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ABSTRACT: The lack of an efficient method for the identification of tumor antigen-specific T cell receptors (TCRs) impedes the
development of T cell-based cancer immunotherapies. Here, we introduce a droplet-based microfluidic platform for function-based
screening and sorting of tumor antigen-specific T cells with high throughput. We built a reporter cell line by co-transducing the TCR
library and reporter genes at the downstream of TCR signaling, and reporter cells fluoresced upon functionally binding with
antigens. We co-encapsulated reporter cells and antigen-presenting cells in droplets to allow for stimulation on a single-cell level.
Functioning reporter cells specific against the antigen were identified in the microfluidic channel based on the fluorescent signals of
the droplets, which were immediately sorted out using dielectrophoresis. We validated the reporter system and sorting results using
flow cytometry. We then performed single-cell RNA sequencing on the sorted cells to further validate this platform and demonstrate
the compatibility with genetic characterizations. Our platform provides a means for precise and efficient T cell immunotherapy, and
the droplet-based high-throughput TCR screening method could potentially facilitate immunotherapeutic screening and promote T
cell-based anti-tumor therapies.

■ INTRODUCTION

Cancer immunotherapy is one of the most promising cancer
therapies.1 T cell-based adoptive cell therapies (T-ACTs),
including tumor-infiltrating lymphocyte (TIL) therapy,2−4

chimeric antigen receptor (CAR)-T therapy, and transgenic
T cell receptor (TCR)-T therapy,5−7 have been shown to
regress tumor. TIL therapy was the first T-ACT with
demonstrated efficacy, but isolating tumor-reactive TILs from
primary tissues remains challenging. CAR-T and TCR-T
eliminate the limitation by transducing a receptor with a
known specificity to tumor antigens. CAR-T therapies
targeting surface markers have achieved great successes in
treating B lymphocytic leukemia.8,9 However, for solid tumor,
strong off-target risks hinder CAR-T therapy because surface
markers are similarly expressed by adjacent cells.10 Recently,
concerns on neoantigens (epitopes generated by genetic
mutations in tumor cells) are raised because normal tissues
do not express neoantigens and TCRs targeting them may

reduce off-target effects of ACTs. Neoantigens need a
presentation by the major histocompatibility complex
(MHC), and only TCR-T can recognize them.5,11,12 However,
a hurdle for TCR-T is to define enough neoantigen-specific
TCR clonotypes for clinical use because of the enormous
diversity of neoantigens across individuals.
Identifying antigen-specific TCRs is not a trivial task given

the enormous diversity of TCRs and complicated TCR
signaling networks. It is estimated that over 106 TCR
clonotypes13 exist in an individual and only a small portion
with proper binding affinity to peptide-MHC (pMHC) can
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activate T cells. Furthermore, affinity might not be a reliable
indicator of T cell response,14 and factors such as TCR-pMHC
avidity, co-receptor signaling,15 and a force, so-called “catch
bound”, in TCR-pMHC interaction16 are related with high
affinity but non-stimulatory interaction.
Up to now, the most common strategy for screening

antigen-specific TCRs is pMHC multimers.17−19 Methods by
labeling antigens with fluorophores20 and DNA barcodes17,21

can detect 63 ∼ 1010 different T-cell specificities simulta-
neously. However, inefficient production, suboptimal library
size, and pMHC multimer instability22 hinder the practical
usage of DNA-barcoded pMHC multimers. Importantly,
studies using the multimer-based strategy have rarely examined
cellular responses and therefore overlook TCR biological
functions. Instead, setting a reporter at the downstream of the
TCR signaling pathway can potentially solve the problem. In
this strategy, CD3 transmits the TCR-triggered signal through
immunoreceptor tyrosine-based activation motifs, recruits PTK
zeta chains of TCR-associated protein 70 (ZAP-70) to activate
the TCR complex, and then activates IP3 to let endoplasmic
reticulum release Ca2+. Ca2+ influx drives nuclear factor of
activated T cells (NFAT) to bind response elements at the
upstream of the promoter and then to initiate fluorophore
protein expression.23−25 Traditionally, this strategy is per-
formed in plates and only used to verify the antigen-specific
TCRs found by the pMHC multimers strategy, given its low
throughput.26 The bulk assays also raise TCR-T unspecific
activation risks.27 To achieve a single-cell resolution, a method

