REVIEW

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Multiplexing Methods for Simultaneous Large-Scale
Transcriptomic Profiling of Samples at Single-Cell Resolution

Junyun Cheng, Jie Liao, Xin Shao, Xiaoyan Lu, and Xiaohui Fan*

Barcoding technology has greatly improved the throughput of cells and genes
detected in single-cell RNA sequencing (scRNA-seq) studies. Recently,
increasing studies have paid more attention to the use of this technology to
increase the throughput of samples, as it has greatly reduced the processing
time, technical batch effects, and library preparation costs, and lowered the
per-sample cost. In this review, the various DNA-based barcoding methods for
sample multiplexing are focused on, specifically, on the four major barcoding
strategies. A detailed comparison of the barcoding methods is also presented,
focusing on aspects such as sample/cell throughput and gene detection, and
guidelines for choosing the most appropriate barcoding technique according
to the personalized requirements are developed. Finally, the critical
applications of sample multiplexing and technical challenges in combinatorial
labeling, barcoding in vivo, and multimodal tagging at the spatially resolved
resolution, as well as, the future prospects of multiplexed scRNA-seq, for
example, prioritizing and predicting the severity of coronavirus disease 2019
(COVID-19) in patients of different gender and age are highlighted.

Since the advent of massive parallel RNA se-
quencing of single cells in 2009, many new
and improved scRNA-seq methods have
been developed, mainly with the goal of in-
creasing the throughput of cell and gene
detection, as comprehensively reviewed
elsewhere.”1%) However, the throughput of
scRNA-seq is still limiting for many criti-
cal biomedical studies and clinical applica-
tions, for example, comprehensive screens
of transcriptome perturbations associated
with exposure to different drugs, in spe-
cific cell lines, and in response to specific
doses;'!] assessments of differentially ex-
pressed genes in multiple individuals or
across diverse disease stages;’! and de-
piction of the cell differentiation trajectory
upon exposure to different stimuli.!3]
Performing standard single-cell tran-

1. Introduction

Single-cell RNA sequencing (scRNA-seq) enables transcriptome-
wide expression profile of individual cells and has gained numer-
ous developments in recent years. Transcriptional data obtained
by scRNA-seq can be used to explore cell heterogeneity,'3! clus-
ter cells,[“®! analyze cell-cell communication,”! and depict cell
differentiation trajectories in pseudo-time.[®! Hence, scRNA-seq
is a powerful tool that is widely applied in many biological and
medical fields.
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scriptome sequencing independently for
numerous samples is unrealistic and im-
practical, as it is associated with excessive
operation costs and reagent use, and severe batch effects. By con-
trast, multiplexing strategies have been widely used in various re-
search fields, greatly increasing the number of measured param-
eters in a single experiment.** Since 2017, multiplexing meth-
ods have been successively developed for simultaneous scRNA-
seq of numerous samples. These methods rely on DNA-based
barcoding that enables the pooling of all barcoded samples into
a single mixed sample for analysis (Figure 1). In these experi-
ments, each sample is labeled using a unique sequential DNA
barcode, where each position can be filled by one of four possi-
ble bases. This results in an enormous number of unique com-
binations that are read by a sequencer. The DNA barcode is
becoming the most versatile label in sample multiplexing for
scRNA-seq. Accordingly, the throughput of sample multiplexing
for scRNA-seq has increased from 8 in the earliest approach,
called demuxlet,['?} to nearly 5000 in sci-Plex!!!! (Figure 1). The
current multiplexing methods with different technical designs
have been successfully used in specific applications; however, a
versatile technique to meet most biological researches is still lack-
ing. Hence, a comprehensive summary and detailed comparison
of the well-established multiplexing techniques are essential for
determining the appropriate method for diverse applications.
Here, we review the recent developments in barcoding meth-
ods for sample multiplexing. The scRNA-seq methods can be
classified into two categories: Full-length transcript sequencing
approaches and 3'/5’-end profiling technologies; but we mainly
summarize the sample multiplexing techniques of the latter, not
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Figure 1. Sample throughput of representative scRNA-seq methods. The approaches are denoted by five shapes, according to the number of sam-
ples analyzed in the study, as shown in the figure key. S1-4 respectively represents the strategy corresponding to each barcoding approach, namely,
S1: Oligo-dA-based barcoding; S2: Integration of sample barcode with mRNA; S3: Viral-based genetic barcoding; S4: Multiplexing by natural genetic

mutations.

only 3’-end sequencing technologies enable larger throughput of
single-cell, but also it is compatible with the sample barcoding
technology in principle. Notably, it’s the first comprehensive re-
view of scRNA-seq sample multiplexing methods although it has
gained tremendous attention since 2017. We first present four
barcoding strategies: Sample labeling with a DNA barcode inde-
pendent of mRNA; sample multiplexing by integration of a DNA
barcode and mRNA; viral integration-based genetic barcoding;
and using naturally occurring mutations for multiplexing. More-
over, to determine the most suitable barcoding method according
to custom requirement, a decision diagram is plotted based on
distinct features such as sample/cell throughput and the perfor-
mance of gene detection of various approaches. We then high-
light two major applications of these methods, namely, high-
throughput perturbation screening and tracking the dynamic
process of cell differentiation. And we also make the effort to
comprehensively summarize the technical challenges in com-
binatorial labeling, barcoding in vivo, and multimodal tagging
at a spatially resolved resolution which are essential for the de-
velopment of barcoding technology. Finally, we discuss the ad-
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}’ [ X N ]
P
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NGS read-out

vantages and shortcoming of the existing multiplexing methods
and review the technical challenges in combinatorial barcoding,
barcoding in vivo, and multimodal barcoding at the spatially re-
solved resolution, as well as, the potential application in con-
structing human cell atlas, embryonic development, the preci-
sion medicine of cancer and predicting the severity for coron-
avirus disease 2019 (COVID-19) which would provide new in-
sight to broaden the scope of application of barcoding technology
in life sciences.

