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Receptor clustering plays a key role in triggering cellular activation,
but the relationship between the spatial configuration of clusters
and the elicitation of downstream intracellular signals remains
poorly understood. We developed a DNA-origami-based system
that is easily adaptable to other cellular systems and enables rich
interrogation of responses to a variety of spatially defined inputs.
Using a chimeric antigen receptor (CAR) T cell model system with
relevance to cancer therapy, we studied signaling dynamics at
single-cell resolution. We found that the spatial arrangement of re-
ceptors determines the ligand density threshold for triggering and
encodes the temporal kinetics of signaling activities. We also showed
that signaling sensitivity of a small cluster of high-affinity ligands is
enhanced when surrounded by nonstimulating low-affinity ligands.
Our results suggest that cells measure spatial arrangements of li-
gands, translate that information into distinct signaling dynamics,
and provide insights into engineering immunotherapies.

DNA origami | T cell signaling | chimeric antigen receptor T cell |
immunotherapy | MAP kinase signaling

Cell-surface receptors transduce extracellular signals into in-
tracellular responses. Higher-order assemblies of signaling
molecules provide important mechanisms for regulating thresh-
old responses, amplifying signals, and suppressing noise in signal
transduction (1). The T cell receptor (TCR) is a well-studied
example of high-order assembly. Upon receptor interaction with
a peptide—major histocompatibility complex molecule (pMHC)
ligand of sufficient strength, the immunoreceptor tyrosine activa-
tion motifs (ITAMs) in the TCR¢ and associated CD3 chains
undergo phosphorylation and recruit various signaling compo-
nents into supramolecular microclusters of 30 to 300 nm in di-
ameter (2, 3). Though sparsely distributed monomeric ligands
were reported to be able to activate T cells (4-6), microclusters
constitute important venues for signaling, as they facilitate the
initiation and propagation of intracellular signals by increasing
the local concentration of stimulatory enzymes and excluding the
signaling inhibitory molecules (7-9).

While mounting evidence has established clustering as an im-
portant mechanism for regulating TCR signaling, limited informa-
tion is available about the nanoscale structure of TCR microclusters.
Understanding how spatial arrangement of pMHC-TCR interac-
tions within clusters affects the signaling outcome has been par-
ticularly elusive. We aim to address these problems, for they
provide insights about how cells convert extracellular stimuli into
distinct cellular responses. Previous studies have manipulated the
spatial arrangement of ligands via soluble cross-linker (10, 11),
nanolithography (12-15), or two-dimensional protein array (16).
While these approaches have provided important insights into
spatial requirements of receptor-ligand engagement, their meth-
ods remain costly and technically demanding. They also have
significant limitations for manipulating receptor-ligand affinity
while also controlling reactions at the single-molecule nanometer
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scale, capacities needed for more refined interrogation of how
cells convert extracellular stimuli into distinct cellular responses.

To address these challenges, we sought to design a system to
achieve nanoscale manipulation of ligand patterns using DNA
origami, a method that relies on numerous short DNA “staple”
strands to fold a multikilobase-long “scaffold” DNA into nano-
scale structures of customizable shape (17). Staple strands may
also serve as handles for attaching diverse molecular components
to enable novel types of biological experiments. We and others
have used DNA origami to stimulate cells via patterned display
of antibody fragments, peptides, or native ligands (18). However,
relying on protein-based ligands introduces additional technical
challenges, including incomplete functionalization and fine-tuning
the strength and conformational preference of receptor-ligand
interactions (18). Previously, we developed a synthetic T cell sig-
naling system in which we replaced extracellular pMHC-TCR
interaction with DNA hybridization (9), paving the way to de-
velop a synthetic signaling system compatible with DNA origami
structure. In this study, we combined these approaches, converting
receptor-ligand interactions into DNA hybridization, which is
highly tunable with DNA origami methods.

Here, we describe our results using a DNA origami signaling
system compatible with live T cell imaging to investigate how
specified nanometer arrangements of ligands affect MAP kinase
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(MAPK) signaling dynamics. For this purpose, we chose an
engineered receptor system (chimeric antigen receptor, or CAR)
that replaced the usual ap-TCR of the T cell with an intracellular
domain derived from CD86 and the {-chain ITAMs to simulate
the clinically important CAR-T cell systems used increasingly in
cancer immunotherapy. Using this model, we found that the
number and spacing of ligands within each microcluster modifies
the triggering threshold and the time course of the MAPK sig-
naling response. Specifically, ligand spacing affects the initiation
time of the MAPK response, and the ligand cluster size determines
the duration of the MAPK signal. These findings have important
implications for both the downstream effects of MAPK signaling
on gene expression and also on the reported role of activated
MAPK in feedback regulation of TCR ligand discrimination (19,
20). Low-affinity ligands, though nonstimulatory on their own, also
can enhance the sensitivity of MAPK signaling when placed adja-
cent to stimulatory high-affinity ligands. Our results demonstrate
the versatility of DNA origami in dissecting the mechanisms of
transmembrane signaling and reveal the role of nanoscale ligand
organization in modulating the T cell signaling response.

