
 

 
Supplementary Materials for 

 
The Tabula Sapiens: A multiple-organ, single-cell transcriptomic atlas of humans 

 
The Tabula Sapiens Consortium 

 
Corresponding author: Stephen R. Quake, steve@quake-lab.org 

 

Science 376, eabl4896 (2022) 

DOI: 10.1126/science.abl4896 

 

The PDF file includes: 

 

Materials and Methods 

Figs. S1 to S17 

References 

 

Other Supplementary Material for this manuscript includes the following: 

 

Tables S1 to S9 

MDAR Reproducibility Checklist 



  

Materials and Methods 

 

Organ and tissue procurement  

Donated organs and tissues were procured at various hospital locations in the Northern California 

region through collaboration with a not-for-profit organization, Donor Network West (DNW, San 

Ramon, CA, USA). DNW is a federally mandated organ procurement organization (OPO) for 

Northern California. Recovery of non-transplantable organ and tissue was considered for 

research studies only after obtaining records of first-person authorization (i.e., donor’s consent 

during his/her DMV registrations) and/or consent from the family members of the donor. Tissues 

were processed consistently across all donors. Each tissue was collected, and transported on ice, 

as quickly as possible to preserve cell viability. A private courier service was used to keep the 

time between organ procurement and initial tissue preparation to less than one hour. Single cell 

suspensions from each organ were prepared in tissue expert laboratories at Stanford and UCSF. 

For some tissues the dissociated cells were purified into compartment-level batches (immune, 

stromal, epithelial and endothelial) and then recombined into balanced cell suspensions in order 

to enhance sensitivity for rare cell types (12). The research protocol was approved by the DNW’s 

internal ethics committee (Research project STAN-19-104) and the medical advisory board, as 

well as by the Institutional Review Board at Stanford University which determined that this project 

does not meet the definition of human subject research as defined in federal regulations 45 CFR 

46.102 or 21 CFR 50.3. 

 

Note: The pancreas from donor TSP9 was provided by Stanford University Hospital under 

appropriate regulatory procedures.  

 

Background of donors 



  

The medical history, treatment and drugs administered to all donors are outlined in table S1. The 

details of the primary donors are summarized here: 

 Donor TSP1 was a 59-year-old female with BMI of 23 and a history of stroke. She was found 

down with slurred speech.  

 Donor TSP2 was a 61-year-old female with BMI of 41 and a history of deep vein thrombosis, 

hypertension, hypersensitive lung disease, type 2 diabetes, an infected knee replacement, 

and recent bout of the flu. She reported being short of breath and later went into respiratory 

arrest. 

 Donor TSP7 was a 69-year-old female with BMI of 29 and a history of schizophrenia, 

hypothyroidism, gastro-intestinal reflux disease, and seizure disorder. She was found 

unconscious with food in her airway. 

 Donor TSP14 was a 59-year-old male with BMI of 18 with a history of hypertension, possible 

lung disease and alcohol abuse. He was discovered down and without a pulse.  

Per DNW Management Guidelines, all brain-dead donors received a number of drugs while on a 

respirator between brain death and cross clamp for organ removal. During this time, all donors 

received antibiotics. Zosyn was the most common but Diflucan and Vancomycin were given to 

some donors. Based on culture results, drug allergies or medication availability, other antibiotics 

were administered in some donors. Donors also received anti-coagulants, anti-inflammatories, 

diuretics, and drugs to maintain blood pressure. Most commonly these were heparin, Solu-Medrol, 

Levophed, and Lasix (table S1). 

 

Bladder - Initial tissue preparation protocol 

Tissue was collected around the area of the mucosa and submucosa in the bladder dome, trying 

to avoid the muscular tissue surrounding the region of interest. The collected tissue was prepared 

into a single cell solution via enzymatic digestion. The initial tissue volume after removal of the 



  

thick muscle layers surrounding the mucosa was approximately 1 cm3. Tissue was minced and 

digested first using the Digest A buffer (Collagenase type IV1875 U (~75 mg, depending on 

batch), 100 µL of P 188 (10%, 100x), 10 µL of 1M CaCl2, 500 µL of 20% PVP, 25 µL of DNase 

(4U/µL), 9.5 mL of M199-HEPES) in a 50-mL Falcon tube. The first digestion in Digestion Buffer 

A was performed at 37°C for 1 h. The second digestion step was performed using Digestion Buffer 

B (1 mL of 10x TrypLE, 100 µL of P 188 (10%, 100x), 100 µL of 0.5 M EGTA, 500 µL of 20% PVP, 

25 µL of DNase (4U/µL), 8.7 mL of M199-HEPES). Before digestion, Digestion Buffer B was 

prewarmed for 5 minutes at 37°C. Cells in Digestion Buffer A were pelleted at 500g for 5 minutes 

using a swinging bucket rotor. Supernatant was removed, leaving only 100 µL in the Falcon tube.  

500 µL of pre-warmed Digestion Buffer B was added to the tissue, and the samples were titrated 

15 times using a wide-bore pipet tip. A final volume of 9.5 mL of Digestion Buffer B was added 

and tissue was incubated at 37°C for 30 minutes (200 rpm). Samples were kept on ice from this 

point on, using chilled buffers and a chilled centrifuge (set at 4°C). Cell suspensions were 

centrifuged at 500g for 5 minutes at 4°C using a swing bucket rotor to obtain a visible pellet. 

Supernatant was removed, leaving a total volume of 200 µL. 500 mL of M199 were added to the 

200 µL of cells previously obtained and titrated 15 times using a wide bore pipet tip. In the 

meantime, a 50-mL Falcon tube topped with a 40-µm cell strainer was put on ice. 5 mL of M199 

were added to the cells and passed through the cell strainer into the Falcon tube. An additional 

10 mL of M199 were added to the digestion tube; the tube was inverted to wash away any 

remaining cells, and the suspension was passed again through the strainer. The strainer was 

washed with 10 mL of FACS buffer. The cell suspension was again centrifuged at 500g for 5 

minutes at 4°C. Supernatant was removed, leaving a total volume of 100 µL. Cells contained in 

the 100 µL were resuspended using 1 mL of RBC lysis buffer and incubated at room temperature 

for 5 minutes. 10 mL of FACS buffer were added to the cells plus RBS lysis buffer mix, and 

centrifuged at 500g for 5 minutes at 4°C. Supernatant was removed, leaving behind a total volume 

of 100 µL. 900 µL of FACS buffer were added to the mix, which was titrated 15 times using a wide 



  

bore pipet. Cell concentration was then measured using a hemocytometer. The final cell 

suspension was divided into two 500 µL samples to be further prepared for 10x Genomics and 

FACS sorting/SS2. 

 

Bladder – 10x Genomics sample preparation 

The 500 µL sample of cell suspension designated for 10x Genomics was centrifuged at 500g for 

5 minutes at 4°C. In the meantime, a mix of CD31/CD45 antibodies was prepared for subsequent 

MACS selection. The antibody mix was prepared using 100 µL of MACS buffer, 2 µL of CD45 

beads (Miltenyi 130-045-801), 1 µL of CD31 beads (Miltenyi 130-091-935), and 1 µL of FcBlock 

beads (Miltenyi 130-059-901). After centrifugation, the supernatant was removed and cells were 

resuspended in the just-prepared antibody mix for 20 minutes on ice. After incubation, cells were 

centrifuged at 500g for 5 minutes at 4°C. After centrifugation, cells were resuspended in 500 µL 

of MACS buffer using a wide bore pipet. Cell suspension was again centrifuged at 500g for 5 

minutes at 4°C. These two steps were repeated for a total of two cell washes. The MACS column 

was equilibrated by adding 1 mL of MACS buffer with the column on the magnet; a 15-mL Falcon 

collection tube labelled CD31-/CD45- was placed on ice below the columns. The cell suspension 

was applied to the column immediately after 1 mL of MACS buffer was added, being careful to 

allow the cell suspension and the buffer to enter the column and collect the flow through. An 

additional 5 mL of MACS buffer was added and allowed to pass through the columns, collecting 

the flow-through. This process was repeated a second time. The tube was set aside, now 

containing only CD31-/CD45- negative cells. The column was removed from the magnet and a 

new 15-mL Falcon tube labeled as CD31+/CD45+ was placed. 5 mL of MACS buffer were added 

to the column and allowed to run through the column. The sample was plunged to recover any 

remaining material. Both Falcon tubes were centrifuged at 500g for 5 minutes at 4°C. During this 

centrifugation, the EPCAM MACS beads were prepared for the second MACS selection step. 

EPCAM mix was prepared using 100 µL of MACS buffer, 2 µL of EPCAM magnetic beads, and 1 



  

µL of FcBlock magnetic beads. Upon completion of centrifugation, the supernatant was removed. 

For the Falcon tube with CD31-/CD45- cells, the cell pellet was resuspended in the 

MACS/EPCAM mix previously prepared and incubated on ice for 20 minutes. After incubation, 

cells were washed twice using the same protocol as for the first MACS step. A new MACS column 

was placed on the magnetic holder and a Falcon tube was labeled with CD31-/CD45-/EPCAM-. 

The column was equilibrated using 1 mL of MACS buffer, and cell suspension was added to the 

column followed immediately by addition of 1 mL of MACS buffer. The cell suspension and the 

buffer were allowed to run through the column. 5 mL of MACS buffer were added to the column, 

the flow was collected, and another 5 mL was added. Once column flow completed, the CD31-

/CD45-/EPCAM- Falcon was set aside. The column was removed from the magnet and a new 15-

mL Falcon tube labelled as CD31-/CD45-/EPCAM+. 5 mL of MACS buffer was added to the 

column and the flow was collected. The sample was plunged to collect any remaining material 

stuck in the column. For all populations (CD31+/CD45+, CD31-/CD45-/EPCAM-, CD31-/CD45-

/EPCAM+), the collections were centrifuged at 500g for 5 minutes at 4°C and then the 

supernatants were aspirated and resuspended in 200µL FACS buffer. Cell concentrations and 

viability were measured using a hemocytometer. Cell concentrations were adjusted to 106 

cells/mL. Different cell populations were combined 1:1:1 in the same tube to balance the different 

compartments and were ready for 10x downstream pipeline. 

 

Bladder – FACS/SS2 sample preparation 

The second 500 µL aliquot of cell suspension was used for the SS2 protocol. Cell concentration 

was adjusted to 2-3×106 cells per mL. The following antibodies were used at a 1:20 dilution in 

FACS buffer: CD45-FITC, CD31-PE, and EPCAM-Cy7. Cells were stained on ice for 20 minutes 

in 70 µL (single antibodies) or 200 µL (all antibodies).  After incubation, 1 mL FACS buffer was 

added to the cells, and cells were pelleted at 500g for 5 minutes at 4°C in a swinging bucket 

centrifuge. Finally, supernatants were aspirated and cells were resuspended in 1 mL of FACS 



  

buffer using a wide bore pipet. Final single cell solutions were passed through a 40-µm cell 

strainer into a FACS tube to generate samples ready for FACS sorting. 

 

Blood – Initial tissue preparation protocol  

4.5 mL of blood was mixed with 45 mL of FACS buffer (PBS plus 2% FBS) and 0.5 mL of DNase 

I at room temperature (initial DNase I concentration was 5.5 mg/mL, final concentration was 0.05 

mg/mL). 15 mL of Ficoll Histopaque-1119 were added to two empty 50-mL Falcon tubes. 25 mL 

of blood/FACS buffer mixture were added to each Ficoll-filled Falcon tube, tilting the tube and 

pipetting on its side to prevent the blood from mixing with the Ficoll. Both tubes were centrifuged 

at 400g for 30 minutes at room temperature, with the centrifuge’s brakes off. After centrifugation, 

the tubes were inspected to check that all blood cell layers were well separated. Starting from the 

bottom, the following layers were identified: erythrocytes, Ficoll solution, buffy coat with cells 

(white color), and plasma. The buffy coats were gently removed from each tube and transferred 

into a new 50-mL Falcon tube. 30 mL of cold (4°C) FACS buffer were added to each buffy coat. 

The Falcon tubes were centrifuged at 300g for 5 minutes at 4°C. After centrifugation, an additional 

5 mL of cold FACS buffer were added. Cells were counted using a hemocytometer. For whole 

blood, 1 mL of blood was added to 10 mL of ACK lysis buffer for 10 minutes at room temperature. 

The cells were then spun down at 4oC, 400g for 5 minutes. After the ACK lysis step, cells were 

washed with 10 mL of ice-cold PBS and spun down at 4°C, 450 g for 10 minutes. Cells were then 

resuspended in 5 mL of FACS buffer and counted.  