2. Tracking Multiplexed Single-Cell RNA
Sequencing Samples with DNA Barcodes

In general, the barcoding flowchart for sample multiplexing con-
sists of three steps (Figure 2): labeling distinct samples with pre-
defined or specific barcodes; calling of sample-specific barcodes
by a sequencer; and in silico demultiplexing to assign each cell to
the sample of origin. The differences between the various mul-
tiplexing approaches for scRNA-seq are mainly reflected in the
different labeling methods used.

In silico demultiplexing

Sample 1

Sample 2

Sample n

Figure 2. General procedures of sample multiplexing for scRNA-seq. Cells from different samples are labeled using unique sample-specific oligonu-
cleotides with DNA barcodes. The samples are then pooled for simultaneous library construction and sequencing. Next, sample-specific barcodes are
read alongside single-cell transcriptomes. This is followed by in silico demultiplexing based on a predefined barcode sequence, to assign sample identity
to each cell.
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Figure 3. Schematic overview of four DNA-based barcoding strategies. A) S1: Oligo-dA-based barcoding. For this strategy, sample-specific DNA barcode
is generally polyadenylated at the 3’-end and is structurally similar to endogenous mRNA. It can be captured alongside mRNA by the same barcoded
bead that is cell-specific. Several direct and indirect approaches are available for assigning sample barcodes to cells, depending on sample type, for
example, polyadenylated barcoded ssDNA, which diffuses into a fixed nucleus and directly labels the mRNA from nucleus; chemically modified barcode
oligonucleotides, which bind with cellular proteins for cell tagging; and a transient transfection with a barcode, which labels the cell. As an indirect labeling
approach, barcoded antibody and lipid-tagged barcode are used to target ubiquitous proteins or the nucleus core complex, and the cellular membrane,
accordingly, to label the cell. B) S2: Multiplexing by integration of DNA barcode with mRNA. The integrated cDNA is generated via a reverse-transcription
(RT) reaction with sample-specific barcoded primers that are poly(dT) at the 3’-end or have the sequences complementary to transcript. C) S3: Viral
integration-based genetic barcoding. Sample barcodes (barcode A, barcode B) and green fluorescent protein (GFP) are merged to be incorporated
into genome sequence respectively via lentiviral transduction. Sample barcode can be transcribed into polyadenylated transcripts, which are efficiently
captured along with endogenous transcripts in single-cell library construction. D) S4: Exploitation of naturally occurring genetic mutations. Here, natural
mutations are used as barcodes of individuals or cancer cell lines. Demultiplexing is mainly based on the dissection of SNP variation using computational

tools, such as demuxlet.

3. Advances in Cutting-Edge Sample Multiplexing
Methods for Single-Cell RNA Sequencing

Generally, as shown in Figure 3, the existing strategies for sam-
ple multiplexing for scRNA-seq with DNA-based barcoding can
be divided into the following four categories: Simultaneous cap-
turing of the barcode and mRNA, involving direct and indirect
barcoding; multiplexing based on cDNA barcoding; multiplexing
based on viral integration, which introduces inheritable genetic
barcode in vivo that persists over time; and multiplexing based
on naturally occurring genetic mutations, which leverages ge-
netic mutations as individual markers. Each strategy has its own
merits and limitations, with a unique design and specific applica-
tions. A detailed comparison of the existing sample multiplexing
methods for scRNA-seq is presented in Table 1, focusing on the
differences in tagging cells from different samples, throughput,
demultiplexing accuracy, and others.

3.1. Oligo-dA-Based Barcoding

ScRNA-seq technologies have been broadly applied in various
biomedical studies with the advent of microfluidic devices and
the application of barcoded beads. The bead surface anchors mil-
lions of barcoded RT primers to uniquely barcode single cells.
Single cells are isolated and encapsulated into droplets with a bar-
coded bead, cell lysis buffer, and RT mix; after rapid cell lysis, all

Adv. Sci. 2021, 8, 2101229

mRNAs from the single cell are labeled by cell-unique identifiers
present within barcoded RT primers on beads.

Several novel sample multiplexing methods for scRNA-seq
have been proposed based on a sample barcode that is struc-
turally similar to mRNA and can be captured in parallel with
mRNA by complementary hybridization on beads via the com-
mon polyadenylated tail. Their feasibility has been demonstrated.
Generally, single-strand DNA oligonucleotide, which is a specific
sequence composed of 6 to 12 nucleotides, serves as the vector
of sample barcode. In addition, the vector also contains a univer-
sal PCR handle sequence for amplification by PCR, and a unique
molecular identifier for accurately quantifying transcript abun-
dance by eliminating PCR amplification bias. Multiplexing meth-
ods based on the idea of an mRNA analogue acting as a sample
label technically differ in the manner in which sample-specific
barcodes are attached to single cells or nuclei in different sam-
ples (Figure 3A).

