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3D Centrifugation-Enabled Priming of Synaptic Activation

Promotes Primary T Cell Expansion

Ruoyu Jiang, Yu-Hsi Chen, Ritesh Parajuli, Anshu Agrawal, and Abraham P. Lee*

Autologous cell therapy depends on T lymphocyte expansion efficiency and is
hindered by suboptimal interactions between T cell receptors (TCR) and
peptide-MHC molecules. Various artificial antigen presenting cell systems
that enhance these interactions are often labor-intensive, fabrication costly,
highly variable, and potentially unscalable toward clinical setting. Here, 3D
centrifugation-enabled priming of T cell immune-synapse junctions is
petformed to generate tight T cell-Dynabead aggregates at a rate 200-fold
faster than that of conventional 24-h bulk shaking. Furthermore, by forming T
cell-Dynabead aggregates in the starting culture, two- to sixfold greater T cell
expansion is achieved over conventional T cell expansion for cancer
patient-derived primary T cells while limiting over-activation. Creating 3D T
cell-Dynabead aggregates as the “booster” material enables highly efficient
polyclonal T cell expansion without the need for complex surface modification
of artificial antigen-presenting cells (APCs). This method can be modularly

e

chimeric antigen receptor (CAR) T cells,
require at a minimum billions of T cells
for successful clinical tumor detection and
eradication.'*] Despite promising results
obtained from recent clinical trials, ex vivo
expansion of primary T cells has been chal-
lenging owing to the lengthy activation
approaches.[>¢]

The first critical step for efficient T cell
expansion is T cell activation. In the human
body, the adaptive immune system depends
highly on the clone-specific T cell recep-
tors (TCRs) expressed on the surface of T
cells to sense and detect foreign pathogens
and malignant cellular changes." T cell
activation begins with TCRs recognizing
antigenic peptides presented by the ma-

adapted to existing T cell expansion processes for various applications,

including adoptive cell therapies (ACTs).

1. Introduction

Rapid ex vivo T cell expansion is critical to produce a sufficient
amount of functional T cells for T cell-based therapies. In treat-
ing melanoma and B cell acute lymphoblastic leukemia, T cell-
based therapies, including tumor-infiltrating lymphocytes and
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jor histocompatibility complex (MHC) of
antigen-presenting cells (APCs) and is com-
pleted by the presentation of co-stimulation
cues."®1 Signal transduction to the cy-
toplasm is initiated upon such binding
events.'””l During engagement events
between peptide-MHC (pMHC) molecules and TCRs, actin cy-
toskeleton machinery alters the T cell membrane, restricts the
interaction, and concentrates available peptide-MHC complexes
by 100-fold to the center of the synapse.'] Active cytoskele-
tal transport of TCRs exerts a wide range of forces (piconew-
ton to nanonewton) that stabilize immunological synapses;
T cell expansion proceeds with the addition of pro-survival
cytokines.[16-18]

Approaches to facilitate ex vivo T cell expansion, by stabilizing
the robustness of immunological synapses and artificial APCs
(aAPCs), have been developed and extensively examined.!'%-24]
One of the most common commercial and clinically relevant
approaches is based on Dynabeads functionalized with activating
antibodies against CD3 (TCR stimulus) and CD28 (costimulatory
cue).?>] Despite the success of polyclonal T cell expansion using
these beads systems, the static and rigid bead surface does not
fully represent how the surface of APC engages with T cells.
To address this issue, various groups have created fluidic lipid
membranes coated with ligands for TCRs and costimulatory
molecules, mimicking natural engagement of APCs. Fluidic
membranes are more effective than rigid spherical beads for
creating immune-synapse clusters, generating significant T
cell expansion.?6?l The high aspect ratio of the bilayer lipid
scaffold material (%70 um in length and ~4.5 um in diameter)
or macroporosity of the 3D alginate structure, increases their
interaction with T cells, resulting in greater proliferation and
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expansion of human T cells than that of the smaller commercial
Dynabeads (4.5 pm in diameter), thus providing better anti- tu-
mor activity.?33] Exogenous force also contributes to enhanced
T cell activation signals during culturing stages and doubles
the expansion efficiency when cells and elastic droplet-based
aAPCs are cultured under oscillatory shaking conditions.!1*
Despite advances in the development of novel aAPC materials,
current techniques focus on materials with diverse geome-
tries and surface fluidity are costly, labor intensive and highly
complex, thereby hampering their mass production for clinical
use. Most aAPC systems are considered as “bottom-up” T cell
activation methods designed for randomly distributed T cells
and aAPC materials to engage and stabilize immune synapses,
resulting in the formation of T cell-material clusters for clonal
expansion.*®*] During the initial interaction stage, the con-
tact between pre-sedimented T cells and aAPC materials was
randomly governed; this stochasticity places limitations on the
initiation of T cell activation efficiencies. The lack of control
during the initial contact and uneven bead-material distribution
lead to suboptimal T cell expansion.[30:31:3437-39]

