure S2). This strategy allowed us to 

obtain stable expression of T-mod and M-mod Trop-1/EpCAM 

in KM12SM/EPCAMKO cells. Comparison of the in vitro cell pro

liferation capacity showed that the T115 allele confers hyperpro

liferative properties, whereas the M115 allele shows little, if any, 

impact on cancer cell growth (Figure 3E).

Signaling modulation by Trop-1/EpCAM T115 versus 

M115

Earlier evidence showed that Trop-1/EpCAM and CD9 tightly 

interact at the plasma membrane of human cancer cells and 

modulate cell proliferation.68,69 Here, we found that inhibition 

of Trop-1/EpCAM expression by CRISPR-Cas9 inactivation of 

the gene leads to downregulation of CD9 (Figure S3). Notably, 

re-expression of M115 Trop-1/EpCAM (M-mod) brings CD9 

expression back to its original levels. On the other hand, re-ex

pressing T115 Trop-1/EpCAM (T-mod) in the Trop-1/EpCAM 

knockout cells did not rescue CD9 expression (Figure S3). CD9 

has been reported to act as a molecular inhibitor of transformed 

cell growth.70 Hence, our findings appear consistent with a role 

of Trop-1/EpCAM T-mod in inducing cell proliferation also 

through inhibition of CD9 expression.

Figure 1. Trop-1/EpCAM M/T variant prevalence and structure/function correlates 

(A) Sequence analysis of the TROP1/EPCAM gene. 

(B) (Top) prevalence of the T115 variant in sequenced cancer genomes. (Bottom) the M115T polymorphism was found to be the main listed variant in the pediatric 

pan-cancer study (cBioportal; www.cbioportal.org/datasets). 

(C and D) Structure of the Trop-1/EpCAM T115 variant. The PDB ID 4mzv was displayed as a dimer as described.53,54 Trop-1/EpCAM cyan versus green 

monomers. Red: T115. (C) Cartoon structure representation. (D) (Top) molecular surface representation. Red: T115. (Bottom) zoom-in of the molecular surface. 

T115 sphere representation. 

(E) The T115 Trop-1/EpCAM (4mzv) structure was used as a template to obtain the model structure of the M115 Trop-1/EpCAM.59,60 The T115 (green) and M115 

(cyan) Trop-1/EpCAM variants were superimposed with PyMol (https://www.pymol.org/). Red arrow: T115 (green) and M115 (cyan) space-fill models. 

(F) Ramachandran plot analysis of Trop-1/EpCAM T115 and M115 Φ and Ψ peptide bond angles. The Φ and Ψ angles were largely invariant throughout the 

structure of Trop-1/EpCAM T115 versus M115. Conventionally color-coded residue diagrams are shown. Green shades: allowed regions.
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Hyperproliferative alveolar repair in T115 Trop-1/ 

EpCAM patients

Autoptic lung specimens from deceased COVID-19 patients 

were analyzed (Table S1). Histologic findings of acute diffuse 

alveolar damage (DAD)51 were seen in all cases, with late phases 

of DAD being detected in 65% of them. Hyaline membranes were 

found in 15 out of 20 (75%) cases (Tables S1 and S2). Squamous 

metaplasia was seen in 4 out of 20 (20%) cases. Capillary micro

thrombi were present in 7 out of 20 (35%) cases. In 17 of these pa

tients, we were able to evaluate the status of the T115/M115 (M/T) 

polymorphism: 7 showed an M115 homozygous status (M/M), 1 

T115 homozygous status (T/T), and 9 M/T heterozygous status. 

Due to the low number, the T/T homozygous case was com

pounded with the 9 M/T heterozygous cases.

Trop-1/EpCAM expression was evaluable in 18 out of 20 autop

tic lung specimens. In all cases membrane immunoreactivity for 

Trop-1/EpCAM was found in DAD areas with AT2 pneumocyte hy

perplasia (Figure 4). High, diffuse expression of Trop-1/EpCAM 

was found in 14 out of 20 cases (70%), in overproliferating AT2 

pneumocytes (Figure 4). A larger fraction of AT2 cells expressed 

Trop-1/EpCAM in M/T patients (67.8% ± 5.4%; mean ± SEM) 

versus M/M patients (40.9% ± 8.9%) (p = 0.017, independent-sam

ples t test), consistent with a model of T115 Trop-1/EpCAM as a 

driver of aberrant, hyperproliferative alveolar repair (Table S1A).

Proliferation rates of epithelial cells were determined by IHC for 

Ki67 expression in Formalin-Fixed Paraffin-Embedded (FFPE) 

lung tissues. Ki67 expression profiles in pneumocytes of M/M ho

mozygous and M/T heterozygous patients are shown in Figure 5. 

The median expression of Ki67 in AT2 pneumocytes in patients 

with COVID-19 was vastly higher than in controls, indicating hy

perproliferative alveolar repair in COVID-19 patients (Mann- 

Whitney U Test; U value = 0, molecular weight [MW] p = 

0.0000014). M/T heterozygous patients showed significantly 

higher numbers of Ki67+ AT2 pneumocytes than M/M homozy

gous patients (U value = 4.0, MW p = 0.04), consistent with a pro

liferation driving role of T115 Trop-1/EpCAM.

High expression of Trop-1/EpCAM was found from early 

stages of injury repair, i.e., in AT2 pneumocyte cell monolayers 

(Figure 6, left). At later stages, the alveolar space appeared lined 

by multiple layers of proliferating epithelial cells, which ex

pressed homogeneously high levels of Trop-1/EpCAM at the 

cell membrane (Figure 6, right).

Hyaline membrane formation was found to correlate with DAD 

(Figure 7; Table S1). Trop-1/EpCAM positivity was found in all 

cases with hyaline membrane formation, in all cases with squa

mous metaplasia and in 67% of cases with capillary micro

thrombi (Figure 8; Table S1).

