REGULAR ARTICLE

blood advances
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* A synthetic immune
niche consisting of
CCL21, ICAM1 and
IL-6 promoted morpho-
logical changes of T
cell clusters and in-
creased cell expansion.

* This synthetic immune
niche can serve as an
improved approach for
efficiently generating
antigen-specific immu-
notherapeutic CD4 T
cells.

Immune processes within the complex microenvironment of the lymph node involve
multiple intercellular, cell-matrix, and paracrine interactions, resulting in the expansion

of antigen-specific T cells. Inspired by the lymph node microenvironment, we aimed to
develop an ex vivo “synthetic immune niche” (SIN), which could effectively stimulate the
proliferation of antigen-activated CD4™ T cells. This engineered SIN consisted of surfaces
coated with the chemokine C-C motif ligand 21 (CCL21) and with the intercellular adhesion
molecule 1 (ICAM1), coupled with the soluble cytokine interleukin 6 (IL-6) added to the
culture medium. When activated by ovalbumin-loaded dendritic cells, OT-II T cells growing
on regular uncoated culture plates form nonadherent, dynamic clusters around the
dendritic cells. We found that functionalization of the plate surface with CCL21 and ICAM1
and the addition of IL-6 to the medium dramatically increases T-cell proliferation and
transforms the culture topology from that of suspended 3-dimensional cell clusters into a
firm, substrate-attached monolayer of cells. Our findings demonstrate that the components
of this SIN collectively modulate T-cell interactions and augment both the proliferation and
survival of T cells in an antigen-specific manner, potentially serving as a powerful approach
for expanding immunotherapeutic T cells.

Introduction

Adaptive immunity is based on specific responses against pathogenic targets, involving complex cellular
processes and intercellular interactions that occur in specific “niches” within the lymphatic system.'™*
Mimicry of such niches by engineering artificial ymphoid tissues or synthetic immune niches (SINs) is an
emerging field, with important implications for cell-based immune therapies.®

A major challenge for T-cell-based immunotherapies is the necessity to expand antigen-specific T cells in
large quantities while maintaining their functionality. Synthetic ex vivo activation and expansion of
antigen-specific T cells can serve for adoptive therapies of malignancies and infections, whereas
expansion of specific regulatory T cells (Tregs) can be harnessed for suppression of autoimmune
processes.®” Moreover, SINs could provide novel tools for basic research into the mechanisms
underlying immunological processes by enabling the controlled regulation and perturbation of specific
factors potentially involved in cell-cell or cell-matrix interactions.

In recent years, a number of SIN engineering approaches have been described, based on various
geometries, physical structures, and chemical and metabolic compositions.®2' The development of
SINs for the selective stimulation of specific T cells is a particularly challenging mission, as it must
encompass the broad diversity of natural immune niches and the complex interplay between the stromal
and immune cell types that reside within them. These studies have provided valuable insights into the
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molecular complexity and specific functionalities of the various
factors residing in natural immune niches, but have yielded limited
information on the synergy between them, nor have they addressed
the role of topology in their effective integration.

These considerations motivated us to design novel SINs, which
combine an antigen-mediated activation of T cells with 3 categories
of molecular elements, namely, chemoattractants, adhesion mole-
cules, and soluble cytokines, aiming at an effective expansion of
functional T-cell populations. The choice of specific molecules
of each category for the design of the SIN was largely based on the
current knowledge concerning the main cellular interactions that
take place within lymph nodes in vivo.

Ample recent data®? indicate that well-orchestrated interactions
with the microenvironment enable T cells and antigen-loaded den-
dritic cells (DCs) to meet and bind to each other, via matching
epitopes and adhesion molecules, thereby supporting the survival
and expansion of antigen-specific T cells.

The lymphatic stroma, a network of fibroblastic reticular cells (FRCs)
and associated reticular fibers, provides suitable spaces for cells to
interact.>>2* Extracellular matrix proteins secreted by these FRCs
facilitate the adhesion and apparent “crawling” of immune cells on the
FRC surface.?® In addition to mediating adhesive processes, FRCs
produce diverse chemokines, cytokines, and growth factors that
recruit and promote the survival and proliferation of immune cells.?®2°

In an attempt to increase T-cell proliferation, we chose to integrate
CC-chemokine ligand 21 (CCL21), secreted by lymphatic stroma and
endothelium,2® with the intercellular adhesion molecule 1 (ICAM1) and
the cytokine interleukin 6 (IL-6). CCL21 displays therapeutic potential,>' =3
as it induces several processes of great importance to the immune
response: colocalization and recruitment of T cells and DCs,26%7
improved cell migration,>*2° priming of T cells for synapse formation,®®
and costimulation of naive T-cell expansion and Th1 polarization.?”

CCL21 also plays an important role in T-cell adhesion and cluster-
ing. Following activation, T cells begin to proliferate and aggregate
to form cell clusters around antigen-presenting DCs.2%*° Within
these clusters, both T-DC and T-T bonds are forged and mediated
through the immobilization of ICAM1 and lymphocyte function-
associated 1 (LFA1).%83° By binding to its CC-chemokine receptor
7 (CCR7) on T cells, CCL21 increases LFA1 responsiveness to
ICAM1 and mediates the arrest of motile lymphocytes on ICAM1-
expressing DCs, endothelial cells, and other T cells.>>*!

On the basis of the central role of CCL21 and ICAM1 in mediating
efficient T-DC and T-T interactions, we hypothesized they could also
be exploited in a “minimal,” yet effective, synthetic environment
to modulate intercellular interactions and improve expansion of
antigen-specific T cells. In addition, we explored the effect of diverse
cytokines on the expansion of T cells in the engineered SIN and
found that IL-6 increases cell survival. Taken together, T-cell stimulation
with antigen-loaded DC, coupled with a unique combination of a
chemokine, adhesion molecule, and cytokine, enables the efficient
stimulation and augmented proliferation of antigen-specific T cells.

