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SUMMARY

Comprehensive evaluation of single T cell functions such as cytokine secretion and cytolysis of
target cells is greatly needed in adoptive cell therapy (ACT) but has never been fully fulfilled by
current approaches. Herein, we develop a hierarchical loading microwell chip (HL-Chip) that
aligns multiple cells and functionalized beads in a high-throughput microwell array with single-
cell/bead precision based on size differences. We demonstrate the potential of the HL-Chip in
evaluating single T cell functions by three applications: high-throughput longitudinal secretory
profiling of single T cells, large-scale evaluation of cytolytic activity of single T cells, and
integrated T cell-tumor cell interactions. The HL-Chip is a simple and robust technology that
constructs arrays of defined cell/object combinations for multiple measurements and material
retrieval.
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Zhou et al. describe the hierarchical loading microwell chip, which enables cell/bead pairing with
high efficiency in a high-throughput manner. They conduct coupled measurements of cytotoxicity
and cytokine secretion from single lymphocytes and uncover the linkage of lymphocytes’
functions together with the cell behavior.

INTRODUCTION

Immunotherapy has revolutionized cancer treatment in recent years. As an important branch
of cancer immunotherapy, adoptive cell transfer (ACT) has shown impressive clinical
response rate in the treatment of melanoma, breast cancer, colon cancer, B cell leukemias,
and lymphomas (Rosenberg and Restifo, 2015; Rosenberg et al., 2008; Wang and Wang,
2017). In ACT treatment setting, tumor-reactive T cells are isolated from the patient’s own
tumor tissues or blood, expanded in large numbers ex vivo with or without receptor
engineering, and then infused back to the patient to mediate durable cancer regression.
Growing evidence reveals that different T cells from the same patient can be functionally
distinct and result in different outcomes in patients (Linnemann et al., 2015; Zacharakis et
al., 2018). Therefore, it is necessary to evaluate and characterize the functionality and
antigen specificity of single T cells prior to the infusion. However, the traditional
population-wide measurements could disguise single-cell behaviors and some important
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functional heterogeneity. For example, only a small fraction of the T cells in tumor-
infiltrating lymphocytes (TILs) population has tumor reactivity (June et al., 2018; Rapoport
et al., 2015). The functional heterogeneity within a T cell population highlights the
importance of multi-parameter analysis of the T cells with single-cell resolution.

Cytokine secretion, cytotoxicity, and antigen specificity are the primary measures of the
function of T lymphocytes. Cytokine secretion of single T cells is commonly determined by
enzyme-linked immunospot (ELISpot) or intracellular cytokine staining (ICS), because both
approaches offer a combination of simplicity, repeatability, and sensitivity (Lamoreaux et al.,
2006; Saletti et al., 2013). However, both approaches provide only static, mono-parametric,
endpoint measurements. Moreover, cells used in these assays are irretrievable. In contrast,
microwell arrays are easy to design, require no specialized peripherals to perform
experiments, and are an attractive alternative for studying single T cell function for antigen
recognition (Chattopadhyay et al., 2014; Prakadan et al., 2017; Rissin et al., 2010; Shao and
Qin, 2018). The open architecture of the top of the microwell also allows easy access for cell
sedimentation, surface modifications, and cell retrieval. Several microwell array-based
methods have been developed to study T cell responses at a single-cell level, including
microengraving (Love et al., 2006; Varadarajan et al., 2012), single-cell barcode chip
(SCBC) (Lu et al., 2015; Ma et al., 2011), and immunospot array assay on a chip (ISAAC)
(Jin et al., 2009). Both microengraving and the SCBC suffer from uncontrolled object
sedimentation, which leads to empty units or units with more than one cell and a substantial
waste of materials and assay units. Furthermore, microengraving confines lymphocytes to
extremely small volumes, potentially altering cell metabolism and function. The ISAAC
demonstrates high single-cell occupancy in cylinder microwells; however, it is apt to trap
cell-secreted proteins on the bottom and inner wall of the microwells. This may decrease the
detection sensitivity and promote cross-contamination, because the ISAAC only detects
proteins trapped on the top surface of the microwells.

Evaluation of cytotoxicity of single T cells relies on pairing of single T cells with the target
cells, which is currently enabled by microwell arrays (Varadarajan et al., 2012), microfluidic
traps (Dura et al., 2015; Li et al., 2017), and droplet microfluidics (Segaliny et al., 2018;
Sinha et al., 2018). Unfortunately, traditional microwell arrays and droplet microfluidics
suffer from uncontrolled object sedimentation, which even exaggerates when try to combine
two or more cells together. The single T cell-target cell pairing efficiency can be lower than
10%. Micro-fluidic traps can capture and controllably pair hundreds of cells to study
immune cell-target cell interaction. However, microfluidic chips require peripheral
equipment for accurate fluidic control, as well as professional skills for performing the
assays. Furthermore, the throughputs of the microfluidic traps are limited for studying large-
scale immune cell-target cell interactions or samples with low reaction rates.

In addition, either cytokine secretion or cytotoxicity only reveals T cell functions in single
aspects. Combining measurements of cytokine secretion and cytotoxicity with detailed
characterization of T cell behavior could provide a more comprehensive evaluation of the
antigen specificity of T cells; however, this combination remains a primary challenge to the
current available methodologies (Vanherberghen et al., 2013; Varadarajan et al., 2011). Thus,
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there is a critical need of a simple platform that efficiently isolates single T cells and
comprehensively evaluates single-cell anti-tumor responses for effective ACT.

Therefore, we developed a hierarchical loading microwell chip (HL-Chip) that is capable of
efficiently aligning multiple cells of different types and/or microbeads as desired in a high-
throughput manner. We demonstrated the potential of the HL-Chip in evaluating single T
cell functions by three applications: high-throughput longitudinal secretory profiling of
single lymphocytes, large-scale evaluation of cytolytic activity and antigen specificity of
single T cells, and integrated T cell-tumor cell interactions.

Working Principle of the HL-Chip

Typically, one chip consists of 100 blocks, with each block arrayed with 100 well units in 10
by 10 arrangements. The blocks were also arranged into 10 rows and 10 columns. The
effective surface areas with wells were from 25 to 64 mm?, depending on designated well-
to-well distance. Figure 1A depicts the working principle of a dual-well HL-Chip. A single
unit with a dual-well structure was composed of one large and one small circular well
aligned to form a cucurbit shape. Briefly, an excess of large objects (6-12 times the amount
of the wells) was introduced onto the array. Then, iterative brief centrifugations were
performed until the desirable well occupancy was achieved. Due to the geometric limitation,
the large objects only occupied the large wells, leaving the small wells empty. After rinsing
off all unsettled large objects, small objects were pipetted onto the array in excess (4-10
times the amount of the wells), centrifuged, and rinsed. Unsettled objects, which were rinsed
off, could be recycled and used for next array. As the large wells had already been filled, the
small objects were physically excluded from entering the large wells and were naturally
captured in the small wells. From a careful summary of more than ten experimental repeats,
we confirmed that the diameter of the large wells could be adjusted 2—-4 mm in excess to the
mean size of large beads, or 1/6-1/3 larger than the mean size of large cells to facilitate large
objects loading and to prevent the trapping of an extra small object. Similarly, the small
wells could be modified 1-2 pm in excess for beads or 1/8-1/4 larger for cells and into an
ellipse shape to benefit pairing. Additionally, the maximum size of small wells was
restricted by the mean — SD of large objects to prevent large objects from occupying small
wells. A 2-3 um difference between large-well and small-well diameter was necessary for
hierarchical trapping of two objects in comparable size. The center-to-center distance was
adjusted to 2 pm shorter than the sum radius of the two wells, resulting in an overlapping
intersection, narrowing the nearest boundary from the intersection, and bringing wells into
closer proximity. Moreover, the integration of multiple wells with different sizes into a
single unit allows for the design of additional variations of HL-Chips. Objects can then be
precisely positioned by loading, centrifuging, and rinsing in size order from largest to
smallest. Examples of possible HL-Chip designs are depicted (Figure S1A). Figures 1B and
1C show representative scanning electron microscope (SEM) images of the hierarchical
loading of dual-well and tri-well units, respectively. Hierarchical loading of two sizes of
microbeads with two ratios (4:1 and 1:4) is shown in Figures S1B and S1C and Figures S1D
and S1E, respectively. Figure 1D shows representative SEM images of three different types

Cell Rep. Author manuscript; available in PMC 2020 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 5

of dual-well units with different small well to large well ratios (i.e., 2:1, 3:1, and 4:1). A
large-area image of two-beads pairing in dual-well wells is shown in Figure 1E and
demonstrates 100% pairing efficiency. Microscopic images of 2:1 small well-clustered and
3:1 large well-centered two-beads positioning are shown in Figures S1F and S1G,
respectively.