We address this challenge by developing a top-down approach,
as opposed to the conventional bottom-up T cell expansion strat-
egy. This approach is based on a highly efficient high-throughput
technique named 3D centrifugation-enabled priming of synaptic
activation (3D CPS) that bypasses the stochastic nature of cell-
aAPC contact and remodels the T cell activation microenviron-
ment. We show that 3D CPS achieves a high contact ratio be-
tween human T cells and Dynabeads and forms cell-bead aggre-
gates at high cell-bead density passing a time threshold. T cell
activation interactions under 3D centrifugation is multifaceted,
enabling multiple T cells to receive activation cues from mul-
tiple Dynabeads, which leads to highly concentrated immune-
synapse junctions based on cytoskeleton mechanics.[163%#2 By
seeding T cell-material aggregates during the initial interac-
tion stage, the cell-bead aggregates enhanced cell growth and
served as centralized anchor sites to attract more T cells and
Dynabeads, which grew around them. Finally, we applied 3D
CPS to cancer patient derived T cells and promoted greater poly-
clonal activation and expansion than conventional static expan-
sion methods. Taken together, the data suggest that 3D CPS
does not require complex aAPC design and can easily be cou-
pled with a diverse range of aAPC materials while limiting over-
activation and readily used for the rapid expansion of functional
T cells for adoptive cell transfer and other T cell-based cancer
immunotherapies.

2. Results

2.1. 3D Centrifugation-Based Priming for T Cell Activation

The low diffusion speed of T cells and Dynabeads means that few
contact events occur before sedimentation. We first hypothesized
that an extremely high concentration would enable close contact.
Interestingly, most of the interactions were between single T cells
and single beads under 2D centrifugation on flat Countess cell
counting slides (Invitrogen) at concentrations of 100 million par-
ticles per mL (T cell:Dynabead ratio, 1:1; Figure S1a, Supporting
Information). Since there are multiple TCRs on single T cells,
so 2D centrifugation limited physical contact areas of the TCRs
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to stimulating beads. The lack of physical contact sites of TCRs
prompted us to design a 3D high concentration centrifugation
environment, compacting the T cells and Dynabeads at the bot-
tom of the V-shaped Eppendorf tube (Figure 1a). This ensures
that the 3D interaction becomes multifaceted and involves sin-
gle T cell contacting with multiple beads, maximizing the con-
tact ratio. This system will also be compatible with a wide array
of aAPC protocols. The force exerted by the TCR micro-clusters
initiates T cell membrane protein reorganization, forming tight
immune-synapse junctions (Figure 1a; Figure S1b, Supporting
Information).

Once the cell-bead aggregates are formed in the high concen-
tration environment, the TCR—-anti-CD3-antibody bond must be
cleaved. Although dense TCR clustering enhances T cell activa-
tion, overstimulation by the TCR stimulus can harm the T cells,
causing cell exhaustion.#*] To address this issue, 3D centrifu-
gation was restricted to a short incubation time for 6 min and
then the cell-bead aggregates were transferred to 1 mL T cell cul-
ture medium for continued clonal expansion (Figure 1b). Since
the cell-bead aggregates comprise multiple cells and multiple
beads (4-10 T cells and Dynabeads), they are denser than sin-
gle cells and thus sediment to the bottom of the well faster. This
promotes closer interaction between the cells and beads at the
bottom of the well (Figure S2, Supporting Information). Further-
more, the T cells expand following activation; this compounding
effect increases the cell-bead skeleton size, thus attracting more
suspended T cells and beads to participate in the interactions.

The impact of various dosing concentrations on the interaction
behavior was investigated as a function of the cell-bead close-
contact (um) distance. The bulk activation processes were nor-
mally distributed, with 12% of the interactions exhibiting a close-
contact cell-Dynabead distance peak at 30 um; only 6% of the
cells and beads interacted (Figure 2a). This distribution restricted
the overall interaction rate, suggesting that very few cells were
activated during the initial stage. The number of interactions in-
creased as liquid was excluded, and the combined cell and bead
concentration increased from 2 million to 100 million particles
per mL (Figure 2a,b). The distribution peak eventually converged
at 0 um, with 50% of the cell population interacting with beads
at 20 million particles per mL and 80% interacting with beads
at 100 million particles per mL. In the 3D centrifugation envi-
ronment (100 million particles per mL), the achieved interaction
yield (contacted cells and beads) was 75.4 & 3.0%, which is ~17-
fold higher than the 4.4 + 1.3% achieved through bulk activation.
This result ensures the transport of multiple T cell membrane
cytoaggregates, thus initiating sufficient intracellular activation
cascade (Figure 2c).

