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Improved ClickTags enable live-cell barcoding

".) Check for updates‘
for highly multiplexed single cell sequencingf
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Click chemistry-enabled DNA barcoding of cells provides a universal strategy for sample multiplexing in
single-cell RNA-seq (scRNA-seq). However, current ClickTags are limited to fixed samples as they only
label cells efficiently in methanol. Herein, we report the development of a new protocol for barcoding
live cells with improved ClickTags. The optimized reactions barcoded live cells without perturbing their
physiological states, which allowed sample multiplexing of live cells in scRNA-seq. The general
applicability of this protocol is demonstrated in diversified types of samples, including murine and
human primary samples. Up to 16 samples across these two species are successfully multiplexed and
demultiplexed with high consistency. The wide applications of this method could help to increase
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throughput, reduce cost and remove the batch effect in scRNA-seq, which is especially valuable for
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High-throughput single-cell RNA sequencing (scRNA-seq) can
efficiently provide transcriptomic analysis of heterogeneous
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studying clinical samples from a large cohort.

multicellular living systems, such as complex tissues and the
immune system.'™* With the advancement of single-cell multi-
omics techniques and bioinformatics tools, multimodal scRNA-
seq allows deep analysis of transcriptomes and other cell
identities simultaneously at a single-cell level, which offers
new insights into the understanding of life from a single-cell
perspective."®* To characterize the single-cell profiles of
whole organs or even larger organisms, the pursuit of ultra-
high-throughput scRNA-seq has been realized such that one
million cells can be analyzed in a single run.>* The increase of
throughput in scRNA-seq platforms also provides opportunities
for the massively parallel analysis of multiple samples in a
single run, which reduces the reagent cost per cell and removes
the batch effect physically.?***

The technique called sample multiplexing is usually used in
single-cell techniques to achieve massively parallel analysis in
single experiments, in which cells from independent samples were
barcoded (hashed) with DNA oligonucleotides (oligos) before pool-
ing together for single-cell analysis.””*' DNA-labelled antibodies
and lectins,"****" lipid-tagged DNA,** chemical reactive DNA** and
expressed genetic barcodes® are representative methods to intro-
duce the barcodes on the samples. Among these, chemical barcod-
ing of cell surface proteins with DNA oligos might be the most
universal method due to the following facts: (1) it uses the same
reagent for all species; (2) it is of low cost per sample; (3) it has
minimal mRNA expression perturbations; (4) it labels cells at a high
intensity of DNA barcodes. “ClickTag” has been reported
to barcode methanol fixed cells for sample multiplexing in
scRNA-seq through a one-pot, two-step chemical cross-linking
reaction that combined NHS-amine coupling and inverse
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Scheme 1 Schematic overview of the workflow of ClickTag-enabled sample multiplexing in scRNA-seq. The previous metho

method reported here in this work are shown in parallel.

electron-demand Diels-Alder (IEDDA)*** reaction (Scheme 1).
However, this reported protocol failed to be applied in live-cell
barcoding and demultiplexing. Although methanol fixed samples
have been widely used in scRNA-seq, live-cell samples are more
preferred since the methanol fixation introduces more steps and
may cause the loss of rare cell populations. According to the wide
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applications of “click chemistry”” or “bioorthogonal chemistry
in live cell engineering,****° we believe that the optimization of
reactions should be able to barcode live cells with DNA oligos.
Here we report the improved “ClickTag” for DNA oligos
barcoding on live cells. Our method adds to a growing family of
complementary multiplexing technologies for live-cell samples
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Fig. 1 The optimized synthesis procedure for Tz-oligos. (A) Schematic procedures of ClickTag synthesis. Previous method: top; optimized method:
bottom. Observed (B) and deconvoluted (C) mass spectra of NH,-oligo 1 and final product Tz-oligo 1 (related to ClickTagl).
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that could be easily adapted into current scRNA-seq platforms
(Scheme 1). This method allows accurate sample multiplexing
and demultiplexing regardless of genetic background and
sample type, and has been successfully applied in patient
samples of bladder cancer.

