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Abstract

Single-cell RNA sequencing (scRNA-seq) is a valuable tool for investigating cellular hetero-
geneity in diseases such as equine asthma (EA). This study evaluates the HIVE™ scRNA-
seq method, a pico-well-based technology, for processing bronchoalveolar lavage (BAL)
cells from horses with EA. The HIVE method offers practical advantages, including compati-
bility with both field and clinical settings, as well as a gentle workflow suited for handling sen-
sitive cells. Our results show that the major cell types in equine BAL were successfully
identified; however, the proportions of T cells and macrophages deviated from cytological
expectations, with macrophages being overrepresented and T cells underrepresented.
Despite these limitations, the HIVE method confirmed previously identified T cell and macro-
phage subpopulations and defined other BAL cell subsets. However, compared to previous
studies T helper subsets were less clearly defined. Additionally, consistent with previous
scRNA-seq studies, the HIVE method detected fewer granulocytes and mast cells than
anticipated in the total BAL samples. Nevertheless, applying the method to purified mast
cells recovered an expected number of cells. A small set of eosinophils were also detected
which have not been characterized in earlier studies. In summary these findings suggest
that while the HIVE method shows promise for certain applications, further optimization is
needed to improve the accuracy of cell type representation, particularly for granulocytes and
mast cells, in BAL samples.

Introduction

Single-cell RNA sequencing (scRNA-seq) has quickly become a powerful tool for analyzing the
transcriptomes of thousands of individual cells across various tissues and organisms. This
technology has provided unprecedented insights into cellular function and diversity, both in
health and disease. Although scRNA-seq is widely used in human research, there remains a rel-
ative lack of similar studies in equines [1-4].
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Horses are a useful model for studying a variety of diseases, including allergies, autoim-
mune disorders, and respiratory conditions [5-8]. Along with humans and cats, horses are
one of the few mammals that naturally develop asthma, making them an important model for
studying this condition. Equine asthma (EA), similar to human asthma, is a complex and het-
erogeneous disease that affects horses of different breeds and ages. EA significantly compro-
mises the welfare of affected horses and is a prevalent cause of suboptimal performance in
sport horses [9]. The clinical symptoms of EA include decreased performance, coughing,
increased respiratory effort, and mucus accumulation. EA is categorized into two subtypes:
mild-moderate asthma (mEA) and severe asthma (sEA) [10-12].

A key characteristic of all forms of EA is the increased infiltration of specific immune cells
(leukocytes), such as neutrophils, mast cells and occasionally eosinophils, into the lungs [13,
14]. This leads to higher proportions of these cells in bronchoalveolar lavage (BAL) samples
from affected horses. Given their role in EA pathogenesis, studying these cells in greater detail
—especially in the context of other leukocytes present in BAL—is essential. However, both
granulocytes (neutrophils, eosinophils) and mast cells are highly sensitive [15, 16], partly due
to their high RNase activity, which requires careful handling to prevent cellular stress and cell
death.

Previous scRNA-seq studies have investigated gene expression differences in specific BAL
cell types between asthmatic and healthy horses using droplet microfluidics [1, 2]. While these
studies successfully identified major BAL cell types, they reported low recovery rates for granu-
locytes and mast cells. It remains unclear whether these low recovery rates were due to the
microfluidic cell partitioning methods or suboptimal sample preparation.

Additionally, the standard scRNA-seq sample collection methods can be impractical in
field (i.e performing sampling directly at a study site) or clinical settings, where access to
specialized equipment is limited. When fresh cells are used, prompt sample handling is
ideal, preferably avoiding prolonged storage on ice for sensitive cell types. Cryopreservation
or cell fixation techniques are alternatives when immediate processing is not possible; how-
ever, these methods require centrifugation and washing steps, often involving swing-bucket
rotors, which may not be practical in field settings. These constraints affect certain types of
studies, such as those investigating the cellular response to air quality in stable environ-
ments and training-associated inflammation in equine airways, where sampling is prefera-
bly performed on-site.

This study aimed to evaluate the HIVE™ single-cell RNA-seq solution (Honeycomb Bio-
technologies) as an alternative method for processing equine BAL cell samples. The HIVE
workflow offers several advantages for studying lung leukocyte populations. First, HIVE is
designed for sensitive cells, utilizing a gravity-based system that gently captures and stabilizes
cells in pico-wells [17]. The collector cartridges can be shipped and stored until batch process-
ing. Second, the simple and rapid cell partitioning using portable cartridges allows scRNA-seq
sampling in field and clinical settings with only basic equipment, like pipettes. Third, the
HIVE system accommodates diluted cell suspensions and large volumes, making it particularly
useful for BAL sample studies by eliminating the need for centrifugation, thereby reducing cell
stress.

To assess the HIVE system’s performance, we analyzed BAL samples from horses undergo-
ing clinical evaluation for EA. The resulting transcriptomic profiles of major cell types were
comparable to those obtained from a previous study using the Drop-seq method. Sub-cluster-
ing revealed both previously identified populations and novel cell subsets. However, the HIVE
method was less successful in preserving the cell type compositions determined by cytology
compared to previous approaches.
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Material and methods
Study design and sample collection

BAL cells were sampled from horses undergoing clinical evaluation for EA at the University
Animal Hospital, Swedish University of Agricultural Sciences (SLU). The procedure was per-
formed as part of routine diagnostic practice due to clinical signs of EA. The examination and
BAL sampling were carried out by the same veterinarian for all horses, following the procedure
previously outlined by Riihimiki et al. [1]. To optimize cell viability for scRNA-seq, the cells
were processed for transcriptomic analysis before receiving any results from cytology analysis.
Descriptive information for all horses (age, sex, breed and sampling dates are provided in S1
Table. Clinical information has been deposited at the figshare repository associated with this
study. The samples were collected at convenience and there was no specific inclusion criteria
applied. The study was approved by the Uppsala regional ethical review board (5.8.18-20690/
2020) and all horse owners approved by written consent. For the Drop-seq samples that were
re-analyzed in this study, clinical information has been previously published [1]