was developed to monitor the kinetics of TCR−pMHC
recognition in live cells within droplets using a NFAT−eGFP
reporter.28 Because the Ca2+/calcineurin/NFAT network at
TCR downstream is prominent in regulating cytotoxicity of
cytotoxic lymphocytes,29 this method can partly reflect
response kinetics of single-T cell function to tumor antigens.
Nevertheless, 30 min for sorting a single droplet makes the
droplet-based method unsuitable for high-throughput scenario.
Here, we developed a droplet-based high-throughput

platform for screening and sorting of tumor antigen-specific
TCRs with well-defined biological functions. A reporter cell
line was generated to express TCRs and green fluorescence
protein (GFP) under the regulation of TCR-NFAT signaling
(termed “TCR-expressing T cell”, TCR-T), and antigen was
presented by a cell line with MHC (termed antigen-presenting
cell, APC) (Figure 1A). By encapsulating a single TCR-T and
APC(s) in the same droplets, single TCR-T cell was stimulated
by APC(s) (Figure 1B). After a short incubation, TCR-T cells
with expected activities were sorted out using dielectrophoresis
based on their fluorescence intensity in droplets (Figure 1C).
Both the number and viability of the sorted cells met the
requirement of single-cell RNA sequencing (scRNA-seq), and
it allowed to visualize the transcriptome especially skewed by
TCR stimulation and unveiled antigen-specific TCR clono-
types further (Figure 1D). This platform enabled high-
throughput screening (∼450 droplets per second) of functional
TCR-pMHC interactions at a single-cell level, providing a

Figure 1. Flowchart of the tumor antigen-specific TCR screening platform. (A) Preparation of TCR-T cells and APCs. Tumor specimen is
disassociated, and tumor cells and TIL cells are isolated, respectively. Tumor antigens and tumor-specific TCR clonotypes were predicted from data
of TCR sequencing, whole exon sequencing, and mass spectrometry on tumor specimens. Then, TCR clonotypes were transduced into the reporter
cell line, and the tumor peptide was loaded on HLA of APCs. (B) Co-encapsulation of cells in droplets. (C) Fluorescence-activated droplets
screening and sorting. (D) scRNA-seq of TCR-T cells recovered from sorted droplets.
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powerful tool for tumor antigen-specific TCR identification
and potentially promoting tumor immunotherapy.

■ MATERIALS AND METHODS

Reagents. Table S1 of Supporting Information provides a
full list of reagents.
Chip Fabrication. Two different microfluidic chips are

presented in our work, namely, the droplet generating chip
(chip I) and the droplet sorting chip (chip II). In brief, the
master molds were fabricated using SU-8 photolithography on
4-inch silicon wafers, and chips were fabricated using
polydimethylsiloxane (PDMS). Chip I was bonded on a
PDMS-fabricated substrate, and chip II was bonded on a glass
slide, using oxygen plasma (Harrick plasma cleaner, PDC-002).
The detailed processes of fabricating chips can be found in
Supporting Information
Cell Culture. A T2 cell line expressing HLA*A-0201 was

used as APCs, and Jurkat cells transduced with DMF5-TCR
and NFAT-eGFP reporter genes were employed as TCR-T
cells. APCs presented the LAGIGILTV peptide (MART-127‑35)
to stimulate TCR-T, which then expressed GFP to characterize
the functional recognition of TCRs and antigens.
Fluorescence-Activated Cell Sorting. The activation of

TCR-T was determined by fluorescence-activated cell sorting
(FACS), and APCs were stained using CellTrace Violet or
anti-CD8 antibodies, before encapsulation, to separate APCs
from TCR-T (the detailed staining and FACS processes are
shown in the Supporting Information).
Statistics of the Cell Distribution in Droplets. TCR-T

cells and APCs were labeled with CellTracker CMFDA and
CellTrace Violet, respectively. Droplets were generated as the
instruction of chip operation in Results, and then, the cell
distribution in droplets was examined by fluorescence
microscopy. The detailed method for calculating the cell
distribution is listed in the Supporting Information.
Cell Viability. AO/PI staining solution was added to cell

suspension for counting the percentage of cell viability (Figure
S7). Fluorescent pictures were acquired and then analyzed
using ImageJ software.
Droplet Sorting. An in-house instrument for fluorescence-