As the Trop-1/EpCAM paralog Trop-2 can play parallel func

tional roles,19,68,72 for completeness of analysis we investigated 

Trop-2 expression in lung tissues of COVID-19 patients. Consis

tent with our model, Trop-2 expression was induced in AT2 pneu

mocyte hyperplasia in regions of epithelial proliferative repair and 

in the presence of hyaline membranes. The distribution of Trop-2 

expression in AT2 cells was shown to be higher in M/T heterozy

gous patients (58.0 ± 14.3) compared to M/M homozygous pa

tients (41.0 ± 16.5) (Figure S4), suggesting a coordinated role of 

Trop molecules in lung responses to the viral infection. Further 

investigation is required to validate a potential involvement of 

Trop-2 in AT2 cell hyperplasia in COVID-19 patients.

Hyperproliferation of immune cells of T115 Trop-1/ 

EpCAM COVID-19 patients

Innate immune responses are paramount in mounting an 

effective early response to SARS-CoV-2 infection, and 

Figure 2. mTrop1 +/− knockout cells by tar

geted gene replacement 

(A) Scheme of the mTrop1 inactivation strategy via 

targeted gene replacement, as adapted from 

Guerra et al.49 5′HR and 3′HR (homology Regions; 

thick blue lines) indicate the 5′ and 3′ genomic 

mTrop1 sequences that were subcloned in the 

targeting vector, flanking the mPgk1-neo resis

tance cassette (in yellow; red arrows: lox sites). 

External to the HRs the vector carries the mPgk1- 

TK suicide cassette (in red). Vector-borne mTrop1 

HRs may undergo homologous recombination 

with the corresponding genomic sequences, re

placing the intervening sequence in the mTrop1 

locus (in gray) with the resistance cassette, thus 

generating a null mTrop1 allele. Probe position, 

relevant restriction enzymes, and corresponding 

DNA fragment lengths are indicated for 5′

(magenta) and 3′ (brown). Southern hybridization 

analysis. PGK, phosphoglycerate kinase pro

moter; neo, neomycin phosphotransferase gene; 

TK, thymidine kinase gene. 

(B) ES cells were cultured over a feeder layer of 

mitomycin-C-treated mouse embryonic fibroblast 

(MEF), and appeared as refractile cell aggregates under phase-contrast microscopy (20× objective). Hemizygous mTrop1+/− ES cells reached a lower size of cell 

aggregates than the mTrop1 ES cells. Scale bars, 50 μm. 

(C) Growth curves in the absence of LIF of wild-type mTrop1 ES cells (WT-LIF) and of hemizygous mTrop1+/− ES cells (knockout [KO]-LIF). KO-LIF showed a 

lower proliferative capacity than WT-LIF.
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adaptive immune cells are important for clearing SARS-CoV-2 

infection.73 Consistently with previous findings,51 inflamma

tory infiltrates were observed in the lungs of COVID-19 pa

tients in all cases, and were largely composed of macro

phages in the alveolar lumen and of lymphocytes in the 

interstitium, the latter leading to the formation of tertiary 

lymphoid follicles, as indicators of local hyperimmune 

response (Figures 9A and 9B).

Consistent with an immunomodulatory role of Trop-1/ 

EpCAM,74 high expression of Trop-1/EpCAM was shown in in

traalveolar macrophages in 79% of the lungs where hyaline 

membranes were detected (Figure 9A), suggesting an activation 

role of Trop-1/EpCAM in inflammatory cells, and the association 

of aberrant epithelial repair with macrophage recruitment and 

hyperproliferation, associated to tissue hyperinflammation.

Proliferation rates of macrophages in M/M versus M/T COVID- 

19 patients were analyzed by IHC for Ki67 expression. The me

dian fraction of Ki67+ macrophages in patients with COVID-19 

was significantly higher than in control groups (Mann-Whitney 

U Test; U value = 0, p = 0.000008). Among expressing cases, 

the median fraction of Ki67+ macrophages was found to be 

significantly higher in M/T patients versus M/M cases (U value = 

0.5, MW p = 0.008) (Figure 9B). Thus, Trop-1/EpCAM T115 pa

tients showed significantly increased proliferation of immune 

cells, consistent with a pro-inflammatory, proliferation driving 

role of T115 Trop-1/EpCAM.

As Trop-1/EpCAM modulates the cell-cell adhesive function of 

E-cadherin30 and the signaling of β-catenin49 IHC analysis on 

FFPE lung tissues was conducted for E-cadherin and β-catenin 

expression. Inter-membranous E-Cadherin expression was 

Figure 3. T115 Trop-1/EpCAM induces cell growth 

(A) L cell transfectants. (Left) Trop-1/EpCAM flow cytometry profiles of murine fibrosarcoma L cells (devoid of endogenous mTrop-1) transfected with TROP1/ 

EPCAM M115 (blue), T115 (red), and M115 + T115 (cyan). (Right) corresponding in vitro cell proliferation assay of the L cells transfectants. Data are represented as 

mean ± SEM of triplicate samples. 

(B–E) KM12SM knockout cells. (B) Experimental strategy for generating human cancer cells devoid of Trop-1/EpCAM. Two CRISPR-Cas9 sgRNAs designed to 

target specific regions (exon 1 and 2) of the human TROP1/EPCAM gene were subcloned in the lentiviral vector LentiCRISPRv2. Packaging HEK-293 cells were 

co-transfected with the recombinant LentiCRISPRv2 and with the helper plasmids pVSVG and psPAX2. Recombinant virions from the tissue culture supernatants 

were used to infect the KM12SM target cells. Knockout cells were selected with puromycin. (C) Flow cytometry analysis of Trop-1/EpCAM expression in KM12SM 

cells upon stable inactivation of TROP1/EPCAM expression by CRISPR-Cas9. (Black) UN: unstained cells. (Magenta) cells infected with a negative control 

CRISPR (empty LentiCRISPRv2 virion, neg. ctr. CR). (Cyan) absence of Trop-1/EpCAM expression upon infection of KM12SM with CRISPR1 virions (KO CR1). 