Based on the commercial protocol, the concentration thresh-
old was set at 1 million T cells per mL of medium for culturing
purposes.3%3* To avoid overstimulation, the T cells were cultured
with Dynabeads under extreme 3D centrifugation for 6 min and
the cells and Dynabeads were reseeded by transferring them into
1 mL of T cell medium containing 30 U mL~! IL-2 to continue
the expansion process. We observed that non-stable immune-
synapse junctions can be cleaved by manual pipetting, leaving
only stable interacted cells and beads (14.2 + 0.8%). In contrast,
the conventional bulk process did not generate aggregates, and
45.0 + 1.7% of the interacted cells formed tight cell-bead aggre-
gates upon seeding (Figure 2d).
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Figure 1. Workflow of 3D centrifugation-based priming. a) Human T-cell pellets are concentrated and confined with Dynabeads under V-shaped bottom.
T cell-bead aggregates are formed from 3D centrifugation. (i) Representative images of T cell-Dynabeads aggregates from 3D centrifugation. Scale bar:
20 um. (ii) Representative images of T cells and Dynabeads from 2D centrifugation. Scale bar: 20 um. b. 3D CPS T cell expansion workflow.

To better understand how the 3D centrifugation approach af-
fects T cell activation kinetics, the rate of T cell activation was
quantified by measuring the fraction of interacted cells during
the 24-h culturing process, at concentrations of 2 million and 5
million particles per mL. The interaction status was measured
under 40x bright field magnification, imaged the growth process
on a 24 well plate, and fitted the fraction of interaction states;
the interaction rate constants (k) were 0.79 and 0.81 h'! at 2 mil-
lion particles per mL and 5 million particles per well, respectively
(Figure 2E, Figures 3,4). The interacted fractions for these two
concentrations remained at 72.7 + 2.5% and 70.7 + 2.7% at 24 h,
suggesting that nearly a quarter of the seeded cells did not engage
with the Dynabeads. At 20 million and 100 million per mL (3D
CPS), the rate constants were 0.95 h~* and 1.07 h™!, respectively;
at 24 h, their interacted fractions were 88.9 + 6.9% and 87.6 +
4.5%, respectively, suggesting that most of the cells engaged with
the Dynabeads for activation (Figure 2e, Figures 3,4). This higher
activation rate constant is primarily due to the greater number of
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cell-bead aggregates present in the starting materials; these ag-
gregates serve as large scaffolds to enhance cell-bead adhesion.

2.2. Polyclonal Activation of Primary T Cells from Breast Cancer
Patients

To assess the activation responses, the phenotype of the cultured
human T cells was evaluated using 3D CPS at 100 million parti-
cles per mL conditions. The 3D centrifugation group consistently
showed much larger cell-bead clusters than the bulk activation
group, suggesting that the spatial arrangement of the cells and
beads has a significant impact on the clustering behavior. Hu-
man T cells that were not incubated with Dynabeads exhibited
no cluster formation (Figure 3a; Figure S5, Supporting Informa-
tion). The 3D centrifugation approach achieved more centralized
clusters, whereas the bulk approach generated scattered T cell
clusters. The levels of activation marker CD25 were analyzed on

© 2023 Wiley-VCH GmbH

9SULIIT suowo)) daaneal) ajqeorjdde ayy Aq pauraAoS aIe sa[dIIE Y (asn JO SN 10J KIRIqIT AUI[UQ A[IAY UO (SUOIIPUOI-PUB-SULIA) /W0 K[ 1M AIRIqI[aul[uo//:sd)y) SUonIpuoy) pue swIa ], ay) 23S *[€70g/11/L1] uo Kreiqiy aurjuQ A3ip\ “QUIAI] - BIUIOJI[R)) JO ANsIoAIun £q $7200£207 IPL/Z001 0 1/10p/wod Ka[im* Areiqrjautjuo//:sdny woly papeoumod ‘0 ‘L86£99€T