 

Blood - FACS/SS2 sample preparation 

5 million cells were stained for Lineage-PE (CD3, CD19, CD20, CD335 and CD66b) and 

monocytes (CD14- and CD16-APC). Sytox blue was added and live, single cells were sorted 

based on Lineage+Monocyte-, Lineage-Monocyte+ and Lineage-Monocyte-. 

 



  

Blood – 10x Genomics sample preparation 

10 million cells were stained with purified mouse anti-human CD3, CD19, CD20, CD335, and 

CD14 for 30 minutes on ice and washed twice with media. Cells were then negatively selected by 

adding pan anti-mouse Dynabeads (ThermoFisher 11041) using 4 Dynabeads per target cell 

following manufacturer’s instructions. Cell suspensions were adjusted to 106 cells/mL prior to 

running the sample in the 10x Genomics controller. For each donor, one sample consisted of 

negatively selected cells and one sample consisted of 25% whole blood after red blood cell 

removal and 75% PBMCs after density gradient centrifugation with Ficoll-Paque PLUS. 

 

Bone Marrow 

Human Vertebral Bodies - Initial Tissue preparation protocol 

The vertebral bodies (VB) were wrapped in a cloth and shipped to Stanford University on ice. 

Upon arrival, the VBs were first cleaned using chisels, to remove any attached connective tissue 

and fat. To rinse off any remaining cells attached to the exterior of the VB, the VBs were then 

transferred to a plastic nalgene containing 50 mL RPMI + 10% FBS and tumbled in a bone marrow 

tumbler for 20 minutes at room temperature. The rinsing medium was discarded and the VBs 

were removed from the tumbler, transferred to a large sterile plastic Petri dish, and cut into ½ inch 

by ½ inch pieces using bone cutting forceps.  The bone marrow pieces were transferred into a 

plastic nalgene, to which 100mL of RPMI + 10% FBS was added. The nalgene was returned to 

the bone marrow tumbler and tumbled for 30 minutes at room temperature. The solution 

containing the VB was then passed through a 100 µm strainer into 50 mL falcon tubes. Multiple 

strainers were used in case of clogs. After straining, the cells were centrifuged and pelleted at 

330g 4°C for 5 minutes. Cells were resuspended in 1x Erythrocyte Lysis buffer, kept 5 minutes 

on ice and mixed. Cells were then re-centrifuged for 5 minutes at 330g at 4°C without brakes, in 

order to remove plasma and lysed red blood cells. Cells were then ready to count. 10 million bone 

marrow cells were stained using an immune lineagePE cocktail containing CD3-PE, CD4-PE, 



  

CD56-PE, CD11b-PE, and CD14-PE, and subsequent MACS with anti-PE microbeads was 

performed. One tube of immune lineage positive and one tube of lineage negative cell were 

prepared for the 10x. For smartseq2, cells were stained with anti-CD38-APC, anti-CD34-FITC, 

and sytox blue for 30 minutes at 4°C and washed twice. 

 

Eye - Initial Tissue preparation protocol 

The eye and extraocular components were enucleated from the donor and transported to Stanford 

University on ice. The eye was carefully dissected using forceps and scissors and the different 

components rinsed with PBS. The central cornea, limbus and conjunctiva were dissected out first, 

lightly minced using blades and incubated in 1U/mL Dispase in DMEM/F12 (Fisher Scientific, 

NC9995391) for 2 hours at 37°C with shaking. The sclera, iris, lens and optic nerve were dissected 

out next, minced using blades and also digested in 1U/mL Dispase in DMEM/F12 (Fisher 

Scientific, NC9995391) for 2 hours at 37°C with shaking. For retinal dissociation, papain solution 

was prepared using 0.8µl Papain (100mg/mL) (Worthington Biochemicals, LS003119), 4µl L-

cysteine (250mM), 0.2µl EDTA (0.5M, pH 8) and 395µl HBSS(Thermo Fisher Scientific, 

14025076). Papain solution was incubated at 37°C for 10 minutes to ensure activation. The retina 

and RPE were peeled off from the optic cup, lightly minced and incubated in the papain solution 

at 37°C for 15 minutes. Eyelids were minced in 0.25% collagenase (STEMCELL Technologies, 

NC9952277) and lacrimal glands minced in 0.125% collagenase (STEMCELLTechnologies, 

NC9952277) and incubated at 37°C for 1 h and 0.5 h, respectively. Orbital fat was incubated in 

0.075% collagenase (STEMCELLTechnologies, NC9952277) for 90 minutes and extraocular 

muscle was incubated in 0.2% collagenase + 8mM CaCl2 at 37°C for 1 h. After digestion, the 

tissues were further minced in 0.05% Trypsin EDTA (Thermo Fisher Scientific, 25300054) for 5 

minutes. The enzymatic reaction was stopped with equal volumes of DMEM + 10% FBS. The 

cells were filtered through a Falcon 40 µm cell strainer (Corning, 352340) and centrifuged at 300g 

for 5 minutes. Cells were washed 3 times with DMEM + 10% FBS and centrifuged. Cells were 



  

counted using a hemocytometer and resuspended at a concentration of 1000 cells/µL in DMEM 

+ 10% FBS for 10x Genomics. For smartseq2 the cells were labeled with EPCAM-PE, CD45-

FITC, CD31-APC and all three antibodies for 30 minutes. Cells were sorted according to the 

gating strategy live/CD45-/EPCAM+ for epithelial cells, live/CD45+/EPCAM- for immune cells, 

live/CD45-/EPCAM-/CD31+ for endothelial cells and live/CD45-/EPCAM-/CD31- for stromal or 

neuronal cells. The cells from different eye tissues were combined at 1:1 ratio and pooled for 10x. 

 

Fat - Initial Tissue preparation protocol 

Fat tissues were dissected out and minced before digestion in 760 U/mL Collagenase II 

(Worthington LS004177) and Dispase II (Gibco 17105-041, 1U/mL), shaking for 30-60 minutes at 

37°C. Cells were then filtered consecutively through 100 µm (Falcon 352360) and 40 µm (Falcon 

21 352340) strainers on ice and washed with cold F-10/Ham’s medium containing 10% horse 

serum (Invitrogen 16050114). One aliquot of cells was resuspended to 1000 cells/µL for cell 

capture in microfluidic droplets with the 10x Genomics platform. The remaining cells were stained 

with 1:100 CD31-APC (Biolegend 303116), 1:500 CD45-FITC (Biolegend 304038), and 1:50 

CD200-PE (BD Biosciences 561762) for MAT, or 1:50 CD10-PE (BD Biosciences 561002) for 

SCAT for 30 minutes at 4°C in Ham’s F10 with 10% horse serum and washed. 1:1000 SytoxBlue 

(Invitrogen S34857) was added immediately prior to sorting. Cells were sorted into 3 bins: 

mesenchymal progenitors (CD200+ or CD10+, CD31- , CD45-), immune cells (CD45+, CD31-), 

and endothelial cells (CD31+, CD45-). 

 

Heart – Initial Tissue Preparation Protocol 

Small 1cm x 1cm tissue chunks were dissected from the left and right atrial (appendage) and left 

and right ventricular (free wall) myocardium. Tissues were then dissociated into single cells in a 

microcentrifuge tube with 400 µL of 0.25% trypsin and incubated at 37°C for 10 minutes. 

Subsequently, 1.6 mL of collagenase A/B (10 mg/mL, Roche) and 20% FBS serum in HBSS was 



  

added to the microcentrifuge tubes and tissue samples were returned to 37°C water bath for an 

additional 20 minutes with intermittent tissue disruption by manually pipetting using a 1000 µL 

pipette tip. Cells were then filtered through a 40 µM filter (Falcon) prior to spinning down at 1000 

RPM for 5 minutes, supernatant was removed, and cells were washed in 20% FBS in HBSS three 

times. Red blood cells were lysed with ACK lysis buffer for 5 minutes prior to final wash step. 

Atrial cells were pooled into one sample and ventricular cells into a separate sample. After the 

final wash and supernatant removal, cells were resuspended to a concentration of around 600 

cell/µL with 0.04% FBS/HBSS solution for processing on the 10x platform. 

 

Intestine – Initial tissue preparation protocol      

The following parts of the small and large intestines were collected from the donor: duodenum, 

jejunum, ileum, ascending colon and sigmoid colon. The intestine tissues were rinsed with 30 mL 

of ice-cold PBS. Intestines were then transferred to a new petri dish, opened longitudinally and 

all intestinal contents were flushed out using ice-cold PBS. The intestine tissues were minced into 

small pieces (2-3 mm in size) with a clean blade. After this, collagenase III (200 unit/mL) and 

DNAse I (100 unit/mL) in 10 mL of digestion medium (DMEM/F12, 1x PSA, 10mM HEPES, 1mM 

sodium pyruvate) was added. Tissues were digested at 37°C for 90-120 minutes with pipetting 

every 15 minutes using a 10 mL pipet. Digested tissue was transferred to a 50 mL Falcon tube. 

FACS buffer (HBSS, 2% FBS, HEPES, 1% PSA) was added to get to 30 mL of total volume. The 

cells were spun down at 500g, for 5 minutes at 4°C and the supernatant was discarded. Red 

blood cells were lysed with ACK lysis buffer for 5 minutes. FACS buffer was added to stop the 

reaction. The reaction was spun down in the centrifuge at 500 g, for 5 minutes at 4°C and the 

supernatant was discarded. The cells were resuspended with 10 mL of FACS buffer with 

100unit/mL DNaseI and passed through a 40 μm cell strainer. 

 



  

Kidney - Initial Tissue preparation protocol 

For the kidney, a wedge biopsy was performed obtaining a tissue sample of the size of 1cm x 

1cm x 2mm). Tissue was placed in a petri dish on ice and minced finely using a razor blade. The 

minced tissue was placed into a Miltenyi C tube with 10mL of cold liberase TL buffer. The tissue 

was then placed into the GentleMacs; after that the tissue was put into a shaker at 37°C for 20 

minutes. Tissue was placed for a second time into the GentleMacs. After that, 2 mL of FBS were 

added to stop the digestion and tissue was placed on ice. Tissue solution was passed through a 

70 µm SmartStrainer and the strainer was washed with 15 mL cold RPMI to collect any remaining 

cells. Cells were centrifuged at 300g for 7 minutes at 4°C. Supernatant was removed and the cells 

were first resuspended in a minimal residual volume and then 10 mL of RPMI were added. Cells 

were counted and processed with the 10x protocols.  An aliquot for FACS/Smartseq2 was stained 

with CD31-APC, CD45-Fitc, EPCAM-PE.  

 

Liver – Initial Tissue preparation protocol 

The freshly explanted human livers were kept on ice in Belzer UW Cold Storage Solution (BTL 

company, Northbrook, IL). Total cell suspensions were obtained via mechanical enzymatic 

digestion, between 3-5 hours after surgery. The liver was dissociated by mincing the tissue into 

1-2mm squares, and incubating in Liver Perfusion Medium (ThermoFisher Scientific, Waltham, 

MA) for 15 minutes at 37°C with rotation. After washing in Dulbecco’s PBS (ThermoFisher 

Scientific), tissues were incubated with HBSS (ThermoFisher Scientific) supplemented with 

HEPES (ThermoFisher Scientific) and Collagenase type IV (Worthington Biochemical, Lakewood, 

NJ; 600 U/mL) for 30 minutes at 37°C with rotation. Remaining pieces of tissue were further 

dissociated by pipetting 10 times through a 25 mL serological pipette, and single cells were 

separated from clumps using a 70 µm strainer (Fisher Scientific, Hampton, NH). After lysis of red 

blood cells with ACK RBC Lysing Buffer (Fisher Scientific), Hepatocytes were separated from the 

non-parenchymal cells with slow speed centrifugation at 30g. Each cell fraction was further 



  

washed using Williams E medium supplemented with Glutamax, Non-Essential Amino Acid, 

HEPES, and Pen-Strep (ThermoFisher). Cells were counted using a LUNA Automated Cell 

Counter (Logos Biosystems, South Korea) and processed for flow-cytometry sorting and 

scRNAseq using SmartSeq2. For 10x single cell capture, hepatocyte and non-parenchymal cell 

fractions were mixed 1:1.  