Cell Hashing and Nucleus Hashing strategies were designed
by Stoeckius!*®! and Gaublomme,!'”] respectively. In Cell Hash-
ing, DNA-barcoded antibodies targeting cellular surface proteins
are designed to specifically tag cells from diverse samples, which
are pooled and analyzed in a single scRNA-seq experiment. Bar-
coded antibody is prepared by using inverse electron-demand
Diels—Alder reaction to covalently bind Hashtag oligonucleotide
containing a 12-bp barcode to the antibody. By sequencing sam-
ple barcode in parallel with endogenous mRNA, wherein both

2101229 (3 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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have been tagged with identical cell barcode during library con-
struction, the sample identity of each cell can be mapped. This
multiplexing approach has been demonstrated in an experi-
ment comprising eight human peripheral blood mononuclear
cell (PBMC) mixed sample in a simultaneous single-droplet-
based scRNA-seq. In contrast to Cell Hashing, Nucleus Hash-
ing relies on barcoded antibodies to uniquely label and target
the nucleus pore complex in distinct biological samples. A com-
putational tool named “DemuxEM” was designed for in silico
demultiplexing.['”] It assigns each barcoded single nucleus to the
original sample and identifies inter-sample multiplets. This en-
ables “super-loading” on a commercial scRNA-seq platform to
lower reagent cost of library construction. This is a custom mul-
tiplexing approach for single-nucleus (sn) RNA-seq. It has appre-
ciably extended the spectrum of sample specimen types available
for analysis, for example, samples that are not easy to dissociate
and clinical samples that had been frozen for extended periods
of time.

It has been demonstrated that the “anchor,” lipid-modified
oligonucleotide (LMO) scaffolds, can rapidly and stably conjugate
with the cellular membrane of a live cell via a hydrophobic 5’
lignoceric acid amide.l?”] McGinnis and colleagues!**l introduced
LMOs into MULTI-seq, a novel method for multiplexed scRNA-
seq or single nucleus RNA sequencing (snRNA-seq). LMOs,
which consist of lipid scaffold, a 5'-PCR handle, an 8-bp sample
barcode, and 3'-poly(A) sequence, localize to the cellular mem-
brane or nuclei without influencing cell viability and endoge-
nous gene expression pattern. Sample-specific LMOs and en-
dogenous mRNA within a single cell are simultaneously captured
and indexed by same cell barcode during library construction.
MULTI-seq has been leveraged to dissect the dynamic transcrip-
tional changes in T cells treated with ionomycin and phorbol 12-
myristate 13-acetate (PMA) across eight time points.[*?]

Shin and co-workers!"! developed a universal sample bar-
coding method by transiently transfecting live cells with short
barcode oligonucleotides (SBOs) to respectively mark differ-
ent K562 cell samples treated by 45 BCR-ABL-targeting drugs.
SBO, a single-stranded DNA (ssDNA) oligonucleotide, includes a
sample-specific sequence and a poly(A) sequence. The poly(A) se-
quence ensures that endogenous mRNAs and predefined SBOs
from the same single cell can be captured in parallel and share
a same cell identifier. Accordingly, the authors!!™®! analyzed a 48-
plex drug treatment experiment in a single Drop-seq!'® run to
successfully reveal specific transcriptional T-cell responses and
signatures of each drug.

It has been demonstrated that the ssDNA oligonucleotide can
be located in the nucleus of a permeabilized cell by diffusing.
Accordingly, sci-Plex!'!l relies on labeling the nucleus with a
combination of two unmodified ssDNA oligonucleotides that
are polyadenylated and can be used for simultaneous combi-
natorial indexing of mRNA from a specific sample for scRNA-
seq. In sci-Plex, transcriptome profiling at a single-cell resolu-
tion is achieved through combinatorial barcoding, which only
involves pipetting steps, with no need for any complex devices.
Without the limitation of a microfluidic device, sci-Plex gener-
ates millions of single cells barcoded by using unique combi-
natorial indices that consist of three rounds of indices, where
each round contains 384 indices. Indeed, it has allowed paral-
lel transcriptome profiling of ~650 000 single-cells from 4608
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independent samples in a single high-throughput screening
experiment.

Another versatile scRNA-seq sample multiplexing method in-
volves chemical labeling of fixed cells by attaching dual unique
DNA oligonucleotides called “ClickTags” to cellular proteins.[*”’
Dual ClickTags are affixed to the proteins by Diels—Alder
chemistry and the heterobifunctional amine-reactive cross-linker
NHS-trans-cyclooctene and has been successfully applied in a 96-
plex perturbation experiment.

3.2. Sample Multiplexing by Merging of DNA Barcode and mRNA

Introduction of barcodes during RT is a widely used approach
for labeling thousands of different transcripts. It involves the
use of barcoded RT primers that enable the incorporation of bar-
codes into the cDNA of individual samples after RT.[?#%] Differ-
ently from mRNA analogue barcodes that can be captured in par-
allel with endogenous mRNA, and marked with the same cell
identifiers by barcoded beads, a barcode for cDNA-based mul-
tiplexing labels all mRNA species of cells from diverse sam-
ples with unique sample barcodes upon hybridization of an
RT primer and mRNA. This is followed by the generation of
cDNA, which contains the sample barcode and mRNA message
(Figure 3B).

Split-pool ligation-based transcriptome sequencing (SPLiT-
seq),?*! which is similar to sci-Plex,['!] enables simultaneous in-
dexing of the cellular origin of RNA from hundreds of thousands
of fixed cells or nuclei in a single RNA-seq by combinatorial bar-
coding. SPLiT-seq involves four rounds of combinatorial barcod-
ing for indexing each transcript without microfluidic device. Dur-
ing the first round of barcoding for sample multiplexing, the
formaldehyde-fixed cells or nuclei are evenly suspended and dis-
tributed into a 96-well plate, where every well represents a differ-
ent biological sample. Then, cellular mRNA is tagged with well-
specific RT primers through an in-cell RT reaction. The num-
ber of multiplexed biological samples can be scaled up to 384 by
implementing the first-round barcoding in a 384-well plate. Un-
doubtedly, this approach can accelerate the widespread adoption
of multiplexed scRNA-seq. For instance, a comprehensive tran-
scriptional analysis of 48-plex samples of the brain and spinal
cord from 11 mice two days postpartum was performed,!?}] result-
ing in the characterization of 156 049 single-nucleus transcrip-
tomes.