activated droplets sorting was developed in this study. The
GFP in droplets was activated to emit fluorescence, which was
then received and processed by our system. The detailed
processes of this system have been shown in the Supporting
Information.
Single-Cell RNA-Seq. A DNBelab C4 system was utilized

as previously described30 for single-cell RNA-seq library
preparation. The detailed method of data processing,
unsupervised clustering, and differential expressed gene
(DEG) analysis can be found in the Supporting Information.
Statistical Analysis. Statistical analysis was performed

using R (version 4.0.0). Wilcoxon rank-sum test and Student’s
t-test were used in this study. *p < 0.05, **p < 0.01, and ***p
< 0.001.

■ DATA AVAILABILITY

The data that support the findings of this study have been
deposited into CNGB Sequence Archive (CNSA)31 of China
National GeneBank DataBase (CNGBdb)32 with accession
number CNP0001907.

■ RESULTS AND DISCUSSION

Device Design and Operation. We designed two
microfluidic chips, namely, the droplet-generating chip (chip
I) and droplet-sorting chip (chip II) in this study. As shown in
Figure S1A, chip I consisted of two sample inlets, one oil inlet,
and one droplet outlet, where negative pressure was applied to
drive the flow. Both sample inlets had a radius of 2 mm and a
height of 10 mm, supporting a maximum reservoir volume of
125 μL. Oil inlet, with a radius of 3.5 mm and a height of 10
mm, upheld a capacity of 385 μL, which was sufficient for the
droplet generation in our experiments. The droplet outlet was
connected to a 2 mL collection tube before reaching out to a
negative pressure source.
The negative pressure was supplied using a 30 mL syringe

assembled with a 3D-printed syringe puller. Negative pressure-
based droplet generation ensured a low sample consumption
and avoided the issues with bead/cell sedimentation before
device entrance. Up to a million droplets could be generated
within 10 min (Figure S1B). The negative pressure showed
little fluctuation throughout the entire experiment as examined
with a pressure sensor connected to the device (Figure S2A).
To assess the uniformity of the generated droplets, we
aliquoted 10 μL of sample to cover glass, randomly imaged
four fields, and analyzed with ImageJ. Results showed that the
coefficient of variation was 5% of the diameter (Figure S2B).
To evaluate the effect of cell concentrations on droplet

encapsulation, TCR-T and APCs, labeled with CellTrace
Violet dye and CellTracker CMFDA dye, respectively, were
loaded to the chip I, and results were in good agreement with
the theoretical double Poisson distribution, as shown in Figure
S3. 50 μL of TCR-T cell suspension (4 × 106/mL), 50 μL of
APC suspension (2 × 107/mL), and 150 μL of droplet-
generating oil were finally chosen for following tests. As for
droplet sorting, we used fluorescence for cell identification and
dielectrophoresis for droplet diverting, as shown in Figure S1C.
Two independent syringe pumps were applied to control the
rate of droplet flow and the distance between two neighboring
droplets. Inlet flows were adjusted to sort droplets at 450
droplets per second, and typical parameters for sorting were 80
and 800 μL/h for flow rates of emulsions and spacing oil,
respectively, 20 kHz and 2 ms for the frequency and duration
of the sorting pulse, respectively, and 1 kV pp for the peak-to-
peak voltage applied across electrodes.

Cellular Reporter System. Edited Jurkat cells and T2 cells
formed a reporter system: Jurkat cells were transduced with
genes to constitutively express TCRs and conditionally express
fluorescent protein under the regulation of NFAT, and T2 cells
expressing the MHC bound peptides to form a peptide-MHC
complex (pMHC) (Figure S4). When the TCR recognized the
pMHC, TCR-triggered signaling initiated GFP expression (the
pathway is shown in Introduction). Wild-type T2 cells express
the human leukocyte antigen-A*0201 (HLA-A*0201, the
human version of MHC) receptor and co-stimulatory
molecules but not TAP and HLA-II. The lack of TAP makes
T2 cells unable to load intracellular peptides on HLA, and
functional loss of HLA-II avoids the intervention of HLA class
II antigens. Additionally, it is possible to edit T2 with other
HLA-I molecules other than HLA-A*0201. Jurkat is a T
lymphoblast equipped with similar phenotypes and intra-
cellular signaling transductions as primary T cells. Therefore,
T2 and Jurkat were chosen in this study. To demonstrate the
effectivity and specificity of the reporter system, DMF5, a TCR
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clonotype targeting MART-127‑35 protein, was employed to
generate “TCR-T” cells. In order to enhance the transduced
TCR expression, we replaced the constant region of
transduced TCR with a murine-derived sequence33 and over-
expressed CD8 in reporter cells to strengthen co-stimulatory
signaling.34 Following overnight incubation, the peptide was
loaded on the HLA to form the pMHC.
To validate the reporter system performance, we stimulated

