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Introduction/Objective

Single-cell RNA sequencing (scRNA-seq) resolves cell types and molecular phenotypes
within heterogeneous specimens but typically requires fresh, high-quality single-cell
suspensions processed immediately to preserve transcriptional profiles. This constraint
complicates samples with long preparation times and prevents collection at remote sites
lacking single-cell instrumentation. Several commercial assays now enable preservation
at the point of collection through fixation or cryopreservation, allowing processing to
occur months later. The Association of Biomolecular Research Facilities’ DNA
Sequencing and Genomics and Bioinformatics Research Groups undertook a
cross-platform, multisite study to assess the performance and reproducibility of three
such platforms: 10x Genomics FLEX, Parse Biosciences Evercode WT v2, and Honeycomb
Bio HIVE.

Materials and Methods

Total leukocytes and peripheral blood mononuclear cells (PBMCs) were isolated from a
single healthy individual, with EasySep reagent used for red blood cell depletion of the
leukocyte fraction. Cells were characterized by a 21-color flow cytometry panel to provide
a reference, and the remaining material was fixed or cryopreserved according to each
platform’s protocol. Preserved leukocyte samples were prepared in parallel by two
technicians (“A” and “B” replicates) and distributed to multiple ABRF member core
facilities for downstream processing, while fresh leukocytes processed with the 10x 3’
v3.1 (3pGEX) chemistry served as a reference. Libraries were sequenced at a central site,
and performance was evaluated across standard scRNA-seq quality control metrics, gene
and transcript detection sensitivity, cell-type discovery and annotation, differential
expression, and correlation analyses.

Results

Data from all platforms integrated effectively and produced concordant results for
cell-type annotation and relative abundance, with cell-type proportions broadly
consistent with the flow cytometry reference. However, platform-specific expression
signatures were evident for a subset of genes, and cross-site reproducibility varied
between methods, with the FLEX workflow showing greater susceptibility to technical
variation introduced during on-site sample processing. Preservation-based methods
(FLEX and HIVE) showed better retention of fragile granulocyte populations than fresh
samples processed with the 10x 3pGEX workflow.
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Discussion

Improvements to preservation methods are changing how single-cell research is
conducted by decoupling sample collection from downstream processing. Our
investigation into the performance and reproducibility of each platform provides a
resource to help investigators and core facilities select the most appropriate single-cell
preservation workflow given their sample type, cell populations of interest, sample
collection logistics, and laboratory infrastructure constraints.

Introduction

In recent years, single-cell RNA sequencing (scRNA-seq)
has emerged as a powerful tool to measure gene expression
within individual cells, providing the resolution required to
determine cell identity and define cell states. These meth-
ods rely on microfluidically generated droplets,! picowells,2
or the cells themselves3 to partition and uniquely barcode
the RNA molecules within each cell.3# The barcoded RNAs
are then sequenced to determine their identity and the
cell of origin. The starting material for these experiments
is a suspension of single cells that was produced either
through the dissociation of tissues or purification of cells
from biofluids (e.g., blood). The integrity of the cells in sus-
pension is critical and has a direct impact on the quality of
data from scRNA-seq experiments. Cells that are stressed
or undergoing apoptosis generate distinct gene expression
signatures and actively degrade their mRNAs, thus reduc-
ing transcriptome complexity.>"7 Furthermore, cell lysis
causes the release of RNAs into the cell suspension, and
these “ambient” RNAs can become barcoded and erro-
neously associated with cell expression profiles, which de-
crease the cell-specific signal.3 For these reasons, single-
cell experiments have required optimized dissociation
procedures using fresh, high-viability single-cell suspen-
sions for use in these assays. This presents a challenge
when large numbers of samples are processed in parallel,
or when the reagents and instrumentation for single-cell
capture are distant from where the cell suspension is gen-
erated. To circumvent these issues, methods such as
methanol fixation and cryopreservation have been vali-
dated in specific sample types (e.g., blood, cerebrospinal
fluid, etc.)310-14; however, their impact on cell type rep-
resentation and transcript detection in some contexts has
prevented their widespread use.15

Recently, several commercial solutions including 10x
Genomics FLEX, Parse Bioscience Evercode, and Honey-
comb Bio HIVE have come to market to enable preservation
of single-cell samples upstream of scRNA-seq. Separating
the preparation of single-cell suspensions (from cell cap-
ture, library preparation, and sequencing) makes it possible
to collect samples in one location and ship to another for
processing. As a result, core facilities and other service
providers will be eager to implement these methods to sim-
plify sample collection logistics for internal users and to
facilitate access by external clients to single-cell services.
However, there are many variables to consider when choos-
ing a platform including sample preservation (fixation or
cryopreservation) and RNA capture (Poly-dT priming, ran-
dom priming, or probe-based detection) methods between
platforms, as well as the instrumentation and hands-on

time required. Differences in cell capture and sequencing
performance have been described in comparative studies
evaluating various scRNA-seq methods.10-19 This study
provides additional insight into the impacts of prolonged
storage time and kit reproducibility across multiple per-
formance sites, as well as considerations when selecting a
given chemistry.

To evaluate the performance, reproducibility, and work-
flow requirements of the available methods, the Associa-
tion for Biomolecular Research Facilities’ (ABRF) DNA Se-
quencing and Genomics and Bioinformatics Research
Groups have conducted a multisite, cross-platform assess-
ment of the 10x Genomics FLEX, Honeycomb HIVE, and
Parse Evercode technologies. We show that while there is
general agreement in cell-type assignment, relative abun-
dance, and overall gene expression profiles across platforms
and performance sites, strong technology-specific expres-
sion signatures exist within the data and cross-site repro-
ducibility varies between methods. In addition, we find that
sample preservation by fixation (FLEX) and freezing (HIVE)
improves the retention of fragile granulocyte populations
compared to fresh sample processing using the traditional
10x 3> GEX (3pGEX) assay. This study demonstrates the im-
portance of selecting an appropriate single-cell technology
based on experimental and logistical constraints and also
provides a resource to core facilities and individual users to
make informed decisions when implementing these assays.

Methods

Study Design

The study was designed to evaluate reproducibility, ease of
use, and performance of three technologies for cell preser-
vation on the same sample type across three commercially
available options. We selected a single site to collect and
preserve the samples and nine ABRF member genomics
core facilities to perform downstream processing. To assess
variability in sample preservation, preservation protocols
were performed by two different technicians in parallel to
produce “A” and “B” replicates. Once preservation protocols
were completed, the samples were stored at -80°C for two
weeks before shipping to each of the participating sites.
Prior to any site receiving their samples, they were provided
with hands-on training by the respective vendors using
control samples. After two weeks, each site received “A” and
“B” preserved samples that were stored for an additional
two weeks at -80°C for a total of four weeks of storage time
before completing the assigned workflow. Sequencing ready
libraries were shipped to a central site for quality assess-
ment and sequencing. Our follow-on study using peripheral
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blood mononuclear cells (PBMCs) was performed at a sin-
gle site following the same protocols described for the total
leukocyte experiment except in the cases noted in the fol-
lowing section. It should be noted that comparisons across
platforms are not strictly symmetrical: the 10x FLEX work-
flow was compared to the fresh 10x 3° GEX (3pGEX) control,
whereas the Honeycomb HIVE comparison was between
cryopreserved samples stored for 1 day versus 28 days. This
reflects a deliberate design choice: the HIVE technology
is a cryopreservation-based method and does not have a
“fresh” processing mode equivalent to the 3pGEX assay.
The 1-day HIVE samples therefore serve as the earliest
practical reference point for that platform, and the 3pGEX
fresh sample serves as the overall fresh reference across all
comparisons.