Materials and methods
Mice

C57BL/6 mice were obtained from Harlan Laboratories (Rehovot,
Israel), and OT-Il mice from Jackson Laboratories (Bar Harbor, ME).
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All mice were 5 to 12 weeks old, maintained at the Weizmann
Institute’s Lorry Lokey Pre-Clinical Research Facility, and were cared
for in accordance with national and institutional guidelines. Experiments
were approved by the Institutional Animal Care and Use Committee.

Cell isolation and culture handling

Naive CD4* T cells were purified (>95%) from a cell suspension
harvested from spleens of OT-ll mice, using a MACS CD4"
CD62L™" T Cell Isolation Kit Il (Miltenyi Biotec, Bergisch Gladbach,
Germany), according to the manufacturer's instructions. Similarly,
DCs were purified (>85%) from spleens of C57BL/6 mice, us-
ing MACS CD11c microbeads (Miltenyi Biotec). T cells and DCs
were cultured in a 3:1 ratio, respectively, with 1 wg/mL Ovalbumin
peptide (OVA323-339, InvivoGen, San Diego, CA) in RPMI 1640
medium without phenol red, supplemented with 10% serum, 100 U/mL
penicillin, 100 mg/mL streptomycin, 2 mM glutamine, 10 mM HEPES,
1 mM sodium pyruvate, and 50 mM B-mercaptoethanol (Biological
Industries, Beit Haemek, Israel).

Surface functionalization and soluble factors

Surface functionalization was performed by overnight incubation in
phosphate-buffered saline of 5 wg/mL CCL21, 50 pg/mL ICAM1
(R&D Systems, Minneapolis, MN), or 20 wg/mL anti-LFA1 (leaf-
aCD11a; BioLegend, San Diego, CA).

For blocking LFA1 in culture media, 5 wg/mL blocking antibody was
added 24 hours after cell seeding, so as not to disturb DC-T-cell
interactions.

IL-6 was added immediately after seeding of the cells as a soluble
cytokine, 100 ng/mL culture media (BioLegend).

Labeling with membrane-permeable dyes

Before seeding, naive CD4™ T cells were labeled with 10 pM
CPDE-450 (Cell Proliferation Dye eFluor-450), 5 uM CPDE-670
(eBioscience, San Diego, CA), or 2 uM carboxyfluorescein diacetate
succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA) for 10 minutes
at 37°C. Excess dye was removed by 3 cold washes with 7 volumes
RPMI before cell seeding.

Cell proliferation assay

Before seeding, T cells were stained with 5 wuM CFSE (Biolegend)
for 20 minutes at 37°C, according to the manufacturer’s in-
structions. Excess dye was removed by washing with 5 volumes
RPMI. T cells (30-90 X 103) were seeded with DCs (10-30 X 10°)
and 1 pg/mL ovalbumin peptide (OVA323-339; InvivoGen, San
Diego, CA) in a 96-well plate with 250 pL complete RPMI me-
dium. Five days later, cells were detached from the surface after
10-minute incubation with phosphate-buffered saline without cal-
cium and magnesium. Propidium iodide (1 pg/mL) was added to each
well for staining of dead cells. Single-cell suspensions were taken for
flow cytometry analysis (Becton Dickinson and FlowJo Software).
Live single cells (negative Pl staining) were gated, and the mean
fluorescence intensity of their CFSE was used to evaluate the degree
of their proliferation.

Live staining of T cells for culture height
measurements

For measuring culture height using Z-stack imaging, 5 pg/mL anti-
CD44 (stains activated T cell; BioLegend) and 10 mM CyTRACK
Orange (eBioscience, San Diego, CA) were gently added by
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Figure 2. Substrate-immobilized ICAM1, with or without
CCL21, reduces T-cell clustering and induces their
spreading on surfaces. (A1-C2) Representative scanning A
electron micrographs, showing T-cell clusters formed in cultures
without surface coating (A1, A2) and in cultures with CCL21
coating (B1, B2) or CCL21+ICAM1 coating (C1, C2). Note that
ICAM1 coating (C1, C2) induces cell spreading, resulting in
significantly smaller and flatter clusters. Scale bars in A1-C1,
100 pm; in A2-C2, 10 um. (D-F) Transmitted light microscopy
images, depicting cell spreading and a decrease in cluster size
after their culturing for 72 hours on a surface coated with
ICAM1+CCL21 (E), compared with CCL21 alone (D). Addition
of anti-LFA1 blocking antibodies to the culture medium of cells
on CCL21-coated surfaces inhibits cluster formation (F). Scale - —
F. CCL21+
a-LFA1

bars, 200 um; white squares show enlarged area in which the
scale bar is 100 pm. (G-J) Representative phase contrast
images, showing cells 83 hours after their seeding on coated
substrates. Note that the ICAM1 surface coating modifies single-
cell morphology. Nonclustered cells on an uncoated surface
are mostly round, with hardly any cell-cell contacts (G), whereas
on CCL21-coated surfaces, cells commonly display an elon-

gated morphology (H). On ICAM1-coated surfaces, the majority

200 pm e

G. No Coating

of the cells are elongated, with multiple cell-cell contacts (1, J).
Scale bars, 50 um (supplemental Video 2).

pipetting into the culture medium of each well, so not to disturb cell
contacts and structures. Cells were incubated for 1 hour before
Z-stack imaging and height calculation.