TCR-T with a mixture of anti-CD3 and anti-CD28 antibodies
and APCs loaded with MART-127‑35 peptide, separately. After
the stimulation with anti-CD3 and anti-CD28 antibodies, both
the percentage of GFP+ TCR-T cells (Figure S5) and mean
fluorescence intensity (MFI, Figure S5) increased significantly
after 3 h, and these values increased consistently in the first 12
h and reached a peak in the next 12 h, suggesting that the
downstream signaling pathway of CD3 could be activated
effectively. After that, we examined the response kinetics of
TCR-T cells with different numbers of APCs and various
concentrations of peptide stimulation. Results showed that
TCR-T activation in bulk assay depended on the concentration
(2.5 μg/mL−80 μg/mL) of peptides treating APCs, and the
control group which was not loaded with APCs with the
MART-127‑35 peptide was not activated, as shown in Figure
2A,B. Additionally, the growth of GFP+ cell percentage was no
longer significant when the peptide concentration was up to 80
μg/mL and the TCR-T/APC ratio was 1:3. Unlike bulk assays,

cell incubation inside the droplet was highly influenced by the
droplet volume.29 As such, we monitored cell viability in
droplets over a period of 12 h. Results showed that the value
was higher than 75% within first 8 h before declining to almost
50% at 12 h (Figure S7). Combined together, these results
suggest that it is proper to stimulate TCR-T cells with peptide-
loaded APCs for 6 h to increase cell viability.
We compartmented one TCR-T cell with APC(s) in

droplets to investigate cell activation at a single-cell level.
APCs were pre-treated with 10, 20, 40, and 80 μg/mL peptide
solution (Figures 2C,D and S8). After 6 h of culture, TCR-T
expressed GFP in a peptide dose-dependent manner.
Considering that 17.9% TCR-T could be encapsulated with
APC(s) on average and about 13% of TCR-T cells were
activated by APCs treated with 80 μg/mL peptide solution, 6 h
stimulation achieved an activation efficiency of about 72%
(Figure S3).
It was also reported that 70−75% of cells could be

activated28,35 by either unspecific or pMHC stimulation.
Heterogeneity and cellular status of T cells and the loss of
the transgene expression following recombination events in the
genome might be responsible for the failed GFP expression in
about 25−30% TCR-T cells. As indicated by Segaliny et al.,28

increasing the ratio of APCs to TCR-T could increase the
probability of TCR-T−APC contact and thus increase the
percentage of GFP+ cells. Another possible reason is that cross-
linking of multiple TCR molecules on one T cell leads to
stronger intracellular signaling and consequently stronger
eGFP expression. However, Segaliny et al. detected the GFP
fluorescence of bulk TCR-T cells using a plate reader, from
which the signal per cell cannot be examined. We conducted
flow cytometry and showed that MFI of GFP+ TCR-T cells
was not significantly increased with the increased APC-to-
TCR-T ratio. Therefore, the increased possibility of APC−
TCR-T interaction with a higher APC number should be the
main factor to affect TCR-T activation in bulk assays. In
droplets, our results suggested that factors affecting cell
activation were different from the bulk system. According to
the cell distribution in droplets, TCR-T could contact one or
two APCs, indicating that the cell number may not be the
primary factor affecting T cell activation in droplets. Instead,
we found that increasing peptide concentration for APC
treatment enhanced the GFP expression of TCR-T cells,
suggesting that interaction between TCR-T and APCs
determined the GFP expression of TCR-T cells in droplets.
Because T2 is TAP-deficient, it shows lower MHC expression
on the cell surface and upregulates MHC expression when
being treated with antigen peptides, which in turn promotes
the cross-linking of TCRs and enhances GFP expression. In
the study, this mechanism could also explain the observation
that APCs treated with a higher dose of peptides favored GFP
expression in droplets. Thus, experiments of TCR-T activation
in droplets could reflect the function of single TCR-T, which
was masked in bulk assays.