A highly sensitive, inexpensive targeted scRNA-seq method,
barcode assembly for targeted sequencing,!*!l has been devel-
oped for the simultaneous targeted sequencing of genome and
transcriptome of large-scale samples at either single-cell resolu-
tion or in bulk. In BART-Seq, 8-mer DNA barcodes are inserted
into an invariant set of forward and reverse primers during two
rounds of hybridization. A complementary adapter enables the
labeling of targeted transcript cohorts with dual indices. The dual
indices for targeted transcript labeling are based on the incorpo-
ration of sample-specific dual barcodes and transcripts. BART-
seq has been used to investigate the mechanisms underpinning
the differentiation propensity of stem cells. In the experiment,
the cells were exposed to various media that asynchronously ac-
tivates Wnt/f-catenin pathway. Compared to droplet-based, '8!
10 x,[1 and other scRNA-seq methods, BART-seq can profile a

2101229 (5 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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wider range of RNA species including IncRNAs in a single cell,
provided specific primer sets are employed.

Finally, similar to the approaches based on the incorporation
of abarcoded primer into the cDNA, some novel methods of sam-
ple multiplexing have been developed for bulk RNA-seq, such as,
DRUG-seq[?®! and PLATE-seq.["]

3.3. Viral Integration-Based Genetic Barcoding

A unique sample barcode can be virally integrated into the
genome to act as a stable genetic barcode of the cell, because it
is then transcribed into a known polyadenylated transcript that
can be analyzed in parallel with the transcriptome (Figure 3C).
As a complement of instant labeling multiplexing based on a
transient transfection with DNA oligonucleotides, barcoded an-
tibodies, chemically modified DNA oligonucleotides, and lipid-
tagged DNA oligonucleotides, application of predefined genetic
heritable barcodes allows for cell population labeling, pooling,
and tracking over time. Several methods have been coupled with
CRISPR editing to generate genetic barcodes as cell tags for lin-
eage tracing.’3’] However, their utility for large-scale sample
multiplexing has not yet been demonstrated.

An approach known as “CellTag Indexing”[®*] was recently in-
troduced for multiplexing biological samples by stable genetic
barcoding using heritable DNA barcodes. The approach utilizes a
special design of modified green fluorescent protein (GFP) gene
where 8-bp sample barcode named CellTag is located in its 3'-
UTR, followed by an SV40 polyadenylation signal sequence (Fig-
ure 3C). The predefined CellTag gene would be transcribed as
polyadenylated transcript after effective lentiviral transduction of
the assembled GFP DNA. GFP enables the direct quantification
of the transduction efficiency with lentivirus carrying CellTag.
CellTag Indexing gives rise to heritable barcode maintenance in a
population for long-term either in vivo or in vitro, based on which
it can precisely profile the dynamic characteristics of engraftment
and differentiation at single-cell resolution. However, safety is-
sues and ethical concerns of in vivo multiplexing technologies
should be taken seriously.

3.4. Exploitation of Natural Genetic Mutations for Multiplexing

Natural genetic mutations, such as, single-nucleotide polymor-
phisms (SNPs), result in genotype variations that can serve as
unique genetic identifiers of cells originating from non-isogenic
samples. Harnessing genetic barcodes to determine the identity
of each cell in genetically distinct samples enables multiplexed
scRNA-seq experiments. The genotype variations of individual
samples can be characterized by multiplexed scRNA-seq analysis
(Figure 3D).

Demuxlet™] is a computational tool for demultiplexing of
pooled samples and identifying doublets of cells from differ-
ent samples by multiplexed scRNA-seq-based genotyping. The
method assigns each cell to the sample of origin by statistically
evaluating the maximum likelihood of RNA-seq reads that over-
lap a series of SNPs in a single cell. Excellent performance of de-
muxlet was demonstrated by an analysis of simulation data for 2—
64 individuals. The tool demultiplexed 97% of singlets and iden-
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tified 92% of doublets in a pool of 64 samples, with 50 SNPs ana-
lyzed in each cell. In another study, samples from eight patients
with lupus were multiplexed for pooled scRNA-seq to character-
ize cell type specificity and differences in the response to IFN-f
across individuals. Based on the naturally occurring genetic varia-
tions, the optimal number of samples for multiplexing is approx-
imately 20, in terms of processing and doublet rates originating
in the current microfluidic devices.

Several computational tools for demultiplexing have been
developed that function similarly to demuxlet. One example
is Vireo, a computationally efficient Bayesian model for re-
constructing sample identity of each cell without a genotype
reference.®®] Another demultiplexing method, GMM-Demusx,
based on a Gaussian mixture model®*) has been developed
to precisely recognize and remove multiplets in barcoding ap-
proaches. In addition, multiplexed interrogation of gene expres-
sion through scRNA-seq (MIX-seq),/?*! a sample multiplexing
technique, can be used to profile the post-perturbation response
in a mixed cellular context, followed by sample demultiplexing
based on SNPs. In addition, MIX-seq coupled with cell hashing
method is capable to implement transcriptional response analy-
sis across treatment time or drug dose to identify cell line-specific
and shared signatures. Further, a computational demultiplexing
method has been developed for the identification of sample ori-
gins of each cell based on the SNP profile. It can be applied to
demultiplexing >500 cell-line pools, with as few as 50-100 SNP
sites detected per cell.

