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Materials and Methods 
Ethics and Human Subjects 

All work performed in this study was approved by the Wuhan Jinyintan Hospital Ethics 

Committee. Diagnosis of SARS-CoV-2 infection was based on the New Coronavirus Pneumonia 

Prevention and Control Program (6th edition) published by the National Health Commission of 

China.  

 

Patient Samples 

We analyzed postmortem tissue samples from 3 patients who died from respiratory failure 

caused by SARS-CoV-2 infection at Wuhan Jinyintan Hospital. Patient 1 is a 53-year-old female. 

Patient 2 is a 70-year-old male. Patient 3 is a 66-year-old female. We collected the samples of lung 

and muscle from patient 1, the samples of lung, heart, liver, spleen, kidney, intestine, brain and 

muscle from patient 2, and the samples of lung, heart, liver, spleen, kidney, brain and muscle from 

patient 3. Besides, lung paracancerous tissue samples from 2 lung cancer patients (a 65-year-old 

male and a 57-year-old femal) were collected for comparison. All the samples were treated 

according to the biocontainment procedures of the processing of SARS-CoV-2-positive sample. 

 

Haematoxylin and eosin staining and immunofluorescence analysis 

Tissues from the case were fixed with 4% paraformaldehyde for 24 h. Tissues were then 

embedded in optimal cutting temperature (OCT) compound and cut into 3.5-μm sections using 

Rotary Microtome (Thermo Scientific™ HM 355S). Mounted microscope slides were fixed with 

paraformaldehyde and stained with haematoxylin and eosin for histopathological examination. 

Slides were dewaxed with dimethylbenzene and gradient alcohol, antigen repaired with 

ethylene diamine tetraacetic acid (pH=8.0), then blocked by incubating with 5% bovine serum 

albumin (BIOSHARP, Hefei, China) at 37 °C for 30 min, followed by overnight incubation at 4 °C 

with the rabbit anti- SARS-CoV-2 nucleocapsid protein (NP) antibody (1:200) 15 in phosphate 

buffered solution. After washing, slides were then incubated for 1 h at room temperature with 

fluorescein isothiocyanate-conjugated goat-anti-rabbit IgG (Proteintech) in PBS, then stained with 

2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, Beyotime, Nanjing, China) 

and observed under a fluorescence microscope (Nikon A1 MP STORM). 
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Transmission electron microscopy 

Tissues from the case were fixed with 2.5% (weight/volume) glutaraldehyde，post-fixed 

with 1% osmium tetroxide, and then dehydrated with gradient alcohol (from 30%-100%), 

embedded with epoxy resin. Ultrathin sections (80 nm) of embedded cells were prepared, 

deposited onto Formvar-coated copper grids (200 mesh), double-stained with uranium acetate and 

lead citrate, then observed under 200 kV Tecnai G2 electron microscope (ThermoFisher Scientific 

FEI). 

 

Sample preparation 

The tissue samples were first homogenized in lysis buffer consisted of 2.5% SDS/100 mM 

Tris-HCl (pH 8.0). After 15 min of incubation in the boiling water bath, the samples were subjected 

to treatment with ultra-sonication. After centrifugation (12000 × g, 15 min), proteins in the 

supernatant were precipitated by adding 4 times of cold acetone. The protein sample was dissolved 

in 8 M Urea/100 mM Tris-HCl (pH 8.0). After centrifugation, the supernatant was used for 

reduction reaction (10 mM DTT, 37°C for 1 h), and followed by alkylation reaction (40 mM 

iodoacetamide, room temperature/dark place for 30 min). Protein concentration was measured by 

Bradford method. Urea was diluted below 2 M using 100 mM Tris-HCl (pH 8.0). Trypsin was 

added at a ratio of 1:50 (enzyme: protein, w/w) for overnight digestion at 37°C. The next day, 

trifluoroacetic acid (TFA) was used to bring the pH down to 6.0 to end the digestion. After 

centrifugation, the supernatant was subjected to peptide purification using Sep-Pak C18 desalting 

column. The peptide eluate was dried in vacuum and stored at -20°C for later use. 

TMT labeling was performed according to manufacturer's instructions. Briefly, peptides were 

reconstituted in TMT reagent buffer, and the samples were separately labeled with different TMT 

labeling reagents. The labeled samples were then mixed and subjected to Sep-Pak C18 desalting. 

The complex mixture was fractionated using high pH reversed-phase liquid chromatography 

(RPLC) and combined into 20 fractions. Each fraction was dried in vacuum and stored at -80°C 

until MS analysis. 

 

LC-MS/MS analysis 

LC-MS/MS data acquisition was carried out on a Q Exactive HF-X mass spectrometer 

coupled with an Easy-nLC 1200 system (both Thermo Scientific). Peptides were first loaded onto 
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a C18 trap column (75 μm × 2 cm, 3 μm particle size, 100 Å pore size, Thermo) and then separated 

in a C18 analytical column (75 μm × 250 mm, 3 μm particle size, 100 Å pore size, Thermo). 