Firstly, to label live cells for multiplexed scRNA-seq, we
prepared tetrazine (Tz)-modified DNA oligos (bearing a poly-A
tag) according to the previous protocol (Fig. 1A). The subse-
quent labelling of Tz-oligos to cellular proteins on the cell
surface is enabled by the combination of the IEDDA chemistry
and NHS ester-amine coupling using the heterobifunctional
molecule, NHS ester-trans-cyclooctene (NHS-TCO) (Fig. 2).
Accordingly, Tz-oligos and NHS-TCO were premixed as Click-
Tags and then diluted in an aqueous buffer to label live Jurkat
cells. After that, to characterize the labelling efficiency by flow
cytometry, a fluorophore-conjugated complementary ssDNA
oligo (5’ Cy5-poly-T) was used to detect the ClickTags labelled
on the cell surface (Fig. S1A, ESIt). As expected, ClickTags made
by the previously reported protocol could not be detected on the
cell surface after labelling (Fig. S1B, ESIf). To make
the chemistry compatible with live cells, we double checked
the procedure of Tz-oligo synthesis and found that the purifica-
tion by ethanol precipitation might lead to the contamination
of Tz-oligos by unreacted Tz. More importantly, the following
characterization of Tz-oligos by TCO-Cy5 labelling and
PAGE-gel imaging is semi-quantitative and not sufficient to
characterize the purity (Fig. 1A). Both issues of contamination
and a low reaction yield might lead to the insufficient labelling
of live cells in aqueous buffer. Thus, we decided to upgrade the
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synthesis procedures through strict quality control to obtain
pure Tz-oligos, which is the molecular basis to precisely control
the cell surface labelling chemistry. To improve the procedure,
the reaction between NHS-Tz and 5’ NH,-oligo was optimized
and monitored by LC-MS analysis (Methods, ESIt). After com-
pletion of the reactions, we introduced column purification to
purify Tz-oligos, in which unreacted NHS-Tz could be washed
away, while the negatively charged DNA oligos functionalized
with Tz groups remained on the column (Fig. 1A). Moreover,
the purity of the ClickTags was further characterized by LC-MS
after elution (Fig. 1B, C). Through these improvements, pure
Tz-oligos could be readily prepared in our lab to make
improved ClickTags.

With pure Tz-oligos in hand, we optimized the concentra-
tions and reaction time between Tz-oligos and NHS-TCO to
make ClickTags capable of effective and non-cytotoxic labelling
of live cells (Fig. 2A). ClickTag-labelled cells were probed by
5" Cy5-poly-T and analyzed by flow cytometry. To our delight, a
dose-dependent labelling of ClickTags was observed on live
Jurkat cells (Fig. S1C, ESI}). Specifically, a significantly high
level of DNA barcoding was achieved at 25 uM of NHS-TCO and
25 uM of Tz-oligos (Fig. 2A). Under these concentrations, the
intensity of ClickTags coupled to the surface of Jurkat cells
reached a plateau after 30 minutes (Fig. S1D, ESIf). As
the reactivity of different cells varied, reaction times of
15-30 minutes were usually used for the following experiments.
To test the ClickTag-enabled multiplexing and demultiplexing,
we further labelled two samples with different ClickTags (Click-
Tagl and ClickTag2, Table S1, ESIY), respectively, and mixed

Cy5
Flow cytometry analysis

5' Cy3-oligo 5' Cy5-oligo
\
ANANAS W

Fig. 2 ClickTag labelling and sample multiplexing detected by flow cytometry. (A) Jurkat cells were labelled by optimized ClickTags and detected by
flow cytometry via Cy5 conjugated complementary oligos. (B) Two cell samples were labelled with ClickTagl and ClickTag?2 following different protocols
and analyzed by flow cytometry using complementary fluorophore-conjugated oligos. Optimized method: blue; previous method: green; unlabelled:

grey.
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them as one sample. Complementary ssDNA oligos of Click-
Tag1 (5’ Cy3-oligo) and ClickTag2 (5’ Cy5-oligo) were added to
detect the barcodes of the two samples and their exchange
levels. As shown in Fig. 2B, the two samples were successfully
separated by individually labelled Cy3 or Cy5 probe with mini-
mal double-positive population. In contrast, ClickTags made by
the previous protocol showed unclear separation of labelled
and unlabelled cells (Fig. 2B). Taken together, these results
demonstrate that ClickTag barcodes are stable on the cell
surface and could be demultiplexed by complementary oligo
probes, which is potentially applicable in scRNA-seq.