Results

Design and Characterization of DNA Origami “Peghoard” for Ligand
Presentation. Previously, we developed a synthetic T cell signaling
system in which extracellular DNA hybridization acts as the
receptor-ligand interaction to trigger T cell signaling (9). In this
system, the native TCR was replaced by a DNA-based chimeric
antigen receptor (DNA-CARCY) that contains an intracellular
CD3-{ chain, a transmembrane domain from CD86, and an ex-
tracellular SNAP tag protein that covalently reacts with a benzyl-
guanine-labeled single-stranded DNA (ssDNA, “receptor strand”).
DNA hybridization between receptor ssDNA with the comple-
mentary ligand ssDNA attached on the planar lipid bilayer triggers
the phosphorylation of the ITAM domains of the CD3-{ and thus
downstream T cell signaling.

To develop a DNA origami structure that can successfully
control T cell ligand patterning, we designed a nanoscale peg-
board that employs the ssDNA ligands as “pegs” and the DNA-
CARC as the cell-surface receptor (Fig. 14). The DNA origami
pegboard is a square plate with dimensions of 60 x 60 nm with a
height of 6 nm (Fig. 1B). The structure has a two-layer design
based on a honeycomb-lattice architecture (21), which offers
higher rigidity than a single-layer design. The pegboard has
72 “peg” DNA sticky ends facing the top side of the plate, which
can each be extended with additional nucleotides to incorporate
the ligand DNA of custom length and sequence (SI Appendix,
Fig. S1C). The 72 peg staples are arranged in a 6 X 12 array with
rows and columns spaced at 7-nm or 3.5-nm intervals (Fig. 1B),
respectively, which enables interligand spacing from up to
38.5 nm to 3.5 nm. We also added 12 biotin staple DNAs at the
bottom side of the pegboard for attachment to streptavidin-coated
surfaces and ATTO647N fluorophores at the four corners of the
DNA pegboard for visualization (Fig. 1B and SI Appendix, Fig.
S1 A and B). Total internal reflection fluorescence (TIRF) mi-
croscopy revealed that individual DNA origami particles also dis-
played relatively uniform patterns with respect to size (diffraction-
limited) and intensity, suggesting a uniform structure with little
aggregation (Fig. 1 E and H and SI Appendix, Fig. S2B; variations
were mainly attributable to fluorescence blinking). Photobleaching
revealed four step-wise decreases in fluorescence intensity, in
which four consecutive bleaching events were identified (Fig. 1C),
consistent with the four-dye design. The DNA origami structure
appeared to be properly folded when analyzed by agarose gel (S
Appendix, Fig. S2D) and negative stain transmission electron mi-
croscopy (TEM) (Fig. 1D and SI Appendix, Fig. S2E) and had no
obvious defects, deformation, or aggregation.

We then examined whether the ssDNA ligand strands on the
origami are capable of binding ssDNA receptor strands. DNA
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pegboards carrying the ligand strands recruited the receptor
strands (S Appendix, Fig. S2 A and B). The amount of receptor
strands recruited was linearly proportional to the number of li-
gands per DNA origami as intended (S Appendix, Fig. S2C).

Triggering T Cell Signaling Using DNA Origami Nanostructures. Next,
we examined whether the receptor DNAs on the T cell surface
respond to DNA origami—carried ligands (Fig. 1E). We used a
16-nucleotide DNA as the ligand strand that generates a high-
affinity interaction (predicted off-rate > 7 h). This high-affinity
interaction was selected to simulate the binding of an avid
antibody-combining domain to its molecular target, as occurs in
CAR T Cell immunotherapy (22). We immobilized the DNA
pegboards on a glass surface via biotin—streptavidin-biotin in-
teractions and loaded Jurkat cells expressing DNA-CARC-GFP
to visualize receptor clustering (Fig. 14). The predicted DNA
origami ligand-receptor dimension between cell surface and
glass surface is estimated at ~26.7 nm [3.2 nm for SNAP tag (23),
~5.4 nm for 16-mer hybridized receptor-ligand DNA (9), 6 nm
for the thickness of the DNA pegboard, 5 nm for streptavidin
(24), and 7.1 nm for biotin-BSA (25)]. The DNA pegboards
recruited DNA-CARUC-GFP into submicron clusters (Fig. 1E).
The amount of DNA-CAR(-GFP recruited per DNA origami
particle was proportional to the number of ligands per DNA peg-
board (Fig. 1F). Together, these results suggest that DNA origami
can fine-tune the number of engaged ligand-receptor pairs on the
T cell surface.