Mobile phase A (0.1% formic acid) and mobile phase B (80% ACN, 0.1% formic acid) were used 

to establish the separation gradient. A constant flow rate was set at 300 nL/min. For data-dependent 

acquisition (DDA) mode analysis, each scan cycle consisted of one full-scan mass spectrum (R = 

120 K, AGC = 3e6, max IT = 50 ms, scan range = 350–1800 m/z) followed by 20 MS/MS events 

(R = 45 K, AGC = 1e5, max IT = 86 ms). High energy collision dissociation (HCD) collision 

energy was set to 32. Isolation window for precursor selection was set to 1.2 Da. Former target ion 

exclusion was set for 45 s. 

 

Database research 

MS raw data were analyzed with MaxQuant (V1.6.6) using the Andromeda database search 

algorithm. The human proteome database contained 20,366 Swiss-Prot/reviewed human protein 

sequences downloaded from UniProt (https://www.uniprot.org/proteomes/UP000005640, on 

March 17, 2020), whereas the SARS-CoV-2 proteome database contained 12 protein sequences 

derived from its CDS regions (https://www.ncbi.nlm.nih.gov/nuccore/NC_045512.2, on March 17, 

2020) 42. The two databases were merged and reverse decoy sequences were generated. Then, 

spectra files were searched against the merged database using the following parameters: Type, 

TMT; Variable modifications, Oxidation (M), Deamidation (NQ), Acetyl (Protein N-term); Fixed 

modifications, Carbamidomethyl (C); Digestion, Trypsin/P. The MS1 match tolerance was set as 

20 ppm for the first search and 4.5 ppm for the main search. The MS2 tolerance was set as 20 ppm. 

Search results were filtered with 1% false positive rate (FDR) at both protein and peptide levels. 

Proteins denoted as decoy hits, contaminants, or only identified by sites were removed, and the 

remaining proteins were used for further analysis. 

 

Proteomic data imputation and normalization 

To ensure the data quality, only 4993 proteins quantify in ≥ 10 samples were reserved. The 

missing values were imputed with values representing a normal distribution around the detection 

limit of the mass spectrometer. For each sample, the mean and standard deviation (S.D.) of the 

distribution of the raw protein intensities were determined. Then a new distribution with a 

https://www.uniprot.org/proteomes/UP000005640
https://www.ncbi.nlm.nih.gov/nuccore/NC_045512.2
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downshift of 1.5 S.D. and a width of 0.3 S.D. was created. The total data set was imputed using 

these values, enabling statistical analysis. 

After imputation, the intensity-based expression value of a protein was first normalized based 

on its expression level in the control sample of the same batch. Then, the proteomic data of each 

sample was normalized using the z-score transformation, one of the mostly used normalization 

methods 43. For each sample, the mean expression value μ and S.D. δ were first calculated. For a 

protein i with the expression level of xi, its normalized z-score was calculated and re-scaled into a 

value ranged from 0 to 1 shown as below: 

𝑧𝑧𝑖𝑖 =
𝑥𝑥𝑖𝑖 − 𝜇𝜇
𝛿𝛿

 

𝑧𝑧𝑖𝑖∗ =
𝑧𝑧𝑖𝑖 − 𝑀𝑀𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀𝑥𝑥 −𝑀𝑀𝑀𝑀𝑀𝑀

  

Where Max and Min were maximum and minimum expression values in the sample. The median 

centering method was further used, and the NPE value for i was calculated as below: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖 =
𝑧𝑧𝑖𝑖∗

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 

After z-score coupled with median centering normalization, NPE values of proteins follow a 

logarithmic normal distribution (log2) centered at zero.  

The proteomic data imputation and normalization was conducted using Perseus 1.6.1416. To 

test whether different tissue-specific proteomes could be distinguished, PCA was performed using 

Scikit-learn 0.22.1 (https://scikit-learn.org/stable/), a powerful toolkit for data mining and analysis. 

 

Human normal proteomic data 

From the HPM portal (http://humanproteomemap.org/)25, pre-compiled proteomic datasets of 

lung, kidney, liver, colon, frontal cortex and heart in adults were downloaded, containing 12,335, 

12,252, 16,800, 14,813, 16,868, and 12,007 quantified proteins, respectively. The HPM proteomic 

datasets were also imputed and normalized by the same methods described above.  

 

Identification of tissue-specific proteins 

As previously described 17, 18, an entropy-based method was adopted to identify potential 

TSPs in human COVID-19 tissues. For each protein, its relative NPE (rNPE) value in a tissue j 

was defined as below: 

https://scikit-learn.org/stable/
http://humanproteomemap.org/
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𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗 =
𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗
∑ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
1

 

Where NPEj was the normalized expression value in the tissue j, and Σ NPE was the sum of all 

NPE values in all tissue samples. N was the total number of COVID-19 tissues. Then, the Shannon 

entropy H of this protein across different tissues could be calculated as below: 

𝐻𝐻 = −�𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗 × 𝑙𝑙𝑙𝑙𝑙𝑙2(𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗)
𝑁𝑁

1

 

Where the value of H ranged from 0 to log2(N). A smaller H score represented a higher probability 

of a protein to be a real TSP. Based on the distribution of H scores, proteins with entropy < 2.5 

were reserved as potential TSPs.  