To make ClickTags compatible with the commercial scRNA-
seq platform, as shown in Fig. 3A, each sample barcode was
designed to include a 21-bp 3’ poly-A capture sequence, a 15-bp
sample barcode and a 5’ PCR handle that are necessary for
library preparation and sequencing. Live cells labelled with
ClickTag barcodes were loaded to a scRNA-seq platform for
single cell isolation. In a single droplet/microwell, a single bead
anchored with primers consisting of a cell barcode sequence, a
unique molecular identifier (UMI) sequence, and a poly-T
sequence could capture the poly-A tail of endogenous
transcripts and ClickTags from one cell simultaneously. Cell-
specific barcodes were then attached to the cDNA or ClickTags
during reverse transcription (RT), which allows sample demul-
tiplexing after the standard scRNA-seq workflow of library
preparation and next-generation sequencing (NGS). We tested
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the capacity of ClickTags to perform a proof-of-concept sample
multiplexing experiment using four human cell lines, including
the AML cell line U937, the promyelocytic cell line NB4, the
T lymphoblastoid cell line CCRF-CEM, and the acute monocytic
leukemia cell line THP-1. The four types of cells were barcoded
with ClickTags (ClickTag A, ClickTag B, ClickTag C, and Click-
Tag D, Table S1, ESIt) and pooled for analysis.

Following data pre-processing, we obtained a final scRNA-seq
dataset containing 4869 total cells. We identified clusters in gene
expression space according to known markers for U937, NB4,
CCRF-CEM and THP-1 (Fig. 3B; marker genes for the four cell
lines are presented in Fig. S2A, ESIt). Projection of ClickTag
barcode classifications onto the gene expression space was per-
formed according to the UMI detected for endogenous transcripts
and ClickTags in the same cell (Fig. 3C and 3D). The result shows
that ClickTag classifications successfully demultiplexed each
sample, in which the ClickTags significantly correlate with cell
type. The range of ratios of undetermined and multiplet popula-
tions are 0.48-1.5% and 1.0-2.3%, respectively (Fig. 3C). Indeed,
the multiplets identified based on the mixture of ClickTags A and
B consist of both CCRF and NB4 cells, which could be unambigu-
ously detected based on their clustering results (Fig. 3C). Mean-
while, the number of detected UMIs by ClickTags per cell ranged
from 112 to 198 (3.0-5.8 percentile), suggesting intensive barcod-
ing of cells (Fig. 3D, Fig. S2B and C, ESIt). These results together
showed the success of sample multiplexing and demultiplexing of
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Fig. 3 Application of ClickTags to multiplexing of four cell lines in scRNA-seq. (A) Schematic overview of a proof-of-concept sample multiplexing
scRNA-seq experiment using ClickTags. Four cell-line samples (U937, NB4, CCRF-CEM, and THP-1) were barcoded with ClickTags A-D and then pooled
together before subjecting to the scRNA-seq platform. (B) Transcriptome-based clustering of single-cell expression profiles reveals distinct cell types:
CCRF-CEM (red), NB4 (blue), THP-1 (yellow), and U937 (dark red). (C) Projection of the ClickTag dataset onto cell types (on the left). ClickTag A: golden
yellow; ClickTag B: green; ClickTag C: cyan; ClickTag D: pale blue. Bar graphs describing the proportion of tags attached to each cell type (on the right).
Multiplets: cells labelled with more than one ClickTag. Undetermined: cells barcoded with undetected amounts of ClickTags. (D) The heat map of scaled
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live cells by ClickTags in scRNA-seq. We also explored the
combinatorial barcoding capacity of ClickTags in an experiment
where HeLa cells and mouse bone marrow cells were dual-labelled
with two unique pairs of ClickTags, respectively (Fig. S3A, ESIt).
According to the clustering and classifications, both HeLa cells
and mouse marrow cells were labelled with a pair of sample-
specific ClickTags. In contrast, when following the previous
labelling protocol of ClickTags, the ClickTag classifications
failed to generate readily demultiplexed samples, likely owing
to the competitive NHS-ester hydrolysis in the aqueous buffer
(Fig. S3B, ESIY).