Sorting GFP+ TCR-T Cells. Functional TCR-T cells, which
expressed GFP signals upon binding to the peptide−MHC
complex, were sorted for downstream analysis based on the
fluorescence intensity. The simultaneous appearance of photo-
multiplier tube (PMT), comparator, and single-chip micro-
computer (SMC) pulses (Figure 3A) indicate that a positive
droplet is found and sorted. A comparator is used to define
whether a signal transferred from the PMT represents a
positive droplet (GFP+) that appeared. If a comparator detects

Figure 2. GFP expression of TCR-T cells stimulated by pMHC. (A)
Percentage of GFP+ TCR-T cells stimulated by APCs treated with 0,
2.5, 5, 10, 20, and 40 μg/mL peptide at different TCR-T: APC ratios
(1:1, 1:2, and 1:3) in a plate. (B) Mean fluorescence intensity (MFI)
of GFP+ TCR-T cells stimulated by APCs treated with 0, 2.5, 5, 10,
20, 40, 80, and 160 μg/mL peptide at different TCR-T: APC ratios
(1:1, 1:2, and 1:3) in a plate. Two-way ANOVA test examines the
difference between groups, and Tukey’s multiple comparison
examines the difference between samples. (C) Viability of cells in
droplets after being cultured for different time durations. (D)
Percentage of GFP+ TCR-T cells stimulated by APC(s) treated
with 80 μg/mL peptide in droplets. (E) MFI of GFP+ TCR-T cells
stimulated by APC(s) treated with 80 μg/mL peptide in droplets. For
(C), (D), and (E), Wilcox-ranked test is used to examine differences.
*p < 0.05, **p < 0.01, ***p < 0.001, and ns p> 0.05.
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the signal, it will transfer a signal to trigger SMC to record the
signal of the PMT. If the max value of the signal is above the
threshold, the SMC will trigger the wave generator to produce

a 20 kHz, 2 ms pulse which is then augmented to 1 kV pp.
With the pulse, the droplet will be sorted by dielectrophoresis.
In order to determine the sorting threshold, droplets
encapsulated with TCR-T cells and untreated APCs were
used as negative controls, and the fluorescence signals were
recorded as baseline signals. Signals of droplets encapsulated
with peptide-treated APCs were regarded as positive signals.
According to the relative amplitudes of these signals, we
adopted the mean of negative signals plus four standard
deviations (s.d.) as the threshold, as shown in Figure 3B.
Droplets were sorted at a frequency of 450/s, and the sorted
cells recovered from droplets were validated by flow cytometry.
As shown in Figure 3C, about 70% of the TCR-T cells sorted
out were GFP+, while only 4% of the discarded cells were
GFP+. The relatively high true positive rate of the sorting
device suggested an effective enrichment (enrichment factor =
4.43 ± 0.21) of GFP-positive cells in our system. Nevertheless,
further improvement might be necessary to increase the
performance of the platform. Like other sorting systems such
as FACS, the inconsistent signal intensity is the primary factor
affecting the sorting performance. As shown in Figure S5, the
expression level of GFP was not consistent for all TCR-T cells,
suggesting that finding a clear cut method for the detection of
threshold was not practical. By raising the gating threshold, we
could decrease the false positive rate, with the tradeoff of
increased loss of target cells (false negative). Alternatively,
because GFP expression is limited by cell capacity, replacing
GFP with a responsive reporter system could potentially
improve sorting performance.36 For example, cascade reac-
tions, such as ones using luciferase as reporters, can break
through the limitation of intracellular expression and generate
brighter fluorescence. Indeed, the NFAT-luciferase system has
been used to report TCR-T cell activation.24,37,38 Another
factor that could have compromised the sensitivity and
specificity of the sorting is the inconsistent locations of cells

Figure 3. Phenotypic screening and sorting of GFP-positive cells. (A)
Representative time traces recorded for a positive droplet detected by
the PMT, comparator, and SMC. (B) Signal distribution of control
and stimulated droplets. Mean + 4*standard s.d. of signals of control
samples set as a threshold for sorting droplets. (C) Percentage of
GFP+ TCR-T cells in either sorted and wasted droplets were
measured by flow cytometry. The y-axis indicates the true positive rate
of TCR-T in sorted droplets and false negative rate in waste. Wilcox-
ranked test is used. ***P < 0.001. PMT, photo-multiplier tube. SMC,
single-chip microcomputer.