Sample Collection, Cell Isolation and Quality
Control (QC)

Blood collection from a single healthy male was performed
at Dartmouth Hitchcock Medical Center under an institu-
tional review board approved protocol. Approximately 50
mL of whole blood was collected into Ethylenediaminete-
traacetic acid (EDTA) vacutainer tubes (BD Bioscience,
Franklin Lakes, NJ, USA) and immediately transported to
the Immune Monitoring Lab at Dartmouth Cancer Center
for processing. For total leukocyte isolation, the blood sam-
ple was subjected to two rounds of RBC depletion using
magnetic beads from the EasySep RBC Depletion kit (Stem-
Cell Technologies, Vancouver, Canada) and generating
about 8 x 10”7 cells. Two additional washes were performed
with samples spun at 500 x g for 10 minutes to reduce the
presence of platelets. For PBMC isolation, gradient sepa-
ration of the blood was performed using Histopaque-1077
(Corning Life Sciences, Durham, NC, USA). Briefly, blood
was overlaid onto the Histopaque-1077 and then cen-
trifuged for 30 minutes at 750 x g. An additional spin was
performed with samples at 500 x g for 10 minutes to reduce
the presence of platelets. For both sample types, cells were
transferred to the Dartmouth Genomics Shared Resource
for counting and viability assessment on a Nexcellom K2
instrument (Revvity, Waltham, MA, USA) prior to running
each of the workflows as described in the following section.
Both total leukocyte and PBMC samples exhibited >95% vi-
ability as determined by acridine orange/propidium iodide
(AO/PI) staining.

Flow Cytometry

Cells were stained for flow cytometry analysis as follows.
2x10"6 total leukocytes or PBMCs were suspended in 1.25
pg/mL of human immunoglobulin G (IgG) to block Fc re-
ceptors and incubated for 10 minutes in a 5 mL flow cytom-
etry assisted cell sorting (FACS) tube. Following this, 5 uL
of Brilliant Stain Buffer Plus (BD Biosciences) and 5 pL of
True-Stain Monocyte Blocker (BioLegend, San Diego, CA,
USA) were added in succession. Due to steric hindrance pre-
venting its use in a master mix of antibodies, anti-TCRyS
was added, and cells were incubated for 10 minutes at room
temperature (RT) in the dark. The remaining antibodies

were then added in a master mix, and the cells were in-
cubated for 30 minutes at RT in the dark. All antibodies
used are listed in Supplemental Table 1. To wash unbound
antibodies, 3 mL of phosphate-buffered saline were added
and cells were centrifuged at 500 x g for 5 minutes. Cells
were resuspended in 1% paraformaldehyde in phosphate-
buffered saline to fix the antibodies to the cells and then
washed as previously noted. Cells were then acquired on a
5-laser Aurora Spectral Cytometer (Cytek Biosciences, Fre-
mont, CA, USA).

10x Genomics 3’ v3.1 on Fresh Specimens

Following QC, cells were loaded onto two separate lanes of
a single-cell Chip G to generate “A” and “B” replicates and
processed on a 10x Chromium X instrument, which targets
10,000 cells per sample. This A/B replicate design applied
to the total leukocyte sample only; the PBMC follow-on ex-
periment was processed as a single library using the same
3’ v3.1 workflow. Emulsions containing encapsulated sin-
gle cells were removed from the chip and processed accord-
ing to the Chromium Next Gel Beads-in-Emulsion (GEM)
Single-cell 3’ v3.1 User Guide (CG000204 RevD). Completed
libraries were examined on a Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) and quantified by Qubit
(Thermo Fisher Scientific, Waltham, MA, USA) prior to
pooling and loading on a NovaSeq6000 instrument as de-
scribed in the following section.

Sample Preservation

Following collection, cell isolation, and QC, samples were
processed with their respective preservation protocols: cell
fixation or cryopreservation followed by storage at -80°C
prior to scRNA-seq library generation. To ensure the high-
est cell quality and minimize sample variation for all meth-
ods, a plan was formulated to process the samples for
preservation in parallel at the central site followed by dis-
tribution to the testing sites. Details can be found in the
Cell Preservation Supplemental Protocol.20 Cells for the
10x FLEX RNA profiling kit followed the Fixation of Cells
& Nuclei for Chromium Fixed RNA Profiling demonstrated
protocol (CG000478, Rev A) using 1 million cells per fixa-
tion. Cells for the Parse workflow were fixed using the Ever-
code Cell Fixation v2 kit (ECF2001) following the Evercode
Fixation User Manual V2.0.1 with 3 million cells per fixa-
tion. Honeycomb HIVEs were loaded with 15,000 cells into
v1 HIVEs following the HIVE scRNA-seq v1 sample capture
user protocol (Rev A) for the leukocyte samples, and 30,000
into the CLX HIVEs for PBMCs following HIVE CLX scRNA-
Seq Sample Capture protocol.

10x Genomics FLEX Sample Processing on
Fixed Cells

10x FLEX single-cell libraries were completed with the
Chromium Fixed RNA Profiling kit (part number 1000474)
to process fixed cells following user guide CG000477 Rev A.
Cell fixations were completed by a central site, and aliquots
with 1 million fixed cells were shipped on dry ice to each of
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the testing sites. Briefly, fixed and permeabilized cells un-
derwent probe hybridization and ligation for 16 hours, par-
tition of GEM and barcoding, cDNA amplification, and li-
brary construction each with unique indices following the
protocol of 10x Chromium Fixed RNA Profiling Reagent Kits
User Guide, CG000477 RevA (10x Genomics, Pleasanton,
CA, USA). For the leukocytes, each testing site processed
replicate “A” and “B” to produce a total of eight libraries,
and a single library was generated for the PBMC sample.
The targeted recovery per sample was 10,000 cells per li-
brary. The quality and quantity of each library was checked
with the Qubit (Thermo Fisher Scientific), Agilent Bioana-
lyzer 2100 HS DNA kit (Agilent Biotechniques), and gPCR
using the Kapa SYBR Fast RT-qPCR kit, KK4602 (Roche Di-
agnostics, Basel, Switzerland).

