O©CoOoO~NOOOPRWN -

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.24.684427; this version posted October 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Multi-site Assessment of Methods for Cell Preservation Upstream of
Single Cell RNA Sequencing

Running Title: Preservation methods for scRNA-Seq

Fred W. Kolling', Jessica W. Podnar?, Owen Wilkins"'®,Claire J. Fraser®, Madolyn L.
MacDonald*, Shawn W. Polson*, Zachary T. Herbert®, Sridar V. Chittur®, Andrew Hayden®,
Marcy Kuentzel® , Michael Heinz?°, Gabriella M. Huerta?, Holly S. Stevenson?, Aditi Karmakar?,
Catrina Fronick?, Lisa Cook?°, Sean Vargas’, Xiaoling Xuei®, Patrick McGuire®, Molly Zeller®,
Yanping Zhang'?, Ru Dai'®, Xinkun Wang'!, Ching Man Wai'!, Jyothi Thimmapuram®?,
Devender Arora'?, Tania Mesa'®, Jun Fan™, Yuriy O. Alekseyev'®, Francis Cervone's,
Christopher Williams'®, Nickolas Gorham'®, Alexander Lemenze'®, Sara Goodwin'’, Jonathan
Preall’’, and Charles A. Whittaker'®

1 - Dartmouth Cancer Center, Geisel School of Medicine, Dartmouth Health, 1 Medical Center Drive,
Lebanon, NH 03756, United States

2 - Genomic Sequencing and Analysis Facility, University of Texas, Austin, TX 78712

3 - Flow Cytometry and Genomics Core Facility, Barrow Neurological Institute, 350 W Thomas Avenue,
Phoenix, AZ 85013

4 - Bioinformatics Data Science Core, Center for Bioinformatics and Computational Biology, Department
of Computer and Information Sciences, University of Delaware, 590 Avenue 1743, Newark, DE 19713
5 - Center for Functional Genomics and Department of Biomedical Sciences, University at Albany,
Albany, NY 12222

6 - Molecular Biology Core Facilities at Dana-Farber Cancer Institute, Boston, Massachusetts, USA

7 - Genomics Core, University of Texas at San Antonio, San Antonio, TX 78249, USA

8 - Center for Medical Genomics, Indiana University School of Medicine, Indianapolis, IN 46202

9 - University of Wisconsin Madison Biotechnology Center, Madison WI 53706

10 -ICBR Gene Expression & Genotyping, University of Florida, Gainesville Fl 32610

11 - NUSeq Core, Center for Genetic Medicine, Northwestern University Feinberg School of Medicine,
Chicago, IL 60611

12 - Bioinformatics Core, Purdue University, West Lafayette, IN 47907

13 - Molecular Genomics Core, Moffitt Cancer Center, Tampa FL, 33612

14 - Molecular Genomics Core, Texas A&M Institute for Genomics Sciences and Society. College Station,
TX 77843

15 - Single Cell Sequencing Core and Microarray and Sequencing Resource Core, Boston University,
Boston MA 02118

16 - Molecular and Genomics Informatics Core, Rutgers NJMS, 185 South Orange Ave, Newark NJ
07103

17 - Cold Spring Harbor Laboratory, 1 Bungtown Rd, Cold Spring Harbor, NY 11724

18 - Barbara K. Ostrom (1978) Bioinformatics and Computing Core Facility, Swanson Biotechnology
Center, Koch Institute at the Massachusetts Institute of Technology, 77 Massachusetts Ave. 76-189B,
Cambridge MA 02139

19 - Department of Biomedical Data Science, Geisel School of Medicine at Dartmouth, Hanover, NH
03755, USA and Dartmouth Cancer Center, Dartmouth Hitchcock Medical Center, Lebanon, NH 03756,
USA.

20 - McDonnell Genome Institute, Washington University School of Medicine, 660 South Euclid, St. Louis,
MO 63110

* Corresponding Author: Fred W. Kolling, PhD, Dartmouth Cancer Center, 1 Medical Center Dr,
Lebanon, NH 03756, Email: fred.w.kolling.iv@dartmouth.edu, Phone: 603-646-5487

Requested article type: Article


mailto:fred.w.kolling.iv@dartmouth.edu
https://doi.org/10.1101/2025.10.24.684427
http://creativecommons.org/licenses/by/4.0/

54

55

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.24.684427; this version posted October 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

The authors have no financial support or associations that pose a conflict of interest.

Abstract

Single cell RNA sequencing (scRNA-seq) is a revolutionary technique to identify cell types and
their molecular phenotype in heterogeneous biological specimens. SCRNA-seq typically requires
fresh, high quality single cell suspensions that are processed immediately to preserve their
molecular profiles. This presents a challenge for samples with long preparation times and
prevents collection at remote sites lacking the required instrumentation for sample processing.
Recently, several commercial assays have been released that enable sample preservation at
the time of collection either via fixation or cryopreservation, allowing for sample processing to
occur months after the initial collection. The Association of Biomolecular Research Facilities’
(ABRF) DNA Sequencing (DSRG) and Genomics Bioinformatics (GBIRG) Research Groups
have undertaken a cross-platform, multi-site study to assess the performance and
reproducibility of three platforms: a) 10x Genomics FLEX, b) Parse Bioscience Evercode WT v2
and c¢) Honeycomb Bio HIVE. Total leukocytes were isolated from a single healthy individual
using the EasySep RBC depletion reagent. Cells were then characterized by collecting a 21-
color flow cytometry dataset for reference and the remaining material was used for scRNA-seq
procedures where different sites then processed either the fixed or cryopreserved cells for each
method. We evaluated performance of each method across traditional scRNA-seq quality
control metrics and analysis applications, including gene/transcript detection sensitivity, cell type
discovery and annotation, and differential expression. We demonstrate that data from the
methods tested can be effectively integrated and produce concordant results with regard to cell
type annotation and relative abundance, though we observe platform-specific differences in the
expression of a subset of genes. Preservation-based methods also show better retention of
fragile granulocyte populations compared with fresh samples processed using the 10x 3’
workflow. The improvements to preservation methods are changing the way research is
conducted and our thorough investigation into the performance of each method provides a
valuable resource to help scientists determine the most appropriate single cell preservation
workflow given their sample collection logistics and laboratory infrastructure constraints.
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83 Introduction

84 Inrecent years, single cell RNA sequencing (scRNA-seq) has emerged as a powerful tool to
85  measure gene expression within individual cells, providing the resolution required to determine
86 cell identity and define cell states. These methods rely on microfluidically-generated droplets
87  (Matuta et al. 2020), picowells (Gierahn et al. 2017), or cells themselves (Wohnhaas et al.
88  2019), to partition and uniquely barcode the RNA molecules within each cell (Rosenberg et al.
89  2018; Wohnhaas et al. 2019). The barcoded RNAs are then sequenced to determine their
90 identity and the cell of origin. The starting material for these experiments is a suspension of
91  single cells, produced either through the dissociation of tissues, or purification of cells from
92  biofluids (e.g. blood). The integrity of the cells in suspension is critical, and has a direct impact
93  on the quality of data from scRNA-seq experiments. Cells that are stressed or undergoing
94  apoptosis generate distinct gene expression signatures and actively degrade their mRNAs,
95  reducing transcriptome complexity (Wu et al. 2021; llicic et al. 2016; Zhao 2002). Furthermore,
96 cell lysis causes the release of RNAs into the cell suspension and these “ambient” RNAs can
97  become barcoded and erroneously associated with cell expression profiles, decreasing the cell-
98  specific signal (Fleming et al. 2023; Young and Behjati 2020). For these reasons, single cell
99  experiments have required optimized dissociation procedures using fresh, high-viability single
100  cell suspensions for use in these assays. This presents a challenge when large numbers of
101 samples are processed in parallel, or when the reagents and instrumentation for single cell
102  capture are distant to where the cell suspension is generated. To circumvent these issues,
103  methods such as methanol fixation and cryopreservation have been validated in specific sample
104  types (e.g. blood, cerebrospinal fluid, etc.) (DuBois et al. 2024; Touil et al. 2023; Gutiérrez-
105 Franco et al. 2023; Chen et al. 2021; Wohnhaas et al. 2019; Alles et al. 2017) however their
106  impact on cell type representation and transcript detection in some contexts has prevented their
107  widespread use (Denisenko et al. 2020).
108
109  Recently, several commercial solutions including 10x Genomics FLEX, Parse Bioscience
110  Evercode, and Honeycomb Bio HIVE have come to market to enable preservation of single cell
111 samples upstream of scRNA-seq. Separating the preparation of single cell suspensions, from
112  cell capture, library preparation and sequencing, makes it possible to collect samples in one
113  location and ship to another for processing. As a result, core facilities and other service
114  providers will be eager to implement these methods to simplify sample collection logistics for
115 internal users and to facilitate access by external clients to single cell services. However, there
116  are many variables to consider when choosing a platform including sample preservation
117  (fixation or cryopreservation) and RNA capture (Poly-dT priming, random priming or probe-
118  based detection) methods between platforms, as well as the instrumentation and hands-on time
119  required. Differences in cell capture and sequencing performance have been described in
120 comparative studies evaluating various scRNA-seq methods (De Simone et al. 2024; Xie et al.
121 2024; Hornung et al. 2023; Ding et al. 2020). This study provides additional insight into the
122  impacts of prolonged storage time and kit reproducibility across multiple performance sites, as
123  well as considerations for selecting a given chemistry.
124
125 To evaluate the performance, reproducibility and workflow requirements of the available
126  methods, the Association for Biomolecular Research Facilities’ (ABRF) DNA Sequencing
127  (GSRG) and Genomics and Bioinformatics (GBIiRG) Research Groups have conducted a multi-
128  site, cross-platform assessment of the 10x Genomics FLEX, Honeycomb HIVE and Parse
129  Evercode technologies. We show that while there is general agreement in cell type assignment,
130 relative abundance and overall gene expression profiles across platforms and performance
131  sites, strong technology-specific expression signatures exist within the data and cross-site
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132  reproducibility varies between methods. In addition, we find that sample preservation by fixation
133  (FLEX) and freezing (HIVE) improves the retention of fragile granulocyte populations compared
134  with fresh sample processing using the traditional 10x 3’ GEX (3pGEX) assay. This study