 

Lung - Initial Tissue Preparation Protocol  

Upon arrival on ice, lung tissues were separated from the bronchus (proximal), mid-bronchial 

region (medial), and periphery (distal), which were processed identically and separately. The 

tissue was then chopped roughly with scissors on the side of a gentleMACS type C tube and 12 

mL of Liberase medium (400 μg/mL Liberase DL (Sigma 5466202001) and 100 μg/mL elastase 

(Worthington LS006365) in RPMI (Gibco 72400120)) were added to the tube. Tubes with tissue 

were inserted into the gentleMACS Dissociator (Miltenyi 130-093-235) and the program 

“m_lung_01” was run. Tubes were then placed upside down in a styrofoam box and incubated at 

37°C for 30 minutes. After this first incubation, tubes were inserted again into the gentleMACS 

dissociator and the program “m_lung_02” was run. The Liberase medium was then neutralized 

using 12 mL of 5% FBS. Cells were spun down at 500g for 10 minutes at 4°C, and later 

resuspended in 10 mL of ice cold 5% FBS. Samples were then placed at 4 °C for the remainder 

of the protocol. A 100-µm filter was placed on top of a clean 50-mL Falcon tube and cell 

suspension was passed through the filter. Tissue chunks on top of the filter were smashed using 

the plunger of a 3-mL syringe. The gentleMACS tube was then washed using 5 mL of 5% FBS 

and the solution was pipetted onto the filter. Cells were then spun down at 500g for 10 minutes 

and the cell pellet was resuspended in 1 mL of ACK RBC lysis buffer for 2 minutes. The ACK was 

then neutralized by adding 5 mL of 5% FBS. Cells were pelleted (500g, 10 minutes), resuspended 

in 6 mL 5% FBS in PBS, filtered through a 70-μm strainer (Fisherbrand 22363548), pelleted again, 

and resuspended using 200 µL of magnetic activated cell sorting (MACS) buffer (0.5% BSA, 2 



  

mM EDTA in PBS) with Human FcR Blocking Reagent (Miltenyi 130-059-901) to block non-

specific binding of antibodies. Immune and endothelial cells were overrepresented in the lung 

single-cell suspensions. To partially deplete these populations in the human lung samples, we 

stained cells isolated from lung with MACS microbeads conjugated to CD31 and CD45 (1:100, 

Miltenyi 130-045-801; 1:50, Miltenyi 130-091-935), washed twice with MACS buffer (300g for 5 

minutes), and then passed them through an LS MACS column (Miltenyi, 130-042-401) on a 

MidiMACS Separator magnet (Miltenyi, 130-042-302). Cells retained on the column were 

designated ‘immune and endothelial enriched’. The flowthrough cells were then split, with 80% 

immunostained for FACS (see below) and the remaining 20% stained with EPCAM microbeads 

(1:50, Miltenyi 130-061-101). EPCAM stained cells were passed through another LS column. 

Cells retained on the column were labelled ‘epithelial enriched’, and cells that flowed through were 

designated ‘stromal’. For each tissue region, the ‘immune and endothelial enriched’, ‘epithelial 

enriched’ and ‘stromal’ fractions were mixed equally before loading onto the 10x Chromium 

Controller. 

 

Lung - FACS/SS2 Sample Preparation 

After negative selection against immune and endothelial cells by MACS, the remaining human 

lung cells were incubated with TruStain FcX (Biolegend 422302) for 5 min and stained with directly 

conjugated anti-human CD45-FITC (1:20, Biolegend 304038), CD31-APC (1:20, Biolegend 

102410) and EpCAM-PE (1:20, Biolegend 324206) antibodies on a Nutator for 30 min at the 

manufacturer’s recommended concentration. Cells were then pelleted (300g, 5 minutes, 4°C), 

washed with FACS buffer (2% FBS in PBS) three times, then incubated with cell viability marker 

Sytox blue (1:3,000, ThermoFisher S34857) and loaded onto a Sony SH800S cell sorter. Living 

single cells (Sytox blue-negative) were sorted into lysis plates based on four gates: 

EPCAM+CD45−CD31- (designated epithelial), EPCAM−CD45+CD31- (designated immune), 



  

EPCAM−CD45-CD31+ (designated endothelial), and EPCAM−CD45-CD31- (designated 

stromal). 

 

Lymph Node – Initial tissue preparation protocol 

The lymph nodes were collected in a p100 petri dish and the surrounding edges were cleaned to 

extract lymph nodes from the fat, using tweezers and scissors. Once all the fat was removed, the 

tissue was weighed. The lymph nodes were placed in a 5 mL polypropylene tube and minced with 

sharp scissors. Digestion media was prepared with 0.8 mg/mL Collagenase IV (Worthington) and 

0.05 mg/mL DNase I (Roche) in RPMI plus 10% FBS. For every 100 mg of tissue, 1 mL of 

digestion media was added and transferred into a 50 mL tube, and an additional 1 mL of digestion 

media was added while the tissue was still being chopped. Tissue was placed in a shaker to 

digest at 37°C, 300 g for 20 minutes. At the end of the 20 minutes, the cell suspension was 

pipetted vigorously up and down 10 times to evaluate digestion and to further mechanically digest 

the tissue as much as possible. Additional digestion was performed when substantial undigested 

tissue was still present in the solution after the first round. To stop digestion, 3 µL of 0.5 M EDTA 

was added for every 100 mg of tissue. The tissue solution was then passed through a 100 µm 

cell strainer into a 15 mL tube coated with FACS buffer. If needed, a plunger was used to mash 

the remaining tissue in the strainer. The tube containing the tissue was washed one additional 

time using FACS buffer. If the cell pellet was bright red, an indication of a high concentration of 

red blood cells, an ACK lysis buffer step was performed (resuspend pellet in 10 mL of ACK buffer 

for 10 minutes at room temperature, then spin down at 4°C, 400 g for 5 minutes). After the optional 

ACK lysis step, cells were spun down at 4°C, 450 g for 10 minutes, resuspended in 5 mL of FACS 

buffer and counted.  

 



  

Lymph Node – FACS/SS2 sample preparation 

5 million cells were stained with CD45-FITC, Lineage-PE (CD3, CD19, CD20, CD335, CD66b) 

and CD31-APC. Sytox blue was added and live, single cells were sorted based on CD45-CD31+, 

CD45-CD31+, CD45+Lineage+ and CD45+Lineage-.  

 

Lymph Node – 10x Genomics sample preparation 

10 million cells were stained with purified mouse anti-human CD3, CD19, CD20, and CD335 for 

30 minutes on ice and washed twice with media. Cells were then negatively selected by adding 

pan anti-mouse Dynabeads (ThermoFisher 11041) using 4 Dynabeads per target cell following 

manufacturer’s instructions. Negatively selected cells were counted and mixed with whole lymph 

node suspension in a 1:1 ratio. Cell concentration was adjusted to 106 cells/mL prior to running 

the sample in the 10x Genomics controller. 

 

Mammary Glands – Initial Tissue preparation Protocol  

Glands were dissected and minced with a blade into fine pieces in a 10cm petri dish. 

Collagenase/hyaluronidase (500µL) and 1 mL (1000 Units) DNase per 1-2g of tissue were added 

in 9 mL digestion media (DMEM/F12 1:1 + PSA). Tissue was digested for 3-4 hours with pipetting 

every 15 minutes. The digested tissue was transferred to a 50 mL Falcon tube and FACS buffer 

was added (2% BCS in HBSS + HEPES + PSA) to get to 30 mL of total volume. Digested tissue 

was spun down in a centrifuge at 1400rpm, for 5 minutes at 4°C and the supernatant was 

discarded. Red blood cells were lysed with ACK lysis buffer 5 mL for 5 minutes. FACS buffer was 

added to stop the reaction. The reaction was spun down in the centrifuge at 1400 rpm, for 5 

minutes at 4°C and the supernatant was discarded. 5 mL of warmed trypsin was added to the 

previous reaction for 1 minute at room temp. FACS buffer was added, the tube was spun down 

and the supernatant was discarded. 2mL dispase and 1mL DNase were added to the mix for 2 



  

minutes, while continuously pipetting with a 1 mL pipette. FACS buffer was added and the cells 

were filtered via a 40 µM mesh.   

 

Mammary Glands – FACS/SS2 sample preparation 

Cells were resuspended with FACS buffer and incubated with CD45-FITC, CD31-APC, and 

EPCAM-PE antibody solution for 30-45 minutes on ice. After antibody incubation, cells were spun 

down and washed with FACS buffer. After the washing step, cells were resuspended in FACS 

buffer prior to FACS sorting. 

  

Mammary Glands – 10x Genomics Sample preparation 

Cells were counted with a hemocytometer and diluted to 106 cells/mL and processed with 10x 

Genomics. 

 

Pancreas 

Exocrine pancreas – Initial tissue preparation protocol  

Exocrine pancreas was put into 7 mL of digestion solution containing 2 mg/mL of collagenase VIII 

and 0.2 mg/mL of trypsin inhibitor in PBS. Pancreas was inflated with the digestion solution using 

a 27-g needle; it was then minced into small pieces and incubated in a shaker at 37°C for 8-12 

minutes. After incubation, 5 mL of FACS buffer (2% FBS in PBS) was added to the tissue solution 

to inactivate the collagenase and cells were spun down. Cells were resuspended in 5-10 mL 

FACS buffer and filtered through a 100-µm cell strainer, using the back side of a syringe to further 

disassociate solid pieces. The cell strainer was washed with 5 mL of FACS buffer and cells were 

washed again, for a total of two wash steps. Cells were spun down and resuspended in 3-5 mL 

of 1x Red Blood Cell Lysis buffer and incubated for 8-10 minutes at room temperature. An 

additional 10 mL of FACS buffer were added to the cell suspension, which was then spun down. 

 



  

Exocrine Pancreas – 10x Genomics sample preparation 

The cells reserved for 10x were resuspended in Accutase and incubated for 10 minutes. After 

Accutase incubation, cells were spun down and washed twice with MACS buffer. Following the 

MACS manufacturer’s protocol, cells were run through LS-MACS columns on a magnet, and 

stained with EPCAM, CD45, and CD31 single antibodies in the described order, and flow through 

was collected. After this first MACS step, the MACS column was removed from the magnet, 

samples were eluted using MACS buffer, collected, and cell density was measured using a 

hemocytometer. Cells that were EPCAM+, CD45+, CD31+, and triple negative cells were mixed 

in a 1:1:1:1 ratio. Cell concentration was adjusted to 106 cells/mL prior to running the sample in 

the 10x Genomics controller. 

 

Exocrine Pancreas – FACS/SS2 sample preparation 

Cells were resuspended with FACS buffer and incubated with CD45-FITC, CD31-APC, and 

EPCAM-PE antibody solution for 30-45 minutes on ice. After antibody incubation, cells were spun 

down and washed twice with FACS buffer. After the washing steps, cells were resuspended in 

FACS buffer with 10 µg/mL of DNAseI prior to FACS sorting.  

 

Endocrine Pancreas - Initial Tissue preparation protocol 

The donor pancreas was perfused with Liberase DL (1 mg/mL; Roche Diagnostics) in Hank's 

Buffered Salt Solution (HBSS; Gibco). The pancreas was then enzymatically digested in a water 

bath at 37°C until the tissue became fully dissociated. The crude pancreas digest was washed 

three times with wash buffer (HBSS + 0.625% human serum albumin + 10mM HEPES). At all 

washing steps cells were spun at 220g for 1 minute. Following the washes, the crude digest was 

purified on a continuous density iodixanol gradient (Alere Technologies). Cells were recovered 

from the gradient purification and then washed three times with wash buffer. The final washed 

product is enriched with pancreatic islets. The islet suspension was spun at 4°C, 425g for 3 



  

minutes. The supernatant was carefully aspirated. Suspension was washed once with 1 mL of 

cold PBS, then spun at 4°C, 425g for 3 minutes and finally the supernatant was removed again. 

Accumax (1mL per 1000 IEQ islets) were added to resuspend the islets pellet and incubated at 

37°C in a water bath to disperse islets into single cells. Gently pipet up and down to break clumps 

during incubation. After 3 minutes, small aliquots (3~5 µL) of suspension were taken every minute 

to check under a dissecting scope and evaluate the extent of dispersion. The digestion was 

stopped when there was not an evident increase in the proportion of single cells compared to the 

previous samplings. Equal volume of cold PBS was added to the final digested solution and then 

spun at 4°C, 1300g for 3 minutes. The supernatant was removed and a second washing step was 

performed.  Cells were passed through a 70µm cell strainer and resuspended in 1 mL cold PBS. 

Cells were then ready for 10x and FACS staining prior to SS2.  