Figure 4. Qualification and classification of sorted cells by RNA sequencing. (A) Distribution of the gene number, percentage of mitochondria
genes, and UMI number per cell for each sample. (B) UMAP of single cells clustered by gene expression. (C) Number of control and stimulated
cells in each cluster. (D) Expression of classification markers in each cluster.
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within droplets.39 Cells in droplets can float out of the center
or focal plane of the laser spot, which induces variations in the
signal received by the PMT. Thus, consistent cell positioning
within the droplet40 or applying multi-color bead-based
normalization in droplets41 can potentially improve the
accuracy.
Single-cell RNA-sequencing. scRNA-seq on the func-

tional TCR-T cells provides genetic information on the TCR−
pMHC interactions, which could facilitate the design of ACTs.
To further validate our platform and demonstrate that our
platform is compatible with downstream genetic analysis, we
performed scRNA-seq on the sorted TCR-T cells. Here, two
samples of over 6000 cells were recovered from droplets
(termed “STIM”) and utilized for scRNA-seq. TCR-T cells
without stimulation served as controls (termed “CTRL”). After
alignment and error correction, 1581 and 2262 cells were
recovered from two stimulated samples, respectively. 3036 and
4981 cells were detected from TCR-T cells of two control
samples, respectively (Figure S9A). For both stimulated and
control samples, mean genes per cell were between 4000 and
5000, UMI per cell was more than 10,000, and mean
percentage of mitochondria genes per cell was 3.5−5% (Figure
4A). As comparisons, demos of the 3′ V3 kit for scRNA-seq
from 10×, ddSEQ, and drop-seq achieved median 28006
UMIs/4776 genes, 10466 UMIs/3644 genes, and 8791 UMIs/
3255 genes, respectively. These methods are common ones
used for scRNA-seq. Therefore, the cells recovered from
droplets are suitable for scRNA-seq and can achieve data with
a high quality.42,43

RNA expression matrixes of two stimulated samples and two
control samples were integrated using Seurat software. With a
dimensionality reduction by the KNN graph and UMAP, cells

were grouped into seven clusters (Figure 4B). Five clusters
were gathered on the right-hand side, and two were on the left-
hand side. Cells on the right-hand side were derived from
stimulated and control samples, and these two groups mixed
well (Figure S9B). In contrast, almost all cells (97.2%) on the
left-hand side were from stimulated samples (Figure 4C).
Because control samples had TCR-T cells only, cells on left-
hand side might be APCs. Furthermore, right-hand side
clusters highly expressed CD2 and CD3G, while left-hand side
ones highly expressed CD86 (Figure 4D), confirming that
APCs and TCR-T cells were discriminated completely.
Captured cells could be stressed and damaged during the
process including cell encapsulation, incubation, sorting, and
library generation for scRNA-seq. The transcriptome of these
low-quality cells is skewed, thus leading to misinterpretation of
the data.44 Setting arbitrary thresholds is a common approach
to filter out low-quality cells (with genes < 1000, UMI < 1000,
and/or increased percentage of mitochondria genes > 10%
detected by scRNA-seq45), but it will only capture one part of
the entire landscape of low-quality cells. Therefore, maintain-
ing cell quality during the process is critical to perform scRNA-
seq with good quality. According to results in bulk assay
(Figure 2), a long-time stimulation with APCs facilitated GFP
expression. To maintain cell status, we incubated cells in
droplets for 6 h. Additionally, high-throughput sorting was
another design to maintain cell viability.46,47 Furthermore, a
good cell status was confirmed from the scRNA-seq results,
where the gene number, UMI number, and percentage of
mitochondria genes per cell met the requirements for following
analyses.48

After that, we removed APCs to avoid their influence on
data integration and performed integration and clustering