We then examined whether the DNA pegboard could transmit
intracellular signals. TCR-pMHC interaction leads to the TCR
phosphorylation, which triggers the recruitment of ZAP70, a
cytosolic kinase that phosphorylates downstream targets. We
tested our concept using 72-ligand DNA pegboard, which holds
maximal capacity for receptor binding and thus optimizes the
signal-to-noise ratio for ZAP70-mScarlet recruitment. We ob-
served a robust recruitment of ZAP70-mScarlet to DNA-CARC-
GFP microclusters engaged by DNA origami particles (Fig. 1 H-J).
Interestingly, ZAP70 exhibits a robust initial recruitment over the
first 2 min, with recruitment then decreasing to 25% to 50% of the
peak intensity over the next ~3 min (S Appendix, Fig. S34 and
Movie S1). The decline is unlikely due to photobleaching or special
properties of mScarlet, because when we compared ZAP70-GFP
and DNA-CARC(-GFP, ZAP70-GFP exhibited similar behavior,
whereas DNA-CARC-GFP showed no decline in fluorescence over
this time period (SI Appendix, Fig. S3B and Movie S2) but is
consistent with several reports of TCR-induced SHP-1 phospha-
tase recruitment and dephosphorylation of several substrates in the
engaged TCR complex (19, 26, 27). DNA pegboards carrying as
few as nine ligand DNA strands also demonstrated clear recruit-
ment of ZAP70 (SI Appendix, Fig. S4B). However, due to the
background fluorescence of cytosolic ZAP70 (either mScarlet or
GFP fusion), we could not consistently and reliably identify ZAP70
microclusters triggered by DNA pegboards carrying six or fewer
ligand DNA strands.