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com www.advtherap.com
a 08+ o 1x b B _
B 2.5x N=132 N=109
10x
064 B 50x
1x 2.5x
2
wv
5 — .
& 044
g‘ N=210 N =591
=
8 021
g 0.
a | I I 10x 50x
0.0-
0 50 100
Distance (pm)
c d e Interacted bead-cell
£100- 60- e 3D T cell-bead aggregates
o
[} R
= °
= —
S & °
o o 407
© g e ok
[9] i . 8
E 50 —_— Flto 5
s | F 00— 95%Cl *
o] g_) 20+
g P=0.99 ﬁ .
@ L
g, . . el | e
0 50 100 Bulk2.5x 10x 50x  Bulk 2.5x 10x 50x
Concentration (Million per mL)
— Bulk
= L ddsi 010 — 3DCPS
Z."-".j" T‘-j
ey —
Oh At
? . E
1h Los
% Rate constant:
c Buk -0.79 hr'}
£ 3DCPS-1.07 hr~
24 h ©
w

=4
o

10 20
Time (h)

o

Figure 2. 3D CPS kinetics. a) Probability analysis of the close-contact distance (um) under different 3D CPS conditions. b) Representative images for
the bulk condition (2 million particles per mL), 2.5-fold concentrated cell solution (5 million particles per mL), tenfold concentrated solution (20 million
particles per mL), and 50-fold concentrated cell solution (100 million particles per mL). N > 100 cells from three independent experiments. Scale bar:
15 um. c) One-phase exponential function of 3D centrifugation concentration (R? = 0.96). d) Seeding process and percentages of cell-bead aggregates.
e) Cell-bead skeleton growth over a 24 h period for bulk and 3D CPS. The fraction of joined cells and beads was used to fit the binding-rate constant. P
values were determined using unpaired two-tailed t-tests. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Bulk: Bulk activation. 3D CPS : 50x

group.

day one to examine the activation efficiency, and CD69 expression
was also analyzed to verify the activation signal (Figure 3b).
Under 3D centrifugation, the activated CD25-positive T cells
fraction increased from 49.7 + 7.4% to 77.4 + 3.4% and the acti-
vated CD69-positive T cells fraction increased from 71.7 + 1.7%
t0 90.8 =+ 3.7% for cancer patient T cells using the flow cytometry
gating strategy (Figure 3b; Figure S6, Supporting Information).
CD25 expression was higher at the two higher particle centrifu-
gation concentrations (20 million and 100 million particles per
mL) than at the two lower concentrations (2 million and 5 mil-
lion particles per mL; Figure 3d). To achieve the higher activation
signal via the 3D centrifugation approach, a time threshold of 3-6
min was required (Figure 3d), consistent with the time needed to
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form the cell-bead aggregates. At times shorter than this 3D cen-
trifugation incubation time, T cell activation was not enhanced.

2.3. Polyclonal Expansion of Primary T Cells from Breast Cancer
Patients

The polyclonal expansion of primary T cells from breast cancer
patients was investigated by culturing the cells for a two-week pe-
riod and observing expansion on days 3, 7, and 14 using 3D CPS
at 100 million particles per mL conditions. The higher activation
signal achieved by the 3D centrifugation approach consistently
generated larger T cell-bead clusters, while the bulk expansion

© 2023 Wiley-VCH GmbH
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Figure 3. Polyclonal activation of patient-derived primary T cells. a) Representative bright field images of activation phenotypes for the mock (without
Dynabeads), bulk (with Dynabeads), and 3D CPS group. Scale bar: 50 um. b) Activation marker CD25 and CD69 analysis for bulk activation and 3D CPS
groups. c) Percentage of activated human T cells (CD25- and CD69-positive T cells). P values were determined using unpaired two-tailed t-tests. * P
< 0.05, ** P < 0.07, *** P < 0.001. d) Percentage of activated T cells as a function of centrifugation concentration and incubation time. Data in (c,d)
represent mean + s.e.m. of different donor samples and are representative of at least three independent experiments.

Adv. Therap. 2023, 2300224 2300224 (5 of 10) © 2023 Wiley-VCH GmbH

1puo)) pue swid [, 33 33§ *[€207/1 1/£1] U0 AeiqrT duijuQ A[1AN “QUIAL - BIUIOJI[E) JO ANSIOAIUN AQ $T200£T0T DIPE/ZO01 0 1/10p/w0d"A3[1m  Areiqr[aut[uo//:sdny woyy papeoumo( 0 ‘L86€99€T

:sdny)

13} /09" K[ 1M,

pi

ASUDIT suoWwWo)) dAaneal) ajqearjdde ayy £q pauIaA0d aIe SR V() (ash JO SN 10} A1eIqI] aur[uQ A3[IA\ UO (SUonIp