Microscopy and image analysis

Wide-range phase-contrast images were acquired and stitched,
using the 30X objective of a Ti-eclipse microscope (Nikon In-
struments, Konan, Minato-ku, Tokyo, Japan) equipped with an
automated stage, and an incubator with a 5% CO, atmosphere.

Time-lapse movies were acquired using a DeltaVision Elite microscope
(Applied Precision, GE Healthcare, Issaquah, WA) mounted on an
inverted IX71 microscope (Olympus, Center Valley, PA) connected
to a Photometrics CoolSNAP HQ2 camera (Roper Scientific,

Martinsried, Germany). The primary image processing software used
was SoftWorX 6.0. This microscope was also used for the production of
deconvolution-based 3-dimensional (3D) image reconstructions, ren-
dering supported by BITPlan software (Willich-Schiefbahn, Germany).

High-content/high-throughput microscopy was conducted on
96-well plates using a Hermes microscope (IDEA Bio-Medical
Lid., Rehovot, Israel) equipped with automated scanning optics,
high-precision autofocus, and a closed environmental chamber.
For cell counting and cell death analysis, we used WiSoft software
(IDEA Bio-Medical Ltd.).

Cluster analysis was carried out using Fiji software: background
was subtracted by means of a rolling ball method, and textured
cluster areas were enhanced by a standard deviation filter before

Figure 1. Substrate-immobilized CCL21 increases the number and size of dynamic T-cell clusters. (A-D) Representative images of OT-Il T cells (blue) and ovalbumin-
loaded DCs (green) labeled before seeding with membrane-permeable dyes and cocultured on an uncoated substrate (A-B) or on a CCL21-coated substrate (C-D). After 72 hours
of incubation, the majority of DCs were dead (red, propidium iodide in B,D), and large T-cell clusters were visible, especially in the CCL21-coated cultures (E-F; clusters
marked with red arrows). Scale bars, 50 um (A-D) and 200 um (E-F). (G-H) Bar graphs illustrating the number (G) and total projected areas (H) of clusters formed on uncoated
and CCL21-coated surfaces at different incubation times (data are representative of at least 3 independent experiments with 5 replicates each; error bars represent standard error of
the mean; calculated P values [using t test] are as indicated in the figure). Note that substrate-bound CCL21 increased the number and projected areas of T-cell clusters. (I-J)
Two examples of projected images of Z-stack series of single clusters formed on CCL21-coated surfaces (cluster borders are denoted by a yellow line). OT-Il CD4 ™ cells, labeled
before seeding with membrane-permeable dyes, green, blue, or red, were mixed in equal numbers and cocultured with antigen-loaded DCs on CCL21-coated surfaces for 72 hours.
Note that the clusters are polyclonal, as evidenced by the fact that they contain cells tagged by all 3 colors. Scale bars, 20 wm. (K-P) Time-lapse frames depicting the dynamic
properties of clusters (supplemental Video 1). As shown, clusters can merge; also, single cells can leave existing clusters and join new ones. Cluster merger events are color-coded
as follows: red + pink (K, L) = dark green (M); dark green + light green (M) = light blue (N); light blue + dark blue (O) = purple (P). Scale bars, 50 pm.
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thresholding using a fixed value. Morphological filtering was applied
to fill holes and connect broken clusters; finally, single cells were
discarded by size and circularity. Areas of individual clusters and the
total area of all clusters in a given image were measured for each
condition.

Cell viability assay and enumeration

A microscopic cell-counting assay was performed using automated
analysis of fluorescent microscope images. Live cells were identified by
staining the cell nuclei with 1 pg/mL Hoechst (33342; ImmunoChem-
istry Technologies, Bloomington, MN) and with 250 ng/mL propidium
iodide (Sigma Aldrich, St. Louis, MO), for elimination of dead cells from
the analysis. At the experimental end-point, cells were pipetted to
breakdown clusters and spun down. Fluorescent images were taken
using a Hermes microscope (IDEA Bio-Medical Ltd.), and image
analysis software (WiSoft; IDEA Bio-Medical Ltd.) was used to quantify
viable cell numbers.

A metabolic viability assay was performed by adding 20 plL
CellTiter-Blue (Promega Corporation, Madison, WI) per 100 plL
culture medium for 3 hours. Results were quantified using a
fluorescent plate reader (excitation, 560 nm; emission, 590 nm) and
a linear equation of a calibration column.

Scanning electron microscopy

Cells were seeded on glass coverslips placed inside wells of a
24-well plate. After 72 hours, wells were gently washed in 0.1 M
cacodylate buffer, fixed with Karnovsky fixative (2% glutaraldehyde,
3% paraformaldehyde, in 0.1 M cacodylate buffer), and incubated
overnight at 4°C. Cover glasses were dehydrated in increasing
concentrations of ethanol (80%, 50%, 70%, 96%, and 100%),
followed by critical-point drying in BAL-TEC CPDO030 and sputtering
in a gold palladium sputter coater (Edwards, Crawley, United Kingdom).
Images were taken using a secondary electron detector in a
high-resolution Ultra 55 scanning electron microscope (Zeiss,
Oberkochen, Germany).