Cell capture, library preparation and sequencing

After sample collection, the BAL samples were kept at 4°C, transported to the lab on ice and
processed within 2-4 hours of sampling. Cytospin analysis was performed as previously
described [1]. Cell concentrations and viability were determined with the Cellometer K2 auto-
mated cell counter (Nexcelom Bioscience, Lawrence, MA, USA). The viability of the BAL cells
was measured to be > 90% by the Nexcelom Matrix software (AO/PI staining), for all samples
included in the study. Cells were then isolated and stabilized in HIVE pico-wells, following the
manufacturer’s instructions for the HIVE v.1 Sample capture kit (Honeycomb Biotechnolo-
gies). There are two options to apply cells to the HIVE collectors: i) by gravity flow or ii) by
centrifugation. The first option was used in this study. Briefly, in order to remove debris, BAL
solutions were passed through a cell strainer (70 uM), according to standard practice proce-
dures for scRNA-sampling. As a result, cells trapped in mucus may have been lost during cell
straining. A volume containing 15,000-30,000 cells (35-85 pl) was diluted in 1 ml PBS + 0.01%
BSA, just prior to loading the HIVE collector. The cell suspension (1 ml) was applied to the
sample collector and incubated for 30 minutes at room temperature. The collectors were then
washed with 1 ml of Wash Buffer before 1 ml of Cell Recovery Solution was added and stored
at -20°C until further processing. For two of the horses (KA & QU), different cell numbers
were applied to two HIVE collectors each (Table 1). Subsequent library preparation was per-
formed according to the HIVE single-cell RNA-seq Processing Kit v1 protocol using 9 PCR
cycles in the Index PCR step. The size profiles of the amplified sequencing libraries were deter-
mined using TapeStation and the final library concentrations were measured with gPCR.
Examples of TapeStation library traces are shown in S1 Fig. The libraries were sequenced on
an Illumina NovaSeq6000 system using the custom sequencing primers included in the HIVE
library preparation kit and a 28+8+8+90 read set up and aiming at between 50-100K reads/
cell.

Purification of mast cells

Mast cells were isolated from a single equine BAL sample using the MACSQuant Tyto cell
sorter, as detailed in Akula et al. [18]. The total procedure took 5 hrs. from the time of BAL
sampling. Mast cells were kept on ice at all times. The purity of the BALF MCs was determined
to be 92.9% [18]. An aliquot of the purified mast cells from the BAL sample described in that
study (denoted MC1 in Akula el, herein denoted by the horse ID = UF) was analyzed with
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Table 1. Cytology data for the BAL samples analyzed with the HIVE method.

Horse # and ID

1NA
2DE
3QU
4 AM
58T
6 BE
7 FA
8LE
9 KA
10 GN
11 FL
12 UF*
13 ATA
14 TTA

*Purified mast cells.

HIVE library #

15,16
17,18

Leukocytes Neutrophils Lymphocytes Macrophages Eosinophils (%) Mast cells

(10e6/L) (%) (%) (%) (%)
280 1 42 55 1 2
280 1 24 65 0 10
110 0 30 61 0
260 4 34 58 0
180 4 29 53 0 14
170 0 42 51 1 6
410 1 21 66 0 11
240 3 18 72 3 4
400 1 3 72 5 19
430 31 25 41 0 3
360 3 39 56 0 3
370 4 26 65 2 3
340 3 38 54 1 4
400 7 26 65 0 2

A Experiment with alternative sample handling conditions.

https://doi.org/10.1371/journal.pone.0317343.t001

HIVE. Immediately after the purification procedure 15,000 purified mast cells were diluted in
1 ml cold PBS + 0.01% BSA and applied to the HIVE collector. Libraries were then prepared,
sequenced and analyzed following the same procedure as stated above.

Test of alternative cell sample handling conditions

BAL samples (AT and TT, Table 1) were immediately split into two aliquots directly after
endoscopy and BAL collection. One aliquot was kept on ice until HIVE loading, while the
other aliquot was kept at room temperature. Just before applying the cells to the collectors,
they were diluted in 1 ml of RPMI media (cold or room tempered, respectively) containing 5%
FBS, and 10 ul of RiboLock RNase inhibitor. The duration from BAL sampling to loading the
cells onto the HIVE collectors was less than one hour.

Data pre-processing

Raw sequencing data (fastq files) were converted to count matrices of gene expression values
using the custom software BeeNet™ (Honeycomb Biotechnologies). A custom Python script
was used to extend the annotations for the 3~ untranslated regions of the genes in the refer-
ence genome (Equus caballus, NCBI annotation release 103) with 1000 bp (except for when
the extension overlapped a neighboring gene). Following the recommendations in the HIVE
scRNAseq BeeNet™ (v.1.1) software guide, the number of expected barcodes in each sample
was set to 40% of the starting input cell number (6,000-12,000 cells per sample, Table 1). Bee-
Net output metrics are listed in S1 Data.

Quality control and initial clustering analysis of scRNA-seq libraries

Quality control (QC) and further downstream analyses were performed using the R package
Seurat (v 4.3.0.1) [19]. For the initial HIVE libraries cellular barcodes with < 350 detected
genes, >10% mitochondrial reads, >15% ribosomal reads and/or >8,000 UMI counts were fil-
tered out. Doublet detection was performed using the DoubletFinder_v3 [20] package for each
sample. After filtering, a total of 55,759 cells remained for downstream analysis. Normalization
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and scaling were performed using the SCTransform function (v. 0.3.5) with 3,000 variable fea-
tures, regressing out the number of features/cells. Integration was then performed, on sample
basis, with Seurats RPCA method (k.anchor = 20).

The CellCycleScoring function in the Seurat package was used to investigate if the cell cycle
stage had an effect on clustering. Following the same procedure as Sage et al. [3] the Biomart
package was used to convert the lists of human markers for the G2M and S phase (“cc.genes.
updated.2019” from Seurat) to their equine orthologs. Based on the scores obtained, cells were
then visualized according to G2M phase (cycling) or S phase (resting). Dimensionality reduc-
tion was performed using principal component analysis (PCA) and the number of principal
components (PCs) were set to 25. The number of PCs were determined by inspection of scree
plots and computation of the number of PCs exhibiting > 0.1% variation. Clustering was per-
formed using the FindNeighbors function in Seurat, with the Louvain algorithm as default.
The FindClusters function was then used, and clustering resolutions between 0.1 and 1 were
assessed. Based on visual inspection of the various clustering resolutions (UMAP plots) as well
as cluster stability (assessed with the clustree function [21], and assessment of cluster specific
gene signatures, a clustering resolution of 0.3 was selected for the initial clustering of the total
BAL population. Clusters with similar gene expressions were collapsed into the major cell-
types when computing cell-type specific markers. Statistical inference of differences in cell
type composition, as compared to cytology, was performed using the Wilcoxon signed-rank
test with multiple testing correction applied using the Benjamini-Hochberg procedure. For
BAL samples prepared in duplicates (KA and QU) the mean HIVE cell type percentage across
the two libraries was used in the test.