Barcoding of primary samples has been little studied in the
development of sample multiplexing techniques due to pro-
blems of heterogeneous labelling efficiency, labelling-induced
loss of rare cell types, and potential alteration of tran-
scriptomes.®® > Mouse bone marrow cells that contain various
immune cell subtypes were chosen for assessing whether our
ClickTags could be applied to primary cells. Mouse bone
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marrow cells were harvested from C57BL/6] mice. After lysis
of erythrocytes and cell counting, four aliquots of mouse bone
marrow were barcoded with four ClickTags and pooled together
for sequencing. In parallel, we prepared an unbarcoded repli-
cate as a transcriptome reference to test whether ClickTag
barcoding influenced gene expression or mRNA capture effi-
ciency. Barcoded and unbarcoded samples were subjected to
scRNA-seq platforms, respectively, and then analyzed following
the data processing procedure. As a result, a total of 2552 cells
were captured with sufficient reads for transcriptome analysis
in the barcoded sample, in which 2351 cells were detected as
barcoded cells. Through sample demultiplexing, 606, 577, 546,
and 622 cells were assigned to ClickTagl-, ClickTag2-,
ClickTag3-, and ClickTag4-labelled samples, respectively.
Transcriptome-based clustering was used to map the cell sub-
types, which showed similar results in demultiplexed samples
and the unbarcoded replicates (Fig. S4A, ESL;¥ marker gene
expression is shown as a heat map in Fig. S4D, ESI). Through
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Fig. 4 Sample multiplexing of 16 samples across species. Eight HelLa cell samples and eight mouse testicle cell samples were individually barcoded with
distinct barcodes. (A) UMAP embedding and demultiplexing of the sixteen samples. (B) Pearson correlation of gene expression from all the samples
containing human cells (top) and all samples containing mouse samples (bottom). Gene expression is shown as average counts per sample for each of

n = 26 098 human genes and 31713 mouse genes.
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analysis of the results, we further confirmed that most of the
cell types in each sample could be accurately assigned and the
proportion of the cell subtypes were highly consistent in each
sample derived from the same parent sample of marrow cells
(Fig. S4B, ESIt), including some important immune cell sub-
types that account for a very small amount of marrow cells, e.g.,
basophils, T cells, plasmacytoid dendritic cells (pDCs) and
mature B cells. Moreover, Pearson correlation of gene expres-
sion from all the samples displayed a strong correlation of the

4 Control
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top two thousand highly variable gene expressions across all
the samples (Fig. S4C, ESIf). Taken together, our method
showed high reproducibility in sample multiplexing of primary
cells and had negligible consequences on cell transcriptional
states.

Using scRNA-seq to profile samples from high throughput
screening is often difficult due to batch effects and high
cost.’*> We next investigated whether our method could
enable multiplexing of multiple samples (>10) via rapid and
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species-unbiased barcoding. Since the scRNA-seq platform we
used could allow about 40 000 cells per run, we designed 16
ClickTags to barcode 16 samples that allow thousands of cells
to be captured in each sample. HeLa cells and mouse testicle
cells were each divided into eight aliquots and labelled with
sixteen distinct ClickTags (Table S1, ESIt). We then pooled
these barcoded samples together before scRNA-seq. After
quality-control filtering, sample classification and doublet
removal, we obtained a final scRNA-seq dataset of 45 704 mouse
and human single cells spanning all 16 samples. Out of
45704 cells, 16 undetermined cells and 6065 multiplets were
detected. As shown in Fig. 4A, the cells from the 16 samples
showed highly accurate sample assignment despite major
differences in transcriptomes between the two species, demon-
strating that improved ClickTags barcoding is a universal
sample multiplexing technique. Gene expression of the eight
HeLa cell samples showed strong correlation with each other,
as was the case for mouse testicle cell samples (Fig. 4B). These
data support that improved ClickTags are potentially applicable
in drug screening where millions of cells could be analyzed per
run in scRNA-seq.