Transmission electron microscopy

Cells were seeded on a coverslip placed inside a single well of a
24-well plate. After 72 hours, cells were fixed in Karnovsky fixative
for 2.5 hours at room temperature and then washed 4 times with 0.1
M cacodylate buffer. Samples were then postfixed for 1 hour in
1% OSO4, 0.5% KQCI’QO% and 0.5% K4[F9(CN)6]3H20 in 0.1 M
cacodylate buffer and washed 3 times in double-distilled water,
followed by 1 hour incubation with uranyl acetate (2% in double-
distilled water). Samples were then washed in double-distilled water
and dehydrated in increasing concentrations of ethanol (30%,
50%, 70%, 96%, and 100%). Epon (EMS, Hatfield, PA) was gradually

infiltrated into the cultures in increasing concentrations (30%, 50%,
and 70% in propylene oxide) for 2 hours each: 100% for 16 hours,
and again 100% 3 times for 2 hours each. Samples were then
transferred in Epon to backing molds and baked overnight in an
oven. The Epon blocks were disconnected from the cover glass by
cooling using liquid nitrogen, and then by heating with a hot plate.
Finally, 70- to 100-nm ultrathin slices were cut and stained with
uranyl acetate 2% in ethanol and lead citrate. Grids were analyzed
in a CM-12 Spirit FEI electron microscope; images were taken with
an Eagle 2kx2k FEI (Eindhoven, Netherlands).

T-cell activation with beads

Freshly isolated CD4 T cells were incubated 1:1 with activation
beads freshly prepared according to the manufacturer’s instruc-
tions (Miltenyi Biotec, Bergisch Gladbach, Germany) and with IL-2
(30 U/mL; BioLegend, San Diego, CA).

Statistical analysis

Data are shown in each graph as an average of 3 to 10 replicates
that were cultured and measured separately in a single independent
experiment, representative of more than 3 separate repeated ex-
periments. Error bars indicate standard error of the mean, and
statistical significance was calculated using a standard t-test.

Results

Surface-bound CCL21 increases the number and size
of T-cell clusters over time

As a model for antigen-specific T-cell stimulation, we used CD4™
T cells expressing ovalbumin-specific T-cell receptors, isolated
from TCR transgenic OT-Il mice. The cells were cocultured with
DCs, loaded with the corresponding cognate ovalbumin peptide.
DCs and T cells were prelabeled with different cell-permeable dyes
to distinguish between them. Cell clusters that formed after DC
stimulation of T cells consisted almost entirely of proliferating CD4 ™
T cells, with only 1 to 2 DCs per cluster, most of which were dead
after 24 hours (Figure 1A-D).

Plating the DC-activated T cells on CCL21-functionalized surfaces
induced a major increase in cluster size (compare Fig. 1B-C,E-F)
Dynamic morphometry indicated that the T-cell clusters continu-
ously expanded in size for ~48 to 120 hours (Figure 1G-H),
especially on CCL21. From that point onward, they disassembled
dramatically and scattered into single cells (supplemental Figure 1).
Notably, a similar phenomenon is also observed in the natural niche,
when T cells detach from the clusters, leave the lymph node, and
translocate into the circulation.*?

Figure 3. ICAM1-coated surfaces, with or without CCL21, decrease culture height. (A-C) Transmission electron microscopy images of T-cell clusters formed on surfaces

coated with CCL21. The experiment demonstrates that clusters are loosely packed, despite multiple membrane contacts between cells within the cluster. Scale bars, 5 pm

(A), 1 um (B), and 0.5 pm (C). (D-H) Transmission electron microscopy images of transverse sections of T cells, cultured on a CCL21+ICAM1-coated surface (surface marked with

red arrows in panel D). Note that the T cells formed multiple, noncontinuous membrane contacts, both with the coated surface (D-E,H) and with neighboring cells (D,F-G). Scale

bars, 5 um (D), 200 nm (E), 500 nm (F), 200 nm (G), and 500 nm (H). (I1-L2) Representative fluorescent Z-stack projected images of single T-cell clusters, formed on

different coatings, are shown in top views (11,J1,K1,L1) and in matching side views (12,J2,K2,L2). T-cell membranes are live-stained green, and cell nuclei are live-stained red

(supplemental Video 3). (M) Culture heights were calculated on the basis of Z-stack deconvolution imaging (data are representative of at least 2 independent experiments with

10 replicates each; error bars indicate standard error of the mean; calculated P values [using t test] are as indicated in the figure). Note that clusters formed on surfaces coated with

ICAMT1, either with (L1,L.2,M) or without (K1,K2,M) CCL21, are thinner compared with those formed on uncoated surfaces (I1,12,M), whereas very large and thick clusters are

induced by CCL21 coating (J1,J2,M). Scale bars, 20 pm.
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Comparing T-cell clusters formed on CCL21-coated and CCL21-
uncoated surfaces indicates that CCL21 induced a greater than
twofold increase in the number of clusters formed (Figure 1G), and
more than a fivefold increase in cluster-projected area (Figure 1H).
To examine the cellular clonality of these large CCL21-induced
clusters, we mixed equal numbers of OT-Il T cells, prelabeled
with 3 different dyes, and subjected individual clusters to 3D,
deconvolution-based fluorescence imaging. As seen in Figure 1I-J,
all clusters contained cells labeled with all 3 dyes, confirming they
are formed by a merger of multiple T-cell clones. Live cell imaging
demonstrated that the clusters are highly dynamic, and change in
size as a result of cell proliferation, as well as by merger or splitting
of clusters (Figure 1K-P; supplemental Video 1).

Substrate-attached ICAM1, in the presence or
absence of CCL21, transforms T-cell clusters into
substrate-attached monolayers

Because large clusters may limit the access of cells in the cluster’s
core to environmental signals or nutrients, we thought to suppress
cluster formation by further functionalizing the CCL21-coated
culture substrate with the adhesion molecule ICAM1. Light and
electron microscopy revealed a major morphological transforma-
tion of CD4" T cells plated on the double-functionalized surface
(Figure 2). In contrast to the clusters formed on the uncoated surface
(Figure 2A1-A2) or the enlarged clusters on the CCL21-coated
surface (Figure 2B1-B2), T cells associated with the CCL21-ICAM1-
coated surface formed 2D monolayers of flat cells (Figure 2C1-C2).