 

Endocrine Pancreas - FACS Enrichment for SS2 and for 10x 

Dissociated cells were stained with SYTOX Blue Dead Cell Stain (Thermo Fisher S34857) in 

Sorting Buffer (2% FBS, 10mM EGTA in PBS with 1:20 v/v RiboLock RNase inhibitor) on ice for 

30 minutes in dark then washed three times. All wash steps in this section were performed using 

Washing Buffer (2% FBS, 10mM EGTA in PBS with 1:100 v/v RiboLock RNase inhibitor) followed 

by centrifugation at 4°C, 1300g for 3 minutes. Cells were then resuspended in Sorting Buffer, then 

blocked with Human TruStain FcX (Biolegend 422302) and incubated with HPi2-Biotin for 30 

minutes and washed twice. Next, cells were incubated with CD31-APC, CD45-FITC, EpCAM-PE, 

HPx1-AF700, and streptavidin-BV605. After washing twice, cells were sorted on a ARIA II (BD) 

for islet (EpCAM+HPi2), acinar (EpCAM+HPx1+), ductal (EpCAM+HPx1-HPi2-), leukocytes 

(CD45+), endothelial cells (CD31+) and stromal (all negative) populations. Enriched 

subpopulations were then submitted for SS2 sorting on SONY SH800 or loaded for 10x Genomics 

analysis. 

 



  

Prostate - Initial Tissue preparation protocol 

Digestion media (36 mg collagenese + 10 mL of HBSS with 1% HEPES) was prepared and pre-

warmed at 37°C for 20 minutes. Initial tissue was placed in a petri dish on ice, rinsed 2x with PBS 

and a final 0.5g of tissue was prepared for dissociation. Tissue was divided in half and sections 

were cut from central and peripheral zones. Sections were diced for a maximum of 5 minutes to 

preserve tissue integrity. Sections were placed into 2 50 mL conical tubes; in each of the tubes, 

10 mL of RPMI with 10% FBS was added. Tubes were spun at 12,000 rpm for 5 minutes at 4°C. 

Supernatant was removed and cells were resuspended in 10 mL of digestive media. Cells were 

then incubated for 30 minutes at 37°C with continuous end over end rotation. Final digested 

products were pipetted up and down 5 times to break up any clumps of tissue and subsequently 

passed through a 70 µm filter. Cells were washed 2x with RMPI plus 10% FBS, combined into 1 

eppendorf tube, and resuspended in at least 200 µL of final volume. Cells were then ready for 

10x and FACS staining prior to SS2.   

 

Prostate - FACS/SS2 sample preparation 

Cells were spun down at 1200 rpm for 5 minutes at 4°C, and the supernatant was removed. 5µL 

of Human TruStain FcX™ per million cells were added in 100µL of MACS buffer (PBS, 2% calf 

serum, 1mM EDTA). Cells were incubated on ice for 10 minutes prior to staining with antibodies 

of interest. Cell suspension was divided into two FACS tubes, filtering the solution using the filter 

on the tube cap. The following antibodies were added to each tube to a final concentration of 

1:100: CD45-FITC (Biolegend 304038), EPCAM-PE (Biolegend 324206) and CD31-APC 

(Biolegend 303116). Cells were incubated on ice for 30 minutes. After incubation, cells were 

washed with 2 mL of MACS buffer, spun at 50g for 5 minutes at 4°C, the supernatant was removed 

and cells were resuspended in 1 mL of MACS buffer. 

 



  

Salivary Gland (Parotid and Sublingual) – Initial Tissue Preparation Protocol 

Salivary glands were dissociated with 1x Collagenase/Hyaluronidase in Dulbecco’s Modified 

Eagle’s Medium (DMEM) mix (Stem cell technologies, # 07912) with 1U/mL DNase I (STEMCELL 

Technologies, #07900) for 30 minutes at 37°C. Dissociated cells were spun down and 

resuspended in 0.5 U/mL Dispase (Stem cell technologies, # 07913) at 37°C for 10 minutes and 

spun down. Cell pellet was resuspended in 1 mL of trypsin 0.05% (Gibco, #25-300-062) for 5 

minutes with gentle pipetting until cell clumps were dispersed into single cells. Cell pellet was 

treated with 1 mL of ACK lysis buffer for 3 minutes on ice and spun down. Cells were strained 

through a 40 µm filter and resuspended in MACS buffer (0.5% bovine serum albumin (BSA), and 

2mM EDTA in PBS) and incubated with the following microbeads in the specified order for 

magnetic pre-enrichment as per manufacturer’s protocol: 1) FcR Blocking Reagent, human 

(Miltenyi # 130-059-901); 2) CD45 (Miltenyi #130-045-801) and CD31 (Miltenyi # 130-091-935); 

3) Epcam (130-061-101) and all triple negative flow-through from LS columns (Miltenyi #130-042-

401) were collected as stromal cells. Enriched cells were washed once with 0.04% BSA in PBS 

and resuspended in the same buffer and counted with hemocytometer and mixed in the equal 

ratio for 10x Chromium capture. About 6000 cells were targeted for capture on a 10x Chromium 

single cell gene expression chip. For FACS sorting, cells were stained with Epcam-PE (Biolegend 

#324206), CD45-FITC (Biolegend #304038), CD31-APC (Biolegend #303116) and Sytox Blue 

(ThermoFisher #S34857) for sorting on SONY sorter for epithelial, immune, endothelial and 

stromal cells. 

 

Skeletal Muscle – Initial tissue preparation protocol 

The following solutions were prepared beforehand: wash medium (1 bottle of Ham's F10 medium 

plus 5 mL Pen/Strep solution (1%) and 50 mL Horse Serum (10%)), Dispase solution (1 g Dispase 

at 11 U/mL added to 100 mL of PBS and filtered with a 0.45-µm filter), Collagenase solution (500 

mg of Collagenase II at 1000 U/mL added to 100 mL of PBS and filtered with a 0.45-µm filter) and 



  

Digestion medium (20 mL of wash medium with 50 mg of Collagenase II powder in a 50-mL 

Falcon tube). The muscle tissue was washed using the wash medium and excess fluid was 

removed. Tissue was then moved to a Petri dish and cut using fine scissors. The procedure was 

completed when no clear chunks of tissue remained visible. Curved forceps were used to scoop 

up the minced muscle into the 50-mL Falcon tube containing 20 mL of Digestion medium 

(approximately two cubic cm of minced muscle per falcon tube). The tissue was then incubated 

in a shaking water bath at 37°C for 1 h for TSP1 and TSP2, or 30 min for TSP4 and TSP14, after 

which the muscle sample was removed from the water bath and dried outside of the Falcon tube. 

Tissue was washed with 45 mL of wash medium and spun down at 1600g for 5 minutes. Cells 

were removed from the centrifuge and a visible pellet was identified, with some portion of fat 

tissue floating in the supernatant. The supernatant was removed and 16 mL of the cell suspension 

solution were preserved. 2 mL of Dispase Solution and 2 mL of Collagenase II solution were 

added to the 16 mL of cell suspension; the final solution was then vortexed to dissolve the tissue 

pellet. A second incubation was performed for 30 minutes in a shaking water bath at 37°C for 30 

minutes for TSP1 and TSP2, or 20 min for TSP4 and TSP14. 

 

The samples were then removed from the water bath and the tubes were dried. The cell 

suspensions were divided into two 50-mL Falcon tubes, each containing 10 mL of cell suspension. 

Cells were further dissociated using a 10-mL syringe with a 20-gauge needle. Pieces of muscle 

that were too big to pass through the needle were discarded. The whole cell suspension was 

passed through the needle 5 times until pieces of tissue were no longer clogging the needle. The 

dissociated tissue was passed through a 100-µm filter and subsequently through a 40-µm filter. 

The filters were washed with 30 mL of wash medium, leaving the cells in a final volume of 50 mL. 

Cells were then spun down at 1600g for 5 minutes. After centrifugation, the cells were clearly 

identifiable in a pellet at the bottom of the Falcon tube. The supernatant was aspirated and the 

pellet was dissolved in 1 mL of wash medium. 



  

 

Skeletal Muscle – FACS preparation protocol 

For smartseq2, cells were stained with CD45-PE, CD31-APC, CD82-PE-Cy7, and CD90-PE at 4 

°C for 15 min.  Cells were spun down at 1600 g for 5 min. Cell pellets were aspirated and 

resuspended in 3 mL wash medium and filtered using filter cap tubes. Sytox blue was added and 

live, single cells were sorted based on CD45+CD31-CD90- (immune cells), CD31+CD45-CD90- 

(endothelial cells), CD90+CD45-CD31- (mesenchymal stromal cells), CD82+CD45-CD31-CD90- 

(muscle stem cell), and CD45-CD31-CD90- (other cells). 

 

Skeletal muscle – 10x Genomics sample preparation 

Cell suspension was filtered twice using filter cap tubes. Cells were counted and cell concentration 

was adjusted to 106 cells/mL. Cells were immediately run in the 10x Genomics controller. 

 

Skin – Initial tissue protocol preparation 

Collagenase IV (Worthington) stock was prepared using HBSS and the 50 mass / % volume 

mg/mL. DNase I (Roche) stock was prepared using PBS and 10 mass / % volume mg/mL. Skin 

digestion media (good for 25 g of skin) was prepared using 49 mL RPMI plus 1 mL of Collagenase 

IV and 150 µL of DNAse I. Digestion media was prepared no more than 10 minutes before usage. 

Skin was cut into pieces of 10 x 10 cm using a scalpel and a blade. Adipose subcutaneous tissue 

was removed using a blade scalpel swiping horizontally and without cutting the dermis. Skin was 

rinsed with ice cold PBS and skin was weighed. Skin was then further cut into squares (0.5 x 0.5 

cm), excess PBS was removed using a metal strainer (2 mm) and transferred to a 250 mL 

polypropylene bottle (maximum 25 g of skin for each bottle). For every 25 g of skin, 50 mL of 

digestion cocktail was added and scaled down when necessary. Skin was digested for 2 hours at 

37°C in a shaker at 260 rpm. A metal strainer (2 mm) was used to separate the partially digested 

skin tissue from the digestion media. The partially digested skin was collected in a large petri dish 



  

(150 mm) and minced with scissors. The minced skin was added back to the bottle with the 

digestion media. Skin was digested for an additional 8 to 10 hours (overnight) in a shaker at 37°C 

shaking at 260 rpm. An additional straining and 2 hours digestion was performed, with a total 

digestion time of less than 14 hours. Skin was not completely digested in order to have an optimal 

yield of leukocytes and reduced cell death. Digestion was stopped by adding EDTA to a final 

concentration of 5 mM and the bottle was placed on ice. Undigested skin was separated from the 

cell suspension using a metal strainer and subsequently passed through a 100 µm cell strainer 

into 50 mL tubes (3 for every 25 g of skin). The cell suspension was centrifuged at 450 g for 10 

minutes at 4°C. Most of the supernatant was discarded, leaving a final volume of 10 mL. 30 mL 

of PBS were added to the cell suspension that was further centrifuged at 450 g for 10 minutes at 

4°C. Most of the supernatant was discarded leaving only 3 mL of media behind. The pellet was 

resuspended with 10 mL of RPMI plus 10% FBS and filtered through a 70 mm cell strainer into a 

new 50 mL tube. Cells were centrifuged for 10 minutes at 450 g at 4°C. Supernatant was 

discarded and the pellet resuspended in 10 mL of RPMI with 10% FBS. Cells were ready for 10x 

and FACS staining prior to smartseq2.  

 

Skin – FACS/SS2 sample preparation 

For smartseq2, cells were stained with CD45-PE, HLA-DR-FITC, and Desmoglein-3-Alexa647.  

Sytox blue was added and live, single cells were sorted based on CD45+HLA-DR+, CD45+HLA-

DR-, CD45-Desmoglein-3+ and CD45-Desmoglein-3-.  

 

Skin – 10x Genomics sample preparation 

Approximately 10 million total cells were stained with CD45-PE. Live single cells were sorted 

based on CD45+ and CD45- and combined in a 1:1 ratio. Cell concentration was adjusted to 106 

cells/mL prior to running the sample in the 10x Genomics controller. 

 



  

Spleen – Initial tissue preparation protocol  

The spleen tissue was placed in a p65 petri dish and weighed. For every 3 g of tissue, 10 mL of 

digestion media was prepared with 0.8 mg/mL Collagenase IV (Worthington) and 0.05 mg/mL 

DNase I (Roche) in RPMI with 10% FBS. The spleen was then perfused by injecting digestion 

media with a syringe. Next, a surgical scalpel was used to slice the tissue and remove cauterized 

sections. After slicing, the tissue was minced with scissors and transferred to a 50 mL conical 

tube with 5 mL digestion media. The tissue was further minced inside the 50 mL tube. The petri 

dish containing the tissue was washed with 5 mL of digestion media, and everything was 

transferred to the 50 mL tube. The tissue was digested in a shaker at 37°C, 300 g for 30 minutes. 