Archival primary tissue samples from a cohort are rich
resources for clinical study, which could be mined by scRNA-
seq to generate novel insights at the single-cell level.****
However, these samples are usually fragile during the cycle of
cryopreservation, thawing, enzymatic digestion and scRNA-seq
sample preparation. As a consequence, the application of
scRNA-seq in analysis of cryopreserved clinical samples has
long been hindered by a lack of rapid, low-cost and nonpertur-
bative sample multiplexing methods. As we have already
demonstrated that the improved ClickTag-enabled cell barcod-
ing is a robust multiplexing strategy, we decided to apply
ClickTag-based sample multiplexing in cryopreserved clinical
samples to expand its potential clinical usage (Fig. 5A). Three
cryopreserved bladder tumor clinical samples (single cell sus-
pension) were randomly picked from a cohort of bladder cancer
patients (numbered patient #1, #2, and #3). Samples were
thawed and CD45+ immune cells were sorted using fluores-
cence activated cell sorting (FACS) for scRNA-seq. After barcod-
ing by ClickTags, tumor infiltrating lymphocytes (TILs) from
three patients were pooled together and subjected to scRNA-
seq, while TILs from patient #1 (TILs-1) were also individually
subjected to scRNA-seq as the unbarcoded replicate. Following
the data processing, a total of 5153 cells were obtained from the
multiplexing samples, while 5722 cells were obtained from the
unbarcoded samples. In the barcoded samples, 4864 cells from
5153 cells were detected as barcoded cells. Through sample
demultiplexing, 1878, 1281, and 1705 cells were assigned to
three TILs samples. Transcriptome-based clustering clearly
identified monocytes, T cells, natural killer cells (NKs), dendri-
tic cells (DCs) and a small population of epithelial cells (marker
gene expression is shown as a heat map in Fig. S5, ESIt). The
proportion of different cell types in TILs-1 revealed by demulti-
plexing is highly correlated with those in the unbarcoded
replicate from the same patient but different from TILs of the
other two patients (Fig. 5B and C). Gene expressions of TILs-1
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control and TILs-1-ClickTag showed strong correlation after
ClickTag barcoding (Fig. 5D). These results together showed the
great potential of our ClickTags for accelerating the mining of
clinical samples that are cryopreserved in a large cohort via
ScRNA-seq.

In summary, we have developed live-cell compatible Click-
Tags that are broadly applicable for multiplexing different types
of primary samples in scRNA-seq experiments. As the through-
put of single-cell sequencing technologies increases gradually,
we anticipate that live-cell compatible ClickTags will become a
versatile tool for biological and clinical researchers by incor-
porating more information in single runs of experiments. For
example, sample multiplexing could help in overcoming the
obstacles of high cost and batch effects for cohort studies
requiring the use of scRNA-seq in the clinic. Among the existing
sample multiplexing technologies, the chemical barcoding
approach®® possesses several advantages over the widely
applied antibody barcoding techniques,”® including cost-
effectiveness, versatility across samples with distinct genetic
backgrounds, negligible transcriptomic perturbations and sig-
nificant labelling efficiency. However, clinical samples from a
large cohort are usually frozen for storage or transportation
purposes. Cells from these samples are very fragile after freeze—
thaw cycles and easy to decompose after a long procedure of
sample barcoding, e.g., the previously reported ClickTags
involve multiple steps of methanol-fixation, labelling and wash.
Thus, few of the previously reported methods have been used in
these types of clinical studies. By contrast, our live-cell compa-
tible ClickTags are successfully applied to freeze-thaw samples
of human TILs, which opens the door to large cohort studies
using scRNA-seq. Beyond clinical studies, live-cell compatible
ClickTags could make the scRNA-seq accessible to drug screen-
ing through sample multiplexing. Through the integration of
time points and treatment conditions in a single experiment,
one could observe the dynamic drug-perturbed transcription on
heterogenous populations of cells. It is noteworthy that the
current protocol is not applicable to barcoding of very few cells
(<1000 cells) from special biopsy samples. To fulfill this
requirement, the development of wash-free probes for barcod-
ing is currently underway in our lab.
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