Evaluation of the HL-Chip

To test the efficiency of the HL-Chip, the fraction of wells occupied by a single bead or cell
was calculated. We found the trapping efficiency of large beads to be 99.1% + 0.3%.
Successful pairing was also evaluated by loading of both the large wells and the small wells
with any combination of beads and cells. The bead-bead pairing efficiency was 98.1% =+
0.4%, and the bead-cell pairing efficiency was 91.8% + 3.2% (Figures 2A and 2B). The
remarkable performance of the bead-bead pairing may be due to the size exclusion of the
wells or to the uniformity and rigidity of the beads. To demonstrate cell-bead or cell-cell-
bead pairing, HeLa cells were stained with Calcein AM to distinguish and indicate cell
viability. After loading and rinsing, beads and/or T cells (stained with Calcein Red-Orange)
were sequentially loaded. We compared the pairing efficiencies of chips with different well
diameters and found that restricting the diameter of the large wells by 4 -um reduced
occupancy rates in the first and second rounds of centrifugations, but the occupancy rate
could be nearly restored with a third round of centrifugation when compared to a 2 um
deduction or no deduction (Figure S2B). Interestingly, 4 mm deduction improved cell-cell
pairing efficiency by reducing the possibility of capturing a second small cell within the
dual-well unit, suggesting that large well diameter is a primary concern when cells are
loaded first (Figure S2C). The occupancy rate of HeLa cells was96.7% + 1.9% and overall
pairing efficiency was 75.5% + 4.9% for cell-cell pairs (Figures 2C, 2D, and S2E) and
70.7% = 7 9% for cell-cell-bead pairs (Figures 2E-2G). To demonstrate the correlation
between pairing efficiency and overlapped cell size distribution, we evaluated the
performance of HL-Chip for three cell lines with varied size overlapping: Raji (12.37 £ 2.35
pum), PC-3 (14.64 + 2.10 um), Hela (15.60 £ 2.18 pm) using dual-well HL-Chips of
multiple diameters (Figures S2A and S2D). The more the cell sizes overlapped, the lower
the pairing efficiencies were observed. The pairing efficiencies are also influenced by the
size difference between two wells. The best pairing efficiencies and corresponding diameters
of dual-well for HeLa-Raji, PC-3-Raji, and HeLa-PC-3 were 77.0% (19/ 14 um), 75.0%
(18/12 um), and 49.8% (19/17 um), respectively (Figure S2D). Importantly, the HL-Chip can
also generate cell-cell combinational pairs in a high-throughput, deterministic manner (2:1,
3;1, 4:1, 1:2, 1:3) (Figures SIH-S1M). These results demonstrate that the HL-Chip is
capable of trapping and pairing beads and cells with high efficiency and control.

HL-Chip-Based Immunoassay to Detect Cytokine Secretions from Single Lymphocytes

Given the precision and efficiency of the HL-Chip in aligning bead-cell pairs in close
proximity, we developed a microbeads-based cytokine detection chip (CD-Chip) to detect
secretions of single lymphocytes. Figure 3A depicts the working principle of the CD-Chip.
Antibody-coated beads and lymphocytes were sequentially deposited, resulting in their
shared bath of 28.4 pL of medium. Proteins secreted by single lymphocytes were then
captured by a lawn of high-affinity antibodies that were immobilized on the oversized bead
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surface prior to diffusion into the bulk medium. The center-to-center distance between units
was adjusted to 80 um so that minor diffused proteins were impeded from binding to
neighboring beads. By measuring the fluorescence of beads in wells co-seeded with cells
and adjacent wells without cells after 8-h phorbol 12-myristate 13-acetate (PMA)/ionomycin
stimulation, our results indicate that there is no significant cross-contamination from the
neighboring wells (Figure S41). To further reduce protein diffusion and to prevent T cells
from drifting out of the microwells, we set the microwell depth to 50 pm. Previous studies
have shown that T cells secrete interferon (IFN)-vy at rates ranging from 0 to 120
molecules/s, and low secretion rates dramatically compromise capture efficiency (Han et al.,
2010; Torres et al., 2014). Thus, assuming T cells secrete proteins at 10 molecules/s, we
sought to evaluate the analyte capture efficiency by modeling five simplified microwell
configurations over 8 h periods: closed cucurbit well of 30 pm depth, open cucurbit well of
30 um depth, open cucurbit well of 50 pm depth, open cubic well of 50 pm depth, and open
tri-well of 50 um depth. Finite element simulation suggested that analyte concentration on
the bead surface synchronously increased with the concentration in the bulk medium in the
open 30 um depth cucurbit well configuration (Figures S3A, S3D, and S3E). Simulation also
suggested that increasing the microwell depth from 30 to 50 um improved the overall
capture efficiency by 8%—-9% in open configuration, whereas, switching from a cucurbit to a
cubic well design reduced capture efficiency to one-third in first 4 h and to one-half by 8 h
(Figure S3F). To investigate the effect of the T cell position on cytokine capture, we
simulated capture efficiency where the T cell was placed on two extreme position in tri-well
structure (far and near). The simulation (Figures S3B, S3C, and S3F) showed that capture
efficiency was 18.6% at 2 h and 23.1% at 8 h for far position while 39.7% at 2 h and 29.8%
at 8 h for near position. For 2-h cytokine detection, the position of the T cell affect capture
but, for 8-h detection, the position of T cells probably would not significantly affect capture
since T cell will not sitting still at far position all the time. We used two methods for
detection: (1) To preserve cell viability, tetrafluorophenyl-ester-labeled antibodies were
employed for /in situ detection in a sandwich format. (2) To enhance detection sensitivity,
tyramide signal amplification (TSA) technology was incorporated in the detection steps.
Detection sensitivities were tested by directly incubating functionalized beads in microwells
with serially diluted extrinsic IFN-y. Figures S3G-S3L show that the low limit of detection
(LoD) reached 0.16 ng/mL using the TSA method, which was a 10-fold improvement in
sensitivity. This detection limit still has room to improve (Rissin et al., 2010), but we found
that the 0.16 ng/mL was sufficient for the system to detect IFN-y and IL-2 secreted from
single cells. The small volume of the microwells had a capability to concentrate cytokines
produced from even one cell. To verify the predicted performance, we used a CD4* TIL
clone (2B2), which specifically recognizes a mutated peptide (a 25-mer PCDHB16 peptide
with a specific mutation; unpublished data) but not the wild-type peptide, as a model. First,
we directly applied PMA and ionomycin to the loaded microwell arrays to stimulate IFN-y
release. Figures 3B and 3C demonstrate that the CD-Chip is capable of detecting partial
IFN-v release (mean fluorescence intensity [MFI] >102 a.u.) from 80.6%, 98.5%, and 99.4%
of total T cells and abundant IFN-vy release (MFI >1029 a.u.) from 48.4%, 85.3%, and
94.7% of total T cells after 2, 4, and 8 h, respectively.
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To determine the correlation between the CD-Chip assay and ICS, the frequencies of
actively secreting clonal T cells were enumerated in four additional experiments with off-
chip stimulation for 8 h, followed by on-chip detection for another 8h. The stimulation
settings of the four experiments were as follows: (1) PMA/ionomycin; (2) recognizable
mutated peptide pulse or (3) non-recognizable wild-type peptide pulse; and (4) DMSO. By
analyzing an average of 2,000 microwells containing single beads paired with single cells,
the frequency of T cells actively secreting IFN-y was determined to be 42.3%,
25.5%,0.18%, and 0.45% (Figure 3D; Figures S4A-S4E) in each group. The magnitude of
the responses was similar to those recorded by ICS (55.8%, 25.8%, 1.53%, and 1.80%)
(Figures S4J and S4K). Additionally, the magnitude of peripheral blood lymphocytes (PBLS)
responses to PMA/ionomycin, PP65 peptide, or DMSO was also compared (Figures S4F—
S4H and S4L). Importantly, the results of both assays were significantly correlated (R? =
0.9452) (Figure 3E). Additionally, by using tri-well HL-Chips to trapping two different
antibody-functionalized beads in each side of T cells, we were able to concurrently detect
IFN-y and IL-2 secretion from single T cells (Figures S4M and S4N), demonstrating that
the CD-Chip assay is capable of detecting multiple cytokine secretion from single
lymphocytes with high sensitivity and specificity.