The four HIVE libraries used to investigate alternative sampling conditions were integrated
and analyzed as described above (n = 10,000 cells, clust res 0.2, 10 PCs). The isolated mast cells
were also analyzed using the same filtering and clustering steps as described above, except for the
number of detected genes, where the limit was set to 275 (n = 2,140 cells, 10 PCs, clust res 0.2).

Noteworthy, mast cell tryptase genes appear to be absent from the current equine reference
annotation. However, comparison of the protein sequences of human mast cell-specific tryp-
tases and the protein sequence of the equine RET gene (NP_001075344.1, NP_003285.2,
NP_077078.5) reveal high homology, including conservation of the catalytic triad [22],
strongly suggesting that equine TPSAB1/TPSB2 is misannotated as RET.

Comparison of mastocytic HIVE and Drop-seq samples

HIVE and previously generated DropSeq data from BAL samples with more than 3% mast
cells (based on cytology) were selected for re-analysis and comparison. This included eleven
HIVE libraries and eight DropSeq libraries. The HIVE data was processed as described above,
while the DropSeq data was obtained from Riihiméki et al. [1]. The EmptyDrops [23] method
had previously been applied to remove empty droplets from those count matrices, allowing for
a lower threshold to filter out low-quality cells (<200 genes per cell). Similarly, for the HIVE
data, cells with more than 10% mitochondrial reads, more than 15% ribosomal reads, and/or
more than 8,000 UMIs were excluded. The mastocytic HIVE and Drop-Seq datasets were ana-
lyzed separately using the same computational approach for doublet removal, integration, and
clustering. The number of principal components (PCs) was set to 20, and a cluster resolution
of 0.1 was selected for both datasets to visualize major cell types.

Cluster annotation and independent re-clustering of cell types

To identify genes differentially expressed between clusters, the PrepSCTFindMarkers and Fin-
dAllMarkers functions in Seurat were used, using an average log2fold change (log2FC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0317343  January 24, 2025 5/21


https://doi.org/10.1371/journal.pone.0317343

PLOS ONE

Exploring a pico-well based scRNA-seq method for analysis of equine bronchoalveolar lavage cells

threshold of > 0.2 and adjusted P-value < 0.05. These markers, in combination with canonical
markers previously used in horse and human scRNA-seq studies [1-4, 24], were used to anno-
tate the cell clusters into the major cell types. After identifying the major cell types, the Subset
function in Seurat was used for sub-clustering of each cell type; alveolar macrophages (AMs),
T cells, neutrophils, mast cells and dendritic cells (DCs), following the same procedure as
described above, but with different number of PCs and clustering resolutions (AMs: 15 PCs,
clustering resolution of 0.4, T cells: 12 PCs, clustering resolution of 0.6, mast cells: 5 PCs, clus-
tering resolution of 0.2, neutrophils: 10 PCs, clustering resolution of 0.2, dendritic cells: 10
PCs, clustering resolution of 0.1). A population of cells exhibiting expression of both T cell and
macrophage genes (3000 cells, 5% of total BAL cells) were removed when re-clustering the T
cells.

Results and discussion
Initial evaluation of the HIVE method for clinical BAL samples

Clinical BAL samples from eleven horses undergoing evaluation for EA were initially analyzed
with the HIVE v.1 solution (Honeycomb Biotechnologies) (Fig 1). Healthy controls were not
included in this method evaluation as one of the main objectives was to investigate whether
the HIVE method could improve the recovery of neutrophils and mast cells, which are typi-
cally present in low numbers in normal BAL samples. Thus, the study did not aim to conduct
research on EA but rather to explore the suitability of the HIVE method for processing BAL
samples for future EA studies. Duplicate libraries with different numbers of cell loadings were
analyzed for two of the BAL samples, so that in total thirteen HIVE libraries were analyzed in
the initial round. In ten out of eleven of the BAL samples, cytology indicated ongoing airway
inflammation (3% > mast cells and/or eosinophils or 10% > neutrophils). The majority of
horses exhibited mastocytic inflammation, although one horse had severe neutrophilic inflam-
mation. Total cell counts in the BAL were between 100-400 cells/ul which meant that an
appropriate number of cells for loading the sample collector (15-30,000 cells) could easily be
obtained by diluting a small volume (< 100 pl) from the original BAL sample directly into 1
ml of loading bulffer, limiting stress to cells by centrifugation. The cell compositions of the
BAL samples, as assessed by cytology staining, are shown in Table 1.

After QC and removal of doublet cells, a total of 55,759 cells remained for the downstream
analysis. The final number of cells recovered per sample varied from 1,481 to 7,358 (Table 2).
A median of 11,666 genes/sample were detected (counting genes detected in > 10 cells). The
median number of genes/cells varied between 492-1,189 across the individual samples. The
mean percentage of mitochondrial and ribosomal counts (across all samples) were 2 and 6%,
respectively, which is not higher than what has been reported for other methods [25]. Violin
plots illustrating the common metrics for assessing the quality of the data are presented in 52
Fig and sequencing/mapping metrics in S1 Data.

The HIVE data recovered the expected five major cell types in BAL and their gene expres-
sion signatures were essentially similar to those observed in previous equine scRNA-studies:
alveolar macrophages (n = 39,800, top cell type markers = WFDC2, PSAP, APOE, CD163), pro-
liferating macrophages (n = 2,149, CENPF, TOP2A), T cells (n = 10,129, RESF, STK17B,
GZMA, CD3E), mast cells (n = 737, cluster 9, MS4A2, FCER1A, GNPTAB), neutrophils
(n = 1487, SNX10, GBP5, CXCL1, CXCL8) and dendritic cells (n = 1187, DRA, CST3, CD74)
(Fig 2 and S2 Data). However, cell-type proportions in the scRNA-seq data differed consider-
ably compared to cytology counts (Fig 2). Low numbers of mast cells were detected (p,qgj =
0.002), even in samples that exhibited very high proportions of mast cells according to cytol-
ogy. Discrepancies in neutrophil proportions were not statistically significant (p,q; = 0.8),
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Equine BAL samples