(Green) absence of Trop-1/EpCAM expression upon infection of KM12SM with CRISPR2 virions (KO CR2). (D) (Green) immunofluorescence/confocal microscopy 

analysis of Trop-1/EpCAM after transfection of KM12SM knockout cells with the Trop-1/EpCAM variants M-mod or T-mod. (Blue) DAPI counterstaining of cell 

nuclei. Scale bars, 10 μm. (E) In vitro cell proliferation assay of KM12SM knockout cells stably transfected with the TROP1/EPCAM M-mod (blue), T-mod (red) 

variants or empty vector (black). Data are represented as mean ± SEM of triplicate samples.
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found in 2 out of 20 cases in endothelial cells with focal expres

sion, in 10 out of 20 cases in ciliated columnar cells (2 cases with 

focal and 8 cases with diffuse expression) and in 11 out of 20 

cases in alveolar epithelial cells (7 cases showed a diffuse stain

ing). Focal patterns of β-catenin expression were rarely detected 

(2 of 20 cases in endothelial cells; 5 of 20 cases in ciliated 

columnar cells). In alveolar epithelial cells, β-catenin immuno

staining was essentially undetectable (Table S1).

Hyperproliferative alveolar repair generates barriers to 

oxygen diffusion

COVID-19-induced lung injuries include hyaline membranes, 

squamous cell hyperplasia and metaplasia, and capillary micro

thrombi.1 Our findings indicated broad incidence of tissue 

repair-induced architectural rearrangements in the lungs of 

the patients with severe COVID-19 pathology which expressed 

T115 Trop-1/EpCAM (Figure 10). Normal alveoli lining cells 

have been optimized through evolution to provide a large sur

face for gas exchange through thin epithelial layers in close 

contact with lung capillaries.75 We thus analyzed the impact 

of the lung pathological changes on the oxygen diffusion rates 

in COVID-19 patients.

Gas diffusion through media obeys the Fick’s laws.76 Oxygen 

diffusion across the alveolar membrane is driven by a pressure 

gradient Δp between alveolar (100 mmHg) and capillary 

(40 mmHg) spaces. Diffusion rates are then determined by the 

oxygen solubility, permeability, and diffusion coefficients 

(STAR Methods).

As oxygen is ∼25 times more soluble in lipids than in water, 

the limiting factors in oxygen diffusion are the diffusion rates 

across water layers.77 To bind hemoglobin in red blood cells 

(RBCs), oxygen must traverse the alveolar pneumocytes, the 

capillary walls, the blood plasma (equivalent to a 1 μm-thick un

stirred layer of water), and RBC (average thickness 1.6 μm). 

These processes lead to an average oxygen diffusion rate of 

0.2 cm/s.78 The transit time of RBC in lung capillaries under 

maximal exercise is 0.25 s. Molecular dynamics simulation 

shows that an oxygen diffusion rate of 0.2 cm/s allows a 

limiting ≤95% equilibration of RBC hemoglobin under heavy 

exercise.78 As a consequence, pathological changes that occur 

during the course of acute SARS-CoV-2 infection, via DAD, 

interstitial edema, capillary microthrombi,1 are likely to affect 

oxygen diffusion. However, subsequent injury repair may repre

sent the most serious factor that negatively impacts on lung 

function, through the formation of hyaline membrane and aber

rant alveolar repair by hyperproliferating dysplastic/metaplastic 

epithelial cells.79

As indicated, hyaline membranes were detected in 75% of 

COVID-19 cases. The thickness of hyaline membranes was sys

tematically measured (n = 154) in representative patient cases. 

The average thickness was found to be 7.5 ± 0.3 μm (mean ± 

SEM) (Table S2). As the average thickness of type 1 pneumo

cytes in normal lungs is 0.36 μm, this is expected to lead to 

≥20-fold reduction of oxygen flow in areas containing hyaline 

membranes.

AT2 pneumocyte hyperplasia was detected in 70% of COVID- 

19 cases. We systematically assessed the thickness of the 

epithelial AT2 proliferating cells that substituted virus-damaged 

AT1 pneumocytes. This showed an increase in the thickness of 

cell monolayers to 1.5 μm, indicating ≈ 5-fold longer paths for 

oxygen diffusion. At subsequent stages, epithelial cells grew to 

multi-layer aggregates, and the thickness of alveoli-lining mem

brane went up to 31 μm. This represents a ≈ 100-fold longer 

diffusion path for oxygen, with a corresponding reduction of ox

ygen flow in the affected alveoli (Figure 10). These findings sug

gested that post-injury repair in COVID-19 patients can lead to 

vast reduction of the gas-exchange capability of the affected 

areas.

The alveoli surface area was also severely reduced. The sur

face area ‘‘A’’ of a sphere is A = 4πr2, where r is the radius of 

the sphere. The average radius of an alveolus is around 

100 μm,75 for an average alveolar surface of 125,600 μm2 

(Figure 10). According to measurements in COVID-19 patients, 

alveolar cavity radii can drop to almost one-half ( ≈ 61.5 μm 

radius), when multi-layered epithelial cells and hyaline mem

branes are generated by lung injury/lung injury repair 

(Figure 10). This will then lead to a corresponding severe reduc

tion of the surface area for gas exchanges.

Figure 4. Trop-1/EpCAM expression is 

induced in pneumocyte hyperplasia 

Whole slides from patient samples (Tables S1A 

and S1B) were systematically examined. Trop-1/ 

EpCAM expression, revealed as described in 

STAR Methods, was quantified in ten random 

field spots for each slide, using a 20× objective 

lens.71 A 20× objective lens microscopic field 

corresponds to a surface with a major axis of 

1 mm. Statistical analyses were performed as 

described in STAR Methods. (Left) Diffuse immu

nostaining for Trop-1/EpCAM in AT2 pneumocyte 

hyperplasia in COVID-19 patients (arrowheads). 