To demonstrate the feasibility of single-cell retrieval with preserved viability, we performed
CD-Chip assays using PBLs pulsed with PP65 peptide and then used a micromanipulator
combined with a microinjector device to manually retrieve single abundantly secreting cells
(Figures S40-S4Q). Retrieved single T cells were seeded with irradiated PBLS in 96-well
plates individually. After 3 weeks, single T cells seeded in the wells successfully grew into
clones while no clone was observed in unseeded wells (Figure S4R), indicating that T cells
after CD-Chip assays are still viable enough to proliferate.

Single-Cell On-Chip Cytotoxicity Assay Using Dual-Well HL-Chips

Immune cells must coordinate their motility to make transient or prolonged contacts for
optimum signal integration and to elicit appropriate immune responses. To survey large
areas, T cells migrate at high speeds and persistent trajectories. After binding to antigen-
bearing target cells, T cells undergo velocity decrease, synapse formation, cytoskeleton
reorientation, and polarized secretion (de la Roche et al., 2016; de Saint Basile et al., 2010).
To understand how immune cells conform motility with cytotoxicity, we also employed
dual-well HL-Chips to investigate immune cell-tumor cell interactions. Compare with
conventional microwell or micro-fluidic platforms, HL-Chip offers better controllability and
higher pairing efficiency than the former, easier manipulation, and minor restriction to cell
movements than the latter. We used /n vitro-transduced NY-ESO-1-specific TCR-T cell
receptor (TCR)-T cells (Figure S5A) and peptide-pulsed PC-3/ HLA-A2 cells (a prostate
cell line transfected with a full-length ALA-AZ2 gene to promote uniform antigen
presentation, Figure S5B) as a model for studying immune cell-tumor cell interactions at
single-cell resolution (Figures 4A and 4B). NY-ESO-1 TCR-T cell-based immunotherapy is
the most successful TCR-based immunotherapy for solid tumors (Wang and Wang, 2017).
Therefore, a detailed characterization of NYESO-1 T cell interactions would add to our
understanding of the underlying mechanisms of immunity as well as help to identify
correlates of immunological intervention. Before loading, PC3/HLA-A2 cells were either
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pulsed with a high dose of the NY-ESO-1157_165 peptide or NY-ESO-V157_165 peptide for
1.5 h and then stained with Calcein Red-Orange to indicate cell viability. NY-ESO-1 T cells
were stained with carbocyanine dye DiO for better visualization of cell contract and
extension. Treated target cells and T cells were sequentially loaded and imaged at 2.5-min
intervals for 4 h (Videos S1 and S2). T cell-mediated cytotoxicity was determined by distinct
decreases in fluorescence and morphology alterations of target cells, such as membrane
blebbing or cell explosion. For single target cell paired with single T cell, 29.76% and
50.02% lysis events occurred for NY-ESO-1157_165 peptide-pulsed target cells and NY-ESO-
V157_165 peptide-pulsed target cells, respectively (Figure 4C). In the absence of target cells,
T cells circuited within microwells at high velocities. In the presence of target cells, T cells
bounded to the target cells and moved at low velocities. Deceleration was more obviously
observed when target cells were pulsed with the NY-ESOV157_1¢5 peptide (Figures 4D and
4E). Regardless of lytic events, T cells showed no statistical differences in velocities when
target cells were pulsed with the NY-ESO-1157_165 peptide. On the contrary, T cells
underwent tremendous retardation when NY-EOS-V157_1¢5 peptide-pulsed target cells were
lysed (Figure 4F). After lysis of target cells, T cells restored their velocities (Figure 4G).
Compare with the NY-ESO-V157_165 peptide, T cells tend to alter to more elongated shapes
when interacted with NY-ESO-1157_145 peptide-pulsed target cells (Figure 4H).

Compared with the NY-ESO-V157_1¢5 peptide, the NY-ESO-1157_165 peptide shows less
antigenicity and immunogenicity due to a lower binding affinity to HLA-A2 molecules and
TCR (Chen et al., 2000). Our findings are in line with the previous published data concluded
from bulk population and extend it by showing that the quality of TCR ligand control lytic
efficiency at single-cell resolution. Smaller elevations in intracellular calcium and inability
to recruit lytic granules to synaptic cleft triggered by weaker stimuli have been reported to
be the causes for inefficient cytotoxicity trigging (Beal et al., 2009; Jenkins et al., 2009).
Apart from cellular intrinsic mechanisms, our results further indicate that killing efficiency
is also a consequence of contact stability influenced by TCR ligand quality.

Integrated Single-Cell Analysis of Immediate Cytotoxicity and Short-Term Cytokine

Secretion

Cytolysis and secretion are the primary functions of T cells but remain a challenge to study
in direct interrogation with target cells. Although several molecular parameters, such as
antigen dose, adhesion molecule, TCR affinity, and major histocompatibility complex
(MHC) occupancy, have been shown to influence intercellular contacts, the impact of
cellular context on the magnitude and dynamics of downstream effector functions remains
incompletely understood (Davis, 2009). Here, we exploited tri-well HL-Chips to
simultaneously investigate the dynamic interactions and functional consequences of NY-
ESO-1 TCR-T cells interacting with PC-3/HLA-A2 target cells (Figures 5A and 5B). We
pulsed target cells with peptides of different affinity and investigated detailed behaviors of
individual -1 TCR-T cells to coordinate TCR engagement. The treated PC-3/HLA-AZ2 cells,
antibody-functionalized beads and NY-ESO-1 TCR-T cells were sequentially loaded and
time-lapse imaging was performed at 5-min intervals for 8 h (Videos S3 and S4). T cell-
mediated cytotoxicity was determined from time-lapse images and IFN-y secretion was
evaluated by TSA detection after the imaging. Statically, 28.20% NY-ESO-1 TCR-T cells
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lysed the target cells, 37.04% released IFN-y, and 18.36% exhibited both lytic and secretory
activities for the NY-ESO-1157_165 peptide-pulsed target cells. For NY-ESO-V157_165
peptide-pulsed target cells, 54.41% NY-ESO-1 TCR-T cells lysed target cells, 28.88%
released IFN-y and 21.88% exhibited both activities (Figure 5C). A stronger NY-ESO-V
ligand lead to higher lytic proportion and lower IFN-vy secreting proportion and secreting
rate than the NY-ESO-1 ligand (Figure S5F). Lytic T cells still showed higher IFN-y
secreting proportion (72/179, 40.2%) than non-lytic T cells (23/150, 15.3%) for the strong
NY-ESO-V ligand, but the difference became smaller when compared with lytic T cell
(56/86,65.1%) and non-lytic T cells (157/219, 26.0%) against the NY-ESO-1 ligand. To
determine whether the presence of the antibody detection beads affect cytolysis, we
performed 8-h dual-well lysis experiments for the NY-ESO-1157_165 peptide and NY-ESO-
V157_165 peptide. Our results indicated that there was a small negative effect on cytolysis,
probably originated from inevitably contacts between T cells and beads in tri-well chips
(Figure 4C). Since this effect was all or none when we compare the NY-ESO-1 ligand with
the NY-ESO-V ligand, this effect didn’t impact our conclusion. If target cells were not
pulsed with peptides, IFN-y secretions were not detectable, and effector-mediated lysis was
less than 2%, confirming the specificity of T cell-mediated functions to the cognate epitope
(Figure S5C). Cytolytic T cells showed more abundant IFN-y secretion than the non-
cytolytic group, indicating that the mechanisms that promote cytotoxicity could be
interwoven with those that control IFN-y secretion. For 2-h interrogation, IFN-y secretion
was similar in non-lytic T cells for both ligands. However, lytic T cells still released more
IFN-7y than non-lytic T cells against both ligands (Figures S5D and S5E). Besides, we
plotted the timing of lysis with IFN-y secretion level in both ligands for 8-h interrogation
and found there was no correlation between them, indicating that the timing of lysis does not
interrupt IFN-+y secretion (Figures S5G and S5H).