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com

b
o 100 7 P=,_‘0.18
vt
g w0 1
2
@ oo % P=074
g i
x 40 }
m f
A 20
a
(=]
S 0 le,

Do D7 D14

www.advtherap.com

o Mock
e Bulk
» 3DCPS

*k

(o
4 _P=0.543 P=0.783 P=0.222
1 ] I

o °
9 3|
SRS
@ !
S 2 Y
°
X1
&)

0

DO D7 DIi4

Figure 4. Polyclonal expansion of patient-derived primary T cells. a) Representative bright field images of expansion phenotypes and expansion fold for
the bulk (with Dynabeads) and 3D CPS groups (100 million particles per mL) on days 3, 7, and 14. Scale bar: 50 um. P values were determined using
unpaired two-tailed t-tests. * P < 0.05, ** P < 0.01. b) Quantification of T cell PD-1 expression over the two weeks of clonal expansion. c) CD4:CD8 ratio
among the CD3* cells on days 0 and 14 of T cell expansion. Data in (a—c) represent mean =+ s.e.m. of different donor samples and are representative of

at least three independent experiments.

group had much lower expansion rates and generated smaller
T cell-bead clusters throughout the two-week period (Figure 4a;
Figure S7, Supporting Information). This was supported by the
much larger T cells observed for the 3D centrifugation group than
for the bulk group; the size distributions showed larger cell diam-
eters on day 3, 7, and 14 (Figure S8, Supporting Information).

Programmed cell death protein 1 (PD-1) expression was sig-
nificantly higher on day 7 compared with day 0 in non-activated
T cells, supported by the enhanced T cell activation, but showed
similar expression between the 3D centrifugation group and the
bulk expansion group, decreasing gradually to a similar level on
day 14; this finding suggests that the 3D centrifugation approach
did not induce severe cell exhaustion (Figure 4b; Figure S9a, Sup-
porting Information). Cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) expression was also measured at day 14, and both
the bulk and 3D CPS groups presented a similar expression level
(Figure S9b, Supporting Information). The CD4:CD8 ratio was
~2:1 on days 7 and 14 for both bulk and 3D CPS groups, similar
to the ratio prior to activation (Figure 4c, Figure S10, Supporting
Information).
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The proliferation of the expanded T cells was examined us-
ing flow cytometry to evaluate the expression of ki-67, an in-
tracellular marker used to validate the proliferation index and
expressed only in T cells undergoing cell mitosis cycles (G1,
S, and G2 phases). Ki-67 expression increased significantly (by
71.53 + 4.07%) under the 3D centrifugation approach, by 7.67 +
0.73% under the bulk approach and by 0.04 + 0.01% for the non-
activated CD3" cells (Figure 5a, Figure S11, Supporting Infor-
mation). Although higher ki-67 expression was associated with
higher T cell proliferation, it did not directly reveal which cell di-
vision phases the T cells were undergoing.

Analysis of DNA mass via flow cytometry clearly revealed that
the 3D centrifugation approach led to a higher proportion of pro-
liferated T cells transitioning to the S and G2 phases, which are
related to DNA replication and cell division, indicating rapid cell
membrane and nucleus expansion. On the other hand, under the
bulk approach, the proliferated T cells remained primarily at the
G1 phase, which is related to cell growth (Figure 5b).

To further confirm this finding, Lonza electroporation was
conducted on cultured primary T cells, which were transfected

© 2023 Wiley-VCH GmbH

1puo)) pue swid [, 33 33§ *[€207/1 1/£1] U0 AeiqrT duijuQ A[1AN “QUIAL - BIUIOJI[E) JO ANSIOAIUN AQ $T200£T0T DIPE/ZO01 0 1/10p/w0d"A3[1m  Areiqr[aut[uo//:sdny woyy papeoumo( 0 ‘L86€99€T

:sdny)

13} /09" K[ 1M,

pi

ASUDIT suoWwWo)) dAaneal) ajqearjdde ayy £q pauIaA0d aIe SR V() (ash JO SN 10} A1eIqI] aur[uQ A3[IA\ UO (SUonIp