135 demonstrates the importance of selecting an appropriate single cell technology based on

136  experimental and logistical constraints, and provides a resource to core facilities and individual
137  users to make informed decisions when implementing these assays.

138
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139 Methods

140  Study Design

141  The study was designed to evaluate reproducibility, ease of use and performance of three

142  technologies for cell preservation on the same sample type across three commercially available
143  options. We selected a single site to collect and preserve the samples, and nine ABRF-member
144  genomics core facilities to perform downstream processing. To assess variability in sample

145  preservation, preservation protocols were performed by two different technicians in parallel to
146  produce “A” and “B” replicates. Once preservation protocols were completed the samples were
147  stored at -80 C for two weeks before shipping to each of the participating sites. Prior to any site
148 receiving their samples, they were provided with hands-on training by the respective vendors
149  using control samples. After two weeks, each site received “A” and “B” preserved samples and
150 stored for an additional two weeks at -80 C, for a total of 4 weeks storage time before

151  completing the assigned workflow. Sequencing ready libraries were shipped to a central site for
152  quality assessment and sequencing. Our follow-on study using PBMCs was performed at a

153  single site following the same protocols described for the total leukocyte experiment except

154  where noted below.

155 Sample Collection, Cell Isolation and QC

156  Blood collection from a single healthy male was performed at Dartmouth Hitchcock Medical

157  Center under an IRB approved protocol. Approximately 50 ml of whole blood was collected into
158 EDTA vacutainer tubes (BD Bioscience) and immediately transported to the Immune Monitoring
159 Lab at Dartmouth Cancer Center for processing. For total leukocyte isolation, the blood sample
160  was subjected to two rounds of RBC-depletion using magnetic beads using the EasySep RBC
161  Depletion kit (Stem Cell Technologies) generating about 8 x 10" cells. Two additional washes
162  were performed with samples spun at 500 x g for 10 minutes to reduce the presence of

163  platelets. For PBMC isolation, gradient separation of the blood was performed using

164  Histopaque-1077 (Corning). Briefly, blood was overlaid onto the Histopaque-1077, then

165  centrifuged for 30 minutes at 750 x g. An additional spin performed with samples at 500 x g for
166 10 minutes to reduce the presence of platelets. For both sample types, cells were transferred to
167  the Dartmouth Genomics Shared Resource for counting and viability assessment on a

168  Nexcellom K2 instrument (Revvity), prior to running each of the workflows described below.

169  Both total leukocyte and PBMC samples exhibited >95% viability as determined by acridine

170  orange/propidium iodide (AO/PI) staining.

171 Flow Cytometry

172 Cells were stained for flow cytometry analysis as follows. 2x10”6 total leukocytes or PBMC were
173  suspended in 1.25 pg/ml of human IgG to block Fc receptors and incubated for 10 minutes in a
174 5 ml FACS tube. Following this, 5ul of Brilliant Stain Buffer Plus (BD Biosciences) and 5ul of
175  True-stain Monocyte Blocker (Biolegend) were added in succession. Due to steric hindrance
176  preventing it from being used in a master mix of antibodies, anti-TCRyd was added, and cells
177  incubated for 10 min at RT in the dark. The remaining antibodies were then added in a master
178  mix and the cells incubated for 30 min at RT in the dark. All antibodies used are listed in

179  Supplemental Table 1. To wash unbound antibodies, 3 ml of PBS was added and cells

180  centrifuged at 500 x g for 5 minutes. Cells were resuspended in 1% paraformaldehyde in PBS to
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181 fix antibodies to cells and then washed as above. Cells were then acquired on a 5-laser Aurora
182  Spectral Cytometer (Cytek).

183 10x Genomics 3’ v3.1 on Fresh Specimens

184  Following QC, cells were loaded onto two separate lanes of a Single Cell Chip G to generate “A”
185 and “B” replicates, and processed on a 10x Chromium X instrument, targeting 10,000 cells per
186 sample. Emulsions containing encapsulated single cells were removed from the chip and

187  processed according to the Chromium NextGEM Single Cell 3’ v3.1 User Guide (CG000204

188 RevD). Completed libraries were examined on a Bioanalyzer (Agilent) and quantified by Qubit
189  (Thermo Fisher) prior to pooling and loading on a Novaseq6000 instrument as described below.
190

191  Sample Preservation

192  Following collection, cell isolation and QC, samples were processed with their respective

193  preservation protocols - cell fixation or cryopreservation v- and stored at -80C prior to

194  scRNASeq library generation. To ensure the highest cell quality and minimize sample variation
195 for all methods, a plan was formulated to process the samples for preservation in parallel at the
196 central site followed by distribution to the testing sites. Details can be found in the Cell

197  Preservation Supplemental Protocol (Fred Kolling IV 2024). Cells for the 10x FLEX RNA

198  profiling kit followed the Fixation of Cells & Nuclei for Chromium Fixed RNA Profiling

199  demonstrated protocol (CG000478, Rev A) using 1 million cells per fixation. Cells for the Parse
200  workflow were fixed using the Evercode Cell Fixation v2 kit (ECF2001) following the Evercode
201 Fixation user manual, V2.0.1 with 3 million cells per fixation. Honeycomb HIVEs were loaded
202  with 15K cells into v1 HIVESs following the HIVE scRNASeq v1 sample capture user protocol
203  (Rev A) for the leukocyte samples, and 30K into the CLX Hives for PBMCs following HIVE CLX
204  scRNAseq Sample Capture protocol.

205 10x Genomics FLEX Sample Processing on Fixed Cells

206  10x FLEX single cell libraries were completed with the Chromium Fixed RNA Profiling kit, part
207 number 1000474, to process fixed cells following user guide, CG000477 Rev A. Cell fixations
208 were completed by a central site and aliquots with 1 million fixed cells shipped on dry ice to
209 each of the testing sites. Briefly, fixed and permeabilized cells underwent probe hybridization
210  and ligation for 16 hours, partition of Gel Beads-in-emulsion (GEM) and barcoding, cDNA

211 amplification, and library construction each with unique indices following the protocol of 10X
212 Chromium Fixed RNA Profiling Reagent Kits User Guide, CG000477 RevA (10X Genomics).
213  For the leukocytes, each testing site processed replicate “A” and “B” to produce a total of 8
214  libraries and a single library was generated for the PBMC sample. The targeted recovery per
215  sample was 10K cells per library. The quality and quantity of each library was checked with the
216  Qubit (ThermoFisher Scientific), Agilent Bioanalyzer 2100 HS DNA kit (Agilent Biotechniques)
217  and qPCR using the Kapa Sybr Fast RT-gPCR kit, KK4602 (Roche Diagnostics).