Pneumocytes appear enlarged and atypical. Main 

figure: scale bars, 50 μm; magnified figure: scale 

bars, 25 μm. (Right) box and whisker diagram of the distribution of Trop-1/EpCAM expression in AT2 pneumocyte hyperplasia. Lung autopsy specimens of 

deceased COVID-19 patients (n = 18). Upper and lower box borders: 75th and 25th percentile, respectively. Bars: confidence intervals. Horizontal solid line: 

median value. M/T cases showed up to 2-fold higher expression of Trop-1/EpCAM. A larger fraction of AT2 cells expressed Trop-1/EpCAM in M/T heterozygous 

patients (67.8% ± 5.4%; mean ± SEM) versus M/M homozygous patients (40.9% ± 8.9%) (p = 0.017, independent-samples t test). These pictures are repre

sentative of the analyzed samples.
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DISCUSSION

SARS-CoV-2 lung infection triggers acute lesions and post- 

acute reactions that severely impair oxygen exchange. However, 

the underlying molecular processes are poorly understood. Our 

findings indicated that p.T115 TROP1/EPCAM is associated to 

severe COVID-19 pathology. However, very little information 

was available on this polymorphism,55 and M115T was broadly 

misclassified as a mutation in cancer sequence databanks. In 

this article we show that the T115 Trop-1/EpCAM is a unique 

inducer of cell proliferation. This was shown in TROP1/ 

EPCAM+/− ES cells and in L cell fibrosarcoma transfectants. 

CRISPR-Cas9 ablation of the TROP1/EPCAM gene in human 

Trop-1/EpCAM-dependent colon cancer cells, followed by 

transgenesis with the T115 allele versus the M115 Trop-1/ 

EpCAM allele, formally confirmed the hyperproliferative capacity 

of T115 Trop-1/EpCAM.

These findings gave us the lead for exploring fundamental de

terminants of COVID-19 pathology. Lung specimens of 

deceased COVID-19 patients were analyzed for the prevalence 

of Trop-1/EpCAM expression and for pathological parameters 

linked to the T115 allele. Immunohistochemical analysis showed 

cell membrane expression of Trop-1/EpCAM in essentially all 

wound-healing AT2 pneumocytes. The fraction of Ki67+ prolifer

ating epithelial cells showed a tight correlation with the Thr115 

patient phenotype, supporting epithelial hyperproliferation in 

response to the viral infection as a pathological mechanism for 

disease severity.

Trop-1/EpCAM expression was found in all cases showing 

squamous metaplasia, in two-thirds of cases with capillary mi

crothrombi, and in four-fifths of cases with hyaline membrane 

formation, suggesting additive impact of epithelial cells hyper

proliferation with other lesions associated to disease severity. 

High expression of Trop-1/EpCAM was found from early stages 

of injury repair, such as in AT2 pneumocyte cell monolayers that 

substituted virus-damaged AT1 cells. At later stages of injury 

repair, alveolar spaces appeared lined by multiple layers of 

proliferating Trop-1/EpCAMhigh epithelial cells.

Oxygen diffusion in the lungs obeys the Fick’s laws76 and is 

dependent on oxygen solubility, permeability, and diffusion coef

ficients. Oxygen is ∼25 times more soluble in lipids than in water. 

Thus, the limiting factors in oxygen diffusion are diffusion rates 

across water layers.77 Alveolar repair by epithelial cells appeared 

to impose a serious limit to oxygen diffusion. Dysplastic/meta

plastic AT2 proliferating cells, that substituted normal type 1 

pneumocytes,79 increased cell monolayer thickness from 

0.36 μm to 1.5 μm, for 5-fold longer paths for oxygen diffusion. 

The thickness of epithelial cell membranes that lined alveolar 

spaces went subsequently up to ≥30 μm in multi-layered re

gions, for a ≈ 100-fold longer oxygen diffusion path, with a cor

responding reduction of oxygen flow in the affected alveoli. The 

alveoli surface area also appeared severely reduced, when mul

tiple layers of epithelial cells were generated by hyperprolifera

tive repair of lung injuries. Formation of hyaline membranes 

was detected in 75% of COVID-19 cases. As the average thick

ness of hyaline membranes was 7.5 μm, the presence of hyaline 

membranes was projected to lead to additional ≥20-fold reduc

tion of oxygen flow versus normal lungs.

Trop-1/EpCAM can additionally exert an immunomodu

latory role,74 via increase of the migratory capacity of 

Figure 5. Epithelial cell proliferation in lung 

lesion repair—Ki67 immunostaining 

(A) M/M homozygous. 

(B) M/T heterozygous. 

(C) T/T homozygous patients. Arrowheads: alve

olar type 2 Ki67 positive cells. 

(D) Box and whisker diagram of the distribution of 

percent Ki67 reactivity in pneumocytes in COVID- 

19 patients according to Trop-1/EpCAM variants: 

Met/Met (red) or Thr/Met (green). The corre

sponding distributions in control patients, not 

affected by COVID-19, are shown in blue. Median 

macrophage proliferation was 12% in Met/Met 

patients, 19% in Thr/Met cases, supporting a 

role in driving hyperinflammation. Upper and lower 

box borders: 75th and 25th percentile, respec

tively. Bars: confidence intervals. Horizontal solid 

line: median value. Dots: individual values. The 

median expression of Ki67 in AT2 pneumocytes in 

patients with COVID-19 was higher than in con

trols (Mann-Whitney U test; U value = 0, MW p = 

0.0000014). M/T heterozygous patients showed 

significantly higher numbers of Ki67+ AT2 pneu

mocytes than M/M homozygous patients (U 

value = 4.0, MW p = 0.04). These pictures are 

representative of the analyzed samples. 

Scale bars: 15 μm in (A) and 25 μm in (B) and (C). 

Whole slides from patient samples (Tables S1A 

and S1B) were systematically examined. Ki67 expression, revealed as described in STAR Methods, was quantified in ten random microscopic field spots for each 

slide, using a 20× objective lens.71 A 20× objective lens microscopic field corresponds to a surface with a major axis of 1 mm. Statistical analyses were performed 

as described in STAR Methods.
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inflammatory cells and of tolerogenic functions.80–83 Induction 

of expression of Trop-1/EpCAM was revealed in intraalveolar 

macrophages and was associated with formation of tertiary 

lymphoid follicles in the lung interstitium, consistent with 

a localized hyperactive immune response. Thus, our find

ings support the association of Trop-1/EpCAM with hy

perinflammatory processes that lead to DAD, intestitial 

edema, capillary microthrombi, and hyaline membrane forma

tion, adding to the severity of reduction of oxygen exchange 

rates.