4. Guidelines for Choosing the Most Suitable
Barcoding Technique

As shown in Table 1, each method of multiplexing has differ-
ent characteristics and functions, which can help us to choose a
more appropriate approach to be applied in new research directly
or with customized improvement according to demand. The de-
tailed decision diagram for suitable multiplexing technique is in-
tegrated in Figure 4. For example, if the command is for target
transcript cohort, BART-seq!?*] is a tailored choice. For a panel
of druggable compounds that need to be investigated for tran-
scriptionally distinct or common response across multiple can-
cer contexts in vitro, the combination of MIX-seq!??! and Cell
hashing method,!'%! which barcodes cellular contexts and chemi-
cals separately, would be suitable. The existing methods are com-
plementary in many aspects. Some are aimed at the analysis of
live or fixed whole cells, while others are specific for the anal-
ysis of the nucleus. snRNA-seq technology is a good solution
for complex organs like the brain, solid tissues that are diffi-
cult to dissociate, and archived tissues. Further, some multiplex-
ing technologies have been designed for specific applications,
such as MIX-seq!?*l—used for characterizing transcriptional vari-
ation in hundreds of cancer cell lines in response to different
treatments—BART-seq**l—for accurate detection and diagnosis
of some cancer mutations—and CellTag Indexing,[®! which en-
ables the tracking of cell behavior over time and can be used to
observe the dynamic changes in engrafted cells in vivo. However,
in terms of the number of multiplexed samples, multiplexing
technologies that are based on microfluidic devices for single-cell
preparation are limited, as the number of samples is inversely
proportional to the number of cells contained in each sample.
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However, as shown in Table 1, both sci-Plex!!! and SPLiT-seq!?*!

can support an increasing number of cells by eliminating the lim-
itations associated with the use of microfluidic technology for
cell suspension preparation. Additionally, these strategies em-
ploy combinatorial indexing technology and physical split-pool
operation to achieve unique labeling of nearly one million (pos-
sibly more) single cells. It is noteworthy that the gene detection
performance of each sample barcoding methods, determined by
both scRNA-seq protocols and sequencing depth, is essential to
learn the pros and cons of different barcoding approaches. The
single-cell libraries of these sample multiplexing methods are
constructed via 10 X Chromium,[*®! sci-RNA-seq,[??) and drop-
seq!8! protocols whose gene detection performance have been
comprehensively compared by Ding et al.l*! via a benchmarking
experiment across seven representative sScCRNA-seq methods.

5. Applications of Single-Cell RNA Sequencing
Sample Multiplexing Approaches

Large-scale sample multiplexing with barcoding substantially in-
creases the number of samples for scRNA-seq, while at the same
time facilitating library construction, lowering the reagent costs,
and reducing batch effects. Sample multiplexing strategy can
hence provide great insight for high-throughput perturbation
screening and tracking the dynamic process of cell differentia-
tion (Figure 5).

5.1. High-throughput Perturbation Screening

The global transcriptome expression profiling—serving as a
high-content phenotypic readout—has been universally used in
high-throughput screens (HTS) of chemicals.[?82*] This over-
comes the limitations associated with most conventional HTS
whose output is simple or superficial, such as, cell viability,[>3]
morphology,**] or reliance on a few exogenous reporters.[*]
DRUG-seq?®! is a powerful tool that ultra-performs in HTS
by enabling the profiling of transcriptomes in response to 433

Adv. Sci. 2021, 8, 2101229

compounds across eight doses by multiplexed bulk RNA-seq, to
group the chemicals into functional clusters based on the respec-
tive mechanism of action. However, the heterogeneous response
of transcriptionally distinct cell subpopulations cannot be charac-
terized using this approach. Further, the per-sample cost of stan-
dard scRNA-seq remains high, which greatly restricts the sample
size of screens at single-cell resolution.

ScRNA-seq sample multiplexing methods enable scalable par-
allel screening of whole-transcriptome profiles of single cells for
diverse perturbations (Figure 5A). sci-Plex!'!] has been devel-
oped to scale up HTS. Specifically, it was used to profile thou-
sands of individual perturbations elicited by 188 chemicals in-
cluding enzyme-targeted compounds in three cancer lines, with
four doses, and two replicates. Half of the analyzed chemicals
were found to target transcriptional and epigenetic regulators.
Specific transcriptional responses of cell lines to each chemical
were thus readily characterized and the mechanisms of action
of histone deacetylase inhibitors were demonstrated, that is, cell-
cycle arrest and effect on acetyl-CoA metabolism. As another ex-
ample, MULTI-seq!**! has been leveraged to capture the dynam-
ics of T-cell activation in a 96-plex perturbation experiment in-
volving primary human mammary epithelial cells, to investigate
transcriptional responses to various combinations of signaling
molecules. By using the same approach, a 576-plex scRNA-seq
experiment(?!l was performed to screen the context specificity of
epithelial-mesenchymal transition by simultaneous expression
profiling of various samples, with three inducing factors, four dif-
ferent cancer cell lines, and 12 distinct time-course experiments.