218 Honeycomb Hive Sample Processing

219  Honeycomb single cell libraries were completed following the HIVE scRNAseq V1 or CLX
220  Processing kit user protocols (Honeycomb Biotechnologies, Inc.). V1 kit Rev A was used for
221  leukocytes and CLX for the extension study with the PBMCs. The central site that loaded the
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222  HIVEs used the HIVE scRNASeq complete kit (HCB018) that included reagents and materials
223  for sample loading and processing while the testing sites used the HIVE scRNAseq Starter
224  Bundle (HCB019) for sample processing only. HIVEs were shipped from the central site to
225 testing sites on dry ice for processing. Briefly, on day 1 the cell loaded HIVE Collectors were
226  thawed and washed followed by cell lysis and a hybridization step to capture Poly-A transcripts
227  from individual cells in the HIVE picowells on the beads. The beads were recovered following
228 the HIVE protocol and then transferred to a 96 well filter plate to perform 1st and 2nd strand
229  synthesis. Steps were completed in the 96 well filter plate utilizing vacuum assembly provided
230 by the manufacturer as part of the Hive scRNASeq Starter Bundle. Following 2nd strand

231  synthesis a whole transcriptome amplification step was performed. Protocol was continued on
232  day 2 to complete the library prep, SPRI clean up of WTA product followed by an additional
233 PCR toincorporate the lllumina sequencing adapters and indices using a total of 25ng per

234  reaction. For the leukocytes, each testing site processed replicate “A” and “B” to produce a total
235 of 8 libraries and a single library was generated for the PBMC sample. The quality and quantity
236  of each library was checked with the Qubit (ThermoFisher Scientific), Agilent Bioanalyzer 2100
237  HS DNA (Agilent Biotechniques) and RT-gPCR using the Kapa SYBR Fast gPCR kit, KK4602
238 (Roche Diagnostics).

239 Parse Biosciences Sample Processing

240 Parse single cell library was prepared with the Parse Single Cell Whole Transcriptome Kit,

241 Evercode WT Mini v2, ECW02010 (Parse Biosciences) following the user manual V2.0.1. For
242  the first round of barcoding, 4,000 cells were distributed into each of 12 wells (48,000 cells total)
243  with subsequent pooling and barcoding steps performed following the user guide. Two sub-

244  libraries were completed for the sample and a single sub-library was sequenced. The quality
245  and quantity of the sequencing library was checked with the Qubit (ThermoFisher Scientific),
246  Agilent Bioanalyzer 2100 HS DNA kit (Agilent Biotechniques).

247 lllumina Sequencing

248  Sequencing was completed at one site using the NovaSeq 6000 instrument from lllumina.

249  Libraries generated from the leukocytes for 10x were sequenced on a S2 100 cycle flow cell 28-
250  10-10-90 targeting 10K reads per cell for FLEX and 25K reads per cell for the 3° GEX libraries.
251  Pooled loading concentration for 10x libraries standard workflow was 1500 pM. The Honeycomb
252  leukocyte libraries were sequenced on a full S1 100 cycle flow cell 25-8-8-5 targeting 25K reads
253  per cell. Pooled loading concentration for Honeycomb libraries standard workflow was 1800 pM.
254  10x and Parse PBMC libraries were sequenced on individual lanes using the XP workflow with a
255  SP 200 cycle flow cell 100-10-10-100, pooled loading concentration was 750 pM and the

256  Honeycomb PBMC library sequenced on a full SP 100 cycle flow cell, 25-8-8-50. Prior to

257  sequencing, gPCR was completed to determine library concentration for pooling prior to loading
258 the sequencer. The Honeycomb libraries required custom primers which are provided in the
259  sample processing kit with the library prep reagents at 100 uM. The NovaSeq 6000 Custom

260  Primer protocol, Document 1000000022266 v03, was followed to prepare and load the custom
261 primers for the Honeycomb sequencing runs.

262 Data Analysis

263  Single cell RNA-seq preprocessing
264
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265 Sequencing data (FASTQ format) was processed to generate cell-level feature barcode

266  matrices using vendor software. For leukocyte samples, the 10x samples were processed using
267  cell ranger v7.1.0 and data from all valid barcodes (raw_feature_bc_matrix data) was used in
268 downstream analysis. Honeycomb leukocyte data was processed using BeeNet v1.1.3

269  specifying 10,000 barcodes. The 10x PBMC samples were processed using Cell Ranger v7.1.0
270 and only cell-associated barcodes were used for downstream analysis

271 (filtered_feature_bc_matrix data). The PBMC Honeycomb sample was processed using BeeNet
272  v1.1.3 specifying 15,000 barcodes. The PBMC Parse Evercode data was processed using split-
273  pipe v1.0.5p with default settings.

274

275 Following data generation, processing and analysis were carried out in a containerized R

276  environment that includes a variety of data science, genomics and single-cell RNA-Seq software
277  packages (https://qithub.com/GBIRG/scRNAseq 2022/tree/main/Docker, Fig. S1). The

278  containerized compute solution we have implemented facilitates distributed and collaborative
279 data analysis projects and the image is made available to facilitate public analysis of this

280 dataset (docker://alemenze/abrfseurat). A listing of all the packages and versions is available in
281  the supplementary file DSRG_GBIRG_Rcontainer_sessionInfo.txt. In order to capture low-

282 information content granulocytes in the leukocyte samples, data were imported into "Seurat’
283  version 4.3.0 (Hao et al. 2021) using the following low-stringency parameters:nFeature_ RNA >=
284 30, nCount_RNA >= 100, mitoRatio >= 0.1, and genes with non-zero counts in at least 10 cells.
285 The data from each platform were then normalized using sctransform (Hafemeister and Satija
286  2019) and integrated using anchor-based integration (Stuart et al. 2019) followed by

287  dimensionality reduction and clustering.

288

289  Cell type assignment

290

291  Clusters were then characterized with an integrated assessment of cluster-specific marker

292  genes, transcriptional complexity, and scoring of expression signatures with “singleR “(Dvir

293  Aran, Aaron Lun, Daniel Bunis, Jared Andrews, Friederike Diindar, n.d.). In order to assign cell
294  types to each leukocyte (Fig. 3A) and PBMC (Fig. 3C) cluster, "singleR™ was used with the

295  ‘celldex’ (Aran et al. 2019) references: HumanPrimaryCellAtlas (Mabbott et al. 2013),

296  DatabaselmmuneCellExpression (Schmiedel et al. 2018), and BlueprintEncode (Martens and
297  Stunnenberg 2013). 'SingleR" assigns identity at the cellular level. To assign cell types to

298 unsupervised clusters, the fraction of cells assigned to each identity was calculated for each
299  cluster and assignments that were coherent on a cluster-level were prioritized. In addition to
300 singleR’, cluster-specific gene markers were identified using FindAlIMarkers and these marker
301 lists were examined using the MsigDB Investigate Gene Sets (Wilson et al. 2014; Liberzon et al.
302  2015) utility and the Cell Type Signature (C8) collection. Cell type assignment conclusions were
303 then manually validated by examination of cell type specific markers. Debris (cell-free or empty
304  droplets) clusters were defined as those dominated by cells or droplets with poor QC metrics,
305 ambiguous cell type assignments using ‘singleR"™ and no cluster-specific markers. Clusters

306 meeting these criteria were flagged as debris and excluded from downstream analyses (Fig.
307 S2).

308

309 To remove potential sequencing depth-related biases in downstream analysis, the sample-level
310  cell counts following debris exclusion were used as denominators to downsample the raw data
311 to a sequencing depth of 25,000 reads per cell. The resulting FASTQ files were then used as
312  input to the same analysis procedure. For the PBMC data, vendor software was used to exclude
313  debris clusters from the 10x 3pGEX and FLEX, and Parse samples. For the HIVE samples,

314 15,000 cells were requested in processing and a similar cluster-level debris exclusion process
315 as used in the leukocytes was applied. As in the case of the leukocytes, once a reliable cell
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316  count was obtained, FASTQ files were downsampled to 25,000 reads per cell and analysis was
317  repeated. Cell type assignments prepared for the pre-downsampling object were then

318 transferred to the downsampled object so that cells flagged as low-confidence coils be excluded
319  from the analysis of downsampled data. These metadata were then re-evaluated in the context
320 of the downsampled data to revise and finalize cell type assignments.

