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Introduction 

Recent advances in high throughput omic technologies have greatly enhanced our knowledge 

of the molecular basis of complex lung diseases. In particular, with the advent of next 

generation sequencing, transcriptomic studies with RNA sequencing (RNA-seq) have yielded 

important insights into chronic obstructive pulmonary disease (COPD) and idiopathic 

pulmonary fibrosis (IPF) [1] [2][cross-reference]. However, most studies to date have been 

performed on whole lung tissue, such that many unique cell type-specific gene expression 

signatures—particularly those of alveolar epithelial cells (AECs), which play a key role in 

COPD and IPF—may have been diluted, if not missed altogether. Single-cell RNA-seq is 

rapidly gaining momentum as a strategy to profile individual cells [3, 4], but sequencing 

depth is typically much lower and cost much higher than that of bulk RNA-seq.   

The challenges of procuring human lung tissue in a standardized way and isolating 

epithelial cells from cryopreserved samples, in addition to the requirement for RNA of 

adequate quantity and quality, have hampered the field’s ability to perform transcriptomic 

profiling in AECs. Using biobanked samples would significantly expand the pool of lung 

specimens for investigation and minimize the statistical biases related to batch processing of 

fresh specimens [5]. Protocols detailing lung digestion and isolation of specific cell 

populations have been described [3, 6, 7], but few studies have examined how 

cryopreservation alters lung epithelial cell viability, RNA quality and gene expression [8-10]. 

Here we demonstrate an example of successful RNA-seq of AECs isolated from biobanked 

lung cell suspensions. We discuss the technical factors that may influence the success of this 

methodology and how it may be adapted for a broad range of downstream applications. 

   

Sample Pipeline 

Figure 1 depicts the overall methodology of our sample pipeline. Human explanted lungs 

were procured from donors with end-stage lung disease (COPD, IPF and non-IPF fibrosis) 

undergoing transplant or control lungs rejected for transplant. For IPF and COPD specimens, 

tissue was selected from visibly diseased parenchyma from any lobe. Lung tissue was 

digested and processed according to the protocol provided in the Supplemental Methods. Cell 

suspensions were sorted immediately or cryopreserved in liquid nitrogen until thawed later  

(Figure 1A). Non-biobanked and biobanked cell suspensions were sorted according to a 

previously described protocol [7] to enrich for viable (DAPI
-
) non-haematopoietic (CD45

-
) 

type I and II AECs using two gates, EpCAM
+
/PDPN

low
 (P1 gate) and EpCAM

high
/PDPN

-
 (P2 

gate), respectively (Figure 1B). A subset of sorted cells was fixed in paraformaldehyde, 

incubated with antibodies against surfactant protein C and aquaporin, and visualized using 



confocal microscopy (Figure 1C). RNA was extracted from sorted cell suspensions and 

purified. RNA quality and quantity were measured with a bioanalyzer. RNA-seq was 

performed on 11 biobanked control samples. The Illumina TruSeq RNA Access Library Prep 

kit was used for library preparation. Purified libraries were validated on TapeStation and 

quantitated with Qubit. FastQC was used to visualize aggregate Phred scores from 

demultiplexed sample FastQ files. Sequence quality was assessed using Phred scores, 

mapping rate, and RNA composition. R package Rsubreads [11] and DESeq2 [12] were used 

to quantify and normalize gene expression counts. Statistical inference testing was performed 

using linear regression models in DESeq2, controlling for age, gender, and cell type 

percentage.  

 

Key Observations 

To investigate the impact of technical variables on cell viability and RNA quality, we 

examined the effect of disease, cold ischaemic time (CIT, defined as the period from lung 

explantation to the first step of tissue digestion) and use/ duration of cryopreservation on the 

yield of viable P1 and P2-gated epithelial cells and the RNA Integrity Number (RIN) and 

DV200, standard metrics of RNA quality (Figure 1D-E). Data on warm ischaemic times 

(period from cross-clamping of aorta to lung explantation) were not routinely available. 