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com www.advtherap.com
a 10’ 30 0.045 10730 8.73 107 30 79.2
S 6] ECE S 6]
& 10037 Mock & 1007 Bulk m 1037 3DCPS
v b 9] ] ] ]
E=R e 5] £ 5
o 107 3 O 10”7 O 107 %
@© E © E © 3
a i o E a i
1 4 1 1 1
~ 10 7% 1\104= 1\1045
N @ w3 N
103 % 10> + 10%1
10 100.0 ] 10 208
102 102 0 913 102
2- ] 3 Ty P v f Ty 6 Lhd | 7 'ré'nr‘ w3| Ty |4v T '5' Ty '6’ Ty r7rr T vévm‘ Ty -4: e '5‘ iy '6’ Ty x7u
10° 10 10 10 10 10 10° 10 10 10 10 10 107 10 10 10 10 10
b CD3-FITC CD3-FITC CD3 - FITC
2.5k 7 b ] F n + " |
] 1.2K 1 100 ——— i . G1
i Gl S G2 G1 S G2 —~
20€ sc0 S S
- 1 e o W G2
E 15K Buk 5 3DCPS| & 50
8 ] O 600+ CICJ
1.0K = ] o
| =
| | g
5004 200
0 : O 0 - Trr 1
T e T T T AL T Bulk 3D CPS
10 10 10 10
DNA Content - APC DNA Content - APC
Cc
100+
c * e Bulk
S
= 80 e 3DCPS
g _ T
- < X
= 5 < 60, =
5 =2
V] T o
£ G 404
28
Q.
< 20_
vy Ty oy Ty vy E
102 103 10* 10° 10° 107 0 T T

GFP - FITC

Figure 5. Proliferation of primary T cells. a) Intracellular ki-67 expression under the different expansion approaches. b) Cell cycle analysis on proliferated
T cells. ¢) DNA plasmid transfection (eGFP) efficiency using the bulk and 3D CPS approaches. P values were determined using unpaired two-tailed
t-tests. * P < 0.05. Data in (a—c) represent mean + s.e.m. of different donor samples and are representative of at least three independent experiments.

with the green fluorescence protein (GFP) DNA plasmid. De-
formation of the cell membrane and nucleus enhances plasmid
uptake by the nucleus. Following electroporation, plasmid trans-
fection efficiency was significantly higher in T cells with the 3D
centrifugation approach than in those using the bulk approach
protocol (Figure 5c, Figures 1,2).

3. Discussion

The 3D CPS method presented in this study has several advan-
tages that make it suitable for adoption in primary T cell activa-
tion and expansion, as well as for use in cell biology, immunology,
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and the development of cell immunotherapy protocols. One key
advantage is that the method is simple and can be easily adopted
by general labs and clinics, as it uses commercially available
standard Dynabeads. Additionally, the method generates densely
packed T cell-bead complexes within minutes, which is a rela-
tively rapid process compared to the 6-8 h required by current
protocols. This makes the approach highly efficient for robust
immune-synapse formation. The long formation time required
in standard protocols is because they lack a deliberate architec-
tural design to increase interactions during the initial culturing
period before cell sedimentation. Current T cell expansion re-
search focuses on engineering immune synapses after sedimen-
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tation, and aAPC materials are frequently used, thus represent-
ing a more bottom-up approach (Figure S13, Supporting Infor-
mation).

The 3D CPS method also has potential for ultra-high through-
put, as each reaction can accommodate up to 10 million T cells
while a centrifuge can accommodate up to 10 tubes with basic
serial passaging. This allows for a substantially faster reaction
times within small reaction volumes, making it possible to pro-
cess large quantities of cells in a short amount of time. Another
advantage of the 3D CPS method is that Dynabeads provide a
static and rigid aAPC material that can be integrated with fluid-
lipid bilayer membrane-aAPC materials to mimic how T cells en-
gage naturally with APCs. This makes it possible to study T cell
activation and expansion in a more physiologically relevant envi-
ronment.

Polyclonal T cell expansion can be extended to antigen-specific
T cell expansion by coupling the aAPC material with relevant
tumor-antigen peptides or expanding CAR-T cells. In our study,
we demonstrated the effectiveness of this method using breast
cancer patient-derived T cells. This suggests that 3D CPS could
also be useful in autologous monocyte-derived dendritic cell
(moDC) therapy in clinics, to induce antigen-specific expansion
of therapeutic T cells.l**%] To enable the widespread application
of the proposed approach in allogeneic cell therapy, we showed
that 3D CPS can achieve healthy donor T cell polyclonal activa-
tion and enhances CD25-positive cells from 62.98 + 2.97% to
78.33 & 3.93% (Figure S14, Supporting Information). However,
it is worth noting that the slightly lower signal elevation after
3D centrifugation in the cells from healthy donors may reflect
intrinsic differences between primary T cells from cancer pa-
tients and healthy donors, which could be related to the antigen-
exposure levels in the tumor microenvironment prior to T cell
harvesting.[*748]