The sample was vortexed every ten minutes to re-disperse the tissue. After digestion, 100 µL of 

0.5 M EDTA was added for every 10 mL of final volume, and pipetted up and down using a 25 

mL pipet. Digested sample was passed through a 100 µm sterile cell strainer, and remaining 

tissue was mashed with a 10 mL syringe plunger. RPMI plus 10% FBS was used to wash the 

tissue. The cell suspension was spun at 4°C, 450 g for 10 minutes. Cells were then resuspended 

in 60 mL final volume and prepared for density gradient centrifugation. Ficoll-Paque PLUS (GE 

Healthcare) was used to remove red blood cells and decrease the number of neutrophils, which 

constitute the majority of splenocytes. 12 mL of Ficoll was added to each of two 50 mL conical 

tubes. The splenocyte cell suspension was overlaid, and the tubes were centrifuged at 20°C, 400 

g for 30 minutes, with decreased acceleration and no brakes. After centrifugation, 10 mL of media 

was removed from the top of the tubes, and a Pasteur pipette was used to recover the maximum 

number of cells from the interphase. These cells were transferred to a 50 mL conical tube 

containing 10 mL of PBS, then the final volume was brought up to 45 mL with PBS. Cells were 

additionally centrifuged at 20°C, 200 g for 20 minutes.  

 



  

Spleen – FACS/SS2 sample preparation 

5 million cells were stained with CD45-FITC, Lineage-PE (CD3, CD19, CD20, and CD335), 

CD66b-APC-Cy7 and CD31-APC. Sytox blue was added and live, single cells were sorted based 

on CD45-CD31-, CD45-CD31+, CD45+Lineage+CD66b-, CD45+Lineage-CD66b+ and 

CD45+Lineage-CD66b-.  

 

Spleen – 10x Genomics sample preparation 

10 million cells were stained with purified mouse anti-human CD3, CD19, CD20, and CD335 for 

30 minutes on ice and washed twice with media. Cells were then negatively selected by adding 

pan anti-mouse Dynabeads (ThermoFisher 11041) using 4 Dynabeads per target cell following 

manufacturer’s instructions. For each donor one sample consisted of negatively selected cells 

and one sample consisted of total (non-enriched) cells. Cell concentration was adjusted to 106 

cells/mL prior to running the sample in the 10x Genomics controller. 

 

Tongue - Initial Tissue Preparation protocol 

Anterior tongue biopsies were collected from tongue dorsum and posterior tongue biopsies were 

collected from circumvallate papilla anterior to sulcus terminalis. When multiple biopsies were 

available, each biopsy was digested individually. Minced tongue tissue was digested sequentially 

at 37°C on an orbital shaker for 1 hour in Collagenase Type IV (1250 U/ml, Worthington, 

LS004188), Dispase (5 U/ml, BD Biosciences, 354235) and DNase I (10 U/ml, Worthington, 

LS006343), followed by 30 minutes with 1x TrypLE (ThermoFisher, A1217701) and DNase I, 

followed by 15 minutes of 0.5% Trypsin-EDTA (ThermoFisher, 15400054) with 10 µM of Y-27632 

(LC Laboratories, Y-5301). During the digestion phase, cell suspension was collected every 15 

minutes and kept on ice after triturating undigested tissues and fresh digest buffer was added 

back to the remaining tissue for further digestion. Cells were then filtered through a 40 μm strainer 

(Falcon 352340), pelleted at 350g for 5 minutes at 4°C, resuspended in 1x ACK lysis buffer 



  

(ThermoFisher A1049201), incubated on ice for 2 minutes, and then washed and resuspended in 

FACS buffer. Equal number of cells from different biopsies were combined after counting. For 

FACS (SmartSeq2) analysis only cells from the anterior tongue were used. Cells were blocked 

with FcR Blocking Reagent (Miltenyi 130-059-901), stained with CD45-FITC (Biolegend 304038), 

CD31-APC (Biolegend 303116), EPCAM-PE (Biolegend 324206), and Sytox Blue (ThermoFisher 

S34857), and sorted into four individual plate designated as Immune, Endothelial, Epithelial and 

Stromal Compartment.  For 10x analysis cells from anterior and posterior tongue were processed 

independently. Cells were blocked with FcR Blocking Reagent (Miltenyi 130-059-901), stained 

with CD45 (Miltenyi 130-045-801) and CD31 (Miltenyi 130-091-935) to enrich for 

Immune/Endothelial fraction using LS columns (Miltenyi 130-042-401). Cells in the flow-through 

were further enriched with EPCAM (130-061-101) for Epithelial fraction, with the final triple-

negative flow-through as Stromal fraction. Three fractions were combined at 1:1:1 ratio for anterior 

and posterior tongue, washed once with 0.04% BSA in PBS then resuspended in the same buffer 

at 106 cells/mL, and processed as two independent samples.  

 

Trachea - Initial Tissue preparation protocol 

To prepare the digest buffer for human trachea dissociation, 10000U of Collagenase Type I, 100U 

of DNase, and 500ul of FBS was added into 25mL of 1X Dispase in HBSS. Multiple regions of 

the trachea, sized approximately 1-3cm3 each, was sampled and placed into a 12.5 mL digest 

buffer. The digest mix was incubated for an hour, at 37°C on a shaker set at 200 rpm. The mix 

was gently triturated by pipetting every 20-30 minutes. The mix was centrifuged at 500g for 5 

minutes using a swinging bucket rotor. The supernatant was collected and placed on ice. The 

digest procedure was repeated using the remaining digest buffer, and supernatant combined. The 

supernatant was then filtered through a 40 µM cell strainer. The digest buffer was inactivated with 

15mL of DMEM containing 10% FBS and 2X antibiotics. Cell clumps were collected by 

centrifugation at 500g for 5 minutes, and then supernatant aspirated and discarded. The clumps 



  

were further digested with 1X Trypsin-EDTA for 5 minutes at room temperature to obtain cells. 

The cells were then pelleted by centrifugation at 500g for 5 minutes, and Trypsin-EDTA aspirated 

and discarded. Red blood cells (rbc) were lysed by adding 3 mL of rbc lysis buffer, and incubated 

for 5 minutes. 10 mL of FACS buffer, which is 1X PBS containing 2% FBS, 1% PSQ and Plurionic 

F-68, was added to inactivate digestion and rbc lysis. Cells were again pelleted by centrifugation 

at 500g for 5 minutes, and re-suspended with 1mL of FACS buffer. Cell concentration and viability 

was measured, followed by processing using the same staining and MACS enrichment protocol 

as described for the bladder, for FACS and 10x respectively. 

 

Thymus - Initial Tissue preparation protocol 

Liberase digestion buffer was prepared by adding 1.25mg of liberase in 1mL of RPMI with 10% 

FBS). The thymus was cut in small pieces, chopped and meshed on ice. The meshed tissue was 

transferred into two 15 mL falcon tubes. The tissue was digested adding 1.5 - 2 times its volume 

of liberase media for 20 to 30 minutes. Tissue was checked periodically every 5 minutes to ensure 

proper digestion. Digestion was stopped by adding FACS buffer (2% FBS, 1% Antibiotics (Gibco 

15240-062), and 10% Pluronics (ThermoFisher 24040032) in PBS)). Cells were centrifuged at 

270g at 4°C for 5 minutes and resuspended. Red blood cells were lysed by adding 3mL of rbc 

lysis buffer, and incubated for 5 minutes. The cell suspension was centrifuged at 500g for 5 

minutes at 4°C. Cells were then stained using the anti-PE CD3 PE (Miltenyi 561803) and 

subsequent MAC with anti-PE microbeads (Miltenyi 130-105-6391) was performed. The MACS 

column was equilibrated by adding 1 mL of MACS buffer with the column on the magnet; a 15-

mL Falcon collection tube labelled CD3- was placed on ice below the columns. The cell 

suspension was applied to the column immediately after 1 mL of MACS buffer was added, being 

careful to allow the cell suspension and the buffer to enter the column and collect the flow through. 

An additional 5 mL of MACS buffer was added and allowed to pass through the columns, 

collecting the flow-through. This process was repeated a second time. The tube was set aside, 



  

now containing only CD3- negative cells. The column was removed from the magnet and a new 

15-mL Falcon tube labeled as CD3+ was placed. 5 mL of MACS buffer was added to the column 

and allowed to run through the column. The sample was plunged to recover any remaining 

material. Both Falcon tubes were centrifuged at 500g for 5 minutes at 4°C and re-suspended with 

1mL of FACS buffer. 500 µL of the cell suspension from the CD3- fraction and 500 µL of the CD3+ 

fraction were submitted for 10x analysis. The remaining fractions of CD3- and CD3+ cells were 

stained with anti-CD31 (APC) and anti-Epcam (APC-Cy7) or anti-CD4 (FITC) and anti-CD8 

(APC), respectively, using standard protocols and submitted for smart2seq analysis. 

 

Uterus – Initial Tissue preparation protocol 

The uterus was dissected longitudinally to expose the uterine cavity and the endometrial lining 

was scraped with a scalpel. The myometrium was sampled from the uterine wall excluding areas 

adjacent to the uterine serosa. Endometrial tissue was cut into approximately 1-3 mm cubes and 

enzymatically dissociated with collagenase and hyaluronidase at 37°C for 1 h. Epithelial 

fragments were separated from stromal single cells with a 40 μm sieve, and further incubated with 

Accutase (MilliporeSigma, Burlington, MA) for 1 h at 37°C to dissociate into single cells. 

Contaminating erythrocytes were lysed by incubation for 5 minutes in RBC lysis buffer 

(Invitrogen). Non-viable cells were depleted from the separated epithelial and stromal fractions 

using EasySep Dead Cell Removal (STEMCELL Technologies Inc., Cambridge, MA) and viable 

cells were counted by trypan blue exclusion. Equal numbers of viable endometrial epithelial and 

stromal cells were combined (i.e., 1:1 endometrial epithelial:stromal cells) and the final 

concentration adjusted to one million viable cells/mL for single cell analysis on the 10x platform. 

Myometrial tissue was cut into approximately 1-3 mm cubes and digested with collagenase and 

hyaluronidase at 37°C for 3 h followed by Accutase for 3 h. Residual undigested tissue was 

removed with a 40 μm sieve. Dissociated myometrial cells from the two digestion steps were 

pooled without further adjustment (as they do not represent distinct tissue 



  

compartments/fractions) before depletion of non-viable cells, and adjustment of the final viable 

cell concentration to one million viable cells/mL for 10x single cell analysis. Endometrial and 

myometrial cells were submitted separately for analysis on the 10x (i.e., one tube containing only 

endometrial cells at a 1:1 epithelial:stromal ratio, and another tube containing only myometrial 

cells). For fluorescence activated cell sorting (FACS), dissociated endometrial and myometrial 

cells were pooled and processed using the following fluorochrome-conjugated antibodies 

(Biolegend, San Diego, CA) used at 1:20 dilution: phycoerythrin (PE) anti-SUSD2; fluorescein 

isothiocyanate (FITC) anti-CD45; allophycocyanin (APC) anti-CD31 (PECAM); and APC-Cy7 

anti-EPCAM. Dead cells were stained with SYTOX Blue (Invitrogen). The following five 

populations were sorted at 1 live cell per well into 384-well plates for subsequent Smart-Seq2 

analysis: SUSD2+; CD31+; CD45+; EPCAM+; and SUSD2-/CD31-/CD45-/EPCAM-. 

 

Vasculature – Initial tissue preparation protocol 

Vasculature tissue (including aorta, left and right coronary arteries, and IVC) was collected in 

secondary containment on ice with tissues preserved in liberase. Each sample tube containing 

liberase was reconstituted in 10 mL of sterile water, placed on ice, and shaken in a cold room 

until the whole tissue was dissolved. Elastase solution was prepared at 4 U/mL. Elastase solution 

and liberase solution were mixed at equal volume, and DNAseI was added in a ratio 1:100. The 

total volume of the vascular tissue (including aorta, coronary arteries and IVC) was 20 mL of 

elastase/liberase digestion solution. IVC and aorta were separated, collecting 5 mL of digestion 

solution including IVC and 15 mL of digestion solution including the aorta. Four 5-mL Eppendorf 

tubes were used to collect the aorta and coronary arteries, and 1-2 5-mL Eppendorf tubes were 

used for the IVC. Both aorta and IVC were cut into small pieces using scissors and scalpels. 