Recent findings have identified a role for fibroblast-mediated 

pathological mechanisms as triggered by injury repair in the 

lungs. After severe injury, alveolar fibroblasts promote a compe

tition between airway stem cells versus alveolar stem cells.79 As 

a consequence, dysplastic airway-derived Krt5+ basal epithelial 

cells invade the alveolus during wound repair. Notch activation, 

which represses Wnt/fibroblast growth factor (FGF) in the injured 

alveolus, then establishes a non-resolving niche, which stably 

maintains a dysplastic alveolar phenotype.79 Healed lesions 

thus largely fail to recover to a physiological state, thereby hin

dering the recovery of normal gas permeability in seriously 

affected patients.

The T115 Trop-1/EpCAM polymorphism was shown to be 

an independent risk factor for disease severity after adjusting 

for competing risks. In other words, in a population whereby 

other risk factors, e.g., age, sex, and pre-existing pathologies, 

are taken into account, the abnormal hyperproliferative repair 

in T115 Trop-1/EpCAM patients independently adds a disease 

risk and associates to severe clinical outcomes, via a reduc

tion of oxygen diffusion rates in affected alveoli. These find

ings suggest that T115 Trop-1/EpCAM genetic determination 

may help stratifying patients into dichotomous cohorts with 

distinctly different COVID-19 disease risk. Trop-1/EpCAM- 

focused therapeutic interventions may be explored in T115 

cases.84,85

Figure 6. High immunostaining for Trop-1/ 

EpCAM in AT2 pneumocyte hyperplasia (ar

rowheads) 

(Left): Trop-1/EpCAM positive cell monolayers in 

samples from Trop-1/EpCAM M115 homozygous 

patients. Scale bars, 20 μm. (Right): Trop-1/ 

EpCAM positive multi-layered hyperplastic cells 

in samples from Trop-1/EpCAM M115/T115 het

erozygous patients. Scale bars, 50 μm. These 

pictures are representative of the analyzed sam

ples.

Limitations of the study

Main limitations of the study are the low 

numbers of COVID-19 autoptic samples 

in patient subgroups. An additional limita

tion of the study is the lack of in vivo vali

dation of the reduction of oxygen diffu

sion rates in the COVID-19 patients 

analyzed, as the study was based on 

deceased patients and on autoptic sam

ples. Finally, additional work is required 

to show that T115 Trop-1/EpCAM-associated pro-inflammatory 

changes play a role in COVID-19 disease severity.
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• EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

○ Cell culture

○ mTrop1 knockout cells

○ Samples and ethics clearance

• METHOD DETAILS

○ Nomenclature

○ Western blotting

○ Exome sequencing and statistical analysis

○ Cancer genomic sequence data

○ CRISPR-Cas9 inactivation of the TROP1/EPCAM gene expression

○ Transfection of TROP1/EPCAM Met115 and Thr115 variants

○ COVID-19 patient lung histopathology and immunohistochemistry 

(IHC) analysis

○ Comparative analysis of the Trop-1/EpCAM T115 and M115 struc

tures

○ Oxygen diffusion rates across cells

• QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci. 

2026.117361.

Figure 10. Oxygen diffusion upon lung 

injury and repair 

The cartoon outlines the main damage and repair 

mechanisms in the lung post-acute SARS-CoV-2 

infection. (Upper left) formation of hyaline mem

branes. (Right) AT2 pneumocyte hyperplasia. 

Immunohistochemical staining for Trop-1/ 

EpCAM. *: 1–5 μm epithelium thickness; **: 6– 

15 μm; ***: 16–26 μm; ****: ≥27 μm. (Lower left) 

model of a lung alveolus radius and overall surface 

area under normal conditions and upon patho

logical changes.75 Blue arrows indicate the pro

gression path of the disease. Scale bars: 50 μm in 

the upper left picture and 20 μm in the right pic

tures.

Figure 9. Inflammatory cell responses in 

COVID-19 patient lungs 

(A) Immunostaining for Trop-1/EpCAM expression 

in intraalveolar macrophages (arrowheads). Scale 

bars, 25 μm. (Inset) magnified macrophage (bot

tom arrow) with prevalent membrane localization 

of Trop-1/EpCAM. 

(B) *: tertiary lymphoid follicle developing in the 

hyperinflammed lung of an MT patient. Scale bars, 

50 μm. 

(C) Box and whisker diagram of the distribution of 

Ki67 reactivity in macrophages in COVID-19 pa

tients according to Trop-1/EpCAM variants. Met/ 

Met (red), Thr/Met (green). The corresponding 

distributions in control patients, not affected by 

COVID-19, are shown in blue. Median macro

phage proliferation was 7% in Met/Met patients, 

17.5% in Thr/Met cases. Upper and lower box 

borders: 75th and 25th percentile, respectively. 

Bars: confidence intervals. Horizontal solid line: 

median value. Dots: individual values. The median 

fraction of Ki67+ macrophages in patients with 

COVID-19 was significantly higher than in control 

groups (Mann-Whitney U Test; U value = 0, p = 0.000008). The median fraction of Ki67+ macrophages was significantly higher in M/T heterozygous patients 

versus M/M homozygous cases (U value = 0.5, MW p = 0.008). These pictures are representative of the analyzed samples. 