There was a relative abundance of P2-gated cells in IPF lungs compared to COPD and 

control lungs, possibly reflecting aberrant alveolar re-epithelialization, a key pathological 

feature of IPF [13]. P2-gated samples also yielded a higher quantity of RNA (427 ± 395 ng 

vs. 241 ± 197 ng per ml of total cell suspension). Fresh cell suspensions had more viable total 

cells, but there was no significant difference in the percentage of P1 or P2-gated cells 

compared to biobanked cells. Longer CIT and storage duration (median 726 days, 441-1021) 

generally affected the yield and RNA integrity of P1-gated cells more than P2-gated cells. 

This was not surprising, as type I AECs are more vulnerable and less abundant than type II 

AECs [14], which serve as facultative progenitor cells for alveolar regeneration in response 

to lung injury [15, 16]. While RIN varied widely among samples, no significant differences 

between non-biobanked and biobanked sorted cells were observed (Figure 1D). Moreover, 

there were no strong correlations (r
2 

>0.9) of RIN with disease, CIT or storage times, 

although there was a trend towards lower RNA quality as CIT and storage time increased.  

To determine whether RNA obtained from biobanked samples using this enrichment 

strategy was adequate for transcriptomic profiling, RNA-seq of P1 and P2-gated cells from 

control lungs was performed using exome capture sequencing. Overall quality of sequence 

data was high, with a high read mapping frequency (>90% for all samples), adequate insert 



size (median 248 bp) (Figure 1F), high level of agreement between observed and expected 

concentrations of target sequences (Figure 1G) and no duplicate transcripts (data not shown). 

There was a significant correlation of input reads with CIT but not storage duration (p = 0.03 

and 0.79, respectively; Figure 1H-I). To assess whether our cell sorting approach reliably 

partitioned type I and type II AECs, we compared differential gene expression of paired P1 

and P2-gated biobanked samples, focusing on signature markers associated with these cell 

types. Genes related to type I and type II AECs were upregulated in P1 and P2-gated samples, 

respectively, although differential gene expression did not reach statistical significance for 

AQP5 (Figure 1J). This was consistent with the relative expression of AQP5 in the two cell 

populations as determined by immunofluorescence; among P1-gated cells, only 39.4 ± 13.7% 

stained positive for AQP5, while among P2-gated cells, 86.1 ± 2.8% stained positive for 

SFTPC (Figure 1C). The comparatively low differential expression of AQP5 in P1-gated cells 

likely reflects admixture by other cell types, as well as potential transdifferentiation of ATII 

to ATI cells. However, unbiased hierarchical clustering demonstrated overall good 

segregation of P1 and P2-gated samples (Figure 1K). Gene ontology enrichment analysis 

revealed increased regulation of genes related to focal adhesion and lamellar bodies in P2 -

gated cells (Figure 1L). 

 

Implications for Current and Future Applications 

Our work provides a sample pipeline for isolating a targeted cell population from 

cryopreserved human lung explants for large-scale molecular analysis. After enriching for 

AECs from lung cell suspensions using an established flow-sorting protocol, we performed 

RNA-seq on biobanked control samples using exome capture sequencing. Our approach was 

limited by lower sample numbers, the use of imperfect cell markers which likely contributed 

to admixture in our AT1-gated cells, and a restricted set of comparisons in our analysis. 

Despite these challenges, as well as the significant variability in source collection and 

cryopreservation times, input RNA was still of adequate quality to generate transcriptome 

libraries that identify biologically relevant signatures, paving the way for the next step of 

profiling our diseased samples as well as collaborative studies with other groups.  

High throughput molecular studies have yielded valuable insights into lung 

pathobiology, yet many studies are limited by low sample number and lack validation cohorts 

[17]. Individuals diagnosed with the same disease may have widely disparate clinical courses 

and responses to therapies, underscoring the need to generate biorepositories with 

comprehensive cellular and molecular phenotyping that can facilitate personalized 

approaches to disease classification and management. Organ explants obtained during 



transplantation or diagnostic surgical lung biopsies are a valuable source of human tissue. 

However, obtaining good quality lung specimens remains challenging due to unpredictable 

timing of transplants and vulnerability to ischaemic injury, particularly in epithelial cells. 

Prospectively biobanking lung tissue and systematically enriching for cell populations of 

interest such as AECs, which are at the core of the pathogenesis of diseases including IPF and 

COPD, can facilitate biologically and statistically rigorous analyses of samples by 

minimizing batch variability while providing an entrance into investigating lung architecture 

and function at multiple levels of regulation even beyond the transcriptome—be it the 

epigenome, proteome or metabolome. Our methodology validates the use of prospectively 

biobanking digested lung suspensions, but alternative approaches such as biobanking whole 

tissue and then digesting and sorting cells could also be considered and systematically 

studied.  