321

322  For comparison of transcript coverage over gene bodies, the Python package deeptools v3.5.4
323 (Ramirez et al. 2016) was used to generate BigWig coverage files from the BAM-formatted

324  alignments for each sequencing platform. Normalized coverage over exons was computed

325  using deeptools computeMatrix with the parameters: scale-regions -b 100 -a 100 --

326  unscaled5prime 60 --unscaled3prime 60 --skipZeros —metagene and gene annotations GTF file
327  provided by 10X Genomics (GRCh38-2020-A, based on GENCODE v32/Ensembl 98).

328

329 Correlation analysis

330

331  To agnostically evaluate the similarity between samples across technologies and sites, we

332  applied a bulk correlation analysis across the dataset. SCT normalized expression counts were
333  aggregated per-sample using the "Seurat’ function AggregateExpression on SCT assay data
334  and Pearson correlations were calculated between each pair-wise sample for downstream

335  visualization.

336

337 Differential expression analyses

338 To perform multi-site, cross-platform assessment, we executed comparisons between A and B
339 replicates generated at each site, between A replicates from each site and 28 day and 1 day
340 storage time. To ensure consistent comparisons across analyses, we filtered to only genes
341 present in the FLEX- probeset, which includes 28,690 genes to make the comparisons uniform
342 across each platform. For each comparison, count data for relevant replicates were extracted
343 from the object and differential expression analysis using ' DESeq2" (Love et al. 2014) and a
344  ~condition design was then performed. Differentially expressed genes (DEGs) were defined as
345 those having an absolute log2 fold change (log2FC) > 1 and an FDR adjusted p-value (padj) <
346 0.05. The results we visualized using enhanced volcano plots were generated for each
347  comparison using "EnhancedVolcano™ (Blighe 2018) and fold change box plots showing A_vs B
348  and Site-specific variation were generated using ‘ggplot2’ (Wickham 2016).

349

350 UMI gene body coverage analysis

351

352  For sequencing saturation analyses, BAM files were downsampled to a range of different depths
353 relative to the starting library using Pysam v0.18.0. Reads were then re-counted for unique

354  UMl/gene/barcode sets. In brief, only reads originally tagged by Cell Ranger with the ‘xf’ tag

355 equal to 17 (read mapped confidently to the transcriptome and to 1 unique feature) or 25 (read
356  mapped confidently to the transcriptome and to 1 unique feature and read is representative for a
357 molecule and is treated as a UMI count) were added to sets for each gene/barcode pair,

358  resulting in a matrix that faithfully reproduces the Cell Ranger counting rubric at each depth. To
359 extrapolate the number of predicted mean UMis/cell at saturation, downsampled data was fit to
360 a Michaelis-Menten model of the form:

361

362 (LaTeX formatting)

363  $U =\frac{U_{\max} * (R){K_{r} + R}$

364  Where:

365  $U$ = mean UMIs per cell
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$U_{max}$ = UMIs per cell at saturation

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

(/LaTeX formatting)
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371 Results

372

373  We compared data generated by three different single-cell RNA-Seq technologies (10x FLEX,
374  Honeycomb HIVE and Parse Evercode) that enable users to preserve cells prior to library

375  preparation. Total human leukocytes (PBMCs + granulocytes) were profiled due to the well-
376  established cell type-specific expression profiles of PBMCs, and the potential for preservation
377  focused scRNA-seq protocols to capture granulocytes, which have been underrepresented in
378  single-cell data to date due to their fragility and low transcriptional complexity. To establish a
379 reference to many existing datasets, fresh leukocytes were processed using the 10x Genomics
380 3’ v3.1 chemistry (3pGEX). To minimize the number of variables in our study, the total leukocyte
381 and PBMC samples were collected from the same individual at a single site. Fixation and

382  storage were performed in parallel by two technicians (designated “A” and “B” replicate

383 samples) to assess technical variability in sample prep. Preserved samples from the FLEX and
384  HIVE were shipped to 4 separate sites and processed after 28 days in storage to assess the
385  reproducibility of these methods and identify possible sources of cross-site variation. Kit

386  compatibility challenges with total leukocytes in the Parse Evercode chemistry prevented their
387 inclusion in the initial phase of this study, so a second phase was conducted to generate data
388 from all 3 platforms. This follow on experiment was performed on PBMC specimens isolated at
389 the same site as the first phase and processed using the 10x 3pGEX (fresh), 10x FLEX, HIVE
390 and Evercode workflows. Table 1 presents the experimental metadata associated with the 20
391 leukocyte samples and 4 PBMC samples. Each sample was sequenced at a central location to
392 the manufacturer recommended depth (Table 1, ReadCount, Fig. S3A). Count data were

393  prepared using vendor-specific tools and the resulting data were imported into “Seurat’ v4 (Hao
394  etal. 2021) for analysis.

395

396  With the exception of the 10x and Parse PBMC samples, the initial processing used permissive
397 filters for transcriptional complexity to ensure retention of granulocytes. These unfiltered data
398 were then integrated, clustered, and cluster-specific markers were identified by differential

399 expression analysis. Cell-type assignment was performed using “singleR™ and by examination of
400 cluster-specific marker genes. Clusters with poor QC parameters, ambiguous cell types and
401  without clear distinguishing marker genes were flagged as cell-free droplets and excluded from
402 downstream analysis (Fig. S2). To standardize the per-cell sequencing depth for different

403 samples (Fig. S3C), the counts of high confidence cells (Table 1, Cells, Fig. S3B) were then
404  used as a denominator to downsample the original FASTQ files to a consistent sequencing

405  depth of 25,000 reads per cell (Fig. S3D).

406

407  Following downsampling of the FASTQ files and re-processing using vendor software, data
408  were subset to droplets labelled as cells in the initial analysis of the full dataset. Traditional
409  quality control metrics (number of genes per cell (n_feature), number of UMIs per cell (n_count)
410 and the fraction of reads derived from the mitochondrial genome (mitoRatio)) were evaluated to
411 compare each platform. For the leukocyte data (Fig. 2A), the site-level A and B replicates are
412  highly consistent with the exception of those from site 4 (FLEX.28.4A and FLEX.28.4B, red

413  arrows). In addition to this FLEX replicate variability for site 4, there is variability in both the

414  number of genes and the number of counts within the FLEX sets. Samples from sites 1 and 4
415 (FLEX.28.1.A/B and FLEX.28.4.A/B) have more genes and counts than samples from sites 2
416 and 3 (FLEX.28.2.A/B and FLEX.28.3.A/B). The number of genes and counts observed in the
417  site 1 and 4 FLEX samples is similar to what was observed in the 10x 3pGEX

418  control.Transcriptional complexity was consistent across all four HIVE 28 day site samples,

419  however higher counts were observed in 1 day samples compared to those after 28 days of
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420 storage and this difference may be pronounced in monocytes, B-cells and DCs. During import,
421  cells with greater than 10% mitochondrial reads were excluded from consideration and that is
422  reflected in the plots of this parameter. Notably, the 10x FLEX technology lacks probes targeting
423  mitochondrial ribosomal protein genes which account for the majority of mitochondrial

424  transcripts. This results in a lower proportion of reads attributed to mitochondrial expression
425  (red arrowheads). In the case of PBMCs (Fig. 2B), FLEX had slightly more features detected
426  than 3pGEX, with HIVE and Evercode showing lower detection. Interestingly, HIVE exhibited a
427  wider distribution of both features and total counts. Similar sample characteristics were

428  observed at the cell-type level for both leukocytes (Fig. S4A) and PBMCs (Fig. S4B) including
429  consistent distribution of cell types across sites and technologies, suggesting successful

430 integration of datasets (Fig. S5 A and B). The exception is the presence of platelets and an
431  “unknown’ cluster likely containing debris or ambient RNA in the HIVE PBMC sample (Fig.