Further, kinase inhibitor screens were implemented to identify
signaling dependencies of diverse epithelial-mesenchymal tran-
sition responses in distinct cell lines exposed to different kinase
inhibitors and inducers, with up to 384 combinations. For in-
stance, Gehring and colleagues(?°! analyzed a 96-plex array com-
prising combinations of various concentrations of six growth fac-
tors by multiplexing 96 scRNA-seq samples of live mouse neural
stem cells plated in a 96-well plate. The authors chemically tagged
cellular proteins with DNA barcodes and revealed a complex in-
terplay between the perturbants. Further, Shin et al.l*] analyzed
a 48-plex drug array of 45 target inhibitors and three DMSO

2101229 (7 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Applications of sample multiplexing technologies. Multiplexing approaches are used to address two main categories of “hot topics.” A) High-
throughput perturbation screening. B) Tracking the dynamic process of cell differentiation.

controls in K562 cell line. They barcoded the samples by tran-
sient transfection with SBO to characterize drug-specific tran-
scriptional responses at single-cell level and evaluated cell toxi-
city of each drug by cell counting. A comprehensive analysis of
the drug screen by unsupervised clustering revealed responsive
heterogeneity of a distinct cell subpopulation treated with diverse
drugs.

5.2. Tracking the Dynamic Process of Cell Differentiation

Unlike traditional single-cell data obtained in response to a single
stimulus or at a single time point, followed by pseudo-time analy-
sis to infer the cell differentiation trajectory, sample multiplexing
can be used for simultaneous scRNA-seq of samples, with multi-
ple differentiation stimuli and multiple time points. This allows
characterization of cell transcription profiles to track the differ-
entiation trajectory of cells much more accurately and in detail
than what is possible using conventional methods (Figure 5B).
For instance, CellTag Indexing!®! was used to track cell engraft-
ment and differentiation in vivo over 7 weeks. CellTags were
used to label Ecad'#" and Ecad'" induced endoderm progeni-
tors. Further, McGinnis and colleagues leveraged MULTI-seq "%

Adv. Sci. 2021, 8, 2101229

to track T-cell differentiation dynamics by multiplexing Jurkat
cells treated with ionomycin and PMA across eight time points.
In another study, SPLiT-seq!®}! was utilized to tracking neuronal
differentiation trajectories within the cerebellum by transcrip-
tional profiling of 156 K single-nucleus from 11 specimens. The
experiment identified two types of Purkinje cells with specific pat-
tern of gene expression. Further, progenitor cells were demon-
strated to be able to either differentiate into stellate/basket cells
or Golgi cells.

6. Technical Challenges
6.1. Combinatorial Barcoding through Multiple Hybridization

Currently, the main means of greatly increasing sample through-
put involve the use of synthetic barcodes. However, multiplexing
methods where one barcode is used to only label one sample,
such as SPLiT-seq,!* MULTI-seq,!'*] transient barcoding,"! and
hashing,[1617) are not economical, user-unfriendly and limit the
sample capacity of multiplexing. The use of multi-dimensional
barcodes can effectively compress the barcode space. For exam-
ple, in sci-Plex,"! the use of 96 and 52 barcodes for each well
and each plate respectively in a 96-well plate setup results in the

2101229 (8 of 14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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determination of a cellular spatial position, for establishing a complete 3-dimensional (3D) spatial transcriptome atlas representative of many individuals.
D) Sample multiplexing with multiple-modality profiling within the same single cell to deepen our understanding of the function and composition of

complex tissues, extending the range of biomedical applications.

generation of 4992 combinations of barcodes. However, in sci-
Plex, the 2D barcodes have to be assigned to nuclei simultane-
ously. It is essential to develop a novel combinatorial barcod-
ing method through multiple hybridization by PCR with multi-
dimensional barcodes, so that it can be used to barcode samples
for tracking various time-course as well as larger barcode combi-
nation. As shown in Figure 6A, first dimension barcodes conju-
gate mRNA via the hybridization of poly-A and poly-T during RT
reaction. All dimension barcodes are merged into a combinato-
rial barcode after two rounds of PCR hybridization of adapters.
Each barcode dimension can represent an information dimen-
sion, such as, the disease stage, tumor type, or even the geograph-
ical location. This greatly expands the application of sample mul-
tiplexing technologies.

6.2. Targeted Barcoding In Vivo

With the development and maturation of multi-sample scRNA-
seq technology, many biological science questions that had
been previously deemed challenging have been successfully ad-
dressed, for example, by high-throughput perturbation screen-
ing and tracking the dynamics of cell differentiation. However,
barcoding in vivo remains confined to the labeling of cells in a

Adv. Sci. 2021, 8, 2101229

single in vivo sample. In combination with CRISPR genomic
editing, it is widely used to follow the development and differ-
entiation of cells or embryos, and to predict cell lineage and
fate[3132343646] Nonetheless, the current scRNA-seq technology
for large-scale sample analysis is mainly applied at the in vitro
level in labeled cell lines. In one approach, the barcode is inte-
grated into the genome of a cell to be transplanted via lentiviral
transfection for stable and heritable labeling. The labeled cells are
then transplanted into a mouse to track them and their differenti-
ation status.!?’! In another approach, based on natural mutations
as a sample self-labeling method,!'?! the same tissues from 10-
20 samples can be mixed and pooled for a single analysis. How-
ever, the two indirect in vivo labeling technologies still have some
limitations when labeling specific tissues in adult organisms and
transplant is harmful to the body. Notably, with the continuous
development of targeted delivery technologies,|*’] the targeted de-
livery function can be combined with stable and heritable barcode
generated by CRISPR editing system for targeted tissue labeling
(Figure 6B). In vivo labeling of multiple samples for parallel se-
quencing will greatly broaden and enrich biological research, al-
though the technical problems associated with in vivo labeling
of multiple samples, including the effect of labeling on cells in
vivo, off-target effects of markers and safety issues and ethical
concerns, cannot be ignored.