Whole slides from patient samples (Tables S1A and S2B) were systematically examined. Trop-1/EpCAM expression in macrophages was revealed as described 

in STAR Methods and was quantified in ten random microscopic field spots for each slide, using a 20× objective lens.71 A 20× objective lens microscopic field 

corresponds to a surface with a major axis of 1 mm. Statistical analyses were performed as described in STAR Methods.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Trop-2 American Type Culture Collection (ATCC) Cat# HB-187, RRID:AB_2287132

Anti-Trop-2 Guerra et al.85 T16; RRID:CVCL_N336

Anti-CD44 Santa Cruz Biotechnology Cat# sc-52536, RRID:AB_629078

Anti-Trop-1/EpCAM (flow cytometry) Klein et al.,32 HT-29/26; RRID:CVCL_J690

Anti-Trop-1/EpCAM (IHC) Schon et al.,41 MH99; RRID:CVCL_C5W0

Anti-Trop-1/EpCAM (Western blotting) Life technologies Cat# MA5-29246, RRID:AB_2785146

Anti-CD9 Santa Cruz Biotechnology Cat# sc-59140, RRID:AB_1120766

Anti-Ki67 (clone 30-9) Roche Cat# 05278384001, RRID:AB_2631262

Anti-E-cadherin (clone 36) Roche Cat# 05905290001, RRID:AB_3714871

Anti-β-catenin clone 14 Roche Cat# 760–4242, RRID:AB_2861317

Biological samples

Lung autoptic tissues COVID-19 Siena Biobank N/A

Chemicals, peptides, and recombinant proteins

Crystal violet Sigma Cat# C-3886

Trypsin Corning Cat# 25–054-CI

Dulbecco’s Modified Eagle 

Medium (DMEM)

Euroclone Cat# ECM0060L

ES-grade fetal calf serum (FCS) Gibco Cat# 16141079

Leukemia inhibitory factor (LIF) Merck Cat# ESG1106

G418/geneticin Life Technologies Cat# 10131035

Ganciclovir Life Technologies Cat# 461710050

Lipofectamine 2000 Life Technologies Cat# 11668030

Lipofectamine LTX Life Technologies Cat# 15338030

Critical commercial assays

Alexa Fluor 488 carboxylic acid, 

succinimidyl ester

Life Technologies A20000

Experimental models: Cell lines

TBV-2 mouse embryonic stem cell 

(ES) cell line

Guerra et al.49 RRID:CVCL_0063

L cells (LTK-) Alberti et al.66; Alberti and Herzenberg67 RRID:CVCL_3392

Mouse embryonic fibroblasts (MEF) – 

feeder layer

Guerra et al.,49 N/A

HEK-293T cells Guerra et al.,72 RRID:CVCL_0063

KM12SM cells Trerotola et al.50 RRID:CVCL_9548

Experimental models: Organisms/strains

Mouse: 129S2/SvPas Guerra et al.49 N/A

Oligonucleotides

TROP1/EPCAM_Crispr1.for 5′ caccgGGCAAAAGTCGCCGTCGCCG 3′ N/A

TROP1/EPCAM_Crispr1.rev 5′ aaacCGGCGACGGCGACTTTTGCCc 3′ N/A

TROP1/EPCAM_Crispr2.for 5′ caccgGTGCACCAACTGAAGTACAC 3′ N/A

TROP1/EPCAM_Crispr2.rev 5′ aaacGTGTACTTCAGTTGGTGCACc 3′ N/A

Other

gnomAD v2.1.1 Broad institute, ICGC gnomad.broadinstitute.org/variant/2– 

47601106-T-C?dataset = gnomad_r2_1
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

L66,67 and KM12SM50 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) heat-inactivated 

fetal calf serum (FCS) at 37 ◦C in 5% CO2. KM12SM and L cells were authenticated by short tandem repeat (STR) analysis (PowerPlex 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LOVD v.3.0 Build 30b Global Variome Shared LOVD databases.lovd.nl/shared/variants/ 

EPCAM/unique

ClinVar GRCh38 ClinVar www.ncbi.nlm.nih.gov/clinvar/

ICGC ARGO International Cancer Genome 

Consortium Accelerating Research 

in Genomic Oncology (ICGC ARGO)

https://platform.icgc-argo.org

IntelliSite Image Management System Philips https://www.usa.philips.com/healthcare/ 

product/FDP0912/intellisite-image- 

management-system

GEN-COVID Registry and Biobank GEN-COVID consortium https://sites.google.com/dbm.unisi.it/ 

gen-covid

DNA sequences portal cBioPortal for Cancer Genomics www.cbioportal.org/datasets

Database of the Italian genetic variability Network for Italian Genomes (NIG) http://nig.cineca.it/

COVID-19 Host Genetics Initiative database COVID-19 Host Genetics Initiative https://www.COVID19hg.org/

Protein DataBank RCSB PDB https://www.rcsb.org/

NovaSeq6000 DNA sequencing System Illumina RRID:SCR_016387

Ventana BenchMark ULTRA IHC/ISH System Roche RRID:SCR_025506

FACS Canto II Cell Analyzer BD Biosciences N/A

FACS Aria III Cell Sorter BD Biosciences N/A

LSM-510 META confocal microscope Zeiss N/A

LSM-800 AiryScan confocal microscope Zeiss N/A

Pathology Scanner SG60 Philips N/A

Recombinant DNA

LentiCRISPRv2 Addgene RRID:Addgene_52961

pVSVG Addgene RRID:Addgene_8454

psPAX2 Addgene RRID:Addgene_12260

pΔEYFP/M-Mod this paper N/A

pΔEYFP/T-Mod this paper N/A

pFM54 Guerra et al.49 N/A

C57Bl/6J mouse bacterial artificial 

chromosome (BAC) clone RP24-315D17 

GenBank AC163652.3))

BACPAC Resources Center (BPRC) https://bacpacresources.org/

Software and algorithms

PyMOL Version 2.0 Schrödinger, LLC. http://www.pymol.org

Swiss PDB model Expasy https://swissmodel.expasy.org/

Fiji (ImageJ) NIH https://fiji.sc/

ZEN 2009 Light Edition Zeiss https://www.zeiss.com

VistaVision ISS Inc. https://www.iss.com

SimFCS 4 Lab. of Fluorescence Dynamics https://www.lfd.uci.edu/

Sigma Stat 4.0 Systat Software, Inc. https://systatsoftware.com

SIFT SIFT https://sift.bii.a-star.edu.sg/

SISA SISA https://www.quantitativeskills.com/sisa

QuPath Open Software for Bioimage Analysis https://qupath.github.io/

GraphPad Prism7 GraphPad Software, Inc. https://www.graphpad.com

SPSS Version 15.0 SPSS, Chicago, IL https://www.ibm.com/
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16 System, Promega, and IDEXX Bioresearch, respectively), and further verified by morphology and flow cytometry assessment. 