. HIVE™

A Analysis of 13 HIVE B Test of alternative
libraries from 11 horses sample handling (4
HIVEs)

C Comparison of HIVE
and DropSeq data

Re-clustering of cell
D types and analysis of
purified mast cells

Fig 1. Overall study outline. A) Thirteen libraries obtained from eleven equine BAL samples were initially prepared
and analyzed using HIVE (v.1). B) Four HIVE libraries (from two additional BAL samples) were prepared with
alternative sample buffers and storage temperatures to investigate whether cell type recovery would be improved by
optimizing sample handling conditions. C) Since it was not possible to compare HIVE data from the same samples
with an alternative method, HIVE data was compared to another method (Drop-seq) using samples that exhibited
similar BAL phenotypes (mastocytic). D) The major BAL cell subsets from the initial thirteen HIVE libraries were
independently sub-clustered. Additionally, a HIVE library prepared from mast cells purified from an additional BAL
sample was analyzed. Created in BioRender. Raine, A. (2024) BioRender.com/n54{847.

https://doi.org/10.1371/journal.pone.0317343.9001

although notably, only 4% was assigned as neutrophils in the sample with 30% neutrophils,
according to cytology. Moreover, in the HIVE samples, an average 74% of the cells were anno-
tated as macrophages, which was higher than the counts observed in cytology (mean 59%, pag;
=0.002). For T cells, the percentages in the HIVE samples were lower than expected compared
to cytology (mean: 19% vs. 28% in cytology, p.4j = 0.056). Notably, cytology indicated a very
low number of lymphocytes (3%) in one horse (KA), while the corresponding number was
10% in the HIVE libraries from that horse.

A preliminary investigation into the impact of sample-handling conditions
on BAL cell-type recapitulation in HIVE data

To explore potential improvements in cell type recovery through modifications in sample pro-
cessing conditions—such as temperature, cell dilution buffer, and handling time—we gener-
ated four additional HIVE libraries from two additional horses (Horse AT and TT; HIVE
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Table 2. Number of cells loaded per HIVE collector and number of cells recapitulated after QC filtering.

ID Cells loaded on HIVE Barcode cutoff® Cells after QC filtering and doublet removal
AM 20,000 8,000 6,542
BE 20,000 8,000 7,358
DE 15,000 6,000 2,224
FA 20,000 8,000 6,830
FL 20,000 8,000 2,458
GN 20,000 8,000 2,134
KA* 20,000+30,000 8,000+12,000 1,481+6,800
LE 20,000 8,000 5,913
NATT 15,000 6,000 4,791
Qu* 15,000+30,000 6,000+12,000 2,337+5406
ST 20,000 8,000 1,485
UF 15,000 6,000 2,140
AT 20,000 8,000 1,086, 1,770
TT 20,000 8,000 4,129, 3,428

*Two libraries per sample were prepared with different cell loading numbers.
#40% of the cell loading number.

https://doi.org/10.1371/journal.pone.0317343.t002

libraries #15-18, as shown in Table 1). The addition of RNase inhibitors to buffers and avoid-
ing storage on ice has previously been recommended for neutrophil sample preparation.
(https://kb.10xgenomics.com/hc/en-us/articles/360004024032-Can-I-process-neutrophils-or-
other-granulocytes-using-10x-Single-Cell-applications). In this preliminary experiment, all
three aforementioned factors were modified simultaneously because high costs prevented a
more systematic approach.

After the BAL procedure, each sample was promptly split into two aliquots: one kept at
room temperature and the other on ice. Cells were diluted in an alternative buffer (supple-
mented with FBS and RNase inhibitor) immediately before loading. Additionally, HIVE load-
ing was completed within one hour, compared to the 2-4-hour window used in earlier tests.
An integrated analysis of 10,000 cells from the four libraries suggested that the proportions of
T cells, macrophages, and neutrophils were in better agreement with cytology compared to the
initial thirteen libraries, which were prepared in cold conditions using standard buffer (PBS
+0.01% BSA). However, mast cell recovery remained lower than expected, and eosinophils
were not detected (S3 Fig, Table 1, S3 Data).

The putative improvement in cell type distribution observed for T cells, macrophages and
neutrophils should, however, be considered preliminary. Concurrent modification of several
experimental variables and the limited number of replicates prevents any meaningful statistical
analysis. Therefore, additional studies will be needed to determine the optimal sample han-
dling protocol for equine BAL cells, particularly for samples with high levels of mast cells. One
area that warrants further exploration is whether a cell washing step before the HIVE loading,
which may reduce RNases, would actually improve the accurate recapitulation of cell types. It
should also be noted that previous scRNA-seq studies have successfully analyzed cryopre-
served equine BAL cells using 10x Genomics, including the recovery of neutrophils [2, 3].

Comparison of HIVE and Drop-seq data

Next, we compared gene expression profiles obtained from HIVE data with those generated by
an alternative scRNA-seq method (Drop-seq) [1]. Ideally, method performance would be

PLOS ONE | https://doi.org/10.1371/journal.pone.0317343  January 24, 2025 8/21


https://kb.10xgenomics.com/hc/en-us/articles/360004024032-Can-I-process-neutrophils-or-other-granulocytes-using-10x-Single-Cell-applications
https://kb.10xgenomics.com/hc/en-us/articles/360004024032-Can-I-process-neutrophils-or-other-granulocytes-using-10x-Single-Cell-applications
https://doi.org/10.1371/journal.pone.0317343.t002
https://doi.org/10.1371/journal.pone.0317343

PLOS ONE Exploring a pico-well based scRNA-seq method for analysis of equine bronchoalveolar lavage cells

A wroc2 (@ @O0 @O o C cD163 MARCO Ch3E
Dendritic Par 1@ @O@® © @
o APOE Y X X
Epithelial 8 ®o .
1. 5 sTKi7810 0 @© © @ @
Dendritic,_, . - 7 RESFi{ o o @eo o o @
i, Neutrophil GIMA{ o o @ o o » @
Teells ..., g Average expression
e, CENPF{ o @ « o o - o 5
0 3 roral - @+ - - o M.
; SMC4{ o @ o o o o o N
2 4 ¥ Macrophages SNX1010 © o @ o o @ GZMK TRDC SNX10
Neutrophil GBP5 {0 0 o @@ - @ -1
40 1 FiT2{o o c@o o o
EqcaDQAl{ 0 o @ o @ ¢« © Percent expressed
DRATO® c@QO@° @ .5 :
6 co741@ 0Q0@° O g5 : &
Mast cells
X, msanzt - - - - - @ o
5 W FCERIAf - =« « - - @)
o GNPTAB{ o o o o o @ o
D CLCA2H « -+ « « « . [} KIT LAMP3 CST3
VMO1{ . .
100y = - -— —
-I = i i m e . I - TFF3| .
I . F &0 QD
75 I II I II é\q&g@/\& @K\\Q&i}@ é@\\
) L& FTIEE
S & @ 5
g F
8 &
g 50 <
'8
Epithelial
25 Dendritic cells
Eosinophils
[l Neutrophils
Mastcells
[ Lymphocytes
o_—@_—_:_____& Macrophages
& @Q&RJQV«Ve &8 »@é & o‘ é\e
4‘ \L e v &
&
9