Honeycomb HIVE Sample Processing

Honeycomb single-cell libraries were completed following
the HIVE scRNA-seq V1 or CLX Processing kit user proto-
cols (Honeycomb Biotechnologies, Inc.). V1 kit Rev A was
used for leukocytes and CLX for the extension study with
the PBMCs. The central site that loaded the HIVEs used
the HIVE scRNA-seq complete kit (HCB018) that included
reagents and materials for sample loading and processing
while the testing sites used the HIVE scRNA-seq Starter
Bundle (HCB019) for sample processing only. HIVEs were
shipped from the central site to testing sites on dry ice for
processing. Briefly, on day 1, the cell loaded HIVE collec-
tors were thawed and washed followed by cell lysis and a
hybridization step to capture Poly-A transcripts from indi-
vidual cells in the HIVE picowells on the beads. The beads
were recovered following the HIVE protocol and then trans-
ferred to a 96 well filter plate to perform first and second
strand synthesis. Steps were completed in the 96 well filter
plate utilizing vacuum assembly provided by the manufac-
turer as part of the HIVE scRNA-seq Starter Bundle. Follow-
ing the second strand synthesis, a whole transcriptome am-
plification step was performed. Protocol was continued on
day 2 to complete the library prep, SPRI clean-up of whole
transcriptome amplification product was followed by an ad-
ditional polymerase chain reaction to incorporate the Illu-
mina sequencing adapters and indices using a total of 25 ng
per reaction. For the leukocytes, each testing site processed
replicate “A” and “B” to produce a total of eight libraries,
and a single library was generated for the PBMC sample.
The quality and quantity of each library was checked with
the Qubit (Thermo Fisher Scientific), Agilent Bioanalyzer
2100 HS DNA (Agilent Biotechniques), and RT-qPCR using
the Kapa SYBR Fast qPCR Kit, KK4602 (Roche Diagnostics).

Parse Biosciences Sample Processing

The Parse single-cell library was prepared with the Parse
Single-Cell Whole Transcriptome Kit, Evercode WT Mini v2,
ECW02010 (Parse Biosciences) following the user manual
V2.0.1. For the first round of barcoding, 4000 cells were dis-
tributed into each of the 12 wells (48,000 cells total) with
subsequent pooling and barcoding steps performed follow-
ing the user guide. Two sublibraries were completed for the

sample and a single sublibrary was sequenced. The qual-
ity and quantity of the sequencing library was checked with
the Qubit (ThermoFisher Scientific) and Agilent Bioana-
lyzer 2100 HS DNA Kit (Agilent Biotechniques).

Illumina Sequencing

Sequencing was completed at one site using the NovaSeq
6000 instrument from Illumina. Libraries generated from
the leukocytes for 10x were sequenced on a S2100 cycle
flow cell 28-10-10-90 targeting 10,000 reads per cell for
FLEX and 25,000 reads per cell for the 3* GEX libraries.
Pooled loading concentration for the 10,000 libraries stan-
dard workflow was 1500 pM. The Honeycomb leukocyte
libraries were sequenced on a full S1100 cycle flow cell
25-8-8-5 targeting 25,000 reads per cell. The pooled load-
ing concentration for Honeycomb libraries standard work-
flow was 1800 pM. 10x and Parse PBMC libraries were se-
quenced on individual lanes using the XP workflow with a
SP 200 cycle flow cell 100-10-10-100; pooled loading con-
centration was 750 pM, and the Honeycomb PBMC library
was sequenced on a full SP 100 cycle flow cell, 25-8-8-50.
Prior to sequencing, gPCR was completed to determine li-
brary concentration for pooling prior to loading the se-
quencer. The Honeycomb libraries required custom
primers, which are provided in the sample processing kit
with the library prep reagents at 100 uM. The NovaSeq
6000 Custom Primer protocol, Document 1000000022266
v03, was followed to prepare and load the custom primers
for the Honeycomb sequencing runs.

Data Analysis

Sequencing data (FASTQ format) was processed to generate
cell-level feature barcode matrixes using vendor software.
For leukocyte samples, the 10x samples were processed us-
ing Cell Ranger v7.1.0, and data from all valid barcodes
(raw_feature bc_matrix data) was used in downstream
analysis. Honeycomb leukocyte data was processed using
BeeNet v1.1.3 specifying 10,000 barcodes. The 10x PBMC
samples were processed using Cell Ranger v7.1.0 and only
cell-associated barcodes were used for downstream analysis
(filtered_feature_bc_matrix data). The PBMC Honeycomb
sample was processed using BeeNet v1.1.3, which specifies
15,000 barcodes. The PBMC Parse Evercode data was
processed using split-pipe v1.0.5p with default settings.
Following data generation, processing and analysis were
carried out in a contained R environment that includes
a variety of data science, genomics, and single-cell RNA-
Seq software packages (https:/github.com/GBIRG/scR-
NAseq_2022/tree/main/Docker, Fig. S1). The contained

computer solution we have implemented facilitates distrib-
uted and collaborative data analysis projects, and the image
is made available to facilitate public analysis of this dataset
(docker://alemenze/abrfseurat). A listing of all the packages
and versions is available in the supplementary file
DSRG_GBIRG_Rcontainer_sessionInfo.txt. In order to cap-
ture low-information content granulocytes in the leukocyte
samples, data were imported into “Seurat” version 4.3.02!
using the following low-stringency parameters: nFea-
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ture RNA > 30, nCount RNA > 100, mitoRatio > 0.1, and
genes with nonzero counts in at least 10 cells. The data
from each platform were then normalized using sctrans-
form?2! and integrated using anchor-based integration22 fol-
lowed by dimensionality reduction and clustering.

Cell-Type Assignment

Clusters were then characterized with an integrated as-
sessment of cluster-specific marker genes, transcriptional
complexity, and scoring of expression signatures with ‘sin-
gleR.’23 In order to assign cell types to each leukocyte (Fig-
ure 3A) and PBMC (Figure 3C) cluster, ‘singleR’ was used
with the ‘celldex’24 references: Human Primary Cell Atlas,2>
Database Immune Cell Expression,2¢ and Blueprint En-
code.27 ‘SingleR’ assigns identity at the cellular level. To as-
sign cell types to unsupervised clusters, the fraction of cells
assigned to each identity was calculated for each cluster
and assignments that were coherent on a cluster-level were
prioritized. In addition to ‘singleR, cluster-specific gene
markers were identified using Find All Markers, and these
marker lists were examined using the MsigDB Investigate
Gene Sets28:29 ytility and the Cell Type Signature (C8) col-
lection. Cell-type assignment conclusions were then manu-
ally validated by examining cell-type specific markers. De-
bris (cell-free or empty droplets) clusters were defined as
those dominated by cells or droplets with poor QC metrics,
ambiguous cell-type assignments using ‘singleR’, and no
cluster-specific markers. Clusters meeting these criteria
were flagged as debris and excluded from downstream
analyses (Figure S2).

To remove potential sequencing depth-related biases in
downstream analysis, the sample-level cell counts follow-
ing debris exclusion were used as denominators to down-
sample the raw data to a sequencing depth of 25,000 reads
per cell. The resulting FASTQ files were then used as input
to the same analysis procedure. For the PBMC data, vendor
software was used to exclude debris clusters from the 10x
3pGEX, FLEX, and Parse samples. For the HIVE samples,
15,000 cells were requested in processing and a similar
cluster-level debris exclusion process as used in the leuko-
cytes was applied. As in the case of the leukocytes, once
a reliable cell count was obtained, FASTQ files were down-
sampled to 25,000 reads per cell and analysis was repeated.
Cell-type assignments prepared for the predownsampling
object were then transferred to the downsampled object so
that cells flagged as low-confidence coils could be excluded
from the analysis of downsampled data. These metadata
were then reevaluated in the context of the downsampled
data to revise and finalize cell-type assignments.

For comparison with transcript coverage over gene bod-
ies, the Python package deepTools v3.5.43! was used to
generate bigWig coverage files from the binary alignment
map (BAM)-formatted alignments for each sequencing
platform. Normalized coverage over exons was computed
using deepTools computeMatrix with the following para-
meters: scale-regions -b 100 -a 100, unscaled5prime 60,
unscaled3prime 60, skipZeros, and metagene and gene an-
notations, which are gene transfer format (GTF) files pro-

vided by 10x Genomics (GRCh38-2020-A, based on GEN-
CODE v32/Ensembl 98).