To further investigate the relationship between IFN-vy secretion, target cell lysis, and the
interaction patterns between T cells and target cells, we divided NY-ESO-1 T cells into four
functional groups: IFN-y~/lysis™, IFN-y*/lysis™, IFN-y~/lysis*, and IFN-y*/lysis*. We then
analyzed the entire contact history of each NY-ESO-1 T cell recorded. Instead of measuring
the absolute velocities, we deciphered the relative movement of T cells over target cells
frame by frame, since target cells tend to shuttle back and forth in tri-well units compare
with dual-well units. In general, T cell-target cell interactions could be classified into four
different phases: migration, scanning, static conjugation, and maotile conjugation (Figure
5D). During migration, T cells moved freely within the microwell without physical contact
with target cells. After reaching target cells, T cells either scanned the target cells at high
velocities or conjugated with target cells. Static conjugation was characterized by a tight
“bite” exerted by typically rounded T cells on target cells with no displacement. In contrast,
motile conjugation involved the elongation of T cells into irregular shapes, continuous
probing of small surface zones, and subtle displacements from targets between frames. We
defined two criteria to distinguish motile conjugation from static conjugation: (1) roundness
<0.5 (Olofsson et al., 2014) or (2) relative displacement >1/4 target cell’s body between
juxtaposed frames (Figures S51 and S5J). The total phases duration of target cell-T cell-bead
triplets was quantified within the four functional groups. Importantly, T cells in the IFN-y~/
lysis™ group had longer migration and scanning phases than all other groups, which is
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consistent with the case for target cells that were not pulsed with peptide (Figure 5E; Figures
S5M and S5N). It is of note that the migratory phase differences between lysed and non-
lysed cells cannot reflect differences in cell absolute velocities (Figure 4F) but are more
representative of T cells’ relative motility. Longer static or motile conjugation in lytic T cells
means T cells exhibit more “still”; phases, but afterward T cells may experience more active
scan or migration phase (Figure 4G).

As T cells in the IFN-y~/lysis™ group constituted 53.1% for the NY-ESO-1 ligand and
38.6% for the NY-ESO-V ligand, while only 28.4% of T cells in the whole population didn’t
present NY-ESO-1 TCR, it is highly unlikely that all non-responses were a consequence of
unmatched TCR-pMHC (peptides displayed by MHC proteins) interactions (Figure S5A).
Instead, this result may indicate that some NYESO-1 TCR-T cells didn’t come into
productive contact or transduce potential contacts into functional responses during the 8-h
experimental period. For the NY-ESO-1 peptide, lytic NY-ESO-1 TCR-T cells showed
slightly more static conjugation and significantly more motile conjugation than non-lytic T
cells. While for the NY-ESO-V peptide, lytic NY-ESO-1 TCR-T cells showed significantly
more static and motile conjugation (Figure 5E; Figure S5K). Meanwhile, for the NYESO-1
peptide, secretory T cells showed moderately more static conjugation and significantly more
motile conjugation, while, for the NY-ESO-V peptide, secretory T cells showed significantly
less static conjugation and significantly more motile conjugation (Figure 5E; Figure S5L).

Previous studies only demonstrated the capacity of the NYESO-1;157_1¢5 peptides to
simultaneously elicit humoral and cellular responses at the bulk population level (Jager et
al., 2000). Our results further confirmed the dual function of NYESO-1 TCR-T cells at the
single-cell level and extended that cytolysis and IFN-y secretion are linked. Moreover, the
stronger NY-ESO-V ligand displayed lesser linkage than the NY-ESO-1 ligand. Previous
studies using microengraving showed that for natural killer (NK) cells or CD8" T cells
interacting with KK10 (HIV-1 p24 Gag epitope) peptide-pulsed B cells, cytolysis and IFN-y
secretion act independently (Varadarajan et al., 2011; Yamanaka et al., 2012), but the
experiment conditions are significantly different, including epitopes, antigen-presenting
cells, well architectures, and detecting methods. It has been reported that dual activation
thresholds exist for T cells interacting with target cells (Wiedemann et al., 2006).
Cytotoxicity is a rapid and low-threshold response while IFN-y production requires prolong
and sustained antigenic stimulation (Faroudi et al., 2003). When recognizing NY-
ESO-1157_165 or NY-ESO-V157_165 peptide-pulsed target cells, NY-ESO-1 TCR-T cells
exhibited a mixture of static and motile conjugation, which has also been previously
reported with OT-1 T cells in recognition of Q4 peptide (Moreau et al., 2012). NY-ESO-1
TCR-T cells showed more static conjugation along with more lysis and less IFN-y secretion
for the NY-ESO-V ligand than the NY-ESO-1 ligand. Static conjugation was positively
correlated to lysis for both ligands and was also positively correlated to IFN-y secretion for
the NY-ESO-1 ligand but not for the NY-ESO-V ligand. Motile conjugation was positively
correlated to both lysis and IFN-y for both ligands (Figures S5K and S5L). Although static
conjugation increases cytotoxicity, our results on the NY-ESO-V ligand further indicate that
it could potentially affect IFN-y production. By pulsing target cells with peptides of
different affinities, we actually shed light on the strategies that T cells adopted to overcome
threshold for IFN-y secretion. In fact, static and motile conjugation may be respectively
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related to “synapse” and “kinapse” that have been described for T cells (Dustin, 2008,
2009). Our results show consistency with the established views that weak TCR signals favor
kinapse formation, whereas strong TCR signals preferentially lead to synapse formation
(Dustin and Long, 2010). Our results further suggest that kinapse sustain stimulation for
IFN-y secretion, while synapse favor cytotoxicity execution.