In our study, we demonstrated the impact of ischaemic time and cryopreservation on 

AEC viability and RNA quality. RIN scores higher than seven are typically recommended for 

RNA-seq, which is commonly performed using poly(A) tail selection to enrich mRNA. 

Poly(A) libraries may greatly underrepresent the target transcriptome in degraded RNA [18]. 

As our samples had lower mean RIN scores, we adopted exome capture technology, a 

validated alternate approach of enriching cDNA transcripts after the main enzymatic steps of 

library construction rather than at the RNA stage. Using excess complementary capture 

probes at multiple positions enables transcript recovery even without poly(A) tails [18, 19]. 

RNA-seq on biobanked samples achieved standard quality control metrics, suggesting that 

exome capture sequencing is a good alternative in settings where RNA quality is reduced, 

such as clinical or formaldehyde-fixed paraffin-embedded samples. The limited availability 

of fresh tissue often leads to sporadic processing of individual samples, introducing biases 

from technical/operator variability that are mitigated when processing cryopreserved 

specimens in bulk. Importantly, our study showed similar RINs between non-biobanked and 

biobanked specimens. While we did not determine the effect of biobanking on transcriptomic 

signatures, other studies have demonstrated that cryopreservation does not significantly alter 

gene expression in cell lines or lung cancer tissue, including those involved in inflammatory 

or immune responses, with over two hours from resection to freezing [8-10].  

 Having validated our methodology with RNA-seq of control AECs, we can thus 

proceed with bulk RNA-seq and single-cell gene expression studies to identify key 

transcriptomic signatures in chronic parenchymal lung disease. While RNA-seq’s most 

widely used application has been gene expression profiling, its capacity for single base pair 

resolution enables characterization of other facets of the human genome, including non-



coding RNA species, regulatory elements, allele-specific expression, alternative splicing, and 

gene fusions [20]. All of these may have unprecedented implications on our understanding of 

complex lung diseases and the development of precision therapies.  

Harnessing such applications requires sufficient sequencing depth to ensure accuracy, 

but this frequently limits the number of transcripts that can be read in each sample. One 

strategy to maximize read depth in heterogeneous organs such as the lung is to isolate 

targeted populations of cells, which we achieved using a straightforward method of enriching 

AECs from whole lung tissue. However, admixture by other cell types in our sorted 

populations does highlight the challenges of distinguishing AEC subtypes solely using 

positive/negative selection with established markers—particularly as there may be loss of 

these markers associated with disease pathogenesis. Other markers of type II cells have been 

identified that could be used for more targeted enrichment [21]. Lung cells may 

transdifferentiate [22] and type II cells can transform into type I cells under various 

conditions [21, 23, 24]. Integrating agnostic sequencing approaches such as single-cell RNA-

seq or single nucleus RNA-seq (Nuc-seq), which obviates the need for live cells [25], might 

effectively deal with cell admixture and uncover novel cell types and molecular signatures, 

including more specific cell surface markers. While our study has several technical 

limitations as discussed, it presents methodological concepts that can be refined and widely 

adapted for diverse applications, facilitating large-scale, deep molecular phenotyping of 

complex organ diseases.  

 

 

 

 

 

  



FIGURE LEGEND 

 

Figure 1. Isolation and RNA-seq of human alveolar epithelial cells. (A) Fifty-two human 

lung explants (20 control, 10 COPD and 22 IPF) were enzymatically digested into cell 

suspensions that were biobanked in liquid nitrogen or flow-sorted immediately. (B) Non-

biobanked (n = 6) and biobanked (n = 52) cell suspensions from control and diseased lungs 

were flow-sorted using two gates, P1 and P2, to enrich for type I and II AECs (ATI and ATII), 

respectively. (C) AQP5 and SFTPC expression in paired P1 and P2-gated biobanked control 

cells was quantified by immunofluorescence (n = 3). (D-E) Effects of cold ischaemic time 