Further experiments demonstrated that cell-cell interactions
induced by immobilized CCL21 are LFA1-dependent, as the
formation of large clusters on CCL21 (Figure 2D) was dramatically
reduced by adding either ICAM1 coating (Figure 2E) or LFA1
blocking antibody to the culture (Figure 2F). More specifically, when
closely examining images of clusters formed on CCL21 coating
alone (Figure 2D), we distinguished between 2 distinct types of cell
clusters; namely, large spherical 3D clusters (average projected
area, 4.3 X 10* = 1.6 X 10* um?) and small, relatively flat clusters
(average projected area, 3.6 X 10° + 2.2 X 10® um®). The number
of large clusters per 1 mm? on CCL21 alone was ~3.7, and the
number of small and flat clusters was about 20.2. Notably, the large
3D clusters were present only in cultures stimulated with CCL21
alone (Figure 2D) and were absent from cultures functionalized with
CCL21 combined with either ICAM1 (Figure 2E) or anti-LFA1
antibodies (Figure 2F).

As indicated, when cultured over CCL21+ICAM1 (Figure 2E),
the large clusters disappeared and the density of small clusters
increased to ~45/mm? (more than double the number of clusters
on CCL21). The average projected area of the small and flat

clusters also increased to 8 X 10% = 5.7 X 10% um?. The addition
of anti-LFA1 to CCL21 (Figure 2F) abolished the formation of
large, 3D clusters, yet the number of small and flat clusters per
1 mm? was ~12, and their average projected area was 2.2 X 10% =
0.9 X 10 um?.

ICAM1 and CCL21 also exerted a strong effect on the morphology
of single T cells (Figure 2G-J; supplemental Video 2). Cells in-
teracting with uncoated surfaces were mostly round, with hardly
any stable cell contacts (Figure 2G), whereas on the CCL21-coated
surface, they developed an elongated morphology (Figure 2H).
ICAM1 coating, with or without CCL21, induced massive cell
spreading on the surface and multiple cell-cell contacts, some by
means of long, thin tethers (Figure 2I-J). Notably, cultures on ICAM1
alone, without CCL21 (Figure 2I), contained lower cell densities
then that of CCL21+ICAM1 (Figure 2J), especially as incubation
time increased (supplemental Video 2).

Transmission electron microscopy images revealed that T cells
within the large clusters are loosely packed, despite multiple
filopodia-mediated contacts between them (Figure 3A-C). When
cultured on a CCL21+ICAM1-coated surface, cells spread and
form extended and tight membrane contacts with the surface, along
with peripheral interactions with neighboring cells (Figure 3D-H).

Comparative 3D imaging of T cells (Figure 3I1-M; supplemental
Video 3) showed that clusters forming on the CCL21-coated surface
were significantly thicker (h = 26 pm, on average) compared with
those forming on the uncoated surface (h = 16 wm). However, the
clusters forming on the dual (CCL21+ICAM1) coating became
thinner (h = 11 wm), and even thinner still (h = 7 wm) when ICAM1
alone was used (Figure 3M).

By culturing cells on a patterned surface characterized by separate
areas coated with ICAM1, CCL21, or both, we further verified
that the observed differences in T-cell clustering, cell spreading,
and cell density are indeed local, confined to the coated area, and
unaffected by both the relative order of the coatings on the surface
and the number of seeded cells (Figure 4; supplemental Figure 2;
supplemental Video 4). Taken together, these findings confirm that
ICAM1 drives T-cell adhesion to the surface and can effectively
compete with their ability to cluster with each other.

CCL21, ICAM1, and IL-6 collectively augment the
expansion of antigen-specific T cells

The effect of the surface coating on CD4™ T cells was not limited
to morphological rearrangement, but also exerted a major effect on
T-cell yield. To quantify that effect, we used nuclear staining and
automated image analysis to count the number of viable cells at
different time points during culture (Figure 5A-l). Cell numbers in the

Figure 4. The effects of CCL21 and ICAM1 on cell morphology are confined to functionalized areas along the substrate. (A) Experimental layout: silicon molds

containing 4 separate, bottomless chambers were placed on a 35-mm glass-bottomed dish (A1). Different coating solutions were placed in each chamber to form separate strips

containing no coating, ICAM1 coating, CCL21 coating, and CCL21+ICAM1 coating on the glass surface (A2). After overnight incubation, the coating solutions and silicon molds

were removed (A3), and the surfaces were thoroughly rinsed. OT-II T cells were then cocultured with ovalbumin-loaded DCs (A4) and imaged by phase-contrast microscopy

(supplemental Figure 2; supplemental Video 4). (B) A stitched image of the surface with cultured T cells, taken at 36 hours, in which each area is marked underneath the horizontal

lines: no coating is marked in yellow, ICAM1 in blue, CCL21 in green, and CCL21+ICAM1 in purple. Magnified single fields are shown for each area (C-F). T cells are found mainly

within the coated areas, which display a higher cell density (D-F) compared with that of the uncoated area (C). The induction of large clusters by CCL21 coating (B,E) and the

cell spreading and culture flattening induced by ICAM1 (B,D,F) are confined to the coated area and do not affect the morphology of T cells in other areas that share the same original

cell pool and culture medium. Scale bars, 500 um.
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Figure 5. Immobilized CCL21 and ICAM1 increase viable cell numbers of antigen-specific T cells. (A-H) Representative fluorescent images of T cells grown on different
coated surfaces after the breaking down of clusters and their spin-down. Images were taken after 72 hours (A-D) and 7 days (E-H) of culture. Cell nuclei are stained blue in all