432  S5B), likely accounting for the wider distribution of feature counts in that dataset.

433

434  To facilitate comparison of cell type proportions estimated by scRNA-Seq and (flow cytometry
435  assisted cell sorting (FACS), the detailed assignments were collapsed to generalized cell types
436 (Fig. 3 B and D).. Overall, cell type proportions between the scRNA-Seq and FACS were

437  generally concordant . Approximately 50% of the cells in the Leukocyte groups are

438 granulocytes, with the majority being neutrophils. As expected, this population is a much lower
439 fraction in the PBMC samples. In the leukocyte data, there is close agreement between the

440 HIVE 1 day and HIVE 4 week groups indicating that this storage period does not impact cell
441  type proportions. 10x 3pGEX demonstrated the lowest proportion of granulocytes; they are still
442  abundant. T- and NK-cell proportions were also enriched in 10x 3pGEX samples compared to
443  all other single-cell technologies, and more closely resembled the proportions of these cell types
444  from FACS data. In contrast, FLEX and HIVE data demonstrated enriched proportions of

445 monocytes relative to FACS and 10x 3pGEX. For the PBMC samples, we note strong

446  agreement between the FACS data and both 10x technologies, while HIVE and Evercode

447  technologies exhibited a reduction in the proportion of T-cells present and an increase in the
448  proportion of monocytes. All single-cell technologies demonstrated a slight enrichment of B-cell
449  proportions relative to FACSTogether, these results suggest single cell preservation platforms
450 achieve similar cell type composition to each other and FACS data, however some exceptions
451  exist for specific cell types.

452

453  To assess similarity of leukocyte expression profiles across different technologies, correlation
454  analysis was performed on averaged data calculated using the “Seurat’ function

455  AggregateExpression and the SCT assay. Importantly, genes not targeted by the 10x FLEX
456  probeset were removed from this analysis . Correlation coefficients which were high across all
457  technical replicates (minimum 0.93), sites (minimum 0.91) and technologies (minimum 0.91)
458  with an overall minimum correlation coefficient of 0.75. Hierarchical clustering of correlation

459  coefficients reveals strong clustering by technology, suggesting some level of platform specific
460  expression (Fig. 5A). The HIVE and 10x data form two distinct clades , with the 1 day samples
461 (10x 3pGEX) being distinct from the 28 day (FLEX). Within the two 28 day clades, the HIVE site
462 samples and A and B replicates intermix with one another without discernible metadata

463  associations suggesting that the site and technician variables have minimal contribution to the
464  resulting expression data. However, within the 10x FLEX 28 day clade, site 1 and 4 samples are
465  distinct from the site 2 and 3 samples and the A and B replicates within the site 1 and 4 samples
466  are clustered together. This site distinction in the 10x FLEX data aligns with the QC parameter
467  profiles (Fig. 3A) and may indicate that the 10x FLEX processing routine is more susceptible to
468 technical variation from sample processing differences compared to the HIVE. Despite these
469 differences, these data indicate each platform obtains leukocytes with highly similar expression
470  profiles.
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471

472  To investigate reproducibility of the fixation and storage process between replicates processed
473 by different technicians at both the same site and across different sites, differential expression
474  analyses between specific sample sets were performed (Fig. 6A). The violin plot in the top
475  panel shows log 2 counts for each sample under consideration and the box plots in the bottom
476  panel report the distribution of log2 fold changes for each A vs B comparison. The values for all
477  tested genes are displayed and horizontal boxes at the 0 line indicate that more than 75% of the
478 genes in the test have log fold changes near 0 and this is observed for all comparisons except
479  for a single site (FLEX.28.4 A vs B). In this comparison, a subset of genes have fold changes >
480 0 indicated by the box above the 0 line and likely reflects differences in the counts highlighted
481 by the violin plot in the top panel. Note that a small number of outliers were observed in each
482  comparison. In total for all comparisons, there are a total of 12 outlier results that have fold

483 changes outside the threshold of 1. These results come from 7 genes: HBB, IGHD, IGHG2,
484 IGHG3, IGKC, IGLC3, and MT-CO1. It should be noted that reporting significant genes as

485  defined by fold change and p-value thresholds does not work well for these analyses because
486  most of the fold changes are small. Taken together, minimal differential expression between A
487  and B replicates was observed indicating that all platforms are highly reproducible when

488  processed in the same facility.

489

490 Differential expression analyses were also used to compare data generated at different sites
491  (Fig. 6B). Given that the above correlation and differential expression data establish near-

492  equivalence between technical replicates, site comparisons were performed using only the A
493 replicates. The top panel shows the log2 counts across sites, with log2 fold-change values from
494  all pairwise comparisons represented as boxplots in the bottom panel. For the FLEX samples,
495  we observe elevated log2 UMI counts for the site 1 and site 4 samples, compared with those
496 from sites 2 and 3. This distinction can also be seen when comparing the number of

497  differentially expressed genes between these groups, with few differentially expressed genes
498 detected when comparing sites 1 vs 4, and sites 2 vs 3, but a large number of differentially

499  expressed genes comparing either site 1 or 4 with site 2 or 3. For the HIVE samples, none of
500 the site comparisons produced substantial numbers of differentially expressed genes consistent
501  with the correlation data presented above.

502

503 To further characterize library complexity of data generated across different platforms and sites
504 and the differential expression result observed with site 4 in the 28 day FLEX samples, library
505 complexity was modeled (Fig. 7A). 10X FLEX BAM files were downsampled and re-counted
506 using a custom PySAM script that accurately reproduces Cellranger UMI calling logic. The

507 resulting reads/UMI curve was fit using the Michaelis-Menten equation, where Vmax = Max # of
508 detectable UMIs, and Km = Reads per Cell at 1/2 saturation. These Vmax values are plotted in
509 the bar chart in Figure 7B and compared to the results for the 10x 3pGEX technology, filtering
510 for genes included in the FLEX probe pool. Lower library complexity was observed in samples
511  prepared at sites 2 and 3 compared to samples prepared at sites 1 and 4 |. This is supported by
512  the barcode rank analysis , showing higher overall UMI counts in site 1 and 4 samples despite
513  having grossly similar profiles (Fig. 7C).Substantial variability was also noted between A and B
514  replicates from site 4 (Fig. 7D). Close examination of how FLEX samples were handled at each
515  site revealed slight differences in the process that could contribute to the observed variation in
516  UMI counts across sites. It was noted that sites 1 and 4 samples utilized fixed-angle rotors for
517  centrifugation and appeared to have lower cell counts following probe hybridization, while sites
518 2 and 3 used swing-bucket rotors for these steps. These deviations in centrifugation do not
519  appear to have an effect on the proportion of neutrophils from these samples which have lower
520 RNA content and could account for this result, nor does it explain the variability between the A
521 and B replicates only at site 4. Together these results indicate that the additional sample
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522  preparation steps required at each site for the FLEX assay can introduce variability and care
523  should be taken to standardize these procedures as much as possible.

524

525 Due to the incompatibility of RBC-depleted total leukocytes with the Parse Evercode v2

526  chemistry, an additional human PBMC sample was collected to allow assessment of all three
527  technologies. Correlation analysis was performed (Fig. 5B). Samples clustered according to
528 technology and to a lesser degree by sample type (i.e. leukocyte vs PBMC). This can be seen in
529 the distinct clustering of FLEX and HIVE samples, as well as 3pGEX and Evercode samples,
530 though the latter two technologies are most similar to one another. Interestingly, while HIVE 1d
531 and 28d samples exhibit strong correlation coefficients (Pearson >0.9), they cluster separately
532  from one another suggesting differences in expression profiles based on the length of storage
533  prior to processing. To investigate this further, differential expression was performed between
534 leukocyte HIVE day 1 and day 28 samples (Fig. S7) and no genes with log fold change > 1,
535  were observed. These observations suggest that, while a high degree of consistency is

536  observed, the choice of technology is not without impact and subtle differences in results can be
537  detected.

538

539 In order to provide insight into the correlation analyses, the molecular biology underlying each
540 method was considered in more detail using PBMC alignment data and the results are shown in
541  the plots shown in Figure S8. The Evercode and HIVE alignments are roughly uniformly

542  distributed along the transcript while, as expected, the 10x 3pGEX reads are concentrated at
543  the 3' end of the transcripts (Fig. S8A). The 10x FLEX alignments are probe-based, therefore
544  average coverage distributions could not be calculated . Expression of a selected example gene
545 (CD74, Fig. S8B) shows the expected coverage distribution for reads originating from each

546  platform (Fig. S8C) . This Integrated Genomics Viewer (IGV; Robinson et al. 2011; 2023) image
547  of the CD74 locus with the PBMC BAM files loaded for display. 10x 3pGEX data appear at the
548  3’end of the gene, while 3 FLEX probes (red arrowheads, FLEX probe track) can be seen

549  overlapping 3 internal exons. The centrally located probe spans an exon/intron junction

550 resulting in a split appearance. The whole-transcript nature of the HIVE and Evercode reads is
551 apparent from the alignments where coverage is highest over exons across the gene body.