Fig 2. scRNA-seq generated from equine BAL samples using the HIVE method. A) BAL samples from eleven horses undergoing evaluation for equine
asthma were analyzed using the HIVE pico-well technology. Duplicate libraries with different cell loadings were prepared from two horses (KA & QU), thus a
total of thirteen HIVE libraries were analyzed. Cluster representations of integrated HIVE data are shown as UMAP plots. The expected cell types in equine
BAL were identified and clusters labelled accordingly: alveolar macrophages (clusters 0, 1, 3, and 6), proliferating macrophages (cluster 5), T cells (clusters 2
and 4), neutrophils (clusters 7 and 10), mast cells (cluster 9), dendritic cells (clusters 8 and 11), and a small population of epithelial cells (cluster 12). B) Dot
plots showing the top expressed marker genes after collapsing clusters into major cell types. C) Feature plots visualizing the expression of a selection of cell-type
specific marker genes on the UMAP. D) Cell type proportions computed from HIVE scRNA-seq data versus cytology data, per horse. Macrophage numbers
were significantly higher, whereas T cell, neutrophil, and mast cell numbers were lower in HIVE data compared with cytological expectations.

https://doi.org/10.1371/journal.pone.0317343.9002

assessed by analyzing data from the same samples across different protocols. However, the
high cost of scRNA-seq and the logistical challenges of processing freshly sampled cells using
two different methods made this approach impractical. As a direct comparison was not feasi-
ble, we instead re-analyzed previously generated Drop-seq data from equine BAL cells. The
same computational approach used for the HIVE data was applied to assess cell clusters and
marker genes. To ensure a meaningful comparison, similar sample types were selected (i.e.,
mastocytic BAL samples with > 3% mast cells).

Thus, gene expression profiles from HIVE libraries prepared from mastocytic BAL samples
in the initial experiment (eleven libraries, nine horses, n = 45,222 cells, Table 1) were com-
pared with previously published Drop-seq libraries from mastocytic horses (eight libraries,

n = 31,133 cells, S2 Table). Both datasets revealed similar clusters, corresponding to the major
BAL cell types (Fig 3). Moreover, very similar marker genes were identified across these cell
types (54 Data). The shared features within the top 25 cell type markers (by log2FC) are listed
in Table 3. In contrast to HIVE, T cell and macrophage composition were more consistent
with corresponding cytology for Drop-seq data (p,gj = 0.9, and 0.7, for macrophages and T
cells respectively). Neutrophil and mast cell recapitulation were lower compared with cytology
also for Drop-seq (p.qgj = 0.1 and 0.05, respectively).

In summary, gene expression signatures across the major cell types as identified by both
Drop-seq and HIVE were highly similar.
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Fig 3. Comparison of clustered HIVE and Drop-seq data from mastocytic BAL samples. A) UMAP representations of HIVE and Drop-seq data. The same
major cell types were identified, although epithelial cells were not found in Drop-seq. Epithelial cells are not expected to be present in all BAL samples. B) Dot
plots comparing expression levels of top marker genes across clusters. C) Cell type proportions in individual samples visualized as bar plots. Drop-seq data

showed generally higher T cell recovery and thus better agreement with cytology compared to HIVE. Granulocytes and mast cells numbers were similarly low

in both data sets.

https://doi.org/10.1371/journal.pone.0317343.g003

Independent re-clustering reveal novel and known macrophage and T cell
populations in HIVE data

Previous scRNA-seq studies of equine BAL, have identified distinct populations of airway
macrophages, along with diverse lung-residing T cell types. To assess whether comparable cell

Table 3. Shared equine BAL cell-type marker genes across HIVE and Drop-seq data. The table lists common cluster markers among the top 25 genes with the highest
log2FC in each respective dataset, as identified by Seurat’s (v.4.3) FindAllMarkers function.

T-cell markers Macrophage markers Neutrophil markers Mast cell markers Dendritic markers
STK17B, RESF1, STK17B, PTPRC, FTHI1, APOE, FTL, MARCO, SNX10, IL1B, TPSB2 (RET), MS4A2, FCERIA, LAMP3, CCR7,
ITGB1, CCL5, KLRK1, CD3E, ENSECAG00000029928 (WEDC2), CI1H150rf48, SOD2, | ENSECAG00000037919 (CLEC7A), CST3, DQA, DRA,
GIMAP7, EZR, DRB, ANKRDI12, CD2, | PSAP, C1QB, C1QC, ANXA2, CTSZ, | PLEK, SATI, IGSF6, | GNPTAB, LTC4S, HPGDS, GATA2, LIMCHI, DQB,
FYBI, ETS1, ENSECAG00000033316 C4BPA, CD163, GPNMB, FABP5, CXCLS, IFIT2, LMO4, PLCB4, CLINT1, S100A4, SPP1, CD74, DRB,
(TRBC) S100P NFKBIA, IFIT3 SRGN GPR183, PKIB,
CPVL, RGSI, LY5

https://doi.org/10.1371/journal.pone.0317343.t003
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states or types could be identified in the HIVE dataset, independent re-clustering was
performed.

Macrophages. Given that macrophage polarization occurs along a continuum rather than
in discrete stages [26], differences between clusters often manifest subtly in marker expression,
with some markers being expressed across multiple clusters. Moreover, the inherent plasticity
of macrophages, the limited transcriptomic data available for equine lung-residing macro-
phages, and technical variabilities in gene detection collectively pose challenges for comparing
observed subpopulations across different studies. Nevertheless, re-clustering the HIVE
scRNA-seq dataset yielded several clusters which exhibited gene expression signatures akin to
previously identified alveolar macrophage (AM) subpopulations (Fig 4 and S5 Data) [1].