Absence of mycoplasma contamination was routinely confirmed by PCR analyses and DAPI staining followed by fluorescence mi

croscopy. L and KM12SM transfectants were seeded at 1.5-3.0 ×103 cells/well in 96-well plates (five replica wells per data point). Cell 

growth was quantified at serial time points after seeding, by staining with crystal violet, upon normalization against standards of cell- 

reference curves of 2-fold serially diluted cell samples.

mTrop1 knockout cells

mTrop1 inactivation was obtained by targeted gene replacement in the TBV-2 mouse ES cell line from 129S2/SvPas mice, as 

described in Guerra et al.49 The pFM54 vector was used for gene replacement. This vector contains positive (neomycin phospho

transferase cassette, neo) and negative (herpes virus thymidine kinase cassette, TK) selection, under mouse phosphoglycerokinase 

(mPgk1) promoters. ES cells were grown in DMEM supplemented with 15% (v/v) heat-inactivated ES-grade FCS and 1,000 units/ml 

leukemia inhibitory factor (LIF) (Esgro, Chemicon, Temecula, CA). Cells were cultured over a feeder layer of mitomycin-C-treated 

mouse embryonic fibroblasts (MEF). MEF were a kind gift by Lorenza Ronfani (Core Facility for Conditional Mutagenesis, IRCCS 

Ospedale San Raffaele, Milan, Italy). TBV-2 clones were selected in 200 μg/mL G418 (Invitrogen).

Samples and ethics clearance

Specimens were provided by the COVID-19 Biobank of Siena, which is part of the Genetic Biobank of Siena, member of BBMRI-IT, of 

Telethon Network of Genetic Biobanks (project no. GTB18001), of EuroBioBank. This study is part of the GEN-COVID Multicenter 

Study, https://sites.google.com/dbm.unisi.it/gen-covid, the Italian multicenter study aimed at identifying the COVID-19 host genetic 

bases. The GEN-COVID Multicenter Study was approved by the University Hospital (Azienda ospedaliero-universitaria Senese) In

ternal Review Board, n. 16917, March 16, 2020, Siena, Italy and by the local IRBs of all the recruiting hospitals involved.

METHOD DETAILS

Nomenclature

Trop-1 was originally identified in trophoblast cells.66,67 The gene encoding Trop-1 is known by several alias, TROP1/EPCAM/ 

TACSTD1/M4S1/GA733-2 among others.25 For the sake of clarity, in this article we only utilize the most frequently used ones, 

i.e., Trop-119,25/EpCAM,27 to refer to the protein, and TROP1/EPCAM, to refer to the gene.

Western blotting

Protein lysates were obtained from KM12SM cells by scraping them in lysis buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

1 mM CaCl2, 1 mM MgCl2, 1% Triton X-100, and protease/phosphatase inhibitors. Lysates were separated by SDS-PAGE under non- 

reducing conditions using 12.5% acrylamide gels, then transferred onto nitrocellulose membranes. For Western blot analysis, mem

branes were incubated with primary antibodies for 3 h at RT, and with secondary antibodies for 1 h at RT.

Exome sequencing and statistical analysis

Whole exome sequencing with at least 97% coverage at 20x was performed, using the NovaSeq6000 System (Illumina, San Diego, 

CA, USA) as previously described.8 A cohort of 2,446 SARS-CoV-2-positive subjects, collected within the GEN-COVID consortium 

was used to identify by machine learning algorithms the p.M115T Trop-1/EpCAM polymorphism as associated with worse disease 

outcome.13–18 Details on polymorphisms/allele frequencies in the Italian population are presented in the Network for Italian Genomes 

(NIG; http://nigdb.cineca.it/) database.

Cancer genomic sequence data

Analysis for M115T (M/T) variant prevalence/function was conducted using the Repositories listed in the key resources table.

CRISPR-Cas9 inactivation of the TROP1/EPCAM gene expression

We ablated the expression of the endogenously expressed TROP1/EPCAM gene by CRISPR-Cas9, using two different sgRNAs tar

geting the TROP1/EPCAM gene. Knockout and transgenic cells were generated as follows:

L cells/transfectants - pΔEYFP empty vector.

L cells/TROP1/EPCAM transfectants - pΔEYFP/M-Mod.

L cells/TROP1/EPCAM transfectants - pΔEYFP/T-Mod.

KM12SM/TROP1/EPCAM Crispr1 #1.

KM12SM/TROP1/EPCAM Crispr1 #1/transgenic pΔEYFP/M-Mod.

KM12SM/TROP1/EPCAM Crispr1 #1/transgenic pΔEYFP empty vector.

KM12SM/TROP1/EPCAM Crispr2 #1.

KM12SM/TROP1/EPCAM Crispr2 #1/transgenic pΔEYFP/M-Mod pre-sorting.

KM12SM/TROP1/EPCAM Crispr2 #1/transgenic pΔEYFP/T-Mod pre-sorting.

KM12SM/TROP1/EPCAM Crispr2 #1/transgenic pΔEYFP empty vector.
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Two CRISPR-Cas9 sgRNAs designed to target specific regions (exon 1 and exon 2) of the human TROP1/EPCAM gene were 

subcloned in the lentiviral vector LentiCRISPRv2, following the indicated procedure. The primer sequences introduced into the 

LentiCRISPRv2 vector are indicated in the key resources table. Packaging HEK-293 cells were co-transfected with the recombinant 

LentiCRISPRv2 and with the corresponding helper plasmids, pVSVG and psPAX2. Recombinant virions were collected from the tis

sue culture supernatants after 48 h, and used to infect the KM12SM target cells. After further 48 h, cells were selected using puro

mycin, and knockout stable cells were obtained. Cell populations bearing CRISPR-Cas9-inactivated TROP1/EPCAM genes were 

selected by flow cytometry, and confirmed devoid of surface Trop-1/EpCAM.

Expression vectors for the Thr115 (T-mod) as well as the Met115 (M-mod) variants of Trop-1/EpCAM were constructed to make 

these two variants mismatched and resistant to the CRISPR1 and CRISPR2 complexes targeting the endogenous TROP1/EPCAM. 