552  Note, non-exonic coverage is observed in the 10x 3pGEX, HIVE and Evercode tracts.

553  Examination of alignment in this region suggests that these reads may be caused by genomic
554  regions rich in A or T bases (not shown) and is consistent with previous studies demonstrating
555 internal priming of poly A/T tracts in nuclear pre-mRNA transcripts from technologies using

556  oligo-dT based RT priming strategies (Svoboda et al. 2022).

557
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558 DIScCUSSIion

559  Single-cell RNA sequencing has transformed our understanding of biology but has historically
560 been limited to the analysis of high quality, fresh specimens processed at the site of collection.
561  This requirement has hindered wide-spread adoption of this technique for clinical and other
562  specimens where samples may be procured at sites without access to single cell

563 instrumentation, or are collected over time and would benefit from additional data before

564 committing to downstream processing. The availability of commercial solutions to preserve

565  specimens prior to single cell analysis through cryopreservation and/or fixation addresses many
566  of these issues, but systematic assessments of these approaches are lacking. Here we examine
567 the ability of the 10x Genomics FLEX, HoneycombBio HIVE and Parse Evercode technologies
568 to capture gene expression profiles from RBC-depleted total human leukocytes and PBMCs
569 from a single individual, and compare the relative cell type proportions to 21-color flow

570 cytometry data generated in parallel. While prior studies explored the differences between

571  various scRNA-seq technologies, comparing metrics such as cost, performance, and sample
572 compatibility (De Simone et al. 2024, Hatje et al. 2024, Xie et al. 2024, Hornung et al. 2023,
573 Ding et al. 2020), ours is the first to assess the reproducibility of these methods in terms of both
574  the sample preservation process, as well as the downstream capture and preparation of

575  sequencing libraries across geographically separated core facilities.

576

577 In addition to the sample preparation challenges, components of downstream analyses were
578 carried out in different core facilities. Because the deployment and management of consistent
579  computing environments across sites can be difficult, we utilized a Docker image prepared by
580 our team that contained all necessary software packages. This image was run on various high-
581  performance compute environments using Singularity (Merkel 2014; Kurtzer, Sochat, and Bauer
582  2017). This approach enabled work to progress in different sites using identical software and it
583 is an ideal for core facilities that wish to promote collaboration and reproducibility.

584

585  Both the 10x FLEX and Honeycomb HIVE kit performed well in preserving human leukocytes
586  specimens, including retention of granulocyte populations, with relative proportions of cell types
587 comparable to the “gold standard” flow cytometry dataset. While three of the four sites were
588  able to generate sequencing libraries from total human leukocytes using the Parse technology,
589  very few cells were captured and the data quality was poor (data not shown). That the PBMC
590 samples were successful suggests that granulocytes may be problematic for this method. The
591  findings from FLEX and HIVE are consistent with observations from Hatje et. al. and while they
592  were able to generate libraries containing granulocytes, those populations are significantly

593 underrepresented in their dataset. In contrast to Hatje et. al., we observe granulocytes in the
594  3pGEX dataset, though they are underrepresented compared to the other technologies. This
595  result is likely due to the optimized sample collection procedure used for this study where cells
596  were captured or preserved within 2hrs of the initial blood draw. Overall, the detection of

597  granulocytes is an advantage of the FLEX and HIVE technologies compared with Parse or

598  processing of fresh samples using 3pGEX. PBMCs were also examined using 10x 3pGEX, 10x
599 FLEX, Honeycomb HIVE and Parse Evercode. All technologies produce high quality gene

600 expression data that can be used to identify the expected cell types in proportions that are

601  comparable to each other and concordant with flow cytometry measurements.

602

603 The ability to detect granulocytes has long been a challenge for single cell studies and even
604  with their improved retention using preservation-based methods, computational solutions are
605 needed to distinguish granulocyte-associated barcodes from those harboring ambient RNA or
606 platelets, all of which have similar RNA content. Here we considered standard quality control
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607  parameters combined with analysis of cluster-specific markers to distinguish cell-associated
608 droplets from acellular debris. This approach is effective at identifying cell-containing droplets
609 and can be used to improve the recovery of RNA poor cell types independent of the platform
610  used. Despite small exceptions, the cell type proportions we observe are similar in data from
611  different platforms. This is consistent with previous reports that the 10x 3pGEX platform can
612  capture granulocytes using specific sample preparation procedures and a modified analysis
613  routine to include low RNA content cells (Salcher et al. 2024; Hatje et al. 2024).

614

615  Despite the high-level agreement between methods, detailed comparisons at the gene level
616  reveal significant differences across technologies. Within the leukocyte dataset, correlation

617  analysis between samples from 3pGEX, FLEX and HIVE demonstrate clustering by technology,
618  with the stronger cross-site correlations observed for the 10x samples compared with HIVE.
619  When including samples from the PBMC dataset, we again see strong clustering based on the
620 technology used, rather than the sample type (i.e. leukocyte or PBMC). One possible

621  explanation is the considerable difference in assay design across the technologies tested. We
622  explored the distribution of read alignments and found that as expected, reads were

623  concentrated in the 3’ region for samples prepared using 10x 3pGEX while the HIVE and Parse
624  kits exhibit more uniform, full-length transcript coverage (Fig. S8). We also observed similar
625 levels of mitochondrial abundance for both leukocytes and PBMCs with the exception of 10x
626  FLEX which excludes many mitochondrial genes from the probe set (Fig. 2B). Despite these
627  differences, broad concordance in cell type abundance, sample quality and total gene detection
628 s consistent across technologies, enabling the successful integration of the datasets and

629 comparison of QC metrics including gene and UMI counts per cell, which were similar across all
630 technologies.

631

632  Our unique study design also allowed us to assess variation at the level of sample preservation,
633 as well as across sites using the same technology. With the exception of the Site 4 FLEX

634 replicates, we did not observe substantial differences in samples preserved by different

635 technicians and analyzed at the same performance site (A vs B replicates, Fig. 5A.) We do note
636  variability between samples analyzed by the same technology across sites. Specifically, 10x
637 FLEX samples from sites 1 and 4 show higher UMI counts per cell than those processed at sites
638 2 and 3. While the precise reason for these differences is not known, we note that sites 2 and 3
639  used swing-bucket rotors for sample centrifugation, as opposed to fixed-angle rotors at sites 1
640 and 4, with the latter resulting in lower cell counts following probe hybridization. We

641 hypothesized this cell loss may have resulted in a reduction in the neutrophil/granulocyte

642 fraction and the capture of more high RNA content cells. However, no significant differences in
643  neutrophil abundance were observed for these samples , though other populations may be

644  affected (data not shown). This finding highlights the need to standardize downstream

645  processing steps in particular for the FLEX method, where sample preservation is performed
646  separately from single cell capture, which can introduce additional variability into the workflow.
647

648  The study presented here does not attempt to be a comprehensive quantitative assessment of
649 the impact of preservation on scRNA-Seq data. Instead, we aimed to report on the experiences
650  of multiple core facilities working with these technologies and to identify features of these

651  workflows to be considered when deciding which to adopt for a given project. We find that in
652 general, strong correlations exist between replicate samples processed at different sites using
653 the same method, but that differences in expression exist between platforms. As a result, the
654 method chosen should be based on the ability to accommodate the sample type and number of
655 cells of interest, and logistics of sample collection and downstream processing. With PBMCs as
656  input, all platforms produce high quality data as assessed by the ability to identify cell types in
657  proportions consistent with the other technologies. For more challenging cell types such as total
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658 leukocytes, the 10x 3pGEX, 10x FLEX and HIVE platforms performed well based on the metric
659  of cell type proportions. It is possible if users wish to minimize technical variability and all library
660 preparations will be done at one location, 10x FLEX might be the best choice. If data will be
661  produced at a variety of locations, Honeycomb HIVE may be the best option. It is also possible
662 that the length of storage could contribute to variation in the data, as observed for the HIVE 1
663  day vs 28 day samples. This finding warrants further investigation across more timepoints and
664 technologies to see if this effect is significant.
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s10 Figure Legends