Figure 5. Heterogeneity of antigen-specific TCR-T cells. (A) UMAP of all TCR-T cells from stimulated and control samples. (B) GO analyses of
DEGs of TCR-T cells from sorted droplets as compared with control cells. The top 10 signaling pathways ranked using the adjusted P values are
shown. (C) UMAP of TCR-T cells from sorted droplets. (D) DEGs of TCR-T cells from cluster 6 as compared with other TCR-T cells from
sorted droplets. (E) Trajectory analysis of cells.
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again. Eight clusters were presented by UMAP, and most cells
from stimulated and control group samples were merged
together, confirming the successful integration and hetero-
geneity of TCR-T cells (Figure 5A). Gene ontology (GO)
analyses shown that ribosome-related genes were upregulated
in cells of stimulated samples (Figure 5B), indicating the
increased metabolism of activated TCR-T cells. Interestingly,
cells from cluster 6 were derived from stimulated samples only
(Figure 5C). GO analyses performed in TCR-T cells from
stimulated samples showed that enriched genes of cluster 6
were cell proliferation-related (Figure 5D), suggesting that a
part of TCR-T cells was more responsive to the stimulation via
TCR than others. This hypothesis was further supported by
the trajectory analysis, in which cells from cluster 6 had the
largest distance from other clusters (Figure 5E). According to
the DEGs listed in the Supporting Table, broad perturbations
were shown in RNA expressions of stimulated TCR-T cells. In
total, 878 DEGs had p values < 0.05 after being adjusted by the
FDR method. GO analysis based on DEGs suggested that
genes involved in functions of ribosomes were affected by TCR
signaling largely. Among these DEGs, the expression of
HSPA6, HSPA1B, TRIB3, and IER3 was upregulated in
stimulated cells with over 20%, and CENPE and SYNE2
were downregulated by over 20%. HSPA6 and HSPA1B were
reported to be upregulated in the “TCR signaling pathway”
defined by the KEGG database,49 TRIB3 and IER3 were
involved in the NF-κB pathway,50,51 and CENPE was essential
in maintaining microtubule capture,52 suggesting broad
alterations of survival and metabolism signaling in stimulated
TCR-T cells. Because the activation and initiation of T cells
requires orchestrated changes in cytokine, survival, prolifer-
ation, and metabolism signaling pathways,53 our method
potentially provides mechanistic data underlying the activation
of T cells. Additionally, the fold change of DEGs in our study
was less than that in other studies performed on primary cells.
Partly, the count of APCs in droplets is far less than that in
bulk assays, suggesting that the stimulation strength on TCR-T
should be weaker. Additionally, we will develop our method by
building a reporter system in primary T cells,54 which should
unveil the mechanism underlying the activation of real T cells.
Thus, the platform was well compatible with scRNA-seq,

and the transcriptome information recovered from the scRNA-
seq could precisely annotate cell status. Importantly, the
development of TCR-T immunotherapy targeting neoantigens
urgently seeks a high-throughput strategy for functionally
screening TCRs for multiple neoantigens in parallel, and a
combination of our platform and scRNA-seq could potentially
meet this demand. An impressive development of multimer-
MHC techniques is the employment of the DNA barcodes and
scRNA-seq,17 which overcomes the bottleneck of throughput.
This strategy suggests that adding omics data to barcode
antigens can also record messages of antigens to DNA
sequences. Thus, instead of running our platform and
scRNA-seq sequentially, we could potentially seamlessly
integrate our platform with scRNA-seq in future.
The method developed in our study aims to identify TCRs

with functions of recognizing pMHC and transducing signaling
from TCR to downstream pathways. However, a triggering role
of TCRs can only initiate the downstream signaling pathway
and not decide the cell cytotoxicity. Cell status and helper
signaling are primary factors to decide whether cellular
cytotoxicity can be elicited, so the TCRs screened out might
not be effective TCRs to eliminate the cancer cells in patients.

■ CONCLUSIONS
In summary, we developed a platform combining the cellular
reporter system and fluorescence-activated droplet technique
to achieve function-based high-throughput screening of tumor
antigen-specific TCRs on a single-cell level. This strategy
overcomes the weak correlation between function and TCR-
pMHC affinity and the inefficient production presented by
affinity-based methods. The new platform can screen millions
of droplets per hour and sort target TCR-T cells in seconds
with high accuracy. Therefore, our strategy shows a strong
potential to address the shortcomings of traditional methods.
Moreover, the strategy of combining with scRNA-seq will help
unveil the molecular mechanism of TCR-pMHC recognition
and promote scientific and clinical research. Importantly, scale-
up of this platform would allow for more applications in the
future.
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