Afterward, all Eppendorf tubes were put in an incubator at 37°C for 90 minutes; samples were 

mixed every 5 minutes using a large pipette. During this process, 200 mL of cold buffer were 

prepared using PBS and 5% FBS. After digestion was completed, all cell suspensions in the 5-



  

mL Eppendorf tubes were transferred into 15-mL Falcon tubes. Into each 15-mL Falcon tube 

containing cell suspension, 10 mL of cold buffer were added. Cell suspensions were filtered using 

a 40-µm cell strainer. Cells were centrifuged at 400g for 5 minutes (these parameters were used 

for all cell centrifugation steps). Supernatant was removed using vacuum and pipettes. Cell pellets 

were resuspended using 20 mL of cold buffer and centrifuged again, for a total of two cell washes. 

Erythrocytes were removed via bulk RBC lysis (Thermofisher lysis protocol A2). Cells were then 

resuspended in 5 mL of cold buffer, for both aorta and IVC. 

 

Vasculature – 10x Genomics Sample preparation 

Cells were counted with a hemocytometer and diluted to 106 cells/mL and processed with 10x 

Genomics. 

 

Vasculature – FACS/SS2 Sample preparation 

Cell suspensions were divided into different sub aliquots containing: unstained cells, CD45-

FITC/CD31-APC, CD45-FITC/CD235a-PE, CD31-APC/CD235a-PE, and all single stained 

cells.  The erythroid specific marker anti-ter1 was used to sort and remove remaining 

erythrocytes. For aorta, the total staining volume was 100 µL and each antibody was used at a 

final concentration of 1:50. Cells were stained for 45 minutes at room temperature. Cell 

suspensions were centrifuged, supernatant was aspirated, and samples were resuspended in 3 

mL of cold buffer and filtered using the cap of a FACS tube immediately before sorting. 

 

10x Genomics protocol 

For all organs, the 10x Genomics kits used were Chromium Next GEM Single Cell 3′ Kit v3.1 or 

Chromium Next GEM Single Cell 5ʹ Kit v2. For each of these kits, the protocols provided by the 

manufacturer were followed. 

 



  

SmartSeq2 Protocol 

Plate based sequencing was performed using SmartSeq2 (40), modified for 384-well plates as 

described in Tabula Muris (10) and Tabula Muris Senis (11) as follows. 

 

Lysis plate preparation 

Lysis plates were created by dispensing 0.4 μL lysis buffer (0.5 U Recombinant RNase Inhibitor 

(Takara Bio, 2313B), 0.0625% TritonTM X-100 (Sigma, 93443-100ML), 3.125 mM dNTP mix 

(Thermo Fisher, R0193), 3.125 μM Oligo-dT30VN (Integrated DNA Technologies, 

5′AAGCAGTGGTATCAACGCAGAGTACT30VN-3′) and 1:600,000 ERCC RNA spike-in mix 

(Thermo Fisher, 4456740)) into 384-well hard-shell PCR plates (Biorad HSP3901) using a Mantis 

liquid handler (Formulatrix). 96-well lysis plates were also prepared with a 4 μL lysis buffer. All 

plates were sealed with AlumaSeal CS Films (Sigma-Aldrich Z722634) and spun down (3,220g, 

1 minutes) and snap-frozen on dry ice. Plates were stored at −80°C until sorting. 

 

FACS 

After dissociation, single cells from each organ and tissue were isolated into 384- or 96-well plates 

via FACS. Most organs were sorted into 384-well plates using three SH800S (Sony) sorters. Liver 

cells were sorted into 96-well plates. Limb muscle and diaphragm were sorted into 384-well plates 

on an Aria III (Becton Dickinson) sorter. The last column of each 384 well plate was intentionally 

left as blanks. For most organs, single cells were selected with forward scatter, and dead cells 

and common cell types were excluded with a single-color channel. Combinations of fluorescent 

antibodies were used for most organs to enrich rare cell populations (see specific tissue method 

section), but some were stained only for viable cells. Color compensation was used whenever 

necessary. On the SH800, the highest purity setting (‘Single cell’) was used for all but the rarest 

cell types, for which the ‘Ultrapure’ setting was used. Sorters were calibrated using FACS buffer 

every day before collecting any cells, and also after every eight sorted plates. For a typical sort, 



  

1–3 ml of pre-stained cell suspension was filtered, vortexed gently, and loaded onto the FACS 

machine. A small number of cells were flowed at low pressure to check cell and debris 

concentrations. The pressure was then adjusted, flow paused, the first destination plate unsealed 

and loaded, and sorting started. If a cell suspension was too concentrated, it was diluted using 

FACS buffer or 1x PBS. For some cell types, such as hepatocytes, 96-well plates were used 

because it was not possible to sort individual cells accurately into 384-well plates. Immediately 

after sorting, plates were sealed with a pre-labelled aluminum seal, centrifuged, and flash frozen 

on dry ice. On average, each 384-well plate took 5 minutes to sort. 

 

cDNA synthesis and library preparation 

cDNA synthesis was performed using the Smart-seq2 protocol (40). In brief, 384-well plates 

containing single-cell lysates were thawed on ice followed by first-strand synthesis. 0.6 μL of 

reaction mix (16.7 U μL−1 SMARTScribe Reverse Transcriptase (Takara Bio, 639538), 1.67 U 

μL−1 Recombinant RNase Inhibitor (Takara Bio, 2313B), 1.67X First-Strand Buffer (Takara Bio, 

639538), 1.67 μM TSO (Exiqon, 5′-AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG-3′), 8.33 

mM dithiothreitol (Bioworld, 40420001-1), 1.67 M Betaine (Sigma, B0300-5VL) and 10 mM MgCl2 

(Sigma, M1028-10x1ML)) was added to each well using a Mantis liquid handler. Reverse 

transcription was carried out by incubating wells on a Biorad C1000 384 thermal-cycler (Biorad) 

at 42°C for 90 minutes, and stopped by heating at 70°C for 5 minutes. Subsequently, 1.5 μL of 

PCR mix (1.67X KAPA HiFi HotStart ReadyMix (Kapa Biosystems, KK2602), 0.17 μM of IS PCR 

primer (IDT, 5′-AAGCAGTGGTAT CAACGCAGAGT-3′), and 0.038 U μl−1 Lambda Exonuclease 

(NEB, M0262L)) was added to each well with a Mantis liquid handler (Formulatrix), and second-

strand synthesis was performed on a Biorad C1000 384 thermal-cycler (Biorad) thermal-cycler by 

using the following program: 1) 37°C for 30 minutes, 2) 95°C for 3 minutes, 3) 23 cycles of 98°C 

for 20 s, 67°C for 15 s and 72°C for 4 minutes, and 4) 72°C for 5 minutes. In brief, tagmentation 

was carried out on double-stranded cDNA using TAPS-PEG (2.5X), Tn5 enzyme (homebrew) and 



  

nuclease free water. Each well contained 120 μL of tagmentation mix (0.64 μL of TAPS-PEG, 0.2 

µL of Tn5, 0.36 μL of H2O) and 0.4 μL of cDNA sample. Next, these plates were incubated at 

55°C for 5 minutes using a Biorad C1000 384 thermal-cycler. This reaction was neutralized by 

adding 0.4 μL of 0.1% SDS solution. After this, Indexing PCR reactions were performed by adding 

0.4 μL of 5 μM i5 indexing primer,0.4 μL of 5 μM i7 indexing primer and 1.2 μL of PCR mix (0.08 

μL of KAPA non-HotStart enzyme, 0.8 μL of 5X buffer, 0.12 μL of 10 mM dNTPs and 0.2 μL of 

nuclease free H2O per well). PCR amplification was carried out on a Biorad C1000 384 thermal-

cycler using the following program: 1) 72°C for 3 minutes, 2) 95°C for 30 s, 3) 10 cycles of 98°C 

for 10 s, 67°C for 30 s and 72°C for 1 minute 4) 72°C for 5 minutes and 5) 10°C hold. 

 

Library pooling, quality control and sequencing 

After library preparation, wells of each library plate were pooled using a Mosquito liquid handler 

(TTP Labtech). Pooling was followed by two purifications using 0.8x, followed by 0.7x AMPure 

beads (Fisher, A63881). When necessary, a third purification of 0.65x was performed. Library 

quality was assessed using capillary electrophoresis on a BioAnalyzer 2100 with the High-

Sensitivity DNA chip (Agilent). Pools of 20 plates were combined in equal molar amounts to make 

the pooled sequencing library. Alternatively, for split-lane XP loading on a NovaSeq S4 flowcell, 

4 pools of 5 samples were made by combining libraries of similar average fragment length.  

 

Organ and cell coverage 

Our goals were to characterize the gene expression profile of 10,000 cells from each organ and 

detect as many cell types as possible. As explained in detail for each organ above, about ⅔ of 

the organs employed a MACS based enrichment strategy, either to balance cell types between 

four compartments; epithelial, endothelial, immune, and stromal, or to enriched for specific 

immune cell types. This ensured abundant cell types in one compartment did not mask rare cell 

types in another. Two 10x reactions per organ were loaded with 7,000 cells each with the goal to 



  

yield 10,000 QC-passed cells. Four 384-well Smartseq2 plates were run per organ. In most 

organs, one plate was used for each compartment (epithelial, endothelial, immune, and stromal), 

however, to capture rare cells, some organ experts allocated cells across the four plates 

differently. One column on each plate was left unsorted to serve as process control. We assumed 

a yield of 250 QC-passed cells per plate. The use of two 10x reactions enabled some flexibility to 

distinguish in the data the anatomical position of the sample or allowed enrichments other than 

epithelial, endothelial, immune, and stromal. It also served as insurance against losing an entire 

organ due to a clog of the 10x chip. To reveal BCR and TCR sequences, one or two 5’ 10x 

reactions were run in addition to the two 3’ 10x reactions on blood, bone marrow, lymph node, 

spleen, and thymus in some donors. Altogether, after QC and cell type annotation, 32,701 

endothelial cells, 102,580 epithelial cells, 264,009 immune cells, and 81,529 stromal cells were 

characterized. 

 

Sequencing 

Sequencing runs for droplet libraries were loaded onto the NovaSeq S4 flow cell in sets of 16 to 

20 libraries of approximately 5,000 cells per library with the goal of generating 50,000 to 75,000 

reads per cell. Plate libraries were run in sets of 20 plates on Novaseq S4 flow cells to allow 

generating 1M reads per cell, depending on library quality. 152 10x reactions were performed, 

yielding 454,069 cells passing QC, and 161 smartseq2 plates were processed, yielding 27,051 

cells passing QC.  

 

Data extraction 

Sequences from the NovaSeq 6000 were de-multiplexed using bcl2fastq version 2.20.0.4.22. 

Reads were aligned to the Gencode Reference 30 (GRCh38) genome using STAR version 

2.6.1a_08-27 with parameters TK. Gene counts were produced using HTSEQ version 0.9.1 with 

default parameters, except ‘stranded’ was set to ‘false’, and ‘mode’ was set to ‘intersection-



  

nonempty’. Sequences from the microfluidic droplet platform were de-multiplexed and aligned 

using CellRanger version 5.0.1, available from 10x Genomics with default parameters. 

 

Data pre-processing and cell type annotations 

Gene count tables were combined with the metadata variables using the Scanpy (41) Python 

package version 1.7.2. We removed cells that did not have at least 200 detected genes. For FACS 

we removed cells with less than 5000 counts and for droplet cells with less than 2500 UMIs. 

Ambient RNA and barcode hopping (42) are known problems in 10x sequencing. To remove cells 

generated by barcode hopping, we removed all cells sharing both the cell and transcript barcode 

but not the same sample barcode in each sequencing run. In order to filter out reads from ambient 

RNA we ran DecontX (43) separately for each organ, using default parameters and with batch 

correction for donor and technology. After the DecontX filtering step, we re-filtered the dataset by 

excluding the mitochondrial encoded genes when removing cells that did not contain the minimum 

number of genes and/or minimum of counts/UMIs. The filtered gene-count matrix was then used 

for the analysis. All downstream analyses were performed after correcting counts for potential 

ambient mRNA contamination and dissociation artifacts, which would otherwise result in the 

detection of differentially expressed genes (DEGs) that are specific to a tissue rather than to the 

cell type of interest. 