811 Figure 1 - Experimental design and data processing

812  Leukocyte and PBMC samples obtained from a single donor were used fresh in the 10x

813  Genomics NextGEM 3’ (3pGEX) procedure or preserved according to manufacturer workflows
814  for the 10x FLEX, Honeycomb HIVE, and Parse Evercode (PBMC only) samples. The

815  Leukocyte samples were shipped to four separate sites per kit, while PBMC processing was
816  performed at a single site. Following library preparation and sequencing, Leukocyte single cell
817  data was imported into “Seurat’ using minimal filtering parameters to ensure that low

818 information-content granulocytes were not excluded by default vendor filtering. After this initial
819  processing, clustering and cell-type assignment was performed and clusters consisting of low-
820  quality cells with poor QC characteristics were excluded from downstream analyses. For

821 PBMCs, a similar approach was applied to the HIVE data because the vendor software requires
822  specification of the expected number of cells and this results in inclusion of some low-quality
823 cells. For the 10x and Parse PBMC samples, default vendor processing was used. were

824  processed separately by normalization, integration and clustering. Debris clusters were defined
825 as those having poor QC characteristics.

826 Table 1 - Experimental Metadata

827 A total of 24 samples were considered in this experiment, 20 leukocyte samples and 4 PBMC
828 samples. The nomenclature presented in the Sample column is used in sample-level
829  visualizations. The color key is used to indicate experimental groups in subsequent figures.

830 Figure 2 - Quality control statistics for Leukocyte and PBMC
831 samples

832  Violin plots presenting the log2 transformed gene count (12.n_feature) , read counts

833  (12.n_counts) and the percent mitochondrial reads (mitoRatio) for filtered and downsampled
834 leukocyte (A) and PBMC (B) samples. Site-level replicates have consistent values with the
835  exception of FLEX.28 site 4 where replicate A is slightly higher in gene and read counts

836  compared to replicate B (Red Arrows). Mitochondrial read percentages are relatively low in the
837 10x FLEX samples because probes interrogating these genes are excluded from the platform
838 (Red Arrowheads). Violins are colored according to preparation. Dashed reference lines are
839  provided at 6.6 (100) and 9 (500) for gene counts in 12.n_feature panels, 10 (1000) and 12.3
840  (5000) for read counts in 12.n_count panels and 0.1 (10%) for percent mitochondrial reads in
841 mitoRatio panels.

842 Figure 3 - UMAP plots with cell-type assignments of clusters

843  UMAP plots of leukocytes (A and B) and PBMCs (C and D) with detailed cell assignments (A
844  and C) and more general assignments used for comparison to FACS data (B and D). The color
845 scheme used in panels A and C is the same as the color scheme used in panels B and D. The
846  number of granulocytes (A and C, red arrowheads; B and D, orange cells), specifically

847 neutrophils, are larger in the Leukocyte samples. T=T-cell, B=B-cell, NK=natural killer cells,
848 DC=dendritic cells, pDC = plasmacytoid dendritic cell; cDC = conventional dendritic cell; NK =
849  natural killer cell; HSC = hematopoietic stem cell, RBC=Red Blood cells.
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850 Figure 4 - Comparison of cell-type proportions between scRNA-
851 Seq and FACS

852  Cell type proportions in single cell RNA-Seq data aggregated by preparation compared to cell
853  type proportions derived from FACS data for Leukocyte samples (A) and PBMCs (B). Although
854  some variability exists in the proportion data, there is good agreement between the scRNA-Seq
855 results and the FACS data. Cell type abbreviations are as follows: T=T-cell, B=B-cell,

856  NK=Natural Killer cells, DC=Dendritic cells, The granulocyte proportions are consistently higher
857 in the FLEX and HIVE platforms suggesting that these technologies more efficiently capture
858 these fragile cell types.

859 Figure 5 - Correlation analysis of leukocyte data

860 Gene expression data for leukocyte samples was filtered to the subset of genes interrogated by
861 the 10x FLEX platform and pairwise Pearson correlation coefficients were calculated (A). In the
862 clustered heatmap, technology is indicated by the colored bar across the top of the heatmap.
863 The HIVE and 10x samples group into two major clades. In the HIVE clade, the 1 day replicates
864  are distinct from the 28 day replicates. Within the 28 day replicates, no association between the
865 site-level A and B replicates is observed suggesting a high degree of reproducibility across

866  sites. In the 10x clade, the FLEX samples are distinct from the 3pGEX samples. Within the

867 FLEX clade, some association is observed between site-level A and B replicates for sites 1 and
868 4 while the A and B replicates are intermixed for the site 2 and 3 samples. Clustered heatmap of
869  Pearson correlation coefficients for leukocyte A replicates and PBMC samples (B) shows

870  technology-level clustering for various samples with leukocyte and PBMC samples clustered
871  together for HIVE, day1, 10x FLEX and 10x 3pGEX technologies. The Parse Evercode PBMC
872  sample is most highly correlated with the 10x 3pGEX samples. Only genes captured by FLEX
873  probes were considered in the analysis. Technology and experiment are indicated by the

874  colored bars across the top of the heatmap.

875 Figure 6 - Differential expression analyses between site-level
876 replicates and between sites

877  Differential expression analyses between the A and B replicates for each preparation and site
878 (A) or between sites for each preparation (B). In both panels, violin plots of log2 counts per cell
879  are provided to orient the comparisons being presented in the bottom panel box plots. The

880  boxplots summarize the observed fold changes for each comparison. In many cases, the

881  majority of the fold changes are near 0 indicated by a narrow box or line at 0 while comparisons
882  with more substantial differential expression have a wider fold change distribution. For the A vs
883 B comparison (A), the site 4 FLEX samples is the only comparison, only the FLEX.28.4 A vs B
884  comparison has a substantial number of fold changes different than 0. In this case, non-0 fold
885 changes are predominantly positive indicating higher values in A compared to B. This is

886  consistent with the higher counts for FLEX.28.4A compared to FLEX.28.4.B. For comparisons
887  between sites at 28 day storage (B) only A replicates were considered and each pairwise

888  comparison within preparations was done. For FLEX, these comparisons were site 2 vs 1, 3 vs
889 1,3vs 2,4vs 1,4 vs 2, and 4 vs 2. For HIVE, these comparisons were site 2vs 1,5vs 1, 5 vs
890 2,6vs1,6vs 2, and6 vs 5. For the HIVE samples, comparison between sites does not

891  produce many non-0 log fold changes. For FLEX however, any comparison between sites 1 or 4
892  with sites 2 or 3 produces genes with fold change. The log2 n_count plots show the count

893  variability that underlies this result.
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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 site1 and 4 samples is
similar to the 10x 3pGEX data. Bars show a modeled number of UMI per cell across sites and
technologies, restricted only to genes that are captured by FLEX. (C) Plot of UMI compared to
barcode rank indicates that approximately the same number of cells were loaded in each
sample. (D) Experimental metadata from FLEX processing at each site.
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o5 Supplemental Materials

906 Figure S1 - Container-based Rstudio analysis environment

907  Our study involved multiple collaborators at different institutions with various computer

908 infrastructures and required a computational solution to provide a consistent analysis

909 environment. A) A Docker Rstudio image containing all required software packages was

910 prepared and deposited in Docker Hub (docker://alemenze/abrfseurat). B) This container can be
911  executed using Docker, Singularity, or Apptainer in any computational environment. Given the
912  scale of the data in this study, the most common environment used was a Linux-based high

913  performance computer (HPC) cluster. C) After launching the R environment, contributors can
914  interact with the software from the command-line or by using the browser-based Rstudio

915 interface.

916

917 Figure S2 - Cluster-level debris exclusion

918  Low quality leukocyte clusters with ambiguous cell identity were excluded from analysis prior to
919  downsampling. A) Leukocytes from 10x 3pGEX or 10x FLEX and B) Leukocytes prepared with
920  HIVE technology. Left panels are cluster assignments used to evaluate real vs debris clusters.
921  Middle panels are the same UMAPs but colored according to real cell flag (purple) or debris
922  (grey). Right panels are violin plots of 12.n_count and 12.n_feature statistics stratified by debris
923  assignment using the same color scheme as the adjacent UMAPs plots. Debris clusters are
924  generally in the center of the UMAP and have poor quality control statistics compared to real
925 cells.