Clusters AMO0, AM1, AM4, AM7 exhibited expression profiles consistent with homeostatic
functions in alveolar macrophages such as phagocytosis, lipid metabolism (surfactant homeo-
stasis) and immune regulation. Nevertheless, subtle gene expression differences were detected
for some of these clusters. For instance, cells in cluster AM1 showed a slight increase in the
expression of phagocytic activation-associated genes (PSAP, APOE) and genes involved in
antigen presentation and immune regulation (FCERIG, CD74). AM4 were marked by expres-
sion of lipid-associated and cytoskeleton genes (FABP5, ANXA2, TMSBX4), immune regula-
tors (B2M), protease inhibitors (WFDC2), and lysosomal protein (LAPTM4A).
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Fig 4. Reclustering of alveolar macrophages. A) Reclustering of 39,800 alveolar macrophages. Clusters AM0, AM1,
AM4, and AM7: expression patterns consistent with the homeostatic functions of alveolar macrophages. Cluster AM2:
putative activated phenotype (ADD3+, TXNIP+). Clusters AM3 and AMS5: increased mitochondrial and ribosomal
expression, respectively. Cluster AM6: monocyte-derived AMs (GPNMB+, LGALS3+, MARCO'"). Cluster AMS:
enhanced expression of lysozyme (LYZ+). Cluster AM9: putative anti-inflammatory (MRCI+). AM10: undetermined.
B) Dot plot representation of the top differentially expressed genes across clusters. n.a = gene not annotated in EquCab
3.0. C) Cluster proportions varied across samples, also between libraries prepared from the same BAL samples (KA20,
KA30, QU15, QU30). A possible explanation may be inconsistencies in cluster assignment due to overlapping
expression profiles in some AM subsets.

https://doi.org/10.1371/journal.pone.0317343.g004
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Cluster AM2 (ADD3, TXNIP, CYBB, C4BPA) may represent a poised or activated state [27],
comprising a subset of cells also expressing interferon stimulated (ISG) genes (e.g., MX1,
SAM9DL). Cluster AM6 (GPNMB, LGALS3, MARCO'®") is suggested to represent monocyte-
derived alveolar macrophages [28]. Both AM2 and AMBS6 clusters exhibited expression profiles
similar to corresponding populations identified in previous equine scRNA-seq studies [1, 2].

Clusters AM3 and AM5 showed upregulation of mitochondrial and ribosomal genes,
respectively. Cluster AM8 was characterized by markedly higher expression of lysozyme
(LYZ). The small cluster AM9 exhibited increased expression of CD206 (MRCI), CD163,
ALDHIAI, and LCPI suggestive of an anti-inflammatory role [29].

Most individual samples contained cells across all AM clusters, although the proportion of
cells in each cluster varied between samples. Notably (Fig 4), there were also some differences
in cluster proportions across HIVE libraries from the same BAL sample (KA20, KA30, and
QU15, QU30). It remains unclear whether these differences can be attributed to technical bias
(in the HIVE method), computational bias (introduced during the clustering of cells that
exhibit continuums rather than discrete states), random effects from cell sampling, or a combi-
nation of these factors.

T cells. Next, independent re-clustering of T cells was performed (Fig 5, S5 Data). A popu-
lation of cells (~3,000 cells, 5.5% of the total cell population) exhibiting expression of both T
cell and macrophage genes was identified during the re-clustering of the T cells. These cells
appeared scattered throughout the UMAP, though they were assigned to the same cluster. It is
unclear whether they represent technical doublets (that DoubletFinder failed to identify), true
cell complexes or a combination of both. However, as this cluster exhibited ambiguous gene
signatures (which interfered with clustering) it was removed and the remaining T cells
(n = 6,672) were sub-clustered.

Cytotoxic CD8" T cells were assigned based on high expression of granzymes GZMK,
GZMA, as well as CCL5 and the presence of CD8A. Moreover, a subset of T cells exhibiting
moderate GZMK but lower GZMA (GZMK"™ GZMA'"®") was observed. T cells subsets express-
ing GZMK but lower GZMA has been observed in equine peripheral blood [4] but an exact
annotation remain unclear. Notably, a group of T cells exhibited selectively high expression of
insulin-like growth factor 2 (IGF2), along with a moderate cytotoxic profile (GZMA, CCL5).
Although a relatively small number of cells were in total (n = 576), all horses were represented
in the IGF2" cluster (Fig 5). IGF2 was also among the genes detected in T cells in a scRNA-seq
study of BAL cells from severe equine asthma and healthy controls [2]. A role for the IGF sys-
tem has been implicated in human asthma [30-32], in the regulation of Th17 cells in human
autoimmune diseases [33], as well as in fibrosis [34]. However, to our knowledge, the specific
role of IGF2 expression in T cells has not been previously discussed. Further studies will be
required to elucidate the potential significance of this finding in the context of equine asthma.

The cluster labeled NK/NKT was characterized by the expression of killer cell lectin-like
receptor genes (KLRD1, KLRK1, KLRCI). This cluster likely comprises either NK-like T cells
or NK cells or is a mix of both cell types. Considerable overlap in transcriptional profiles can
make these cell populations challenging to annotate [35]. However, similar cell populations
have previously been found in equine BAL and were annotated as NK-like T cells (NKT) [2].

Two clusters were identified as y3 T cells based on high expression of the T cell receptor
delta gene (TRDC). One subset (denoted here as y82) was characterized by higher cytotoxic
potential, as indicated by elevated expression of GZMA, KLRDI1, KLRCI, and KLRK1. The
other subset (denoted here as y51) did not exhibit a strong cytotoxic profile but expressed
higher levels of KLRBI. In humans, Y& T cells are subclassified based on TCR & chain usage,
such as V81 and V2. These subsets are primarily found in mucosal environments and periph-
eral blood, respectively and is proposed to have distinct roles in tissue homeostasis and
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Fig 5. Re-clustering of T cells. A) Re-clustering of T cell population revealed several subsets: cytotoxic T cells (GZMA, GZMK, CCL5, T1 & T2), 8 T subsets
(TRDC, T6 & T7), IGF2" T cells (IGF2, T4), putative Tregs (FGL2, ETSI, T3), activated CD4" T cells (CD40LG, T5). NK/NKT cells (KLRDI, KLRK1, T8). A
small subset of cells expressing macrophage markers clustered separately (DP, T9). B) Dot plots showing expression of top cluster markers. C) Composition
plots showing proportion of T cell subsets in individual horses. D) Selected feature expression mapped onto the UMAP plot. E) Insulin-like growth factor 2
(IGF2) was selectively expressed in a subset of T cell (left violin panel). Expression of IFG2 per horse in the IGF2" T cell cluster (right violin panel).

https://doi.org/10.1371/journal.pone.0317343.9005

inflammation [36, 37]. It is likely that similar subsets of y3 T cells exist in equines. However,
since TCR & variable (TRDV) gene usage was not analyzed in this study, it remains undeter-

mined whether the two Y8 T cell populations identified in equine BAL correspond to any pre-
viously characterized human y3 T cell subsets.