2101229 (9 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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6.3. Adding Spatial Dimension to Multiplexing

The tremendous recent advances in scRNA-seq and techniques
for spatially-resolved transcriptomics allow simultaneous pro-
filing of single-cell position and transcriptome.[*-2) In the fu-
ture, as forecasted in our recent review,!'%! uncovering the spa-
tial heterogeneity of an organ at single-cell resolution will po-
tentially allow improved mapping of the 3D transcriptional atlas
of organs>*¢! (Figure 6C). Sample multiplexing for simultane-
ous single-cell transcriptome profiling and decoding spatial po-
sition of a single cell across a time-course will accelerate the con-
struction of 4-dimensional (4D) human single-cell atlas by using
multi-dimensional barcodes separately.

6.4. Sample Multiplexing for Single-Cell Multimodal Profiling

With the evolving technology of single-cell genomics, it will be
more accurate, sensitive, and less biased to characterize cell state
and elucidate cell trajectory and function by single-cell multi-
modal omics (scMulti-omics) technologies that include single-
cell sequencing of methylome, accessible-chromatin, genome,
transcriptome, proteome, gene perturbation screening, and spa-
tial barcoding®’-%?! (Figure 6D). ScMulti-omics, where the data
of each omics can be mutually corroborated and supplemented,
can be used for a comprehensive exploration and identification
of cell characteristics.[®*]

The current multi-omics methods generally involve the inte-
gration of transcriptome sequencing, which serves as a media-
tor, and other omics technologies. Based on the barcoded anti-
body approach, CITE-seq'® and REAP-seq'®! enable profiling
of RNA expression and proteins at single-cell resolution. Fur-
ther, simultaneous profiling of RNA expression, protein abun-
dance, T-cell receptor, and cell perturbations can be achieved
with ECCITE-Seq.[] There is no doubt that the merger between
sample multiplexing and single-cell multi-modal sequencing will
break through the existing biotechnology bottleneck to substan-
tially broaden the biomedical application range, such as, 1) iden-
tifying the subtle differences in human immune system to inva-
sive pathogens such as viruses and the diversity of immune re-
sponses caused by allergens in different individuals, 2) enabling
a more comprehensive prediction of cell behavior and identity
across various experimental conditions and individuals.

7. Potential Future Applications

7.1. Construction of the Human Tissue Atlas

Rapid advances in scRNA-seq technologies have enabled the use
of single-cell transcriptional profiling for exploring cellular het-
erogeneity within complex tissues or organs.”~%! In 2017, the
Human Cell Atlas Project’’! was initiated to provide a 3D map
of different types of cells that make up human tissues, reveal-
ing how all systems are connected, and the relationship and
transcriptional changes in health and disease. When completed,
HCA will improve the understanding, diagnosis, and treatment
of diseases.

As part of the HCA effort, Guo and colleagues!’!! used
microwell-seq to construct the human cell atlas with broad range
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of both adult and fetal tissues and specifically clarify diverse cell
types within all major organs in humans. Further, Baumert and
coworkers!”?] performed mCEL-Seq!”3] to establish a human liver
cell atlas, which contains approximately 10000 cells from nine
normal human donors. The liver atlas is a predominant refer-
ence for the severity inference and therapy of liver diseases and
will give rise to the advance of urgently needed liver models. Like-
wise, complete characterization of cardiac morphogenesis en-
tails a detailed investigation of the profile and pattern of gene
expression within whole organs. Accordingly, a spatiotemporal
atlas’*l has been developed, to systematically describe spatially
resolved cellular heterogeneity in the developing human heart
over three post-conception stages. The atlas was generated by
carrying out both spatial transcriptomics (ST)/7>7% and in situ
sequencing!’’) with subcellular-targeted accuracy. However, the
above-mentioned studies are limited by insufficient cell sequenc-
ing depth and a small number of clinical samples used, which
undoubtedly hampers the generation of a large-scale and highly
detailed map of the human tissues at a single-cell level.

Transcriptome sequencing technologies based on combina-
torial labeling of single cells for single-cell resolution, such as
SPLiT-seq!®}! and sci-Plex,"!! are not dependent on microfluidic
devices and can be used to analyze millions of single cells in mul-
tiple samples. By generating a knowledge database, the sample
multiplexing technology meets the needs of multi-sample paral-
lel operations for human tissue map construction (Figure 7A). Of
note, human clinical samples are often cryopreserved or paraffin
embedded. Sequencing technologies for single-cell nuclear tran-
scriptomes from multiple samples, such as, Nucleus Hashing,[*”]
can be used to efficiently and simultaneously characterize the
transcriptome profiles of numerous nuclei from single cells.
These technological developments will undoubtedly contribute
to the completion of the international HCA.

7.2. Delineation of the Dynamic Embryonic Development

Detailed description of embryonic development is an important
research focus in developmental biology. Mapping its dynamics
will allow cataloging of the differentiation of embryonic stem
cells and facilitate the understanding of embryonic development.
Single-cell transcriptomic sequencing technology can be used to
accurately depict the cellular state by providing the complete tran-
scriptomic information for a single cell; identifying and classi-
fying cell types in complex tissues; analyzing the cell compo-
sition of tissue; and revealing cell differentiation in health and
disease. This information provides an important technical sup-
port for the study of embryonic development at single-cell res-
olution. Conventionally, the most common approach for study-
ing embryonic development involves simulation of development
from single-cell transcriptome maps of embryos at different de-
velopmental stages. However, there are some limitations to this
approach. Because of the considerable cost and processing time,
the number of embryo samples analyzed is small, and does not
satisfactorily cover the entire developmental process in sufficient
detail. In addition, the batch effect associated with sequential pro-
cessing of multiple replicates undoubtedly reduce the accuracy of
mapping and increases the complexity of data processing. Paral-
lel transcriptome sequencing of multiple samples based on DNA
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barcoding is expected to provide a more refined and accurate pic-
ture of the dynamic embryonic development (Figure 7B). The
SPLiT-seq!?*! and sci-Plex!"] technologies based on composite in-
dex analyses can be used to increase the number of samples and
cells in a single run, with the possibility of mapping the dynamic
embryonic development.