The expansion of nuclear envelope during mitosis allows more
effective entry of DNA into the nucleus and trigger physical en-
largement, causing protrusions to extend from cellular mem-
branes and the nucleus. Our results demonstrate that 3D CPS
could be a valuable tool in CRISPR-based clinical trials target-
ing immunosuppressive factors like PD-1, endogenous TCR,
and MHC-1, or CAR insertions in autologous and allogeneic T
cells.[*=1 Our technique maximizes the surface density cues
presented to T cells without inducing cellular exhaustion, which
occurs when T cells are exposed to excessive levels of stimulatory
molecules for extended periods. By forming high contact ratio
aggregates as scaffolds before expansion, while maintaining the
recommended culture concentration ratio (1:1 for Dynabeads:T
cells), 3D CPS can induce extensive T cell expansion without
inducing exhaustion, as reflected by similar levels of PD-1 and
CTLA-4 expression in both bulk activation and 3D CPS groups.

3D CPS, inspired by a bottom-up/top-down development ap-
proach, represents a new paradigm for cell expansion. In the
longer term, this method has critical advantages over conven-
tional cell expansion approaches, not justin T cell-based therapy,
but also in the rapidly growing area of antibody engineering. The
critical step in 3D CPS that creates the T cell-bead aggregates
can also be applied to T cell-dependent B cell stimulation. B cell
expansion requires robust interactions between B cell receptors
and other free soluble antigens, and between T helper cells and
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B cells via CD40 and MHC-II ligand binding. Rapid B cell clonal
expansion forms B cell-T helper cell clusters; subsequent differ-
entiation causes the maturation of B cells, which then produce
antibodies such as IgG, IgA, or IgE.’?¢] 3D CPS therefore has
the potential for large-scale antibody generation and related anti-
body selection in drug and vaccine development.

In conclusion, 3D CPS addresses a fundamental cell-material
interaction challenge, by forming T cell-Dynabead aggregates via
3D centrifugation prior to culturing. By contrast, traditional T cell
expansion relies on surface engineering of materials to regulate
interactions. We demonstrated a method that is 200-fold faster
over traditional bulk stimulation to enhance T cell-biomaterial
interactions. Using standard Dynabeads, this method induced
substantial T cell expansion, without inducing notable cell ex-
haustion.

Nonetheless, our method has potential limitations. For in-
stance, the T cell-bead aggregates contain multiple T cells and
multiple Dynabeads within highly concentrated scaffolds. There-
fore, multiple Dynabeads may be able to engage with a single T
cell, resulting in overstimulation of a small proportion of T cells.
Our bulk protein analysis likely did not identify this overstimula-
tion. In addition, although we focused primarily on polyclonal T
cell activation and expansion, it is likely that the TCR binding and
activation pathways depend on the T cell subtype; furthermore,
the associated TCRs have various binding affinities toward an ar-
ray of antigens.[”%8] To address this limitation, the T cell subtypes
can first be sorted and the Dynabeads can be modified to incor-
porate various pathogenic peptides, prior to activation and expan-
sion. Last, we were unable to measure the rate of membrane pro-
trusion generated by the TCRs toward the Dynabeads under 3D
centrifugation. High resolution methods to image and measure
these forces may help in understanding the reported time and
concentration thresholds.

In the future, it would be interesting to investigate whether sol-
uble antibodies also induce skeleton formation under extreme 3D
centrifugation. We plan to study how this method can be adapted
for use with tumor-infiltrating lymphocytes and examine its anti-
tumor activity via co-culture with cancer cells or solid tumors in
a mouse model. This fundamental advance in immunology asso-
ciated with the generation of stable immune-synapse junctions
via 3D centrifugation within minutes could be applied to a broad
range of aAPC material-based systems, thus offering a simple
method of radically accelerating and enhancing T cell activation
and expansion.

4. Experimental Section

Reagents and Cell Culture:  Primary human T cells were cultured in T
cell media supplemented with 30 U mL~" recombinant human IL-2, un-
less otherwise stated. T cell culture medium was obtained from Gibco
RPMI 1640 (Thermo Fisher Scientific, Waltham, MA) supplemented with
10% HI-FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 uM beta-
mercaptoethanol, 0.1 mm non-essential amino acids, 1 mm sodium pyru-
vate, 10 mM HEPES, and 1% penicillin-streptomycin. Human CD3/CD28
T cell expansion Dynabeads were purchased from Thermo Fisher Scien-
tific.

Primary T Cells Isolation:  Primary human T cells were obtained from
breast cancer patients who had previously consented to participate in a
University of California, Irvine (UCI) IRB-approved clinical protocol permit-
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ting blood collection (Clinical Trial UCI-17-43). Total T cells were purified
using negative immunomagnetic kits (STEMCELL Technologies, Vancou-
ver, Canada).