To this end three silent mutations were introduced in each CRISPR-targeted region of the T-mod and M-mod cDNAs (Figure S1).

Transfection of TROP1/EPCAM Met115 and Thr115 variants

Expression vectors for the T-mod as well as the M-mod variants of Trop-1/EpCAM were transfected in the murine fibrosarcoma L 

cells, which are devoid of endogenous expression of the mTrop1/mEpcam gene,66,67 and in the KM12SM cells whereby the 

TROP1/EPCAM gene was inactivated by CRISPR-Cas9. Flow cytometry cell sorting of live transfectants using anti-Trop-1/EpCAM 

mAb selected transfected variants for parallel expression levels at the cell membrane.

COVID-19 patient lung histopathology and immunohistochemistry (IHC) analysis

Tissue specimens were fixed in 10% of neutral buffered formalin for 24–48 h. Hematoxylin and eosin stain was made from each lung 

tissue block. Histopathology parameters were compared across M/T heterozygous, M/M homozygous and T/T homozygous patients 

(Tables S1A and S1B).

IHC was carried out to quantify in lung tissue sections the expression of Trop-1/EpCAM (clone H99 at 1:1000 dilution for 30 min 

without antigen retrieval), E-cadherin (clone 36), β-catenin (clone 14), and the proliferative index by Ki67 labeling (clone 30-9). 

VENTANA detection kits and BenchMark IHC/ISH instruments were utilized. Microscope slide images were acquired with a Philips 

Pathology Scanner SG60. Images were managed and stored using the IntelliSite Image Management System (IMS). Images were 

obtained in.ndpi format and converted to.svg format for data presentation using QuPath. Object measurements were obtained 

with QuPath routines.

Comparative analysis of the Trop-1/EpCAM T115 and M115 structures

The crystal structure of the extracellular domain of Trop-1/EpCAM T115 (4MZV) was retrieved from the Protein DataBank. The 

4mzv_T115 crystal structure was used as a template to obtain the model structure of the Trop-1/EpCAM M115, using the program 

Swiss pdb model. The Trop-1/EpCAM T115 and Trop-1/EpCAM M115 were overlaid with PyMol. Ramachandran plot analysis was 

conducted using Swiss pdb model.

Oxygen diffusion rates across cells

Oxygen diffusion across cells, cell layers and intercellular matrix obeys the fundamental laws of gas diffusion. According to Fick’s first 

law,76 when a convective term is negligible due to the high dilution of the gas in a cell, the gas flow J per unit surface area at steady 

state is:

J =
C2 − C1

l
D 

Where l is the thickness of the cell, D is the mean diffusion coefficient, expressed in cm2/s, C is the concentration of O2 (C2 in the lung 

alveoli, C1 in the cell):

J = − D

(
∂c

∂x

)

T ;p 

For constant absolute temperature T, and pressure p.

In the case of a pressure gradient Δp between external and internal membranes of the cell, the the gas flow per unit area is the 

permeability P multiplied by Δp, divided by the cell thickness l:

J = P
Δp

l 

The permeability of a gas can then be expressed as:

P =
Jl

Δp
=

C2 − C1

p2 − p1

D 

As the solubility coefficient S of a gas at equilibrium is:
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S =
C

p 

Permeability can be rewritten in the form:

P = DS 

Hence, the O2 permeability through a cell equals the mean O2 diffusion coefficient multiplied by O2 solubility.

The Fick’s first law applies to stationary diffusion, whereby the concentration of the component that diffuses does not change over 

time. In the case of non-stationary systems, where the concentration varies in space and time, the Fick’s second law applies, across 

area A, with flow Jin and Jout.

As:

dm = (Jin − Jout)A dt 

Hence:

∂c

∂t
= −

∂J

∂x 

This is the so called equation of continuity. By substituting the expression of flow obtained from Fick’s first law, the Fick’s second 

law is:

∂c

∂t
= D

∂2c

∂x2 

Thus, the Fick’s second law for oxygen diffusion across the thickness of alveolar membranes and of hyaline membranes is a sec

ond-order differential equation with respect to space and a first-order differential equation with respect to time.

The differential permeability of oxygen in lipids versus water limits the oxygen diffusion rates. According to the Meyer-Overton rule, 

the membrane permeability of a molecule is directly proportional to its lipid–water partition coefficient. Oxygen is ∼25 times more 

soluble in lipids than in water, leading to oxygen diffusion in membranes at 26 cm/s for transbilayer and 36 cm/s for radial diffusion 

along the membrane midplane versus an overall diffusion rate 0.2 cm/s across alveolar membranes. Thus, limiting factors in oxygen 

diffusion are diffusion rates across water layers.77,78

QUANTIFICATION AND STATISTICAL ANALYSIS

The association of the p.M115T Trop-1/EpCAM polymorphism with disease outcome was confirmed by using the Chi-squared test.

IHC stainings for Trop-1/EpCAM, E-cadherin, and β-catenin for examined lung tissues were quantified on vascular endothelium, 

alveolar pneumocytes, ciliated epithelium, including intracellular localization. Staining intensity was classified as follows: absent: 0; 

focal ≤50% and diffuse: >50% of the cells. Trop-1/EpCAM IHC expression values were compared by Student’s t test (Mean ± stan

dard error of the mean (SEM)) and Mann-Whitney U Test.

SPSS was used throughout, and p < 0.05 was considered statistically significant. For Ki67, a dark brown diffuse or grainy nuclear 

staining was taken as positive. Ki67 labeling index (Ki67-LI) was assessed as described,71 after identification of ‘hot spots’ using a 

20× objective; Cells (including Ki67-positive cells) were counted in real time, and expressed as percentage. PI = [number of Ki67 

positive cells ÷ number of cells scored]×100; 100 cells were scored in 3 different fields of view. All tissue section was separately 

evaluated by two pathologists (CB and NLF), who were unaware of the underlying clinicopathological characteristics of the patient.

Chemiluminescent signals from western blotting experiments were acquired using the Chemidoc Alliance Q9 digital platform. Band 

intensities were quantified using Fiji/ImageJ.
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