926

927 Figure S3 - Sequencing summary

928  Bar charts of different sequencing parameters for the 24 samples considered in this study. In
929 each panel, colors are according to technology and storage parameters. The leukocytes are the
930 20 bars to the left, PBMCs are the 4 bars to the right. A) Overall depth of sequencing in millions
931  of reads. B) Cell counts per sample after debris exclusion. C) Sequencing depth in reads per
932  cell prior to downsampling input FASTQ files. D) Sequencing depth in reads per cell after

933 downsampling FASTQ files to 25,000 reads per cell. These downsampled FASTQ files were
934  then used as input in all analyses.

935 Figure S4 - Quality control statistics for Leukocyte and PBMC
936 samples stratified by general cell type

937  Violin plots presenting the log2 transformed gene count (I12.n_feature), read counts (I12.n_counts)
938 and the percent mitochondrial reads (mitoRatio) for filtered and downsampled leukocyte (A) and
939 PBMC (B) samples. The leukocyte site-level replicates have been merged for this presentation
940 and the values for each general cell type are plotted separately. Mitochondrial read percentages
941  are relatively low in the 10x FLEX samples because probes interrogating these genes are

942  excluded from the platform. Violins are colored according to technology. Dashed reference lines
943  are provide at 6.6 (100) and 9 (500) for gene counts in 12.n_feature panels, 10 (1000) and 12.3
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944  (5000) for read counts in 12.n_count panels and 0.1 (10%) for percent mitochondrial reads in
945  mitoRatio panels.

946 Figure S5 - Post-integration UMAP plots of each sample

947  Following integration of leukocyte (A) and PBMC (B) data, UMAP plots show similar
948  distributions of cells in these two dimensional representations indicating successful integration
949  of data from different technologies. UMAP plots are colored according to cluster.

950 Figure S6 - FACS tSNE plot

951  The CD45+ leukocyte population as characterized by flow cytometry using a 21-color panel of
952  surface marker antibodies (See Table S1).

953 Figure S7 - Differential expression analysis of HIVE 4 weeks vs
954 HIVE 1 day leukocyte samples

955  Volcano plot of differential expression results between the HIVE 28 day storage A replicates and
956 the HIVE 1 day A replicate. Genes with the largest magnitude positive and negative log2 fold
957 changes are labeled. No genes exceed the abs(log2 Fold Change) > 1, FDR < 0.05 threshold
958 for differential expression.

959 Table S1: Flow Cytometry Antibodies

960
SPECIFICITY FLUOROCHROME CLONE CATALOG # VENDOR
CD45RA BUV395 5H9 740315 BD
CD16 BUV496 3G8 564653 BD
CD56 BUV737 NCAM16.2 564447 BD
CD8 BUV805 SK1 612889 BD
CD197 (CCR7) BVv421 GO043H7 353208 BioLegend
CD123 Super Bright 436 6H6 62-1239-42 ThermoFisher

CD11c eFluor 450 3.9 48-0116-42 ThermoFisher
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IgD BVv480 IAG-2 566138 BD

CD3 BV510 SK7 344828 BioLegend
CD28 BV650 CD28.2 302946 BioLegend
CD14 Spark Blue 550 63D3 367148 BioLegend
CD45 PerCP HI30 368506 BioLegend
TCRyd PerCP-eFluor 710 B1.1 46-9959-42 ThermoFisher
Siglec-8 PE 7C9 347104 BioLegend
CD4 cFluor YG584 SK3 R7-20041-100T  Cytek612889
CD25 PE-CF594 M-A251 562403 BD

HLA-DR AF647 L243 307622 BioLegend
CD19 Spark NIR 685 HIB19 302270 BioLegend
CD127 R718 HIL-7R-M21 352753 BD

CD27 APC-H7 M-T271 560222 BD

CD38 APC-Fire810 HIT2 356643 BioLegend

961 Figure S8 - Molecular biology differences between technologies

962 Examination of the different molecular biology features of the technologies tested in the PBMC
963 samples in this study. A) Transcript metagene plot showing depth of coverage from transcript
964  start (TSS) to transcript end (TES) for all expressed transcripts from each technology. The 10x
965 3pGEX align near the TES while HIVE and Evercode data are more uniformly distributed across
966 the entire transcript length. The 10x FLEX data is not included in this plot because these data
967  are derived from probes and are not compatible with whole transcript coverage plots. B)

968  Expression levels of the example immune gene CD74 in each technology. Normalized and

969 log10-transformed data from the data slot of the SCT assay are being presented. C) Sequence
970 alignment data visualized using IGV in the CD74 example locus from each technology. The 10x
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971  3p DGE reads mostly localize to the 3’ end of the negative-stranded CD74 gene. The 10x FLEX
972  alignments are restricted to the location of the FLEX probes (Red Arrowheads). Note that the
973  middle probe is split between two exons and this results in a corresponding pair of read stacks.
974  The HIVE and Evercode alignments are observed across the length of the transcript,

975  predominantly over exons. Non-exonic alignments are often near genomic regions that are rich
976  in A or T suggesting spurious genomic priming (data not shown).
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Sample Cells ID company |prep version day |[site |replicate [Filtering [Read Count* |Cells** |Color Code
3pGEX.1.2.A Leukocyte 10x-23 10x 3pGEX 3.1 1 |2 A Custom 740023039 6880
3pGEX.1.2.B Leukocyte 10x-24 10x 3pGEX 3.1 1 |2 B Custom 788767980 7210
FLEX.28.1.A Leukocyte 10x-21 10x FLEX 1 28 |1 A Custom 375927550 10764
FLEX.28.1.B Leukocyte 10x-22 10x FLEX 1 28 |1 B Custom 344076798 12650
FLEX.28.2.A Leukocyte 10x-25 10x FLEX 1 28 |2 A Custom 315635895 8706
FLEX.28.2.B Leukocyte 10x-26 10x FLEX 1 28 |2 B Custom 366609531 9736
FLEX.28.3.A Leukocyte 10x-27 10x FLEX 1 28 |3 A Custom 411703884 8596
FLEX.28.3.B Leukocyte 10x-28 10x FLEX 1 28 |3 B Custom 300570611 9255
FLEX.28.4.A Leukocyte 10x-29 10x FLEX 1 28 |4 A Custom 391058232 9799
FLEX.28.4.B Leukocyte 10x-30 10x FLEX 1 28 |4 B Custom 398164770 10123
HIVE.28.1.A Leukocyte HC-11 HC HIVE vl 28 |1 A Custom 168784657 4684
HIVE.28.1.B Leukocyte HC-12 HC HIVE vl 28 |1 B Custom 192953268 2953
HIVE.1.2.A Leukocyte HC-13 HC HIVE vl 1 |2 A Custom 233183826 3279
HIVE.1.2.B Leukocyte HC-14 HC HIVE vl 1 |2 B Custom 230076516 3706
HIVE.28.2.A Leukocyte HC-15 HC HIVE vl 28 |2 A Custom 160258808 4012
HIVE.28.2.B Leukocyte HC-16 HC HIVE vl 28 |2 B Custom 164240099 5165
HIVE.28.5.A Leukocyte HC-17 HC HIVE vl 28 |5 A Custom 162500315 3882
HIVE.28.5.B Leukocyte HC-18 HC HIVE vl 28 |5 B Custom 181172979 5140
HIVE.28.6.A Leukocyte HC-19 HC HIVE vl 28 |6 A Custom 151699896 2934
HIVE.28.6.B Leukocyte HC-20 HC HIVE vl 28 |6 B Custom 179175285 2297
pbmc.3pGEX.1.2.A  [PBMC pbmc.10x3p 10x 3pGEX 3.1 1 |2 A Vendor 448023652 9791
pbmc.FLEX.1.2.A PBMC pbmc.10xFlex 10x FLEX 1 1 |2 A Vendor 585993045 2553
pbmc.HIVE.1.2.A PBMC pbmc.HC.v2 HC HIVE v2 1 |2 A Custom 434804102 11826
pbmc.Evercode.1.2.A |PBMC pbmc.Parse Parse Evercode ([v2 1 2 A Vendor 998478660 10409

* Total reads before downsampling
** Cell count used as denominator in downsampling
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Figure S5
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Figure S6
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Figure S8
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