cells, and red only in dead cells. Scale bars, 50 um. () Bar graph illustrating viable cell numbers, as quantified using automated image analysis after cluster breakdown, and their spin-
down (data are representative of at least 3 independent experiments with 3 to 5 replicates [wells] and 20 fields of view in each well; see supplemental Figure 3 for summary of

all independent tests). Error bars represent standard error of the mean. Immobilized CCL21 or ICAM1 alone doubled live cell numbers at all time points. Combining the 2 further
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Figure 6. Increased cell expansion on CCL21+ICAM1-
coated surfaces depends on ICAM1-LFA1 signaling. (A-C)
Representative images of OT-II T cells activated for 24 hours with
antigen-loaded DCs and reseeded for an additional 48 hours on
different surface coatings, with or without an immobilized blocking
antibody against LFA1. The degree of cell spreading was similar
when CCL21 (A) was combined with either ICAM1 (B) or
blocking antibody against LFA1 (C). Scale bars, 100 pm. (D) Bar
graph illustrating the number of live cells, measured using a
metabolic cell viability assay (data are representative of at least
3 independent experiments with 3 to 4 replicates; error bars
represent standard error of the mean). Number of T cells seeded D
per well: 150 X 10°, Despite similar degrees of cell spreading and 500 4
attachment to the surface through the LFA1 T-cell receptor, there

were 4.5 times more live cells when CCL21 coating was

combined with ICAM1 than when combined with the anti-LFA1 & 350 4
blocking antibody, indicating that the effect on expansion required E 300 -
actual ICAM1-LFA1 signaling and could not be replaced by the = 250 A
immobilized anti-LFA antibody. Calculated P values (using ¢ test) g 200 A
are as indicated in the figure. < 150 -

C.CCL21 + a-LFA1

*%

4501 + <005
400 1 # p<0.01

*

-
100 A I
i
0 - T T T

No Coating CCL21

a-LFA CCL21+

a-LFA

ICAM1 CCL21+

ICAM1

cultures with either CCL21 alone or ICAM1 alone were up to
twofold greater than those cultured on uncoated surfaces
(Figure 51). When CCL21 and ICAM1 were combined, the increase
in cell number rose to 4.5-fold at 7 days (Figure 5l; supplemental
Figure 3A) and was restricted to antigen-specific activated
T cells. This was demonstrated by image quantification of OT-II-
GFP-expressing cells that were mixed with unstained non-ova
T cells at a ratio of 1:99 (Figure 5J-L). OT-ll cells preferentially
expanded more than eightfold on uncoated surfaces, and more than
16-fold on surfaces coated with CCL21+ICAM1, after 7 days in
culture (Figure 5L), whereas the vast majority of non-ova T cells died
(supplemental Figure 4).

To determine whether the increase in viable cell number on the
double-coated surface was merely the result of geometrical changes
and physical tethering of the cells to the surface, we examined T-cell
adhesion and expansion on a surface coated with anti-LFA1 blocking
antibodies. Similar to findings on the ICAM1 coating, the immobilized
anti-LFA1 mediated T-cell binding to the surface via the LFA1 recep-
tor (Figure 6A-C). Nevertheless, there was no apparent increase in
cell expansion in these cultures, indicating that stimulation of cell
proliferation is not driven merely by adhesion to the substrate and
reduction of the clusters per se but, rather, depends on genuine

ICAM1-LFA1 interactions (Figure 6D). It should be noted that the
effects of surface coatings on cells are direct and not mediated by
the DCs, as when the cells were transferred to the coated surface
(at the 24-hour point) the vast majority of the DCs were already
dead (data not shown).

Finally, we examined the possibility of further augmenting cell
number by adding selected cytokines to the culture medium at a
wide range of concentrations (5-200 ng/mL). Tested cytokines
included IL-2, IL-12, IL-6, IL-7, tumor necrosis factor «, interferon -,
tumor necrosis factor B, IL-4, and granulocyte-macrophage colony-
stimulating factor. Most of the cytokines tested had no significant
effect on T-cell expansion, either alone or in combination with
CCL21 and/or ICAM1 coatings (data not shown). However, we
found that IL-6 decreased the percentage of dead cells/late
apoptosis/necrosis by up to 20% (Figure 7E; supplemental Figure 5),
and increased T-cell expansion without coating by more than
threefold (Figure 7F). More important, this IL-6-induced increase
was greatly enhanced when cells were seeded on CCL21+ICAM1-
coated surfaces, yielding an up to eightfold increase in the number of
viable T cells at 7 days compared with the uncoated surface, and
up to a 1.6-fold increase, compared with the CCL21+ICAM1-
coated surface (Figure 7F; supplemental Figure 3).

Figure 5. (continued) increased the yield of live cells from 48 hours onward, with a more than fourfold increase at 7 days. (J-K) Representative fluorescent images of OT-II T cells

(ova specific) expressing ubiquitin-green fluorescent protein (green), and non-ova-specific T cells, mixed at a 1:99 ratio. Cells were cultured with ova-loaded DCs for 7 days on

an uncoated surface (J) or on a surface coated with CCL21+ICAM1 (K). Images were taken after the breaking down of clusters and their spin-down, facilitating automated

cell counting. Cell nuclei are stained blue, dead cell nuclei are in red (propidium iodide). Scale bars, 50 um. (L) Bar graph illustrating the ratio of viable OT-II T cells to the originally

seeded cell number, as quantified by automated image analysis (Data are representative of at least 3 independent experiments with 6 replicates (wells) and 20 fields of view in

each well. Error bars represent standard error of the mean). Coating with CCL21+ICAM1 enriches specifically activated T cells (see supplemental Figure 4 for data of non-ova

T cells). Calculated P values in panels | and L (using ¢ test) are as indicated in the figure.
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Notably, the CCL21+ICAM1 coating did not significantly promote
cell survival (Figure 7E). However, CFSE staining of cells before
seeding and flow cytometry analysis demonstrated that the contri-
bution of CCL21+ICAMT1 to cell yield was mediated primarily
through increased proliferation, as demonstrated by a nearly
fourfold decrease in CFSE fluorescence intensity compared
with the uncoated cultures (Figure 7G-H).