Correlation Analysis

To agnostically evaluate the similarity between samples
across technologies and sites, we applied a bulk correlation
analysis across the dataset. SCT normalized expression
counts were aggregated per sample using the “Seurat”
function AggregateExpression on single-cell transform
(SCT) assay data and Pearson correlations were calculated
between each pairwise sample for downstream visualiza-
tion.

Differential Expression Analyses

To perform a multisite, cross-platform assessment, we ex-
ecuted comparisons between A and B replicates generated
at each site and also between A replicates from each site
and 28-day and 1-day storage time. To ensure consistent
comparisons across analyses, we filtered to show only genes
present in the FLEX probeset, which includes 28,690 genes
to make the comparisons uniform across each platform. For
each comparison, count data for relevant replicates were
extracted from the object, and differential expression
analysis using ‘DESeq2’30 and an approximate condition
design was then performed. Differentially expressed genes
(DEGs) were defined as genes having an absolute log2 fold
change (1og2FC) of >1 and a false discovery rate (FDR) ad-
justed p-value (padj) of <0.05. The results we visualized us-
ing enhanced volcano plots were generated for each com-
parison using ‘EnhancedVolcano,3! and fold change box
plots showing A_vs B and site-specific variation were gen-
erated using ‘ggplot2.’32

Unique Molecular Identifier (UMI) Gene
Body Coverage Analysis

For sequencing saturation analyses, BAM files were down-
sampled to a range of different depths relative to the start-
ing library using PySAM v0.18.0. Reads were then re-
counted for unique UMI, gene, and barcode sets. In brief,
only reads originally tagged by Cell Ranger with the ‘xf’
tag equal to 17 (read mapped confidently to the transcrip-
tome and to one unique feature) or 25 (read mapped confi-
dently to the transcriptome and to one unique feature with
a read that is representative for a molecule and is treated
as a UMI count) were added to sets for each gene and bar-
code pair, resulting in a matrix that faithfully reproduces
the Cell Ranger counting rubric at each depth. To extrapo-
late the number of predicted mean UMIs/cell at saturation,
downsampled data was fit to a Michaelis-Menten model of
the following form:

$U=%$

Where:

$U$ = mean UMIs per cell

$U_{max}$ = UMIs per cell at saturation

$K_{r}$ = 50% saturation point (in mean reads per cell)

$R$ = mean reads per cell
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Figure 1. Experimental design and data processing

those having poor QC characteristics.

Leukocyte and PBMC samples obtained from a single donor were used fresh in the 10x Genomics NextGEM
3" (3pGEX) procedure or preserved according to manufacturer workflows for the 10x FLEX, Honeycomb HIVE,
and Parse Evercode (PBMC only) samples. The Leukocyte samples were shipped to four separate sites per
kit, while PBMC processing was performed at a single site. Following library preparation and sequencing,
Leukocyte single cell data was imported into “Seurat’ using minimal filtering parameters to ensure that low
information-content granulocytes were not excluded by default vendor filtering. After this initial processing,
clustering and cell-type assignment was performed and clusters consisting of low-quality cells with poor QC
characteristics were excluded from downstream analyses. For PBMCs, a similar approach was applied to the
HIVE data because the vendor software requires specification of the expected number of cells and this results
in inclusion of some low-quality cells. For the 10x and Parse PBMC samples, default vendor processing was
used. were processed separately by normalization, integration and clustering. Debris clusters were defined as

Results

We compared data generated by three different single-cell
RNA-Seq technologies (10x FLEX, Honeycomb HIVE, and
Parse Evercode) that enable users to preserve cells up-
stream of scRNA-seq processing prior to single-cell capture
and library preparation. Total human leukocytes (PBMCs
and granulocytes) were profiled due to the well-established
cell-type-specific expression profiles of PBMCs and the po-
tential for preservation-focused scRNA-seq protocols to
capture granulocytes, which have been underrepresented in
single-cell data to date due to their fragility and low tran-
scriptional complexity. To establish a reference to many ex-
isting datasets, fresh leukocytes were processed using the
10x Genomics 3’ v3.1 chemistry (3pGEX). To minimize the
number of variables in our study, the total leukocyte and
PBMC samples were collected from the same individual at a
single site. Fixation and storage were performed in parallel
by two technicians (designated “A” and “B” replicate sam-
ples) to assess technical variability in sample preparation.
Preserved samples from the FLEX and HIVE were shipped
to four separate sites and processed after 28 days in storage
to assess the reproducibility of these methods and iden-
tify possible sources of cross-site variation. The A/B repli-
cate design and multisite distribution described here ap-
plied exclusively to the total leukocyte phase of the study;
the PBMC follow-on experiment was performed at a single
site and processed after one day of storage as described in
the following section. Kit compatibility challenges with to-

tal leukocytes in the Parse Evercode chemistry prevented
their inclusion in the initial phase of this study, so a second
phase was conducted to generate data from all three plat-
forms. This follow-on experiment was performed on PBMC
specimens isolated at the same site as the first phase and
processed using the 10x 3pGEX (fresh), 10x FLEX, HIVE,
and Evercode workflows. Table 1 presents the experimental
metadata associated with the 20 leukocyte samples and 4
PBMC samples. Each sample was sequenced at a central lo-
cation to the manufacturer recommended depth (Table 1,
ReadCount, Figure S3A). Count data were prepared using
vendor-specific tools, and the resulting data were imported
into “Seurat” v42! for analysis.

Except for the 10x and Parse PBMC samples, the initial
processing used permissive filters for transcriptional com-
plexity to ensure retention of granulocytes. These unfil-
tered data were then integrated and clustered, and cluster-
specific markers were identified by differential expression
analysis. Cell-type assignment was performed using ‘sin-
gleR’ and by examination of cluster-specific marker genes.
Clusters with poor QC parameters, ambiguous cell types,
and no clear distinguishing marker genes were flagged as
cell-free droplets and excluded from downstream analysis
(Figure S2). To standardize the per-cell sequencing depth
for different samples (Figure S3C), the counts of high-con-
fidence cells (Table 1, Cells; Figure S3B) were then used as
a denominator to downsample the original FASTQ files to a
consistent sequencing depth of 25,000 reads per cell (Fig-
ure S3D).