7.3. Paving New Roads to Precise Oncology

Tumor is a highly complex multi-cellular ecosystem that is
mainly composed of diverse heterogeneous tumor cells, immune
cells, interstitial cells, and blood vessels. Thus, precision cancer
therapy is challenging due to intra-tumoral heterogeneity and
the dynamic intricate tumor microenvironment (ITME), which
plays a critical role in the initiation, progression, and metasta-
sis of cancer cells. Currently, scRNA-seq has emerged as a pow-
erful tool to dissect the cell-type composition within tumor and
interrogate the specific cell interaction among tumor cells, im-
mune cells, and other stromal cells (Figure 7C), which provide
insight into the pathology and molecular mechanism underly-
ing tumor immune evasion and drug resistance. By leveraging
scRNA-seq approach, single-cell transcriptional profiles includ-
ing cancer cells, stromal cells, and endothelial cells from 19 pa-
tients were generated to explore the cell state variability within
melanoma tumors across distinct individuals.””! Chung et.all”®!
have gained 515 single-cell transcriptome profiles from 11 pri-
mary breast tumor to distinguish non-cancer cells from tumor
cells based on copy number variations. Puram and colleagues!”®!
have characterized the dynamic balance of distinct carcinoma
cells, stromal, and immune cells in the TME and its response to
immunotherapy by exploring the single-cell transcriptomes from
18 patients with head and neck squamous cell carcinoma. More-
over, Cheng et.al.®] focused their attention on tumor-infiltrating
myeloid cells (TIMs), which are critical regulators of tumor pro-
gression; they performed a pan-cancer analysis at single-cell res-
olution by charting the transcriptional atlas where single-cells
were derived from 210 individual patients across 15 cancer types,
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and identified the cancer-type-specific expression pattern and
molecular signatures of TIM. With limited sample size, more
replicates and factors like spatial position, TME dynamics, gen-
der, and age cannot be wholly included for experimental design.
Therefore, it is not surprising that scaling the sample size up
through barcoding method will provide more comprehensive and
detailed insight into the developmental communication between
tumor cells and immune cells. Additionally, this will help deter-
mine novel biomarkers for diagnosis and establish the abundant
resource of single-cell transcriptional landscape within tumor for
precise prognosis and individualized therapy.

7.4. Multiplexing Samples for Prioritizing Severity of Coronavirus
Disease 2019 at Single-Cell Resolution

There is an urgent need to perform large-scale detection and
evaluate the severity of patients with COVID-19, the acute pan-
demic caused by SARS-CoV-2. Multiplexing method has the po-
tential to detect viral nucleic acids from population-scale sam-
ples in parallel to impede the extension of the epidemic by multi-
dimensional barcoding, where the 3D barcode X, Y, and Z could
be used to respectively encode the geographic message to real-
ize the tracking of infected individuals. Moreover, investigating
the immune response by characterizing transcriptional changes
in PBMCs can provide insight into the pathogenesis underly-
ing COVID-19.[8%-83] Multiplexed scRNA-seq for PBMCs from
patients with COVID-19 with varying disease severities, gender,
and age can contribute toward constructing a specific transcrip-
tional reference followed by features extraction, which can serve
to identify the disease stage and predict the tropism of disease
development for the samples tested (Figure 7D). This will help to
develop optimal therapeutic approach for a number of patients
simultaneously. The idea of multiplexing for characterizing dis-
ease state at single-cell resolution can also be applied in other
infectious diseases, such as Ebola virus, which is highlighted by
the composition of cell types, cell-specific differentiation, cellcell

2101229 (11 0f14) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

interaction, and characteristic molecular markers at distinct dis-
ease stages, which are significant for precision medicine.

8. Concluding Remarks

Sample multiplexing strategies for scRNA-seq have contributed
to remarkable advances in biological research, for example, large-
scale screening or detection of transcriptional response to various
conditions including genetic perturbations, contexts, chemicals
or growth factors across doses and time at single-cell resolution.
However, the current methods for multiplexing are limited by
the cost and processes of substantial barcoded primers; combina-
torial indexing for tagging samples with multi-dimensional bar-
codes will considerately reduce this limitation. Moreover, techni-
cal improvements in single-cell indexing within library construc-
tion, and the reduction of sequencing costs will help address the
limitation of few single-cells per sample or narrow sequencing
coverage for multiplexed samples. It will also considerably ex-
pand the range of biological research and provide improved in-
sights for biomedicine and biotherapeutics. Further, each sample
multiplexing strategy has its own assumptions and limitations,
and it is therefore critical to leverage the strengths of various
methods together. Sample multiplexing still has many techni-
cal and methodological challenges. Multiplexing samples for spa-
tially resolved transcriptomics and multi-omics sequencing will
lead to it becoming an even more powerful tool for constructing
3D or even 4D human tissue atlas and characterizing the mech-
anisms of complicated biological phenomenon. Sample multi-
plexed scRNA-seq methods will also contribute to the study of
tumor biology where the cell-type composition and interaction
among cells vary at temporal and spatial resolution. Currently,
sample multiplexing technology can exactly meet the needs of
large-scale rapid detection, characterize, and predict the severity
of disease like COVID-19 for a large number of individuals vary-
ing gender and age in parallel.
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