 

In the analysis step, we first integrated the multiple batches of data to generate a unified 

visualization of the cells using scVI (44) from scvi-tools (45) release 0.91.1. For training the 

variational autoencoder neural network, we used the following hyper parameters: n_latent=50, 

n_layers=3, dropout_rate=0.1. We allowed each gene to have its own variance parameter by 

setting dispersion="gene". We trained the scVI model with all available data and corrected the 

batch effect associated with donor and technology. To achieve this we use the combination of 

donor and technology as the batch variable. We did not correct for batch effects associated with 



  

organ even though each organ is sequenced separately because of concerns of removing 

biological variation by over-correction. scVI generated a harmonized latent space that was then 

projected to a 2D space using UMAP (46). We then shared the harmonized data along with the 

reduced dimensional latent space in a h5ad format data object compatible with both Scanpy and 

CellxGene. CellxGene is a data visualization tool that allows users to interactively explore any 

scRNAseq dataset (47). Manual annotation was performed at the cell level, without clustering, by 

tissue experts using CellxGene. Each data object contained three main components: gene count 

data, cell-wise metadata, and gene-wise metadata. CellxGene allows the user to color cells by 

any cell metadata such as donor and compartment. Cells can also be colored by gene expression 

data. The user can also select cells based on any meta data features, or using a lasso tool.  

Following each organ and/or tissue manual annotation procedure, a data object containing the 

new annotations was generated and the annotations were regularized to follow the  cell 

ontology(48). Cell types missing in the current public version of the cell ontology were added to 

the provisional Tabula Sapiens cell ontology (table S3).  

 

Since Tabula Sapiens was annotated by a large number of experts, quality control (QC) was 

performed on the manual annotations by using a newly developed automatic annotation tool 

PopularVote. PopularVote implements a total of 7 automatic annotation methods to compute the 

majority vote prediction as well as a predictability score based on the agreement of different 

algorithms. The annotation methods include random forest (RF)(49), support vector machine 

(SVM)(49), scANVI(50) , onClass(13), and k nearest neighbours (kNN) after batch-correction 

using single cell harmonization methods (scVI (44), BBKNN(51), Scanorama(52)). Briefly, the 

algorithm hides 20% of the cell type labels from a manually annotated dataset, and uses the other 

80% of the labelled cells to generate labels for the first 20% of cells. The procedure is repeated 5 

times to generate a predicted label for every cell in the dataset. Next the predictions are compared 

with the original manual labels of those cells. For cell types that are harder to classify, it is 



  

expected that the automatic annotation algorithms make mistakes more often and disagree with 

each other. If the annotation is consistent with the data, cross validation analysis returns high 

predictability scores and high accuracy. It should be noted that consistency is not the same as 

accuracy: if one cell type is substituted as another one, the consistency score will remain the 

same. The purpose of the cross-validation study is to bring attention to cell types that are 

potentially mis-annotated. One caveat is that for cell types that are functionally distinct but have 

high transcriptional similarity, the cross-validation consistency might be low even when the 

original labels are accurate. This will require manual examination to distinguish from true mis-

classification errors. PopularVote was applied to all organs in Tabula Sapiens donors 1 and 2 and 

predictability scores were generated for all cells by running a 5-fold cross validation. For donors 

3 to 15 a draft automated annotation was generated using PopularVote. This was followed by 

manual inspection and annotation of all tissues in this set.  

 

 

Histological analysis 

Sample preparation 

Additional tissue sampled from the vicinity of sequenced specimens were fixed in 10% buffered 

formalin and paraffin embedded. Hematoxylin and eosin(H&E) stained slides were generated 

using standard methods. The slides were examined with a light microscope by a team of expert 

pathologists who morphologically identified cells belonging to different compartments (epithelial, 

endothelial, immune, stromal and neuroglial) and provided a rough estimate of the ratios between 

the compartments. The error estimate was ranked based on the spatial heterogeneity of cell types 

within each tissue examined. The spatial heterogeneity classification is a qualitative measure of 

the histological complexity of an organ and it is done by the pathology team. The categories are 

assigned using the following classification: 



  

 "Low" spatial heterogeneity refers to a tissue that is relatively homogeneous in 

composition from one area to another in a cross section. These tissues have the highest 

degrees of symmetry. For example, if north, south, east or west from any one patch in the 

spleen are compared, the compartmental ratios will not vary dramatically. 

 "Medium" spatial heterogeneity refers to a tissue that is slightly more complex in cross 

section, structured like a layered cake and with variable microarchitecture. If we take the 

intestine as an example, we find different layers such as the mucosal layer, the 

submucosal layer, the muscularis etc. Within each layer, the composition is quite 

homogeneous. However, such composition varies quite significantly from layer to layer. 

 "High" spatial heterogeneity refers to a tissue that has very complex three-dimensional 

architecture, not only significantly variable in composition but also not easily captured 

neatly in a two-dimensional cross section. The lung is a good example, as it contains a 

branching architecture that varies substantially from proximal to distal.  

We observed surprisingly good correspondence in these frequencies, especially considering 

that the single cell data was obtained on dissociated tissues and that some compartments 

were enriched. Dissociation is known to alter the representation of various cell types and 

generally to increase the representation of immune cell types at the expense of others.  The 

balancing process used on some tissues creates another distortion to absolute 

representation, but not to the extent that the compartments become completely equalized and 

thus some aspects of the original representation statistics are preserved. The histology 

images of the tissue are available as part of the online data portal (14). 

 

 

Automated quantification 

We annotated the H&E images into 4 compartments (endothelial, epithelial, immune, and stromal) 

using a Napari (53) based GUI written in python. The input to this tool is the segmented/binary 



  

cell in 255s and background in 0. The segmented nuclei are obtained through Hover-Net(54). 

Then the segmented cell and the original H&E image are passed into the app where the 

pathologist can choose one of the 4 different colors using a paintbrush over a swatch of one type 

of compartment and move on to the next one.  

 

Microbiome analysis 

Sample collection procedure 

Surgical dissection of the gastrointestinal tract was performed at the Donor Network West facility 

(San Ramon, CA). Staples were used to close the pyloric sphincter and rectum. Additional staples 

were used to separate the duodenum, jejunum, ileum, ascending colon, and sigmoid colon, 

resulting in 5 sections. Each intestinal section was subsequently transected. In a sterile tissue 

culture hood, we used an inoculating loop to extract approximately 1 g of digesta, which was then 

aliquoted into a sterile microcentrifuge tube. This process was repeated up to 5 times for each 

intestinal section, with approximately 3 inches between each sampling. Samples were 

immediately transferred into a Coy anaerobic chamber to remove oxygen from the tube before 

sealing. Samples were then moved to -80°C freezer for storage. In total we analyzed 23 samples 

from TSP2 and 30 samples from TSP14. 

 

The digesta was largely from the mucosal region adjacent to the epithelium. Samples were 

spaced approximately 3 inches along the longitudinal gut axis, and some microbiome samples 

were collected close to the regions of epithelial tissue collection from which single cells were 

transcriptionally profiled. Samples were immediately transferred into a Coy anaerobic chamber to 

remove oxygen from the tube before sealing. Samples were then moved to -80°C freezer for 

storage.  

 



  

The proportion and number of T cells among sequenced cells from donor 14 was >67.6% and 

14,801 respectively, providing the capacity to link microbiome properties to host immune cell 

repertoires, while the proportion and number of cells from donor 2 was low (7.25% and 241, 

respectively). 

 

DNA extraction and 16S rRNA sequencing.  

DNA was extracted from 200 µL of a sample using a DNeasy Ultra Clean Microbial Kit (Qiagen). 

16S rRNA amplicons were generated using the Earth Microbiome Project- recommended 

515F/806R primer pairs using the 5PRIME HotMasterMix (Quantabio 2200410) with the following 

program in a thermocycler: 94°C for 3 minutes, 35 cycles of 94°C for 45 s, 50°C for 60 s, and 

72°C for 90 s, followed by 72°C for 10 minutes. PCR products were cleaned, quantified, and 

pooled using the UltraClean 96 PCR Cleanup kit (Qiagen 12596-4) and Quant-iT dsDNA High 

Sensitivity Assay kit (Invitrogen Q33120). Samples were sequenced with 250- or 300-bp reads 

on a MiSeq (Illumina).  

 

16S rRNA aAnalysis 

De-multiplexed samples were subsequently processed using R(55). Reads were processed and 

filtered using DADA2(56), with truncation lengths of 240 and 180 for forward and reverse reads, 

respectively. Pseudo-pooling was used to resolve rare variants within the samples. Taxonomy 

was assigned using the SILVA database(57), and phylogenetic trees were generated using 

phangorn(58). Figures were generated using phyloseq(59). 

 

Cell Cycle & Differentiation Analysis 

We assembled a high-confidence list of cell cycle markers by first collecting a list of ~700 markers 

(60–63). Subsequently, we took markers that appeared in at least two studies and assigned the 

cell cycle phase based on majority annotation of a select list of highly informative markers for 



  

each phase of the cell cycle. Using scanpy's score_genes function(41), we make a binary decision 

about a cell's cycling state, using G1, S, G2, and M cell cycle markers as the gene set for cycling, 

and conversely, G0 makers as the gene set for non-cycling. Moreover, the cell cycle index is 

derived based on the log10 ratio of the number of cycling to non-cycling cells for each cell type. 

This index was derived on the basis of the log ratio of the number of cycling to non-cycling cells 

for each cell type, determined by high confidence cell cycle markers for G1-M phases (G1/S 

markers: CEP57, CDCA7L; S markers: ABHD10, CCDC14, CDKN2AIP, NT5DC1, SVIP, PTAR1; 

G2 makers: ANKRD36C, YEATS4,  DCTPP1; G2/M markers: SMC4, TMPO, LMNB1, HINT3; M 

markers: HMG20B, HMGB3, HPS4) to indicate cycling and G0 phase markers (CDKN1A, 

CDKN1B, CDKN1C) for non-cycling. Scanpy (v1.5.1) was used to generate PCA and UMAP 

representations, as well as to perform differential gene expression analysis. velocyto (27) and 

scVelo (v0.2.1) dynamical model (28) were used to obtain velocity trajectories and latent time 

estimates.  

 

Immunohistochemical staining for Ki67 was performed using standard automated methods. The 

primary antibody used was MIB-1 from Dako M7240 at a 1:200 dilution). The assay was 

performed on Leica (Buffalo Grove, IL) Bond III instruments using ER2 antigen retrieval and Leica 

Polymer Refine detection. 

 

Endothelial compartment analysis 

Using counts corrected for ambient RNA, we extracted CD31+/Acta2- cells as valid cells 

(removing doublets with pericytes) in the endothelial compartment. Only tissues with >200 ECs 

across all donors were considered. Lymphatic endothelial cells were removed from the analysis. 

Cells were clustered in PCA space using the top 2500 highly variant genes and further clustered 

in UMAP space using PCs 1 to 12. Tissue-specific EC marker genes were determined using the 

FindAllMarkers function in Seurat (V3) (64) and settings min.pct = 0.3, logfc.threshold = 0.2, 



  

min.diff.pct = 0.2. To further ensure that tissue-specific marker genes were not due to 

contamination from highly expressed genes in neighboring tissue-resident cell types, the median 

scaled expression value of each marker gene was found for each cell type within a particular 

tissue. A tissue-specific marker gene was only called when the median scaled expression value 

was highest in ECs compared to all other cell types within the tissue. Genes whose expression is 

known to be affected by tissue dissociation were removed (65–69) (table S9). All marker genes 

were further manually curated to verify endothelial specificity. The markers chosen to display in 

Figure 3C represent genes that are at the top of the list (which is ranked by adjusted p-value when 

compared to the expression level in all other tissues combined), and does not appear to be a 

previously documented tissue-specific endothelial marker in literature 

 

Splicing analysis 

We ran SICILIAN (20) on the BAM files generated by the STAR 2.7.5a with default parameters 

except for twopassMode = “Basic”, chimSegmentmin = 12, chimJunctionOverhangmin = 10 and 

chimOutType = “WithinBAM SoftClip Junctions” (https://github.com/czbiohub/nf-sicilian/). 

SICILIAN employs a statistical model to assign an empirical p-value to each candidate junction 

extracted from the BAM file for a 10x or Smart-Seq2 sample. It then computes the median of 

empirical p-values across all samples within a dataset for each junction. A cutoff of 0.1 was used 

for calling junctions based on median empirical p-value. Junctions were called separately for each 

individual and 10x and Smart-Seq2 technology. Sicilian requires at each called junction to have 

least two reads and has an estimated false positive rate of 2.8%. To calculate the “fraction 

including exon” for each individual cell for MYL6, we divided the number of reads mapping to the 

junctions corresponding to exon inclusion (chr12: 56,160,320 - 56,160,626 and chr12: 

56,160,670-56,161,387) by the number of reads mapping to these junctions plus the junction 

corresponding to exon exclusion (chr12: 56,160,320 - 56,161,387), all after deduplicating UMIs. 