Journal of Biomolecular Techniques 14



Multisite Assessment of Methods for Cell Preservation Upstream of Single-Cell RNA Sequencing

A.Leukocytes
12.n_feature

125

15.04

|

100+ 8-

12.n_count

2. 2.0 0,79 "2 0.0 "0 0 0 - S T - T ] @.v.0 "0 OO0 O
AN BB N N e e e G R R ICICAJ PR X %% o
G e © T o g o
FFIIIIIIII T I S S S S S E LI T I TITTEEH IS
0.20 JattoR B. PBMCs Legend
12.n_feature 12.n_count mitoRatio
[3pGEX]
150 020
018
Y 12548 015 FLEX
0.10 R T Y
100 010+ 4--- - 44~
|
005 |
l llll ’ k HIVE'zB
A
000
B, e Evercode
PO Q0 .0 0 0 Q0 D D
L S Ty A T - D L i % RS Sy Ty Ml T L 3 & o i
& <
o ﬂﬁo 4&4“@&" Q"Q"{&Q&Q“oﬁ" THEFEFFFFFES Icdentity Identity Identity

Figure 2:Quality Control Statistics for Leucocyte and PBMC Samples

Violin plots presentingthe log2-transformed gene count (12.n_feature), read counts (12.n_counts), and the
percentmitochondrial reads(mitoRatio) for filtered and downsampled leukocyte (A) and PBMC (B) samples.
Site-levelreplicates show consistent values, exceptfor FLEX.28 site 4, where replicate Ais slightly higher in
gene and read counts compared toreplicate B (Red Arrows). Mitochondrialread percentagesarerelatively
low in the 10x FLEX samples because probesinterrogating these genes are excluded from the platform (Red
Arrowheads). Violins are colored accordingto preparation. Note that in panel B (PBMCs), the x-axis labels
indicate platform (3pGEX, FLEX, HIVE, Evercode)ratherthan individualsample IDs, as only a single library per
platform was generated for the PBMC experiment. Dashed reference lines are provided at6.6 (100) and 9
(500) for gene counts in 12.n_feature panels, 10 (1000) and 12.3 (5000) for read counts inl2.n_count panels
and 0.1 (10%) for percentmitochondrialreadsin mitoRatio panels.

Following downsampling of the FASTQ files and repro-
cessing using vendor software, data were subset to droplets
labeled as cells in the initial analysis of the full dataset.
Traditional QC metrics, including number of genes per cell
(n_feature), number of UMIs per cell (n_count), and the
fraction of reads derived from the mitochondrial genome
(mitoRatio), were evaluated to compare each platform. For
the leukocyte data (Figure 2A), the site-level A and B repli-
cates are highly consistent except for those from site 4
(FLEX.28.4A and FLEX.28.4B, red arrows). In addition to
this FLEX replicate variability for site 4, there is variability
in both the number of genes and the number of counts
within the FLEX sets. Samples from sites 1 and 4
(FLEX.28.1.A/B and FLEX.28.4.A/B) have more genes and
counts than samples from sites 2 and 3 (FLEX.28.2.A/B and
FLEX.28.3.A/B). The number of genes and counts observed
in the site 1 and 4 FLEX samples is similar to what was ob-
served in the 10x 3pGEX control. Transcriptional complex-
ity was consistent across all four HIVE 28-day site samples;
however, higher counts were observed in 1-day samples
compared to those after 28 days of storage, and this differ-
ence may be pronounced in monocytes, B-cells, and Den-
dritic Cells (DCs). During import, cells with greater than
10% mitochondrial reads were excluded from considera-
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tion, which is reflected in the plots of this parameter. No-
tably, the 10x FLEX technology lacks probes targeting mito-
chondrial ribosomal protein genes, which account for most
mitochondrial transcripts. This results in a lower propor-
tion of reads attributed to mitochondrial expression (red
arrowheads). In the case of PBMCs (Figure 2B), FLEX had
slightly more features detected than 3pGEX, with HIVE and
Evercode showing lower detection. Interestingly, HIVE ex-
hibited a wider distribution of both features and total
counts. Similar sample characteristics were observed at the
cell-type level for both leukocytes (Figure S4A) and PBMCs
(Figure S4B) including consistent distribution of cell types
across sites and technologies, thus suggesting successful
integration of datasets (Fig. S5 A and B). The exception is
the presence of platelets and an “unknown” cluster likely
containing debris or ambient RNA in the HIVE PBMC sam-
ple (Figure S5B), which likely account for the wider distrib-
ution of feature counts in that dataset.

To facilitate the comparison of cell-type proportions es-
timated by scRNA-seq and FACS, the detailed assignments
were collapsed to generalized cell types (Figure 3B and
D). Overall, cell-type proportions between the scRNA-seq
and FACS were generally concordant. Approximately 50%
of the cells in the leukocyte groups are granulocytes with
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Figure 3 - UMAP plots with cell-type assignments of clusters: UMAP plots
of leukocytes (A and B) and PBMCs (C and D) with detailed cell
assignments (A and C) and more general assignments used for
comparison to FACS data (B and D). The color scheme used in panels A
and C is the same as the color scheme used in panels B and D. The
number of granulocytes (A and C, red arrowheads; B and D, orange cells),
specifically neutrophils, are largerinthe Leukocyte samples. T=T-cell,
B=B-cell, NK=natural killer cells, DC=dendritic cells, pDC = plasmacytoid
dendritic cell; cDC = conventional dendritic cell; NK = natural killer cell;
HSC = hematopoietic stem cell, RBC=Red Blood cells.

most being neutrophils. As expected, this population is a
much lower fraction in the PBMC samples. In the leukocyte
data, there is close agreement between the HIVE 1-day and
HIVE 4-week groups, indicating that this storage period
does not impact cell-type proportions. 10x 3pGEX demon-
strated the lowest proportion of granulocytes; they are still
abundant. T- and NK-cell proportions were also enriched
in 10x 3pGEX samples compared to all other single-cell
technologies, and they more closely resembled the pro-
portions of these cell types from FACS data. In contrast,
FLEX and HIVE data demonstrated enriched proportions of
monocytes relative to FACS and 10x 3pGEX. For the PBMC
samples, we note strong agreement between the FACS data
and both 10x technologies, while HIVE and Evercode tech-
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nologies exhibited a reduction in the proportion of T-cells
present and an increase in the proportion of monocytes.
All single-cell technologies demonstrated a slight enrich-
ment of B-cell proportions relative to FACS (Figure 4). To-
gether, these results suggest single-cell preservation plat-
forms achieve similar cell-type composition to each other
and to FACS data; however, some exceptions exist for spe-
cific cell types.

To assess the similarity of leukocyte expression profiles
across different technologies, correlation analysis was per-
formed on the averaged data calculated using the “Seurat”
function AggregateExpression and the SCT assay. Impor-
tantly, genes not targeted by the 10x FLEX probeset were
removed from this analysis. Correlation coefficients were
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Table 1. Experimental metadata featuring a total of 24 samples that were considered in this experiment (20 leukocyte
samples and 4 PBMC samples). The nomenclature presented in the sample column is used in sample-level visualizations.
The color key indicates experimental groups in subsequent figures.