 

Model-based identification of DEPs 

In this study, MAP was directly used to identify potential DEPs for each pair of COVID-19 

and normal tissues 26. For a tissue type with multiple samples, the mean NPE value was calculated 

for each protein. Then, the log2 ratios of COVID-19 vs. normal tissues for all proteins were 

determined and ordered based on their values. For using MAP, default parameters were adopted, 

with a sliding window size of 400 proteins, a step size of 100 proteins, and a fraction of 50 

proteins26. In MAP, the Benjamini–Hochberg method was used for adjustment of multiple testing, 

and an adjusted p-value < 0.05 was selected to identify potential DEPs. Fold changes of 

postmortem vs. normal tissues were also present for identified DEPs.  

 

GSEA enrichment analysis 

The software package of GSEA v4.0.3 was downloaded (https://gsea-msigdb.org)44, as well 

as the gene set collection of GO biological processes with gene symbols (c5.bp.v7.1.symbols.gmt). 

A stringent threshold of FDR q-val < 0.01 was adopted to detect GO biological processes 

significantly up- or down-regulated in COVID-19 tissues.  

 

Re-construction of a virus-host protein interaction network 

From the Human Protein Atlas (HPA), we obtained 331 known virus-host PPIs 

(https://www.proteinatlas.org/humanproteome/sars-cov-2) reported by a recent study31. Since lung 

is the potentially major virus-host battlefield of COVID-19, only 110 virus-host PPIs were 

https://gsea-msigdb.org/
https://www.proteinatlas.org/humanproteome/sars-cov-2
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reserved for 23 SARS-CoV-2 proteins/mature peptides and 110 interacting DEPs in postmortem 

lung tissues. The 198 DEPs of 16 up-regulated biological processes in COVID-19 lung tissues 

were also included. Based on the functional annotations in UniProt, we classified the 308 lung 

DEPs into 6 classes, including cell signaling/development, cytoskeleton organization, immune 

response, metabolic process, transcription/translation, and transport. Then, 1,771,193 human 

known PPIs of 18,839 proteins were integrated from 7 public databases, including BioGrid 45, 

IID46, InBio MapTM 47, Mentha48, HINT49, iRefIndex50 and PINA51. For the 308 lung DEPs,, we 

extracted 2,478 PPIs for 298 unique proteins, and the virus-host protein interaction network was 

constructed and visualized with Cytoscape 3.6.1 software package 52. 

 

GO enrichment analyses 

The two-sided hypergeometric test was adopted for the enrichment analysis of the 110 SARS-

CoV-2 interacting DEPs. Here, we defined: 

N = number of human proteins annotated by at least one term 

n = number of human proteins annotated by term t 

M = number of the 110 DEPs by at least one term  

m = number of the 110 DEPs annotated by term t 

Then, the E-ratio was calculated, and the P value was computed with the hypergeometric 

distribution as below: 

E-ratio = 
𝑚𝑚
𝑀𝑀
𝑛𝑛
𝑁𝑁

 

P value = ∑
( 𝑀𝑀𝑚𝑚′)(𝑁𝑁−𝑀𝑀𝑛𝑛−𝑚𝑚′)

(𝑁𝑁𝑛𝑛)
𝑛𝑛
𝑚𝑚′=𝑚𝑚 , (E-ratio > 1) 

In this study, GO annotation files (on 03 January 2020) were downloaded from the Gene Ontology 

Consortium Web site (http://www.geneontology.org/), and we obtained 19,714 human proteins 

annotated with at least one GO biological process term. 
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Fig. S1. Normalized expression levels of the selected potentially tissue-specific proteins (TSPs) in 

tissues of lung, kidney, liver and intestine. The potentially TSPs were identified by the entropy-

based method (Entropy score H < 2.5). For tissue types with multiple samples, the mean NPE 

values was calculated for each protein. 
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Fig. S2. Normalized expression levels of the selected TSPs in tissues of brain, heart, muscle and 

spleen. TSPs were identified by the entropy-based method (Entropy score H < 2.5). For tissue 

types with multiple samples, the mean NPE values was calculated for each protein. 
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Fig. S3. Normalized expression levels of the most changed DEPs in lungs and other tissues. DEPs 

were identified by MAP (Adjusted p-value < 0.05). For tissue types with multiple samples, the 

mean NPE values was calculated for each protein. 
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Fig. S4. Normalized expression levels of 57 DEPs shared by more than 4 tissues. DEPs were 

identified by MAP (Adjusted p-value < 0.05). For tissue types with multiple samples, the mean 

NPE values was calculated for each protein. 
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Fig. S5. Normalized expression levels of lung DEPs in the differentially regulated processes. 

GSEA analysis of lung DEPs in four processes. The mean NPE values was calculated for each 

protein. 
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Fig. S6. GO analysis of 110 SARS-CoV-2 interacting DEPs in lung tissues. GO enrichment 

analysis of SARS-CoV-2 interacting DEPs. Two-sided hypergeometric test, m > 5, P value < 

0.01. 
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