DISCUSSION

Adoptive transfer of natural tumor-reactive or receptor-engineered T cells to cancer patients
has shown impressive results in the treatment of specific types of cancers and could broaden
to other types of cancers. Comprehensive evaluation of the T cells for infusion could
contribute to predicting treatment outcomes and developing more effective ACT. However,
current evaluation methodologies cannot fully fulfill this requirement due to several
technical challenges, such as single-cell resolution, high-throughput, sensitivity, and
combinatory detecting ability. Emerging microtools have the potential to address these
technical challenges. HL-Chip technology is one successful example of these microtools and
offers four advantages over traditional evaluation methods. First, our CD-chip approach
based on the HL-Chip enables quantitative detection of cytokine secretion of single T cells
in a polyclonal mixture of TILs or PBMCs. A head-to-head comparison of the CD-chip and
the two standard screening methods, ELISpot and ICS, is presented in Table S1. Second,
retrieval of desired single cells can be envisioned due to the open architecture of the HL-
Chip, which offers an opportunity to integrate on-chip measurements with off-chip follow-
up analyses including genetic and/or transcriptional analyses of specific single cells, for
example, to identify T cell receptor sequences of specific tumor-reactive T cells. Third, the
HL-Chip offers high-throughput and single-cell loading efficiency while preserving the ease
of handling. Fourth, the HL-Chip allows the simultaneous detection of single T cell
secretions, cytotoxicity, and cell behavior, which provides a more comprehensive assessment
of T cells.

Beyond evaluating T cells functions, HL-Chip technology may serve as a universal approach
for spatial positioning of two or more objects in a precise and high-throughput manner. This
universal approach could be broadly applied to monitor single-cell secretions (Han et al.,
2012), study cell-cell communications (Dura et al., 2015) and immunological synapse
formation (Jang et al., 2015), barcode bead-based single-cell RNA sequencing (Macosko et
al., 2015), generate hybridomas (Skelley et al., 2009), and others (Figure SIN). Several
microfluidic systems allow researchers to capture and align single cells in a well-ordered
format using specialized structures, such as hooks (Zhang et al., 2014, 2019), weirs (Dura et
al., 2015, 2016), dock chambers (Li et al., 2017), or by enclosing cells into droplets
(Chokkalingam et al., 2013; Shembekar et al., 2018). However, most microfluidic systems
are currently limited to research labs due to sophisticated and labor-intensive fabrication and
assembling (especially for multi-layer microfluidic chips) as well as the requirement for
peripheral instruments and skills to perform experiments. In contrast, HL-Chips are easy to
fabricate, straightforward to handle, and user friendly. In fact, a researcher with no training
in microfluidics can handle the loading and cleaning of HL-Chip-based experiments without
any difficulty. Furthermore, recovering desirable target cells is straightforward in HL-Chip
assays due to the open architecture but is restricted in enclosed microfluidic chips.
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Compared with conventional microwell chips that suffer from uncontrolled object
sedimentation, the HL-Chip demonstrated higher efficiency in the deterministic generation
of bead-bead pairs, bead-cell pairs, and multiple other combinations. In addition, the
commercial availability of uniform microparticles of many sizes and the ability to combine
relative size ratios within a single HL-Chip well makes the HL-Chip a versatile toolbox for
trapping different types of cells and beads. By applying microparticles with different sizes to
multi-well HL-Chips (e.g., bottom-left structure in Figure S1A), it is possible to
simultaneously detect multiple cytokines from single cells in a single assay. Moreover, the
HL-Chip could also be used in studying other types of cell-cell interactions, such as NK
cell-tumor cell interaction, lymphocyte-antigen-presenting cell interaction, and cellular
interactions between more than two cells (e.g., T cells, antigen-presenting cell, and
regulatory T cells) with precise and high-throughput cell-cell colocation. Finally, given the
modifiable surface attributes of the beads, it is reasonable to envision that the HL-Chip could
be applied to single-cell sequencing to maximize the utilization of rare precious primary
samples, minimize sample input bias, and consequently produce more accurate results.

In conclusion, we have developed a microwell platform characterized by its simplicity,
scalability, versatility, and precision. We demonstrated that the HL-Chip platform can be
used in high-throughput longitudinal secretory profiling of single lymphocytes, large-scale
evaluation of cytolytic activity of single lymphocytes, and integrated lymphocyte-tumor cell
interactions. We envision that the HL-Chip will be valuable for predicting ACT treatment
outcomes and developing more effective therapies. The HL-Chip would also be useful in
single-cell genomics, transcriptomics, proteomics, as well as cell-cell interaction
applications by pairing the parallel capturing and positioning efficiency with combinations
of other techniques, such as multiplexed bead barcoding.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Lidong Qin
(Igin@houstonmethodist.org). This study did not generate new unique reagents.

Materials Availability—The TILs clone (2B2) from patients with melanoma used in this
study is available from the Lead Contact, Lidong Qin (lgin@houstonmethodist.org), upon
completion of a materials transfer agreement.

Data and Code Availability—This study did not generate any datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines—PC-3/HLA-A2 and HeLa (ATCC® CCL-2) were cultured in D10 medium
(high-glucose DEME supplemented with 10% fetal bovine serum, 100 U/mL Penicillin and
100 pg/mL Streptomycin. Raji cells (ATCC® CCL-86) were cultured in RPMI 1640
medium supplemented with 10% FBS and 100 U/mL Penicillin and 100 pg/mL
Streptomycin. HeLa cells and Raji cells were obtained from the American Type Culture
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Collection (Manassas, VA). The cell lines have not been authenticated. All cells were
cultured at 37°C with 5% CO».

METHOD DETAILS

Device Development—The microwell array pattern of the HL-Chip was drawn with
AutoCAD software and printed out as glass photomask by Photo Sciences. Mold bearing
microwell arrays were fabricated by modified soft photolithography. Briefly, negative
photoresists (SU-8 3025, MicroChem) were spin-coated (500 rpm for 10 s and 1,000 rpm—
3,000 rpm for 60 s) onto a clean silicon wafer (Silicon Quest International) to form a
uniform 20-50 pm film. After baking at 65°C for 3 min and then 95°C for 5 min, the wafer
was cooled and exposed to UV light through the glass photomask for 4-10 s. Next, the wafer
was baked at 65°C for 3-5 min and then again at 95°C for 8-14 min. The wafer was
developed in a SU-8 developer for 4 min and flushed with fresh developer three to four
times. The patterned wafer was thoroughly solidified by baking at 135°C for 30 min. Then,
the wafer was treated with trimethylchlorosilane (Sigma-Aldrich) for 30 min. A 10:1 (w/w)
mixture of PDMS and curing agent (Sylgard 184, Dow Corning) was poured onto the wafer
and heated at 70 C for 1 h. Finally, the cured PDMS sheet was cut and peeled off the wafer.

Generation of PC3/A2 Cell Line and Transduction of NY-ESO-1 T Cells—The
PC-3/HLA-A2 cell line was generated by transduction of the PC3 cell line with the HLA-A2
lentivirus plasmid. Lentiviruses were generated by co-transfecting HEK293T cells with
pFU3W-A2 plasmid, two packaging plasmids (psPAX2, pMD2.g) using lipofectamine 2,000
(Invitrogen). Viruses were harvested and filtered through a 0.45 pum filter (Millipore) 48 h
after transfection. Then, 1 x 10° PC-3 cells were transduced with viral supernatant in the
presence of 8 ug/mL Polybrene. HLA-A2 positive cells were sorted. The expression of
HLA-A2 was verified with flow cytometry by staining with anti-human phycoerythrin (PE)
conjugated HLA-A2 antibody (BD Biosciences, 558570). NY-ESO-1-specific T cell
receptor (TCR)-transduced T cells (NY-ESO-1 TCR-T cells) were generated according to
previously published protocols (Feldman et al., 2011). Briefly, Phoenix ECO cells were
transfected with plasmid DNA (pMSGV1-TCR) using lipofectamine 2,000. Supernatant was
harvested for transducing retroviral packaging cell line PG13. PG13 packaging clones were
generated by limiting dilution and the clone conferring the highest transduction efficiency
was selected for producing virus supernatant. Peripheral blood lymphocytes (PBLS) (Gulf
Coast Regional Blood Center, Houston, TX, USA) were isolated with CD8* Dynabead
(Thermo Fisher, 11348D) and stimulated with interleukin-2 (300 1U/mL, Bio-Rad) and
OKT3 (50 ng/mL, Thermo Fisher) on day 0. PBLs were then transduced with virus
supernatant in non-tissue culture-treated 6-well plate coated with RetroNectin (Takara Bio)
on day 2. NY-ESO-1 TCR expression was confirmed by flow cytometry. Staining was
performed with FITC conjugated anti-human TCR V 13.1 (eBioscience, 11-5792-41).