Sample Cells ID company prep version day site replicate Filtering
3pGEX.1.2.A Leukocyte 10x-23 10x 3pGEX 3.1 1 2 A Custom
3pGEX.1.2.B Leukocyte 10x-24 10x 3pGEX 3.1 1 2 B Custom
FLEX.28.1.A Leukocyte 10x-21 10x FLEX 1 28 1 A Custom
FLEX.28.1.B Leukocyte 10x-22 10x FLEX 1 28 1 B Custom
FLEX.28.2.A Leukocyte 10x-25 10x FLEX 1 28 2 A Custom
FLEX.28.2.B Leukocyte 10x-26 10x FLEX 1 28 2 B Custom
FLEX.28.3.A Leukocyte 10x-27 10x FLEX 1 28 3 A Custom
FLEX.28.3.B Leukocyte 10x-28 10x FLEX 1 28 3 B Custom
FLEX.28.4.A Leukocyte 10x-29 10x FLEX 1 28 4 A Custom
FLEX.28.4.B Leukocyte 10x-30 10x FLEX 1 28 4 B Custom
HIVE.28.1.A Leukocyte HC-11 HC HIVE vl 28 1 A Custom
HIVE.28.1.B Leukocyte HC-12 HC HIVE vl 28 1 B Custom
HIVE.1.2.A Leukocyte HC-13 HC HIVE vl 1 2 A Custom
HIVE.1.2.B Leukocyte HC-14 HC HIVE vl 1 2 B Custom
HIVE.28.2.A Leukocyte HC-15 HC HIVE vl 28 2 A Custom
HIVE.28.2.B Leukocyte HC-16 HC HIVE vl 28 2 B Custom
HIVE.28.5.A Leukocyte HC-17 HC HIVE vl 28 5 A Custom
HIVE.28.5.B Leukocyte HC-18 HC HIVE vl 28 5 B Custom
HIVE.28.6.A Leukocyte HC-19 HC HIVE vl 28 6 A Custom
HIVE.28.6.B Leukocyte HC-20 HC HIVE vl 28 6 B Custom
pbmc.10x3p PBMC pbmc.10x3p 10x 3pGEX 3.1 1 2 A Vendor
pbmc.10xFlex PBMC pbmc.10xFlex 10x FLEX 1 1 2 A Vendor
pbmc.HCv2 PBMC pbmc.HCv2 HC HIVE v2 1 2 A Custom
pbmc.Parse PBMC pbmc.Parse Parse Evercode v2 1 2 A Vendor

* Total reads before downsampling
** Cell count used as denominator in downsampling

high across all technical replicates (minimum of 0.93), sites
(minimum of 0.91), and technologies (minimum of 0.91)
with an overall minimum correlation coefficient of 0.75.
Hierarchical clustering of correlation coefficients reveals
strong clustering by technology, suggesting some level of
platform-specific expression (Figure 5A). The HIVE and 10x
data form two distinct clades, with the 1-day samples (10x
3pGEX) being distinct from the 28-day samples (FLEX).
Within the two 28-day clades, the HIVE site samples and
the A and B replicates intermix with one another without
discernible metadata associations, which suggest that the
site and technician variables have minimal contribution
to the resulting expression data. However, within the 10x
FLEX 28-day clade, site 1 and 4 samples are distinct from
the site 2 and 3 samples, and the A and B replicates within
the site 1 and 4 samples are clustered together. This site
distinction in the 10x FLEX data aligns with the QC para-
meter profiles (Figure 3A) and may indicate that the 10x
FLEX processing routine is more susceptible to technical
variation from sample processing differences compared to
the HIVE. Despite these differences, these data indicate

each platform obtains leukocytes with highly similar ex-
pression profiles.

To investigate reproducibility of the fixation and storage
process between replicates processed by different techni-
cians at both the same site and across different sites, dif-
ferential expression analyses between specific sample sets
were performed (Figure 6A). The violin plot in the top panel
shows log2 counts for each sample under consideration,
and the box plots in the bottom panel report the distri-
bution of log2 fold changes for each A vs B comparison.
The values for all tested genes are displayed, and horizontal
boxes at the 0 line indicate that more than 75% of the genes
in the test have log fold changes near 0. This is observed
for all comparisons except for a single site (FLEX.28.4 A vs
B). In this comparison, a subset of genes has fold changes
>0 indicated by the box above the 0 line and likely reflects
differences in the counts highlighted by the violin plot in
the top panel. Note that a small number of outliers were
observed in each comparison. In total for all comparisons,
there are 12 outlier results that have fold changes outside
the threshold of 1. These results come from seven genes:

Journal of Biomolecular Techniques 1 7
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Figure 4 - Comparison of cell-type proportions between scRNA-Seq and FACS: Cell
type proportions in single cell RNA-Seq data aggregated by preparation compared to
cell type proportions derived from FACS data for Leukocyte samples (A) and PBMCs
(B). Although some variability exists in the proportion data, there is good agreement
between the scRNA-Seq results and the FACS data. Cell type abbreviations are as
follows: T=T-cell, B=B-cell, NK=Natural Killer cells, DC=Dendritic cells, The granulocyte
proportions are consistently higher in the FLEX and HIVE platforms suggesting that
these technologies more efficiently capture these fragile cell types.

HBB, IGHD, IGHG2, IGHG3, IGKC, IGLC3, and MT-CO1. It
should be noted that reporting significant genes as defined
by fold change and p-value thresholds does not work well
for these analyses because most of the fold changes are
small. Taken together, minimal differential expression be-
tween A and B replicates was observed indicating that all
platforms are highly reproducible when processed in the
same facility.

Differential expression analyses were also used to com-
pare data generated at different sites (Figure 6B). Given
that the previously noted correlation and differential ex-
pression data establish near equivalence between technical
replicates, site comparisons were performed using only the
A replicates. For completeness, site comparisons using the
B replicates are provided in Figure S9, and the results are
consistent with those observed for the A replicates, further
supporting these conclusions. The top panel shows the log2
counts across sites, with log2 fold-change values from all
pairwise comparisons represented as boxplots in the bot-
tom panel. For the FLEX samples, we observe elevated log2
UMI counts for the site 1 and site 4 samples, compared
with the counts from sites 2 and 3. This distinction can
also be seen when comparing the number of differentially
expressed genes between these groups with few DEGs de-

tected when comparing sites 1 vs 4 and sites 2 vs 3, but a
large number of DEGs comparing either site 1 or 4 with site
2 or 3. For the HIVE samples, none of the site comparisons
produced substantial numbers of DEGs consistent with the
previously presented correlation data.

To further characterize the library complexity of data
generated across different platforms and sites and the dif-
ferential expression result observed with site 4 in the
28-day FLEX samples, library complexity was modeled (Fig-
ure 7A). 10x FLEX BAM files were downsampled and re-
counted using a custom PySAM script that accurately re-
produces Cell Ranger UMI calling logic. The resulting reads
and /UMI curve were fit using the Michaelis-Menten equa-
tion, where Vmax = max # of detectable UMIs and Km =
reads per cell at 1/2 saturation. These Vmax values are plot-
ted in the bar chart in Figure 7B and compared to the re-
sults for the 10x 3pGEX technology, filtering for genes in-
cluded in the FLEX probe pool. Lower library complexity
was observed in samples prepared at sites 2 and 3 compared
to samples prepared at sites 1 and 4. This is supported
by the barcode rank analysis, showing higher overall UMI
counts in site 1 and 4 samples despite having grossly sim-
ilar profiles (Figure 7C). Substantial variability was also
noted between A and B replicates from site 4 (Figure 7D).

Journal of Biomolecular Techniques 1 8
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Figure 5 - Correlation analysis of leukocyte data: Gene expression data for leukocyte samples was filtered to the
subset of genesinterrogated by the 10x FLEX platform and pairwise Pearson correlation coefficients were
calculated (A). In the clustered heatmap, technology is indicated by the colored bar across the top of the
heatmap. The HIVE and 10x samples group into two major clades. In the HIVE clade, the 1 dayreplicates are
distinct from the 28 day replicates. Within the 28 day replicates, no association between the site-levelA and B
replicates is observed suggesting a high degree of reproducibility across sites. In the 10x clade, the FLEX samples
are distinct from the 3pGEX samples. Within the FLEX clade, some association is observed between site-levelA
and B replicates for sites 1 and 4 while the A and B replicates are intermixed for the site 2 and 3 samples.
Clustered heatmap of Pearson correlation coefficients for leukocyte A replicates and PBMC samples (B) shows
technology-level clustering for various samples with leukocyte and PBMC samples clustered together for HIVE,
day1, 10x FLEX and 10x 3pGEX technologies. The Parse Evercode PBMC sample is most highly correlated with the

10x 3pGEX samples. Only genes captured by FLEX probes were considered in the analysis. Technology and
experimentare indicated by the colored bars across the top of the heatmap.