(CIT), biobanking and storage duration (median 726 days, P25-P75 441-1021) on yield of 

viable P1 and P2-gated cells (as a percentage of total pre-sorted cells) and quality of RNA 

extracted from control and diseased lungs (n = 52). RNA-seq was performed on paired P1 

and P2-gated biobanked control samples (n = 11). Quality control metrics demonstrated an 

adequate median insert size (F) and a high level of agreement between observed and expected 

concentrations of the target sequences (G), as well as a significant correlation of input size 

with CIT (H) but not storage duration (I) (p = 0.03 and 0.79, respectively). (J) Gene 

expression of canonical markers for ATI (left) and ATII (right)  was significantly elevated in 

P1 and P2-gated cell populations, respectively, although not all comparisons reached 

statistical significance (e.g. for AQP5). Log2 FC reflects fold change of gene expression in 

P2 vs. P1-gated samples. (K) Hierarchical clustering of the top 650 genes revealed good 

separation of P1 and P2-gated samples from biobanked specimens. (L) Pathway enrichment 

analysis with gene ontology (GO) terms was performed on differentially expressed P2-gated 

cells. *p <0.05 vs. control and IPF; **p <0.05 vs. control; ǂ p <0.05 vs. <2 hours. Abbrev: FC 

= fold change; FPKM = fragments per kilobase of transcript per million mapped reads; 

ERCC = external RNA control consortium spike-in; FDR = false discovery rate. 
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Supplementary Methods 

 

Human diseased and control explanted lungs were procured from donors with end-

stage lung disease undergoing transplant or control lungs rejected for transplant, per 

protocols approved by the Partners IRB with informed consent. 

 

Tissue digestion and biobanking 

Lungs were sliced and washed with cold sterile PBS several times. For each explant, 

approximately 100-150 g of parenchymal lung tissue was obtained from the 

peripheral third of left and/or right lungs (including all lobes). Approximately 80% of 

this tissue was digested to generate the cell suspensions described below, while the 

remaining 20% was snap frozen as small pieces of whole lung tissue.  

 

To generate cell suspensions, visible airway structures, vessels, blood clots and mucin 

were removed from whole lung tissue. Remaining tissue was transferred to a sterile 

15 cm dish and ~12.5 ml of digestion medium, consisting of 30 U/ml Elastase (Elastin 

Products Company, Owensville, MO), 0.2 mg/ml DNAse I (Sigma, St. Louis, MO), 

0.3 mg/ml Liberase (Roche, Basel, Switzerland) and 1% Penicillin/Streptomycin 

diluted in DMEM/F12 medium (Lonza, Basel, Switzerland) were added. Tissue was 

minced mechanically into small pieces (<5 mm). The mixture was transferred to a 50 

ml tube and then incubated on a rocker for 45 minutes in 37°C. in Digested tissue was 

filtered using a metal strainer (mesh size: 40-100 μm) (Sigma). The filter solution was 

kept on ice. Unfiltered tissue was incubated a second time in digestion medium for 30 

minutes or less, followed by repeat filtration and addition of 10% FBS to stop the 

enzymatic reaction. Flow-through from both filtrations was combined and centrifuged 

at 600G, 4°C for 10 minutes. The pellet was resuspended in up to 20 ml of red cell 

lysis buffer (VWR, Radnor, PA) for <5 minutes in 37°C. Up to 20 ml PBS with 10% 

FBS were added to stop the reaction. The solution was then centrifuged again at 

600G, 4°C for 10 minutes. The pellet was resuspended in DMEM/F12 medium and 

filtered using a 100 μm strainer (Fisher Scientific, Waltham, MA). Freezing medium 

(10% FBS and 10% DMSO in DMEM/F12) was added to the filtrate. Cell 

suspensions were then aliquoted into cryovials (typically 81 aliquots with 10
7
 – 10

8
 

cells/ml), frozen overnight in freezing containers at -80 °C, and then stored in liquid 

nitrogen until further use.  