Bead-Cell Pairing and Cell-Cell Pairing—Before loading beads or cells, HL-Chips
were either coated with human collagen I (0.1 mg/mL, R&D System) or blocked with 1.5%
BSA at 37°C for 1 h. For the first round of loading, 20 uL beads or single-cell suspension
(3-6 x 10%/mL), which conformed to the size of the largest wells, were added on the upper
surface of the chips. Iterative brief centrifugations were performed (30 g, 3 s) to facilitate
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trapping of beads or cells into the largest wells until the desirable capture efficiency was
achieved. Unsettled beads or cells were gently rinsed off with PBS, recycled, centrifuged
and used for next chips. Then, the second round of loading was performed with 20 pL of a
second type of beads or single-cell suspension (2-3 x 108/mL), which matched the size of
the second largest wells. Finally, loading a third type of beads or cells suspension (2-3 x
108/mL) into the smallest wells was performed in the same way in tri-well arrays. To remove
the stacked cells or beads, 40 uL of PBS was added onto the array. Filter paper strips were
put in contact with one corner of the array to swiftly suck the PBS away. Upper layer of the
stacked beads and cells will be sucked along with PBS. The array was checked under a
microscope to see the removal of upper layer of stacked beads or cells. Such a washing
procedure was repeated for three to five times until over washing is seen at the time when as
much as 2%-5% wells become empty. Overall, loading of a dual-well array or a tri-well
array could be accomplished in 5 min or 10 min, respectively.

On-chip Cytokines Calibration and Detection—To prepare functionalized beads to
detect IFN-y or IL-2, a biotinylated antibody against human IFN-y (Thermo Fisher,
M701B) or a biotinylated antibody against human IL-2 (R&D Systems, BAF202) was
conjugated to streptavidin polystyrene beads (mean size: 18.4 um, Spherotech, SVP-200-4)
or streptavidin magnetic beads (mean size: 21.7 um, Spherotech, SVM-200-4) by shaking
beads in 50 ug/mL IFN-y antibody or IL-2 antibody solution at 4°C overnight in PBS,
respectively. After conjugation, beads were washed three time with PBS and stored in 1.5%
BSA (w/v) solution. Recombinant human IFN-y (Thermo Fisher, PHC4031) or IL-2 (Bio-
Rad, PHP042) was aliquoted in PBS containing 1% BSA. Next, 0.5-1 3 103 polystyrene
beads or magnetic beads were loaded into BSA-blocked chips and incubated with serially
diluted human IFN-y (0, 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 ng/mL for detection using
tetrafluoropheny! ester-labeled detection antibody; 0, 0.16, 0.31, 0.62, 1.25, 2.5, 5, and 10
ng/mL for detection using TSA method) or IL-2 (0, 0.16, 0.31, 0.62, 1.25, 2.5, 5, and 10
ng/mL for detection using TSA method) for 2 h at room temperature. The detection antibody
was obtained from Thermo Fisher (M700A), labeled with Alexa Fluor-488 according to the
manufacturer’s protocol (Thermo Fisher, A20181), and used at a concentration of 4 pg/mL.
Between assay steps, the chips were extensively washed with 1.5% BSA. For the TSA
method, beads were first incubated with primary rabbit anti-human IFN-y antibody (Abcam,
Ab9657) or rabbit anti-human IL-2 antibody (Abcam, ab92381) at 2 pg/mL at room
temperature for 1 h. Afterward, beads were incubated with poly-HRP-conjugated goat anti-
rabbit 1gG antibody for 1h. A tyramide working solution was prepared according to the
manufacturer’s protocol (Thermo Fisher, B40943) and added to the reaction. The reaction
was stopped after 4 min of incubation, followed by imaging with a Nikon A1 confocal
microscope. Extensive washing with PBST (0.05%) was performed between TSA assay
steps.

Computational Modeling of Analyte Capture—To analyze the capture Kinetics of
cell-secreted analytes in one microwell, we used the Transport of Diluted Species Interface
and the Surface Reaction module in COMSOL Multiphysics 5.4 for computational
modeling. For simplicity, cells were assumed to secrete at a constant speed, and microwell
walls were considered to be impermeable to analytes, convection transport, absorption of
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analytes onto microwell walls, and surface diffusion of analytes from the bead surface were
not considered. The total number of analytes (V) increased with time:

Niotal = Kt

where « is the rate of secretion. Although the section rate of live cells may fluctuate over
time, this fluctuation depends on cells’ intrinsic status and environment quality.
Nevertheless, the constant secretion assumption provides information regarding how analyte
concentrations change over time in a liquid solution, on the bead surface, and in different
configurations (sealed or open, depth variation of dual-well or tri-well microwell, or
conventional cubic microwell).

The bulk concentration of the analyte in liquid solution (C) can be described by Fick’s 2nd
law:

9€ _pyv2 -
ot

where Dis the diffusion coefficient of the analyte. The binding of analyte to antibody
functionalized beads is a reversible equilibrium process that can be described with the
following:

kon
C+Ab=—=C- Ab
koff

We assume that secreted analyte binding to functionalized antibodies on the bead surface
occurs at a 1:1 stoichiometry. The initial concentration in liquid solution and on the bead
surface was negligible. The mass balance that describes the dynamics of absorption and
desorption of the secreted analyte is determined with the following equation:

aCy

2
7 —DsV™ = KonC(GO - Cy) -

3t ko ffCs

where Csis the concentration of the analyte binding on the bead surface, Dgis the
diffusivity of analyte binding on the beads surface (nearly equal to zero), 6 is the total
number of binding sites on the bead surface, «,, is the association constant, and xis the
disassociation constant. The parameters for simulation in this model, including the rate of
secretion, diffusion coefficient (D), (dis)association constant (x), and total binding sites (&),
were determined based on values reported from the literatures (An et al., 2017; Han et al.,
2010; Torres et al., 2014) or vendors’ technical data sheets (antibody binding affinity).
Diameters of the cell and the bead were fixed at 10 um and 24 pm, respectively. The
configurations of wells that were evaluated included 30 um open and closed dual-well
microwell, 50 um open dual-well microwell, 50 um open tri-well microwell (cell/bead near-
positioned and cell/bead far-positioned) and conventional open cubic microwell (50 x 50 x
50 pm).
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Single Cell Cytokine Detection Chip (CD-Chip) Assay—The center-to-center
distance between wells was adjusted to 80 mm to reduce possible cross-contamination
caused by diffusion. To conduct on-chip assays, HL-Chips were first blocked by immersion
in 1.5% BSA at 37°C for 1 h. Functionalized polystyrene beads were then introduced into
the chips by brief centrifugation to facilitate trapping. Unsettled beads were rinsed off with
PBS, and iterative bead loadings were performed to achieve optimal occupancy. PBLs
isolated from a cytomegalovirus seropositive donor (Gulf Coast Regional Blood Center,
Houston, TX, USA) or a lab-derived T cell clone (2B2), which specifically recognizes a 25-
mer PCDHB16 peptide (with a specific mutation, data not published) from melanoma-
reactive tumor-infiltrating lymphocytes (TILs), were thawed two days in advance and
cultured in RPMI 1640 medium supplemented with 2 mM Glutamax, 100 IU/mL penicillin,
100 pg/mL streptomycin, 20 mM HEPES, 1% nonessential amino acids, 1 mM sodium
pyruvate, 55 pM B-mercaptoethanol, 50 IU IL-2, and 10% human AB serum (TCRPMI).
Before experiments, PBLs or TILs were incubated in AIM-V medium (GIBCO) for 16 h.
Then, 2-5 x 10* T cells were washed twice with PBS and resuspended in 20 puL. AIM-V
medium. The single-cell suspension was loaded onto the HL-Chip arrays. For kinetic
assessment of IFN-y capture, 5 mL AIM-V containing phorbol 12-myristate 13-acetate
(PMA) (50 ng/mL) and ionomycin (1 pg/mL) or 5 mL AIM-V medium containing dimethyl
sulfoxide (DMSO) were added to experimental chips and control chips, respectively. Images
were taken at the time of stimulation with PMA and ionomycin (t = 0 h) to record the initial
beads and cells occupancy. After incubation at 37°C with 5% CO,, for 2, 4, or 8 h, the chips
were imaged for a second time and processed for TSA detection method. For peptide
stimulation, clonal TILs (2B2) were treated with the mutated peptide, a wild-type peptide or
DMSO for 8 h. PBLs were treated with PP65-peptide (NLVPMVATYV, GenScript) or DMSO
for 8 h. Stimulated TILs or PBLs were loaded into chips and incubated in 5 mL AIM-V
medium for 8 h. IFN-y secretions were then assessed. Partial secretion and abundant
secretion were defined as MFI > 102 and 1029, respectively. For concurrent detection of
IFN-y and IL-2, functionalized magnetic beads (mean size: 21.7 pm), polystyrene beads
(mean size: 18.4 pm) and TILs were sequentially loaded into tri-well chips (25-12-21 um).
Loaded chips were incubated in 5 mL AIM-V containing PMA/ionomycin or DMSO.
Fluorescence from consistently positioned, single-cell matched beads was included for
manual measurement using ImageJ software (National Institutes of Health). The cell
retrieval system included a micromanipulator (MS314, WPI) at a step resolution of 0.5 mm
and a microinjector (FemtoJet 4i, Eppendorf) that was previously reported by our lab (Ma et
al., 2018) and others (Varadarajan et al., 2012). Transfer tips (Eppendorf) were loaded with 5
pL PBS with a micro-loader (Eppendorf) and then positioned on the top of the chip arrays.
By reducing compensation pressure, cells paired with fluorescent beads were brought up
into transfer tips and then injected into 96-well plates seeded with irradiated feeder PBLs for
clonal expansion.

ICS—Intracellular cytokine staining was performed as previously described (Lamoreaux et
al., 2006). Briefly, TILs or PBLs were activated with 50 ng/mL PMA, 1 pg/mL ionomycin
(EMD Chemicals) or DMSO for 2, 4, 8 h, or with peptide (10 ug/mL) or 8 h, and monensin
(BD Biosciences) was added for the last 2-8 h of incubation. Treated cells were then fixed
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and permeabilized according to manufacturer’s protocol (BD Biosciences, 554715). Staining
was performed with FITC anti-human IFN-y antibody (Biolegend, 502507).

Dynamics of Immune Cell-Target Cell Interaction and Cytolysis—To maximize
unit density, the center-to-center distance between units in dual-well arrays was adjusted to
40 mm, yielding approximately 700 units per mm? area. PC-3/HLA-A2 cells (PC-3 cell line
overexpressing HLA-A2) were either not pulsed, or pulsed with NY-ESO-1157_165 peptide
(SLLMWITQC, GenScript) or NY-ESO-V157_165 peptide (SLLMWITQV, GenScript) at a
concentration of 10 pg/mL at 37uC for 1.5 h. PC-3/HLA-A2 cells were then stained with 2
UM CellTrace™ Calcein Red-Orange (Thermo Fisher) for 15 min. Additionally, 5-10 3 104
NY-ESO-1 TCR-T cells were stained with 1 pM Vybrant™ DiO (Thermo Fisher) at 37°C
for 5 min. Chips were pretreated with 1 pg/mL human collagen | at 37°C for 30 min. Then,
the treated tumor cells and T cells were sequentially loaded onto the chips and time-lapse
imaging from up to four positions over a whole chip were recorded at2.5 min intervals for 4
h with a Nikon confocal microscope equipped with an environmental chamber, a 20x
objective, and an automated stage. NY-ESO-1 TCR-T cells were tracked at each time point
manually with ImageJ (n = 211 for T cells interacting with non-pulsed target cells, n = 282
for T cells interacting with NY-ESO-1157-165 peptide pulsed target cells and n = 285 with
NY-ESO-V157_165 peptide pulsed target cells). Roundness index (short axis/long axis from
green fluorescence channel) of 40 NY-ESO-1 TCR-T cells randomly selected from
experiments of interacting with NY-ESO-1157_165 peptide and NY-ESO-V57_1¢5 peptide
pulsed-target cells was measured manually at each time point with ImageJ. Fluorescence of
target cells was quantified in red fluorescence channel. Distinct decreases of target cells’
fluorescence and morphological signs of death (i.e., blebbing or swelling) was visualized in
bright-field channel to determine cell death.

Integrated Single-Cell Analysis of Cytotoxicity and Cytokine Secretion—PC-3/
HLA-A2 cells were pulsed with NY-ESO-1157_165 peptide or NY-ESO-V157_1g5 peptide at a
concentration of 10 pg/mL at 37°C for 2 h, followed by staining with 2 uM CellTrace™
Calcein Red-Orange (Thermo Fisher) for 15 min. Additionally, 5 x 104 NY-ESO-1 TCRT
cells were stained with 1 uM Vybrant ™ DiD (Thermo Fisher) at 37°C for 5 min. Tri-well
chips (24.5-12-21 mm in well diameters, 50 um in depth, 60 um in well center-to-center
distance) were first treated with human collagen I at 1 ug/mL at 37 °C for 30 min, followed
by blocking with 1.5% BSA at 37 °C for 1 h. Treated PC-3/HLA-A2 cells, functionalized
beads, and NY-ESO-1 TCR-T cells were sequentially loaded onto the chips, centrifuged to
facilitate loading, and flushed with PBS to rinse off unsettled cells or beads. Time-lapse
imaging from up to three positions on a chip was recorded at 5 min intervals for 2 or 8 h
with a Nikon confocal microscope equipped with an environmental chamber, a 10 x
objective, and an automated stage. Quantitative evaluation of target cells’ fluorescence,
beads’ fluorescence and cells’ movements was performed with ImageJ. Data visualization as
heatmaps were performed using Morpheus (https://software.broadinstitute.org/morpheus/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics Analysis—All statistical details of experiments and the number of
experimental replicates can be found in the figure legends. Statistical analysis was
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performed using GraphPad Prism 8.0. Datasets with Gaussian distributions were compared
using unpaired Student’s t tests. Significance was defined as p < 0.05. All error bars in
figures indicate the SD from biological replicates unless otherwise stated in the
corresponding figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A hierarchical loading microwell chip (HL-Chip) pairs objects with high
efficiency

A high-throughput assay enables single-cell cytokine detection and cell
retrieval

The assay system enables simultaneous detection of cytotoxicity and cytokine

The high-throughput HL-Chip enables screening of functional T cells
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Figure 1. Fundamental Working Principles of the Hierarchical Loading Microwell Chip
(A) Schematic loading processes of a dual-well HL-Chip.

(B) Representative scanning electron microscope (SEM) images of a dual-well HL-Chip unit
with graded loading of beads.

(C) Representative SEM images of tri-well HL-Chip units with graded loading of beads.

(D) Representative SEM images of large well-centered HL-Chip units loaded with beads.
(E) A representative microscopic image of a block of a dual-well HL-Chip loaded with
beads.

Scale bars for (B)—(D) are 10 and 30 mm for (E). See also Figure S1.
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Figure 2. Optimized Performance of the HL-Chip for Trapping Bead-Cell Pairs, Cell-Cell Pairs,
and Cell-Cell-Bead Pairs

(A and B) Loading efficiency (A) and representative (B) bright-field image overlaid with
fluorescent image of bead-cell (red) pairing.