Close examination of how FLEX samples were handled at
each site revealed slight differences in the process that
could contribute to the observed variation in UMI counts
across sites. It was noted that sites 1 and 4 samples utilized
fixed-angle rotors for centrifugation and appeared to have
lower cell counts following probe hybridization, while sites
2 and 3 used swing-bucket rotors for these steps. These de-
viations in centrifugation do not appear to influence the
proportion of neutrophils from these samples, which have
lower RNA content and could account for this result nor
does it explain the variability between the A and B repli-
cates only at site 4. Together, these results indicate that
the additional sample preparation steps required at each
site for the FLEX assay can introduce variability, and care
should be taken to standardize these procedures as much as
possible.

Due to the incompatibility of RBC-depleted total leuko-
cytes with the Parse Evercode v2 chemistry, an additional
human PBMC sample was collected to allow assessment of
all three technologies. Correlation analysis was performed
(Figure 5B). Samples were clustered according to technol-
ogy and to a lesser degree by sample type (i.e., leukocyte vs
PBMC). This can be seen in the distinct clustering of FLEX
and HIVE samples, as well as 3pGEX and Evercode samples,
though the latter two technologies are most similar to one
another. Interestingly, while HIVE 1-day and 28-day sam-
ples exhibit strong correlation coefficients (Pearson >0.9),
they cluster separately from one another suggesting differ-
ences in expression profiles based on the length of storage
prior to processing. To investigate this further, differential
expression was performed between leukocyte HIVE day-1
and day-28 samples (Figure S7), and no genes with a log
fold change of >1 were observed. These observations sug-

gest that while a high degree of consistency is observed, the
choice of technology is not without impact, and subtle dif-
ferences in results can be detected.

In order to provide insight into the correlation analyses,
the molecular biology underlying each method was consid-
ered in more detail using PBMC alignment data, and the
results are shown in the plots shown in Figure S8. The
Evercode and HIVE alignments are roughly uniformly dis-
tributed along the transcript while, as expected, the 10x
3pGEX reads are concentrated at the 3’ end of the tran-
scripts (Figure S8A). The 10x FLEX alignments are probe-
based, and therefore average coverage distributions could
not be calculated. Expression of a selected example gene
(CD74, Figure S8B) shows the expected coverage distribu-
tion for reads originating from each platform (Figure S8C).
This Integrated Genomics Viewer (IGV)3334 image of the
CD74 locus with the PBMC BAM files is loaded for display.
10x 3pGEX data appear at the 3’ end of the gene, while
three FLEX probes (red arrowheads, FLEX probe track) can
be seen overlapping three internal exons. The centrally lo-
cated probe spans an exon/intron junction resulting in a
split appearance. The whole-transcript nature of the HIVE
and Evercode reads is apparent from the alignments where
coverage is highest over exons across the gene body. Of
note, nonexonic coverage is observed in the 10x 3pGEX,
HIVE, and Evercode tracts. Examination of alignment in
this region suggests that these reads may be caused by ge-
nomic regions that are rich in A or T bases (not shown) and
is consistent with previous studies demonstrating internal
priming of poly-A/T tracts in nuclear pre-mRNA transcripts
from technologies using oligo-dT-based RT priming strate-
gies.3>
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Figure 6 - Differential expression analyses between site-level replicates and
between sites: Differential expression analyses between the A and B replicates for
each preparation and site (A) or between sites for each preparation (B). In both
panels, violin plots of log2 counts per cell are provided to orient the comparisons
being presented in the bottom panel box plots. The boxplots summarize the
observed fold changes for each comparison. In many cases, the majority of the
fold changes are near 0 indicated by a narrow box or line at 0 while comparisons
with more substantial differential expression have a wider fold change
distribution. For the Avs B comparison (A), the site 4 FLEX samples is the only
comparison, only the FLEX.28.4 Avs B comparison has a substantial number of
fold changes different than 0. In this case, non-0 fold changes are predominantly
positive indicating higher values in A compared to B. This is consistent with the
higher counts for FLEX.28.4A compared to FLEX.28.4.B. For comparisons
between sites at 28 day storage (B) only A replicates were considered and each
pairwise comparison within preparations was done. For FLEX, these comparisons
were site2vs 1,3vs 1,3vs 2,4vs 1,4vs 2, and 4 vs 2. For HIVE, these
comparisons were site2vs 1,5vs 1,5vs 2,6 vs 1,6vs 2, and 6 vs 5. For the HIVE
samples, comparison between sites does not produce many non-0 log fold
changes. For FLEX however, any comparison between sites 1 or 4 with sites 2 or 3
produces genes with fold change. The log2 n_count plots show the count
variability that underlies this result.

Discussion the site of collection. This requirement has hindered wide-
spread adoption of this technique for clinical and other
specimens where samples may be procured at sites without
access to single-cell instrumentation or for samples that are
collected over time and would benefit from additional data

Single-cell RNA sequencing has transformed our under-
standing of biology but has historically been limited to
the analysis of high-quality, fresh specimens processed at
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Figure 7 - UMI analysis of 10x leukocyte samples: (A) The number of UMI per cell at different
sequencing depths indicates variable library complexity in 10x FLEX leukocyte samples. Both site 1
samples and one of the site 4 samples have relatively high complexity, one site 4 replicate has
intermediate complexity and all site 2 and site 3 samples have lower complexity. (B) The complexity
of the site1and 4 samplesis similar to the 10x 3pGEX data. Bars show a modeled number of UMI
per cell across sites and technologies, restricted only to genesthat are captured by FLEX. Only A
replicates from each site are shown in this panel. (C) Plot of UMI compared to barcode rank
indicates that approximately the same number of cells were loaded in each sample. (D)
Experimentalmetadata from FLEX processing at each site.

before committing to downstream processing. The avail-
ability of commercial solutions to preserve specimens prior
to single-cell analysis through cryopreservation and/or fix-
ation addresses many of these issues, but systematic as-
sessments of these approaches are lacking. Herein, we ex-
amine the ability of the 10x Genomics FLEX, Honeycomb
Bio HIVE, and Parse Evercode technologies to capture gene
expression profiles from RBC-depleted total human leuko-
cytes and PBMCs from a single individual and compare
the relative cell-type proportions to 21-color flow cytome-
try data generated in parallel. While prior studies explored
the differences between various scRNA-seq technologies by
comparing metrics such as cost, performance, and sample
compatibility,16-1936 ours is the first to assess the repro-
ducibility of these methods in terms of both the sample
preservation process as well as the downstream capture and
preparation of sequencing libraries across geographically
separated core facilities.