Furthermore, when testing the effect of CCL21+ICAM1 on T cells
activated with commercially available anti-CD3 anti-CD28 coated
beads, we found that activation with beads yields significantly fewer
T cells than with DCs (Figure 7I-M). Nonetheless, CCL21+ICAM1
coating significantly augments T-cell proliferation and yield com-
pared with T cells without coating (Figure 7I-K,N-O).

Discussion

In this study, we aimed to create an ex vivo environment for the
efficient expansion of functional, antigen-specific CD4" T cells,
using cell-bound and secreted components of the lymph node
niche. We show that the combined presentation of the chemokine
CCL21 and the adhesion molecule ICAM1 on the substrate on
which the cells were cultured induced a dramatic shift in the
organization and morphology of the cells, as well as greatly im-
proved the expansion of antigen-specific T cells. This combined ef-
fect was further enhanced by the addition of soluble IL-6, leading
to a nearly eightfold increase in overall cell yield.

A hallmark of T-cell activation, both in vitro and in vivo®® is the
formation of T-cell clusters. Our findings demonstrate that the size
and number of such clusters are greatly elevated when the cells are
plated onto a CCL21-coated substrate (Figure 1). This effect can
be attributed to the known activation of LFA1,3%*" and stimulation
of cell migration by CCL21.343® These large clusters were shown here
to originate from multiple clones of specifically activated T cells that are
loosely packed around 1 to 2 DCs, rather than from a single, proliferating
T cell. Furthermore, these clusters are highly dynamic, frequently
merging, splitting, and exchanging cells with other clusters (Figure 1).

The formation of large T-cell clusters driven by a CCL21 coating
could potentially exert either beneficial or detrimental effects on
T-cell activation. On the one hand, clustering may support the
activation of many T cells by a small number of DCs, as well as the

interplay between T cells residing within the same cluster. Clus-
tered T cells secrete various regulatory factors with autocrine
and paracrine activity, and the close proximity of cells within
the cluster facilitates intercellular communication in a regulated
microenvironment, 3404344

On the other hand, large T-cell clusters may limit or even
downregulate T-cell proliferation by restricting the cells’ access
to essential signals or nutrients, or even by creating inhibitory en-
vironmental conditions. For example, clustering was shown to
limit cytotoxic T-cell effector function and differentiation by limiting
the T cells’ exposure to antigen during activation, upregulating
inhibitory receptors (CTLA-4) and downregulating the expression of
effector molecules.*® In vivo work further supports this duality, and
some studies hint at the importance of clusters in T-cell activation and
differentiation processes.s"40 However, ICAM1-mediated interactions,
per se, are not obligatory for cell expansion to occur, as ICAM1-
deficient T cells, which are unable to aggregate, can still proliferate.*®

As CCL21 coating induced the formation of very large, yet short-
lived, 3D clusters, we assumed that the conditions within these
clusters might be less favorable. Hence, we examined the possibility
that coating of the culture substrate with the adhesion molecule
ICAM1 might attract LFA1-expressing cells, thereby reducing
cell—cell interactions and, as a consequence, massive clustering.
This, in turn, may help avoid some of the limiting factors inherent in
clusters, enabling better control over the environmental conditions
the cells experience.

Indeed, substrates double-coated with CCL21 and ICAM1
prevented large cluster formation and induced cell spreading and
flattening on these substrates (Figures 2-4) in a direct, local manner
limited to the coated area, but not affecting cells in adjacent,
noncoated areas (Figure 4). Notably, T-cell clusters on uncoated
or CCL21-coated surfaces were loosely attached to each other
and to the culture substrate and could be easily displaced by
gentle mechanical perturbation, whereas detaching the cells from
the ICAM1-coated surface was difficult, even with vigorous
pipetting. This demonstrates that surface-bound ICAM1 forms
tighter, more stable contacts with cellular LFA1 compared with
intercellular ICAM1-LFAT1 interactions, and might thus reinforce and
sustain the cells’ interactions with the stimulatory, substrate-bound