Additionally, two T cell clusters were absent of cytotoxic genes and CD8 expression. Based
on differential expression of CD154 (CD40LG), one of these populations may constitute acti-
vated CD4" T cells [38]. The second population was labeled as putative Tregs. Although there
was no direct support for this annotation by detection of classical Treg markers such as
FOXP3, IL2RA, and CTLA4, there was upregulation of other genes that have been previously
implicated in Tregs (ETS1, FGL2) [39, 40]. However, we were not able to selectively identify
naive T cells as were previously found in equine BAL [2], and as CD4" and classical Treg
marker expression were low in the HIVE T cell data, these cell labels are to be considered
preliminary.
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In summary, a moderate number of T cells were re-clustered, which may have constrained
the depth of the analysis and limited the identification of specific T helper subsets. Neverthe-
less, several of the T cell types previously identified in equine BAL [1, 2] were also found in the
HIVE data. Additionally, although previous studies have found y8 T cells in BAL, two distinct
v3 T cell populations were detected in the HIVE data, along with a population of T cells with
notably high IGF2 expression. However, the annotations of putative CD4" populations in the
HIVE data remain ambiguous. B-cells were not detected, in contrasts with previous studies of
EA using 10x Genomics’ methods.

Dendritic cells, neutrophils and mast cells as detected by the HIVE method

Dendritic cells. The dendritic cells were re-clustered into subtypes that have been previously
observed in both equines and humans (Fig 6). Conventional dendritic cells (¢cDCs) were iden-
tified based on the expression of CD74, CST3, DRA, and CPVL [41]. However, in this inte-
grated dendritic cell data subset, we were unable to distinguish the conventional DCs into
cDC1 and cDC2 subgroups, as was possible in previous studies [1, 2]. A group of SPP1" DCs
was identified, potentially representing an inflammatory subset [42]. Migratory/activated DCs,
marked by CCR7, LAMP3, and IDO1, respectively was also observed, consistent with previous
findings in equine BAL [1, 2]. Additionally, two very small clusters were present within the
dendritic cell subset, but we were unable to annotate those.

Neutrophils and mast cells. Four subsets were observed upon re-clustering neutrophils
(Fig 7, S5 Data), consistent with other studies reporting neutrophil heterogeneity [43]. Among
these, the previously observed interferon-stimulated (ISG'™€") neutrophils were also detected
[1, 2]. A previous study by Sage et al. [2] observed specific asthma signatures in neutrophils
from horses with neutrophilic SEA, including the upregulation of CHI3LI and MAPK13.
These genes were not detected in the neutrophil subsets in the current study. However, the
majority of the samples analyzed here were from a different phenotype, mastocytic mEA. Of
particular note, a small cluster exhibited a distinct profile characterized by the expression of
ADAMDECI, GAPT, GLS, SYNE1, DHRS?7, and the eotaxin receptor CCR3 [44] (Fig 7 and S5
Data). These cells were labelled as eosinophils.
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Fig 6. Re-clustering of dendritic cells. A) UMAP visualization showing independent re-clustering of the dendritic cells. B)
Conventional DCs were marked by e.g CD74 and CST3 expression, Migratory/activated DCs specifically expressed e.g CCR7 and
LAMP3. A population of DCs expressed higher SPP1 (osteopontin) which is considered a marker of inflammation.

https://doi.org/10.1371/journal.pone.0317343.9006
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The small number of mast cells analyzed within the total BAL cell population were quite
homogeneous, though a subset showed a subtle increase in the expression of macrophage-
associated genes (Fig 8). Another small subset exhibited higher IGF2 expression. A previous
study that included cells from mastocytic horses and healthy controls demonstrated a small
subset of mast cells characterized by elevated FKBP5 and LTC4S expression, which was pri-
marily derived from asthma cases rather than control horses [1]. However, healthy controls
were not included in this evaluation so this finding could not be corroborated. It is also worth
noting that a study comparing neutrophilic severe asthma cases with healthy controls found
the mast cell population to be highly homogeneous, regardless of disease status [2].

Due to the low recapitulation of mast cells in the total BAL samples, we wanted to further
assess the HIVE method’s capability to capture mast cells and identify potential loss points in
the workflow. To this end, we performed HIVE scRNA-seq on a sample of purified equine
mast cells isolated from a single BAL sample (library #14, sample ID = UF). The library was
generated using the same procedure as for the initial BAL samples, including the same cell
dilution buffer. The analysis resulted in 2,140 cells, with 90% identified as mast cells based on
the expression of classical mast cell markers (MS4A2, FCER1A) (Fig 8). A subset of mast cells
was observed to express high levels of mRNA encoding the Golgi apparatus-associated pro-
teins GOLGA4, involved in vesicular trafficking in the Golgi apparatus. Additionally, small
subsets of dendritic cells (CCR7, LAMP3) and alveolar macrophages (MARCO, C4BPA) were
identified, (Fig 8, S5 Data).

In summary, while the recapitulation of neutrophils and mast cells in total BAL samples
were low, the HIVE method captured expected numbers of purified mast cell. A small subset
of eosinophil was detected which has not previously been characterized in equine BAL.

Characteristics of the HIVE method in comparison with alternative
scRNA-seq methods

While droplet fluidics-based methods, like those provided by 10x Genomics, have been the
most widely used for scRNA-seq, the range of available techniques is rapidly expanding.