In addition to the sample preparation challenges, com-
ponents of downstream analyses were carried out in dif-
ferent core facilities. Because the deployment and manage-
ment of consistent computing environments across sites
can be difficult, we utilized a Docker image prepared by
our team containing all necessary software packages. This
image was run on various high-performance computer en-
vironments using singularity.37-38 This approach enabled
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work to progress in different sites using identical software,
and it is ideal for core facilities that wish to promote collab-
oration and reproducibility.

Both the 10x FLEX and Honeycomb HIVE kit performed
well in preserving human leukocytes specimens, including
retention of granulocyte populations with relative propor-
tions of cell types comparable to the “gold standard” flow
cytometry dataset. While three of the four sites were able to
generate sequencing libraries from total human leukocytes
using the Parse technology, very few cells were captured,
and the data quality was poor (data not shown). That the
PBMC samples were successful suggests that granulocytes
may be problematic for this method. The findings from
FLEX and HIVE are consistent with observations from Hatje
et al.,36 and while they were able to generate libraries con-
taining granulocytes, those populations are significantly
underrepresented in their dataset. In contrast to Hatje et.
al.,36 we observe granulocytes in the 3pGEX dataset; how-
ever, they are underrepresented compared to the other
technologies. This result is likely due to the optimized sam-
ple collection procedure used for this study where cells
were captured or preserved within 2 hours of the initial
blood draw. Overall, the detection of granulocytes is an
advantage of the FLEX and HIVE technologies compared
with Parse or the processing of fresh samples using 3pGEX.
PBMCs were also examined using 10x 3pGEX, 10x FLEX,
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Honeycomb HIVE, and Parse Evercode. All technologies
produce high quality gene expression data that can be used
to identify the expected cell types in proportions that are
comparable to each other and concordant with flow cytom-
etry measurements.

The ability to detect granulocytes has long been a chal-
lenge for single-cell studies and even with their improved
retention using preservation-based methods, computa-
tional solutions are needed to distinguish granulocyte-as-
sociated barcodes from those harboring ambient RNA or
platelets, all of which have similar RNA content. Herein, we
considered standard QC parameters combined with analy-
sis of cluster-specific markers to distinguish cell-associated
droplets from acellular debris. This approach is effective at
identifying cell-containing droplets and can be used to im-
prove the recovery of RNA poor cell types independent of
the platform used. Despite small exceptions, the cell-type
proportions we observe are similar in data from different
platforms. This is consistent with previous reports that the
10x 3pGEX platform can capture granulocytes using spe-
cific sample preparation procedures and a modified analysis
routine to include low RNA content cells.36:39

Despite the high-level agreement between methods, de-
tailed comparisons at the gene level reveal significant dif-
ferences across technologies. Within the leukocyte dataset,
correlation analysis between samples from 3pGEX, FLEX,
and HIVE demonstrate clustering by technology with the
stronger cross-site correlations observed for the 10x sam-
ples compared with HIVE. When including samples from
the PBMC dataset, we again see strong clustering based
on the technology used rather than the sample type (i.e.,
leukocyte or PBMC). One possible explanation is the con-
siderable difference in assay design across the technologies
tested. We explored the distribution of read alignments and
found that, as expected, reads were concentrated in the 3’
region for samples prepared using 10x 3pGEX while the
HIVE and Parse kits exhibit more uniform, full-length tran-
script coverage (Figure S8). We also observed similar levels
of mitochondrial abundance for both leukocytes and PBMCs
except for 10x FLEX, which excludes many mitochondrial
genes from the probe set (Figure 2B). Despite these differ-
ences, broad concordance in cell-type abundance, sample
quality, and total gene detection is consistent across tech-
nologies, thus enabling the successful integration of the
datasets and comparison of QC metrics including gene and
UMI counts per cell, which were similar across all technolo-
gies.

Our unique study design also allowed us to assess vari-
ation at the level of sample preservation, as well as across
sites using the same technology. Except for the site 4 FLEX
replicates, we did not observe substantial differences in
samples preserved by different technicians and analyzed
them at the same performance site (A vs B replicates, Figure
5A). We do note variability between samples analyzed by
the same technology across sites. Specifically, 10x FLEX
samples from sites 1 and 4 show higher UMI counts per cell
than those processed at sites 2 and 3. While the precise rea-
son for these differences is not known, we note that sites
2 and 3 used swing-bucket rotors for sample centrifuga-

tion, as opposed to fixed-angle rotors at sites 1 and 4, with
the latter resulting in lower cell counts following probe hy-
bridization. We hypothesized this cell loss may have re-
sulted in a reduction in the neutrophil/granulocyte fraction
and the capture of more high RNA content cells. However,
no significant differences in neutrophil abundance were ob-
served for these samples; however, other populations may
be affected (data not shown). This finding highlights the
need to standardize downstream processing steps particu-
larly for the FLEX method, where sample preservation is
performed separately from single-cell capture, which can
introduce additional variability into the workflow.

The study presented here does not attempt to be a com-
prehensive quantitative assessment of the impact of preser-
vation on scRNA-seq data. Instead, we aimed to report on
the experiences of multiple core facilities working with
these technologies and to identify features of these work-
flows to be considered when deciding which to adopt for
a given project. We find that strong correlations generally
exist between replicate samples processed at different sites
using the same method, but that differences in expressions
exist between platforms. As a result, the chosen method
should be based on the ability to accommodate the sample
type and number of cells of interest as well as logistics of
sample collection and downstream processing. With PBMCs
as input, all platforms produce high quality data as assessed
by the ability to identify cell types in proportions consistent
with the other technologies. For more challenging cell
types (such as total leukocytes), the 10x 3pGEX, 10x FLEX,
and HIVE platforms performed well based on the metric
of cell-type proportions. It is possible that if users wish
to minimize technical variability and all library prepara-
tions will be done at one location, 10x FLEX might be the
best choice. If data will be produced at a variety of lo-
cations, Honeycomb HIVE may be the best option. It is
also possible that the length of storage could contribute
to variation in the data as observed in the HIVE 1-day vs
28-day samples. This finding warrants further investiga-
tion across more timepoints and technologies to see if this
effect is significant. While a detailed cost-benefit analy-
sis is beyond the scope of this study, practical workflow
considerations merit brief discussion. The 10x FLEX work-
flow requires fixation reagents and an additional on-site
probe hybridization step but benefits from high multiplex-
ing capacity and widely available support infrastructure.
The Honeycomb HIVE system requires minimal hands-on
time at the collection site (cells are simply loaded into the
HIVE device and frozen), which makes it particularly well-
suited for remote or low-resource collection sites; library
preparation at the processing site is more labor-intensive
and requires a specialized vacuum manifold apparatus. The
Parse Evercode workflow offers highly scalable multiplex-
ing with moderate reagent costs, but as noted in this study,
this may not be compatible with all sample types and is
a 2-3-day hands-on protocol that may be hard to imple-
ment in some facilities or as a core service. Overall, plat-
form selection should weigh not only data quality but also
reagent costs, hands-on labor, scalability to the number of
samples, and the instrumentation available at both collec-
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tion and processing sites. Several limitations of this study
should be acknowledged. The PBMC follow-on experiment
was performed at a single site after only 1 day of storage
in contrast to the leukocyte samples, which were processed
at four sites after 28 days. This asymmetry limits direct
comparison of multisite reproducibility and long-term stor-
age effects between the leukocyte and PBMC phases of the
study. Future work should include PBMC samples processed
at multiple sites and at extended storage time points to en-
able a more rigorous parallel comparison.
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