 

 

Flow cytometry and cell sorting 

Biobanked cell suspensions were thawed rapidly in a 37°C water bath, centrifuged at 

600G and washed in cold PBS, then filtered through a 100 μm strainer to remove cell 

clumps. Filtrates were centrifuged at 600g, 4°C for 10 minutes. Samples, isotype and 

single stain controls were prepared in buffer containing using magnesium chloride 5 

mM, DNase I 50 ug/ml, and 2% FBS. Cells were stained using the following 

antibodies and molecules: PE anti-human CD326 (EpCAM) (eBioscience, San Diego, 

CA), FITC anti-human CD45 (BD bioscience 340664), Alexa Fluor® 647 anti-human 

podoplanin (PDPN) (BioLegend, San Diego, CA), and DAPI (BioLegend) or 

Propidium Iodide. Isotype-matched antibodies were used as negative controls. Stained 

cells were examined by BD FACSCanto II (BD Biosciences, Franklin Lakes, NJ) or 

sorted by BD FACSAria II (BD Biosciences). Gates were defined as: 

EpCAM
+
/PDPN

low
 (P1 gate) and EpCAM

high
/PDPN

-
 (P2 gate). Flow cytometric data 

were analyzed by FlowJo software version 10.1.  



 

RNA extraction and purification 

Digested unsorted cell suspensions and sorted cells were lysed using QIAzol (Qiagen) 

per the manufacturer’s instructions. The aqueous RNA phase was collected after 

treatment with chloroform and RNase free DNase I (Qiagen) to deplete genomic 

DNA contamination for 10 min at room temperature. RNA was purified using 

RNeasy MinElute Cleanup (Qiagen). Eluted RNA was stored in -80°C. Frozen whole 

lung tissue was ultrasonically homogenized in QIAzol and RNA was extracted in 

same manner described above. 

 

Library construction for RNA sequencing 

The Illumina TruSeq RNA Access Library Prep kit (San Diego, CA) was used for 

library preparation. Library construction was performed as follows: a minimum of 20 

ng of total RNA was fragmented and primed for cDNA synthesis. RNA was 

converted to double stranded cDNA using reverse transcriptase with random priming. 

cDNA was purified and ligated to adapters. Successfully ligated products were 

amplified and enriched using PCR. Following purification by AmPure beads (Agilent 

Genomics, Santa Clara, CA), libraries were validated on TapeStation (Agilent 

Genomics) and Qubit (Thermo Fisher Scientific) before being pooled. The pools 

underwent two sets of hybridizations, capture washes, and elutions to capture and 

enrich the libraries and eliminate nonspecific binding. The enriched libraries were 

then amplified with a final PCR and cleaned up again using AmPure purification. 

Libraries were quantitated using Qubit and KAPA (Wilmington, MA). KAPA results 

were used to determine the flowcell loading concentration. Libraries were loaded onto 

the flowcell at 18 pM. Libraries were sequenced on a 75 bp paired end flowcell on the 

HiSeq 2500. Each lane was spiked with 5% PhiX control libraries, which served as an 

internal control.  

 

Processing and analysis of RNA sequencing data 

Demultiplexed sample FastQ files were downloaded onto a Grid engine (Oracle, 

Burlington, MA)-based high performance computing cluster sharing an NFS (Sun 

Microsystems, Oracle, Burlington MA) storage system with a Eucalyptus (Hewlett 

Packard, Palo Alto, CA)-based private cloud. Starcluster (MIT, Cambridge MA) and 

Chef (Seattle, WA) were used to create a compute environment where samples could 

be aligned in parallel. FastQC was used to visualize aggregate Phred scores. Adapters 

were trimmed from reads using Skewer.
1
 Trimmed reads were aligned to the GRCh38 

primary assembly using STAR.
2
 The assembly was concatenated with the ERCC 

plasmid spike in genome (Thermo Fisher Scientific, Cambridge, MA) to facilitate 

spike-in alignment. For QC, SAMtools pileup
3
 was used to provide basic variant calls 

for input into KING
4
 to verify sample identity relationships between replicates, with 

the covariance matrix produced by RNASeQC.
5
 Sequence quality was assessed by 

means of the Phred scores, mapping rate, and composition of the RNA (primarily 

mRNA). The R package Rsubreads
6
 and DESeq2

7
 were used to quantify and 

normalize gene expression counts. Only genes with coverage greater than 10x at a 

position 300 bases from the 3′ end were considered. We modeled the effects of the 

decay rate and RIN values by linear regression. PCA plots were generated and 

inspected for outliers, which were removed in downstream analysis. Statistical 

inference testing was performed using linear regression models in DESeq2, 

controlling for age, gender, and cell type percentage (based on the percentage of each 

cell population as measured during the flow cytometry run).  
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