Figure 7. Coating with CCL21+ICAM1 increases T-cell proliferation following antigen-specific and nonspecific activation, whereas IL-6 increases cell survival.
(A-D) Representative images of OT-II T cells expressing ubiquitin-green fluorescent protein (green) grown in the different indicated conditions for 7 days, after the breaking down of
the clusters, and their spin-down. Dead cell nuclei are stained in red. Scale bars, 50 wm. (E-F) Bar graphs illustrating the percentage of dead cells (E) and the number of viable
cells (F), as quantified using automated image analysis (number of T cells seeded per well: 12 X 10°%; data are representative of at least 3 independent experiments with 5 replicates
(wells) and 20 fields of view in each well (see supplemental Figure 3 for summary of all independent expansion tests). Error bars represent standard error of the mean. IL-6
decreased the percentage of dead cells by approximately twofold on both coated and uncoated surfaces (E). IL-6 increased live cell numbers by 7.7-fold when combined with the
CCL21+ICAM1 coating. CCL21+ICAM1 coating with no IL-6 increased cell numbers by 4.9-fold compared with the uncoated surface (F). (G-H) Histogram and bar graph
illustrating the increase in cell proliferation induced by CCL21+ICAM1 with or without IL-6 following antigen-specific activation, as measured by CFSE dilution (data are
representative of at least 3 independent experiments with 3 replicates each; error bars represent standard error of the mean). Color code in panel G: green, nonactivated T cells; red,
T cells activated without coating; purple, T cells activated on CCL21+ICAM1 coating; orange, T cells activated on CCL21+ICAM1 coating with IL-6. () Bar graph illustrating live cell
number, measured using a metabolic cell viability assay (data are representative of at least 3 independent experiments with 4 replicates each; error bars represent standard error of
the mean) of T cells activated with either antigen-loaded DCs or activation beads, with or without CCL21+ICAM1 coating. Number of T cells seeded per well was 60 X 10°.
CCL21+ICAM1 increases T-cell yield in both activation methods. (J-M) Representative images demonstrating higher cell densities in cultures with CCL21+ICAM1 compared with
no coating, activated with either activation beads (J-K) or antigen-loaded DCs (L-M). Scale bars, 50 pm. (N-O) Histogram and bar graph illustrating the increase in cell
proliferation induced by CCL21+ICAM1 with and without IL-6, following activation with beads, as measured by CFSE dilution (data are representative of at least 3 independent
experiments with 3 replicates each; error bars represent standard error of the mean). Color code in panel N is the same as that described in panel G. Calculated P values in E-F, H-l,

and O (using t test) are as indicated in the figures.
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CCL21. T cells on CCL21+ICAM1-coated surfaces also formed
contacts with neighboring cells, using thin membranal extensions
(Figure 2I-J), similar to those previously described.*®

Most important, we found that the combination of CCL21 and
ICAM1 increases T-cell yield and enriches antigen-specific acti-
vated CD4" T cells (Figure 5; supplemental Figure 3A). We attri-
bute the increase in cell numbers induced by the CCL21+ICAM1
surface coating primarily to enhanced cell proliferation, rather than
to a reduction in cell death (Figure 7G-H). The strength of this
combination might arise from preserving the potentially benefi-
cial effects of intercellular interactions through LFA1-ICAM1 while
avoiding the down-regulatory activity observed in the large 3D
clusters. Another possible explanation for the mechanism underlying
the collective effect of CCL21-ICAM1 involves the activation of
LFAT1, the ICAM1 receptor, by CCL21, thereby reinforcing the cells’
interactions with the surface. Our findings indicate that the effect of
surface-bound ICAM1 is not merely attributable to the physical
tethering of LFA1 to the surface, but rather to a genuine signaling
event, induced by the exogenous ICAM1 (Figure 6).

Given the potentially improved access of cells on the double-coated
surface to signaling molecules supplied in the culture medium, we
examined whether addition of various cytokines can further enhance
cell yield. Of the many types of cytokines tested (data not shown),
only IL-6 induced a pronounced increase in the number of viable
T cells beyond that obtained by the combined CCL21-ICAM1
coating, by attenuating cell death (Figure 7; supplemental
Figure 3A-B). It should be noted that IL-6 induced the aforemen-
tioned changes only when added at the time of cell seeding, and not
when added 24 to 48 hours later (data not shown), implying that it
affects an early phase, after T-cell activation by DCs. These findings
are in line with studies showing that IL-6 supports the survival and
expansion of primed T cells in vivo, mainly by reducing apoptosis.?®2°
It should be noted that our preliminary data indicate a similar
beneficial effect of CCL21-ICAM1 coating on CD8 cytotoxic T cells
while maintaining full functionality.

In our model, we chose to use antigen-loaded DCs as T-cell activators,
as they display several important advantages over activation with
commercially available anti-CD3 anti-CD28 coated beads. In addition
to being a more native, antigen-specific, and less artificial form of
activation, we found that DC activation results in greater T-cell yield
(Figure 7I-M) while requiring a minimal number of T cells, smaller by
sevenfold than the amount needed for beads-induced activation.
However, similar to DC activation, T-cell activation with beads over the
CCL21+ICAM1 coating, with or without IL-6, significantly augments
T-cell proliferation and yield (Figure 7I-KN-O) compared with
activation without coating, whereas IL-6 decreased the percentage
of cell death/late apoptosis/necrosis (supplemental Figure 5), im-
plying its beneficial effects on other forms of activation.

It should be noted that CCL21-ICAM1 coating does not affect the
proportions of the subdifferentiations Th1 and Th2, induced by
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antigen-loaded DCs, as well as beads (supplemental Figure 6A-B),
apart from a decrease in Th2 induction with bead activation
(supplemental Figure 6B). However, the conditions used for
successful induction of Th1 and Tregs with bead activation were
insufficient when using DC activation and failed to provide further
subdifferentiation (supplemental Figure 6A-B). Nonetheless, after
restimulation with or without induction of Th1, cells grown on
CCL21+ICAM1 secreted similar amounts of interferon vy (supple-
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phenotype of cells but, rather, increase their proliferation, enables
flexibility in their manipulation and downstream use for therapy.

In conclusion, we demonstrate here the power of a synthetic immune
niche to regulate cell behavior and fate. Specifically, we show that
functionalization of the culture substrate with a specific combination
of the lymph node components CCL21 and ICAM1, and addition of
soluble IL-6 to the medium, can exert major effects on T-cell
organization, intercellular interactions, and overall yield of antigen-
specific T cells. On the basis of these results, we propose that a
well-defined synthetic immune niche can regulate efficient expansion
of antigen-specific T cells with desired therapeutic properties.
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