(C and D) Loading efficiency (C) and representative (D) overlaid image of cell-cell pairing.
(E) Loading efficiency and (F) representative overlaid image of cell-cell-bead pairing.

(G) A representative overlaid image depicting cell-cell-bead pairing. Loading and pairing
efficiency (Well occupied/Well torar) Was calculated from three randomly selected microscopic
fields (>400 well units) from at least three independent loading experiments.

Scale bars for (B), (D), and (F) are 30 mm and for (G) 100 pum.

See also Figures S1 and S2.
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Figure 3. CD-Chip for High-Throughput Detection of Cytokine Secretion from Single
Lymphocytes

(A) Scheme of the CD-chip. Antibody-bearing beads in proximity to T cells inside
microwells were co-incubated briefly in open configuration, followed by /n situ dye-labeled
antibody or TSA detection.

(B) Bright-field and green fluorescent images of IFN-y detection 4 h after on-chip
stimulation with PMA/ionomycin (left) or DMSO as a control (right). Scale bar, 20 pm.

(C) Mean fluorescence intensity (MFI) distribution of individual beads 2, 4, or 8 h after on-
chip stimulation of clonal TILs with PMA/ionomycin or DMSO. Dotted lines indicate
threshold for partial (MFI >102) and abundant (MFI >102-9) release.

(D) Actively secreting clonal TILs were enumerated 8 h after on-chip incubation. The TIL
clone, which specifically recognizes a mutated peptide, was pre-treated for 8 h off-chip, as
indicated. Each data point represents MFI for one bead paired with one cell for >1,000 pairs
from n = 3 independent experiments.
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(E) Correlation analysis between ICS and the CD-Chip.
See also Figures S3 and S4.
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Figure 4. Single-Cell On-Chip Cytotoxicity Assay Using Dual-Well HL-Chips
(A and B) Illustration (A) and microscopic images (B) of the cytotoxicity mediated by NY-

ESO-1 TCR-T cells against peptide-pulsed PC3/HLA-A2 cells. Scale bar, 20 pm.

(C) Lysis rates of single NY-ESO-1 TCR-T cells paired with single target cells without
pulsing or pulsed with the NY-ESO-1157_165 peptide or the NY-ESO-V157_165 peptide for 4
or 8 h. Results are from n = 4 independent experiments. (D) Tracks of NY-ESO-1 TCR-T
cells in the absence of target cells, paired with target cells without pulsing or pulsed with
indicated peptides. Each plot displays n = 15 randomly selected tracks.

(E) Mean velocities of NY-ESO-1 TCR-T cells in microwells paired with target cells without
pulsing (n = 211) or pulsed with the NY-ESO-1157_1¢5 peptide (n = 282) or the NY-ESO-
V157-165 peptide (n = 285).

(F) Mean velocities of lytic and non-lytic NY-ESO-1 TCR-T cells paired with target cells
pulsed with indicated peptides.

(G) Mean velocities of NY-ESO-1 T cells before and after lysis of target cells pulsed with
indicated peptides. Data represent mean + SD. Each data point represents mean velocity for
one cell from n = 4 independent experiments for (E)—(G). **p < 0.01, ***p < 0.001, ****p <
0.0001, by two-tailed Student’s t test.(H) Roundness of 20 randomly selected NY-ESO-1 T
cells paired with target cells pulsed with indicated peptides. Data represent mean + SEM.
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Figure 5. Integrated Single-Cell Analysis of Immediate Cytotoxicity and Short-Term Cytokine
Secretion along with Interaction Patterns

(A and B) Illustration (A) and microscopic images (B) of the assay used for concurrent
detection of cytotoxicity and cytokine secretion. NY-ESO-1 TCR-T cells (cyan) mediated
cytolysis of peptide-pulsed PC-3/HLA-A2 (red) cells was monitored by distinct decreases in
fluorescence and morphology alterations. IFN-y was detected 8 h after incubation. Scale
bar, 20 um.

(C) Heatmap for IFN-y secretion is aligned from maximum to minimum with the cytolytic
activity for NY-ESO-1 TCR-T cells against target cells pulsed with the NYESO-1157_165
peptide (left, n = 305) or the NY-ESO-V157_165 peptide (right, n = 329).

(D) Phases classification of NY-ESO-1 TCR-T cell-PC-3/HLA-A2 cell interactions (left to
right: scan, migration, static conjugation, and motile conjugation).

(E) Comparison of phase duration among different functional groups. Each column
represents a single target cell-T cell-bead triplet (top, n = 305 for the NY-ESO-1157_165
peptide pulsing; bottom, n = 329 for the NY-ESO-V157_1¢5 peptide pulsing) with the
corresponding phase duration proportionally mapped to the column.
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LgMFI >2.9 was defined as IFN-y*. Data are from four independent experiments for (C)

and (E).
See also Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

TCR V beta 13.1 monoclonal antibody, FITC
PE anti-human HLA-A2 antibody

IFN gamma monoclonal antibody

IFN gamma monoclonal antibody, Biotin
Rabbit anti-human IFN gamma antibody
Human IL-2 biotinylated antibody
Recombinant Rabbit anti-human IL-2 antibody

CD3 monoclonal antibody

Thermo Fisher Scientific
BD Biosciences

Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

R&D Systems

Abcam

Thermo Fisher Scientific

Cat#11-5792-41; RRID: AB_1944415
Cat#558570; RRID: AB_647220
Cat#M700A; RRID: AB_223578
Cat#M701B; RRID: AB_223580
Cat#ab9657; RRID: AB_2123314
Cat#BAF202; RRID: AB_356218
Cat#ab92381; RRID: AB_10564139
Cat#14-0037-82; RRID: AB_467057

Biological Samples

Fetal bovine serum Thermo Fisher Scientific ~ Cat#26140079
Human AB serum Millipore Sigma Cat#H3667

TILs clone (2B2) from patients with melanoma  This paper N/A

Chemicals, Peptides, and Recombinant Proteins

NY-ESO-1;57_165 (SLLMWITQC), synthetic GenScript N/A
NY-ESO-V157_165 (SLLMWITQV), synthetic GenScript N/A
Recombinant human IFN-y Protein Thermo Fisher Scientific ~ Cat#PHC4031
Recombinant human Interleukin-2 BIO-RAD Cat#PHP042
DMEM medium GE Healthcare Cat#SH30022.01
RPMI 1640 medium GE Healthcare Cat#SH30027.01
AIM V medium Thermo Fisher Scientific ~ Cat#12055083

Penicillin-Streptomycin

Thermo Fisher Scientific

Cat#15-140-122

GlutaMAX Thermo Fisher Scientific ~ Cat#35050061
Dynabead untouched human CD8 T cells Thermo Fisher Scientific ~ Cat#11348D
Vybrant cell-labeling Kit (DiO, DiL, DiD) Thermo Fisher Scientific ~ Cat#V22889
Calcein, AM Thermo Fisher Scientific ~ Cat#C3100MP
CellTrace Calcein Red-Orange, AM Thermo Fisher Scientific ~ Cat#C34851
Critical Commercial Assays

Alexa Fluor 488 Tyramide SuperBoost Kit Thermo Fisher Scientific ~ Cat#B40943
Alexa Fluor 488 Protein Labeling Kit Thermo Fisher Scientific ~ Cat#A20181
Experimental Models: Cell Lines

Human: HeLa cells ATCC CCL-2
Human: Raji ATCC CCL-86

Software and Algorithms

Prism 8.0
COMSOL Multiphysics 5.4
ImageJ

Microsoft Excel

GraphPad Software
COMSOL
NIH

Microsoft

https://www.graphpad.com/scientific-software/prism/

https://cn.comsol.com/comsol-multiphysics/
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