Primary T Cell Immunophenotyping: A step-by-step protocol was fol-
lowed for the flow cytometry analysis for cell suspension samples (Biole-
gend, San Diego, CA). For the T cell activation experiments, the cell sus-
pensions were stained concurrently with anti-CD25 and anti-CD69 anti-
bodies. For the T cell expansion experiments, the cell suspensions were
stained concurrently with anti-PD-1, anti-CD4, and anti-CD8 antibodies.
The samples were then washed twice with PBS+ by centrifugation, and
analyzed on a NovoCyte 3000 Flow Cytometer (ACEA Biosciences, San
Diego, CA). Flow cytometry data were compensated using stained single-
cell samples. Gates encompassing the positive and negative subpopula-
tions within each compensation sample were used to calculate a compen-
sation matrix in Flowjo (FlowJo, Ashland, OR).

Sample Preparation of 3D CPS: Human T cells were isolated from
whole blood samples of patients with breast cancer using the negative
immunomagnetic approach. One million human T cells were purified by
removing the human plasma and sera, placed in T cell medium, and con-
centrated via serial gravity-based centrifugation at 350 X g for 5 min at 25
°C until reaching a final volume of 15 uL. One million Dynabeads (25 L)
were purified using Dynamaget (Thermo Fisher, USA) and concentrated
fivefold into 5 uL bead volume by removing 20 uL of liquid. This sample
was then manually transferred to incubate with the T cell pellets. The incu-
bation lasted 6 min, and then the one million T cells and one million Dyn-
abeads were transferred to 1 mL of cell culture medium in 24-well plates
and then mixed thoroughly.

Polyclonal Primary T Cell Expansion Studies: T cells were enumerated
with a hemocytometer (INCYTO, Republic of Korea) using Trypan blue ex-
clusion. Expansion fold was calculated as follows: (number of total live
cells at the respective time point)/(number of live cells seeded at the start
of culture).

Intracellular ki-67 Staining: Patient-derived primary T cell were ex-
panded with Dynabeads for 3 d. The cells were then washed twice with
PBS and centrifuged at 350 xg for 5 min. Then, 3 mL of cold 70% ethanol
(=20 °C) was added to the cell pellets drop by drop, followed by gentle
vortexing and incubation at =20 °C for 1 h. The cells were then washed
twice with PBS and resuspended at 1 x 10° cells per mL. Then, 100 uL of
cell suspension was mixed with Pacific Blue anti-human Ki-67 (Biolegend),
followed by incubation at room temperature in the dark for 30 min. The
cells were then washed and resuspended in PBS for flow cytometry.

Cell Cycle Analysis:  Vybrant DyeCycle Ruby stain (Thermo Fisher Sci-
entific) was equilibrated to room temperature. On day 3 of expansion, 0.5
mL of T cell suspension was prepared in T cell medium at 5 x 10° cells per
mL. Vybrant DyeCycle Ruby stain (1 uL) was added to the cell suspension
and mixed well at a final concentration of 5 um, followed by incubation at
37 °C for 30 min in the dark. The cells were then analyzed without washing
on a flow cytometer, using fluorescence excitation and emission maxima
of 638 and 686 nm, respectively.

Imaging and Single-Cell Tracing: T cells and Dynabeads were imaged
using an IX51 fluorescence microscope (Olympus, Japan) and an SLR
camera at 40x magpnification, on Invitrogen Countess cell counting slides
(Thermo Fisher Scientific). The distance that the cells moved toward the
beads was recorded and traced between the edges of the objects using Im-
age]. Distances were then fitted to a cubic spline for extremely nonlinear
relationships. Polar histogram analysis was performed using MATLAB.

Primary Human T Cell Electroporation:  The 3 Kbp DNA plasmid encod-
ing GFP (Lonza) was used to assess transfection efficiency. Electropora-
tion was performed on the human T cells on day 3 of expansion, according
to manufacturer’s protocol, using cuvettes (100 pL), resulting in 1 x 10°
cells per electroporation with 1 ug of the plasmid. The mixture was then
gently transferred to T cell-medium and cultured at 37 °C in a humidified
atmosphere. Flow cytometry was performed 24 h after electroporation, to
assess green fluorescence expression.

Statistical Analysis: At least three cancer patient donors of all experi-
ments were performed. Statistical analyses were conducted using Graph-
pad Prism v. 9, and data are presented as the mean + standard deviation.
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The coefficient of determination (R?) was used to indicate goodness of fit.
Unless otherwise stated, groups were compared using two-tailed t-tests.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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