PLOS ONE | https://doi.org/10.1371/journal.pone.0317343  January 24, 2025 15/21


https://doi.org/10.1371/journal.pone.0317343.g007
https://doi.org/10.1371/journal.pone.0317343

PLOS ONE

Exploring a pico-well based scRNA-seq method for analysis of equine bronchoalveolar lavage cells

HMGCS1|’ | "“‘ M3 qffel T oenid 4
R o.} "o ) .”u'o. M2
L = VA PN .";r'.!.
ke TR S
RHEX | | | Povigst "0V 2.5 e
:. 2 . (o V5 :‘,.Z?
FCER1A ok AP SO
e o{ "o'?
MS4A2 -1 AL
M1 <

WFDC2

CYBB
FTH1

n = 737, reclustered mast cells

MS4A2 FCER1A

B DCs » C " o
* ue"?‘;ﬁ” SRR, Y

Mast-cells
C4BPA CCR7
n = 2,140 purified mast cells
GOLGA4 : - max
Bied
min

Fig 8. Analysis of mast cells in BAL. A) Heatmap showing the expression of top differentially expressed genes across
three clusters observed when re-clustering 737 mast cells from 13 BAL samples (clusters M1-M3 in the UMAP). B)
Clustering of 2,140 purified mast cells revealed mainly mast cells (90%) but also small populations of macrophages and
dendritic cells. C) Feature plots illustrating expression of selected genes in the purified mast cells: general mast cell
population marker (MS4A2, FCERIA), alveolar macrophage marker (C4BPA), dendritic cell marker (CCR?) and the
Golgi-associated gene GOLGA4.

https://doi.org/10.1371/journal.pone.0317343.9008

Various approaches, which do not require specialized instruments, have emerged, offering
greater flexibility and potentially reduced costs. For example, products from Parse and Scale
Biosciences utilize approaches for split-pool combinatorial barcoding in protocols that involve
early cell fixation while also allowing for high sample multiplexing [45, 46]. Another notable
method is PipSeq (formerly from Fluent-Bio, now under Illumina Inc.), which employs a vor-
tex-based emulsification technique to partition cells along with barcoded particles [47]. The
primary advantage of the HIVE method, compared to other methods, is its convenient cell
handling procedure, which can be performed directly at the sampling site without the need for
additional equipment beyond pipettes.

A significant limitation of this method evaluation is the absence of a parallel comparison of
quality metrics and sensitivity (e.g., gene detection levels) of the HIVE method with alternative
methods using the same BAL samples. In the absence of such comparisons, we compiled met-
rics that indicate a method’s sensitivity (i.e., gene and UMI metrics) from previously published
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Table 4. Metrics comparison across studies and different scRNA-seq protocols.

Method Study
HIVE Present study
Drop-seq Riihimaki et al. [1]
Chromium 3/v.3 Sage et al. [2]
Chromium 5’ Feys et al. [48]
Chromium 3°/v.2 Patel et al. [4]

Sample type N samples genes/cell range genes/cell UMIs/cell
median median
Horse/BAL 13 492-1189 673 1055
Horse/BAL 11 410-748 602 931
Horse/BAL 12 589-1351 778 1856
Human/BAL 43 218-1510 754 2223
Horse/PBMC 7 881-996* 962 na®

“corresponding numbers pre-ESAT correction were = 560-607 genes/cell

Pn.a = data were not available

https://doi.org/10.1371/journal.pone.0317343.1004

studies using related sample types (Table 4). The HIVE method demonstrated higher sensitiv-
ity than Drop-seq data but detected fewer genes and UMIs compared to 10X Genomics.

In a recent study that conducted a comprehensive evaluation of scRNA kits, the HIVE
method demonstrated a moderate-to-low level of gene and UMI recovery, placing it in the
lower performance tier compared to top-performing methods such as 10x Genomics [25].
Additionally, the HIVE method did not perform as well in accurately replicating cell type dis-
tribution and discriminating cell clusters compared to methods like 10x Genomics. It showed
larger deviations from the reference cell type proportions determined by CyTOF, particularly
in the distribution of monocytes and T cells [25], which is also consistent with our observa-
tions in this study. A second study that compared HIVE, Parse, and 10X Genomics Flex con-
firmed discrepancies in cell type distributions when compared to flow cytometry, but
nonetheless reported that all three methods generated high-quality data from blood neutro-
phils [49].

The HIVE v1 protocol exhibited considerable variability in the number of recovered cells
across the samples in our study, ranging from 1,000 to 7,000 cells. We speculate that this vari-
ability might partly stem from a specific step in the library preparation protocol, where the
beads from the HIVE collector (containing the captured cell transcriptomes) are centrifuged
and transferred to plate wells. This bead pellet is easily disturbed, which can lead to a subopti-
mal number of beads (and hence transcriptomes) being carried over to downstream process-
ing. Another common cause of discrepancies between targeted and recovered number of cells
in scRNA-seq experiments is incorrect quantification of the cell suspensions. It should be
noted that in this study the first version of the kit (HIVE v1) was used, but the most recent ver-
sion (HIVE CLX) allows for a broader range of cell loading (500-60,000 cells/HIVE), poten-
tially enabling higher cell recovery.

The low recovery of neutrophils [50] and mast cells in total BAL our study was unexpected,
especially since we anticipated better representation of these cells with the HIVE method in
comparison to droplet-based methods. This was particularly puzzling given that several BAL
samples included in the study contained 10-20% mast cells, one sample contained 30% neu-
trophils according to cytology and the overall cell viability in the BAL samples before HIVE
loading was > 90%. Less stringent data filtering did not improve the recovery of either neutro-
phils or mast cells in the total BAL samples (data not shown). In contrast, loading purified
mast cells onto the HIVE collector yielded an expected number of recovered mast cells. One
possibility is that the purified mast cells represent terminally differentiated, tissue-resident
mast cells, which have been shown to be long-lived [51] and that the mast cells lost during the
BAL cell preparation were either immature or activated mast cells. Therefore, the apparent loss
of granulocytes and mast cells observed when the HIVE method (and other scRNA-seq
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methods) is applied to total BAL cells is likely not due to the method itself, but rather to factors
in the BAL sample processing workflow.

Conclusion

Despite deviations from the expected cell-type distributions in cytology, the HIVE data identi-
fied cell types that were generally comparable to those in previous studies. While the HIVE
method may not match the sensitivity of 10X Genomics’ methods, its practical and rapid sam-
ple handling procedure makes it a useful option for both field and clinical site sampling. How-
ever, our findings suggest that further optimization of sample pre-processing and workflow is
needed to improve the recovery of equine BAL granulocytes and achieve more accurate assess-
ment of cell-type composition.
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