Cells were only considered if they had > 10 reads mapping to these three junctions, and cell types 



  

were only plotted if they had > 10 cells. To calculate “average splice position” for CD47 we 

considered only the 3’ splice site 108,047,292. We then ranked the 5’ splice sites according to 

their distance from the 3’ splice site: 108,057,477 (rank 4), 108,051,939 (rank 3),108,050,578 

(rank 2), 108,049,619 (rank 1). We then calculated the average rank of the 5’ splice site 

corresponding to this 3’ splice site for each cell, after deduplicating UMIs. We considered only 

cells that had > 1 reads mapping to these four junctions, and cell types that had > 5 cells. 

  

BCR and TCR analysis 

T-Cell processing 

TraCeR(70) version 0.5 (https://github.com/czbiohub/nf-tracer) was used to identify T-Cell clonal 

populations. Tracer assemble was run with --species Hsap set. We then ran tracer summarise 

with --species Hsap to create the final results. The following versions for TraCeR dependencies 

were used: bowtie2 version 2.3.0, igblast version 1.7.0, kallisto version v0.43.1, Salmon version 

0.14.1, Trinity version v2.4.0, GRCh38 reference genome. Step-by-step instructions to reproduce 

the processing of the data are available from GitHub.  

 

B-Cell processing 

BraCeR(71) version 0.1 (https://github.com/czbiohub/nf-bracer) was used to identify B-Cell clonal 

populations. Bracer assemble was run with --species Hsap set. We then ran bracer summarise 

with --species Hsap to create the final results. The following versions for BraCeR dependencies 

were used: bowtie2 version 2.3.4.1, igblast version 1.4.0, blast 2.6.0, kallisto version v0.43.1, 

Salmon version 0.8.2, Trinity version v2.8.5, GRCh38 reference genome. Step-by-step 

instructions to reproduce the processing of the data are available from GitHub. 

  



  

Data Merging and Immune Repertoire Analysis 

BCR and TCR processing and merging were done via snakemake (72) and code is available on 

github (https://github.com/czbiohub/tabula-sapiens). Analysis on the snakemake outputs were 

performed in JupyterLab. Briefly, all assemblies from cell ranger 6.0.1, tracer, and bracer were 

annotated with IgBLAST 1.8.x (73) and output in airr format. The resulting file was preprocessed 

Scirpy (74) and merged with single-cell gene expression data. Only cells which had a matching 

assembly and gene expression data were used for downstream analysis. Scirpy was used to 

assign clonotypes with ir.pp.ir_dist(adata, metric = “alignment”, sequence = “aa”, cutoff = 25) and 

ir.tl.define_clonotypes(adata, key_added=”clone_id”). Graphs of clones were created using graph 

tool Graph-tool (75). A permutation test was performed to assess the empirical probability of 

tissue-restricted clones. Briefly, “clone_ids” were randomly shuffled 10,000 times within each 

donor and the number of clones present in a single tissue (tissue restricted) was counted. Isotypes 

were assigned to each B cell by determining the highest expressed immunoglobulin class. We 

summed the gene expression values in each cell for genes in each class-group (IgA, IgG, IgM/D). 

Subtypes were generally not resolvable due to high homology between e.g., IgA1 and IgA2. 

Somatic Hypermutation Frequencies were calculated as the distance from the v-gene sequence 

to germline v-call. Ecdf plots of mutation frequencies were created using Seaborn (76).  

 

Tissue Immune Signature Analysis 

Genes which were differentially expressed between macrophages residing in different tissues 

were identified using sc.tl.rank_genes_groups(adta, groupby = “tissue”, method = “wilcoxon”). 

Genes whose expression is known to be affected by tissue dissociation were removed (65–69) 

(table S9). Genes were then filtered using sc.tl.filter_rank_genes_groups(adata, 

min_fold_change = 0.8, min_in_group_fraction = 0.5). Genes identified in this manner were then 

used as the matrix for subsequent analysis, such as the correlation analysis, cluster-maps, and 

PCA. For plotting, the 500 most variable genes identified in the differential tissue expression 

https://github.com/czbiohub/tabula-sapiens


  

analysis, sc.tl.highly_variable_genes(adata, n_top_genes = 500). The clustermap was generated 

using nheatmap (https://github.com/xuesoso/nheatmap).   

 

 

  

https://github.com/xuesoso/nheatmap


  

Figure S1. Data processing workflow to build the reference dataset. Schematic 

representation of the preprocessing and annotation steps taken to build Tabula Sapiens. 

 

  



  

Figure S2. UMAP overview of key metadata variables in Tabula Sapiens, colored by 

organ/tissue (A), donor (B), compartment (C), method (D) and gender (E). 

  



  

Figure S3. Droplet (10x) sequencing statistics for genes detected. Box plot of the number of 

genes detected per cell for each organ and donor 

 



  

Figure S4. Droplet (10x) sequencing statistics for number of UMIs. Box plot of the number of 

UMIs per cell (log-scale) for each organ and donor. 

 



  

Figure S5. Smartseq2 sequencing statistics for genes detected. Box plot of the number of 

genes detected per cell for each organ and donor 

 



  

Figure S6.  Smartseq2 sequencing statistics for number of counts. Box plot of the number 

of reads per cell (log-scale) for each organ and donor. 

 



  

Figure S7. Tabula Sapiens metadata summary. Summary of cell compartment distribution 

across tissues and donors as measured by 10X and Smartseq2 sequencing. 

  



  

Figure S8. Tissue compartment compositions for TSP14. Spatial heterogeneity was used to 

sort the tissue bar plot showing the relative abundances of cell types per functional compartment 

in each tissue for the droplet dataset of TSP14 .   

 

  



  

Figure S9. Relative distribution of cell types when comparing histology and sequencing. 

Comparison of coarse cell type abundance between histology-based estimates and sequencing 

for donors 1, 2 and 14.  Data is across tissues whose sample collection was not balanced to 

recover comparable amounts of cells per compartment (12). 

 

  



  

Figure S10. Comparison of cell-type frequency with literature. Prior to single-cell analysis the 

literature was searched to establish the expected cell types and relative abundance in each tissue. 

A. The frequency of lung cell-types identified are compared to the in-depth curated literature 

citations of a recent lung-specific cell atlas. The plot shows the effects of dissociation artefacts 

and compartment enrichment. B. Bladder cell-type frequency vs estimates from literature and 

gene expression data. Myocytes have been removed from the plot as these were trimmed from 

samples. C. Muscle cell types are linear with estimates from the literature. 



  

 



  

Figure S11. Immune cell lineage and gene expression across tissues A. Tissue-level 

correlation of gene expression within macrophage for tissue-specific genes. B. Violin plots of the 

median gene expression for selected macrophage genes. Some genes are highly specific to one 

tissue, others are specific to multiple tissues. C. Graph-based illustration of clonal distribution of 

T cells across multiple tissues. The majority of T cell clones are found in multiple tissues D. 

Somatic hypermutation frequencies in the V-genes of B cells sampled from different tissues in 

Tabula Sapiens. 

  



  

Figure S12. Tissue specific gene expression patterns in endothelial cells. A,B. UMAP 

depicting endothelial cells across tissues (A) and donors (B). C,D. UMAP depicting expression 

distribution (scale is lnCPM) of PLVAP (C) and EDNRB (D) across gCap and aCap populations, 

respectively. E,F. UMAP depicting expression distribution (scale is lnCPM) of MSX1 (E) and 

CYP1B1 (F) in subpopulations of muscle ECs.  

 



  

Figure S13. Evidence of SLC14A1 has a potential novel marker for endothelial cells of the 

heart. A. Expression of SLC14A1 in the human protein atlas (HPA) (18). NX stands for normalized 

expression of the transcript for every sample. B. Detailed expression of SLC14A1 in the heart 

muscle samples, where it is highly expressed in the endothelial cells (3 to 5 times higher than any 

other cell type). In comparison with other tissues in the HPA, SLC14A1 is expressed at least 4 

times higher in the heart (https://www.proteinatlas.org/ENSG00000141469-SLC14A1/celltype). 

 

  



  

Figure S14. Alternative splicing analysis. A. Splice junctions are counted in categories based 

on annotation status. B,C. Pie charts show the breakdown of the number of junctions by 

annotation category (B) and the number of reads (C) per annotation category. Although 

unannotated junctions make up the majority of unique junctions, annotated junctions make up the 

majority of total reads. D. Histogram of usage of unannotated junctions across cell types, showing 

that most of these novel junctions are fairly cell type specific. E. Histogram of usage of previously 

annotated junctions across cell types, showing that previously studied junctions tend to be those 

which are used across larger numbers of cell types, with some of the junctions being rather 

ubiquitous.  F. Transcript annotation of CD47. The analyzed 5’ splice site is marked in blue and 

the four alternative 3’ splice sites are marked in red. 

 



  

 

Figure S15. Cell type specific alternative splicing of genes TPM1, TPM2 and ATP5F1C. A. 

TPM1 shows differential exon inclusion, with smooth muscle cells only expressing a small fraction 

of transcripts with one exon compared to myofibroblast cells. B. TPM2 cells also show differences 

in the stromal department, with only a small fraction of exon inclusion in smooth muscle and a 

large fraction in fast muscle. C. In ATP5F1C, cell types in the endothelial and stromal 

compartments have higher levels of exon inclusion than cell types in the epithelial and immune 

compartments. Horizontal box plots show the distribution of exon inclusion in each cell type 

(points outside of 1.5*IQR are plotted individually). All three genes were found significant 

(controlled FDR < 0.05) by the SpliZ analysis (22). 

 



  

Figure S16. Cell state dynamics. A. Cell cycle indices for various cell types in the small intestine. 

B. Immunohistochemical stain for Ki67 of the jejunum demonstrates high proliferation amongst 

crypt stem cells and transient amplifying cells, situated just above the base of the crypts. 

Schematic shown is modified from (26). C. Leiden clustering of transient amplifying cells with top 

differentially expressed cell cycle marker genes. D. UMAP clustering of macrophages in donor 

TSP2, from different tissues, E,F. Same UMAP color-coded based on the binary assignment of 

cycling and non-cycling (E) and CDKN1A expression (F). G. cycling indices of TSP2 

macrophages across different tissues. H. (left) MYLK and ACTN1 expression as a function of 

latent time across TSP1 and TSP2; (right) I. A random sampling of dynamical genes shared 

between TSP1 and TSP2, showing the expression of dynamical genes as a function of latent time 

during the transitioning of mesenchymal cells to myofibroblasts. 



  

 

  



  

Figure S17. Another donor supports patchiness of the gut microbiome. Microbiome 

sampling locations were similar to Figure 6A. A-C. Relative abundances (A) and richness (number 

of observed species, B) at the family level in each sampling location, as determined by 16S rRNA 

sequencing. The Shannon diversity (C), a metric of evenness, mimics richness. Variability was 

higher in the duodenum, jejunum, and ileum as compared with the ascending and sigmoid colon. 

D. A Sankey diagram showing the inflow and outflow of microbial species from each section of 

the gastrointestinal tract. The stacked bar for each gastrointestinal section represents the number 

of observed species in each family as the union of all sampling locations for that section. The 

stacked bar flowing out represents gastrointestinal species not found in the subsequent section 

and the stacked bar flowing into each gastrointestinal section represents the species not found in 

the previous section. A large fraction of species was unique to the duodenum, jejunum, and ileum. 

In contrast, a much smaller fraction of the species was unique in comparing the ascending and 

sigmoid colon. The average number of unique ASVs (a proxy for species) in each sample was 

10.7±4.2 for samples from the duodenum, jejunum, and ileum, as compared with 1.56±0.79 for 

the ascending and sigmoid colon samples. Moreover, within each location, samples in the 

duodenum, jejunum, and ileum exhibited 17.0±5.8, 19.4±6.8, and 20±5 unique ASVs, 

respectively, compared with 3.0±1.6 and 3.6±1.5 for the ascending and sigmoid colon, 

respectively. E,F. UMAP clustering based on cell ontology class (E)  or tissue location (F) reveals 

distinct transcriptome profiles between small and large intestine Paneth cells and between small 

and large intestine enterocytes. 
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