TCR triggering by pMHC induces the nucleation and retro-
grade flow of the actin network, which carries TCR microclusters
to the cell center (28). To examine whether ligated DNA peg-
boards become coupled to the actin retrograde flow as described
for the native TCR, we attached DNA origami structures onto a
planar supported lipid bilayer containing biotinylated lipids
rather than fixing them onto glass (SI Appendix, Fig. S44). Time-
lapse images revealed that these mobile DNA origami peg-
boards, in complex with the DNA-CARC microclusters, moved
centripetally toward the cell center, forming the “bull’s eye”
structure typical of an immunological synapse (SI Appendix, Fig.
S4C and Movie S3). In summary, these results indicate that DNA
pegboards are capable of triggering proximal intracellular sig-
naling typical of the TCR.
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Fig. 1. Design of the DNA origami pegboard for patterned display of ligands capable of triggering T cell signaling. (A) Schematic of our DNA origami-based
T cell activation system. The native TCR is replaced by a DNA-CARZ composed of an intracellular CD3-¢ chain fused with GFP, a transmembrane domain from
CD86, and an extracellular SNAP tag protein covalently reacting with a benzyl-guanine-labeled ssDNA ("DNA receptor”). ssDNAs complementary to the
receptor strands (“DNA ligands”) are displayed with a customizable pattern on a pegboard-shaped DNA origami, which is immobilized on a glass coverslip via
biotin-streptavidin-biotin—BSA interactions and labeled with ATTO647N for fluorescence microscopy. (B) Designing details of the DNA pegboard. The DNA
origami pegboard is roughly a square shape of 60 x 60 nm?. The 72 staple DNAs of customizable length and sequence on the top of the DNA pegboard
present maximum 72 DNA ligands in a 6 x 12 array at 7-nm or 3.5-nm intervals, respectively. Four ATTO647N dyes label the corners for fluorescence mi-
croscopy, and two rows of six biotin moieties label the bottom for mounting on a glass coverslip via biotin-streptavidin interactions. (C) Fluorescence
photobleaching curve for one DNA origami particle. Note the five decreasing steps, which signify the bleaching events of the four ATTO647N fluorophores in
succession. A.U., artificial unit. (D) Class averaging of the TEM image of the DNA origami. (Scale bar: 60 nm.) (E) TIRFM images of ATTO647N-labeled DNA
origami and DNA-CARC-GFP clusters in Jurkat T cells. DNA-CARC-GFP fluorescence intensity per DNA origami particle decreases as the number of ligands per
DNA origami reduces. Insets show colocalization of DNA-CARZ-GFP microclusters with DNA origami particles. (Scale bar: 5 um.) (F) DNA-CARC-GFP fluorescence
intensity per DNA origami particle was quantified and plotted as scattered dots (Top, solid bars indicate the mean). Fitting with a linear regression model
suggests that the mean DNA-CAR{-GFP fluorescence intensity is linearly proportional to the number of ligands per DNA origami (Bottom, data were pre-
sented as mean + SD). (G-J) ZAP70 is recruited to a subset of DNA pegboard-induced receptor microclusters. (G) Schematic of the cell line used in H-J. Jurkat
cells coexpress DNA-CAR(-GFP and ZAP70-mScarlet. Ligand-receptor interaction triggers tyrosine phosphorylation of the ITAM domains of the DNA-CARC-
GFP, which recruits ZAP70-mScarlet. (H and /) TIRF microscopy images of a Jurkat cell stimulated by 72-ligand DNA origami particles showing ZAP70-mScarlet
recruitment to a subset of DNA-CARC-GFP microclusters. (Scale bar: 5 pm.) Boxed regions in H were magnified in /, showing that some DNA origami particles
recruit DNA-CARC and ZAP70 (solid yellow arrowheads), while some other DNA origami particles recruit DNA-CAR( but lack ZAP70 (hollow gray arrowheads).
() A total of 1,046 72-ligand DNA origami particles covered by 12 cells were examined for the percentage of recruiting DNA-CAR( and ZAP70 clustering. While
the great majority (99.22 + 1.21%) of all DNA origami particles trigger DNA-CARC clustering, only a subset (71.04 + 17.14%) of them recruit ZAP70.
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DNA Origami Pegboard Revealed ERK Triggering Depends on Ligand
Density. ZAP70 activation induces the recruitment of a supra-
molecular signalosome consisting of various signaling molecules,
including LAT, Grb2, and SOS, which activates the Ras-Raf-
Mek-ERK (MAPK) pathway that activates gene expression and
also has been reported to act in a positive-feedback manner to
support effective TCR signaling (19, 20). To measure ERK acti-
vation by DNA pegboards, we engineered a version of Jurkat
T cells expressing both the DNA-CARC and a kinase translocation
reporter (KTR) that enables monitoring of ERK activities with
high sensitivity in single living cells (29). Upon phosphorylation,
this reporter is exported from the nucleus to the cytosol and
returns to the nucleus upon dephosphorylation (Fig. 24). We
observed ERK-KTR translocation in 33% cells stimulated with
72-ligand DNA pegboards after 12 min, in contrast to a back-
ground of 6% cells resting on a surface with zero-ligand DNA
pegboards (Fig. 2B).

Next, we sought to understand the impact of nanoscale orga-
nization of ligands on the probability of triggering ERK signal-
ing. Specifically, we asked how many ligands per cluster were
minimally required to achieve signaling competence and whether
the spatial patterning of these ligands made a difference.

To address ligand number, we designed DNA pegboards that
carried various numbers of strands (Fig. 2 C, Top) and compared
their probabilities of triggering the ERK response within 12 min
over a range of origami densities (Fig. 2 C, Bottom Left). One-
and two-ligand DNA pegboards were not capable of triggering
an ERK response that was significantly greater than the zero-
ligand DNA pegboard control at the densities up to two origami
per square micrometer, which is about 200 origami per cell. At
the same DNA pegboard density (two four-ligand DNA origami
per square micrometer), the four-ligand DNA pegboard signifi-
cantly increased the probability of ERK activation (30% of cells).
Similar probability of ERK activation was achieved by DNA
pegboards that had higher ligand occupancy when presented at
lower density (one 16- and 72-ligand DNA origami per square
micrometer). In short, increased ligand occupancy per DNA
pegboard increases ERK triggering sensitivity.

Next, we asked whether cells control their activation by mea-
suring the overall number of ligands or the spatial pattern (num-
ber of clusters and/or ligands occupancy per cluster). We explored
this question by replotting the dose-response curves by various
DNA pegboards in terms of the overall number of ligands pre-
sented across cell contact area (Fig. 2 C, Bottom Right). At the
same DNA ligand density (2~8 DNA ligands per square micro-
meter), the four-ligand DNA pegboard increased the probability
of ERK activation compared to the two- or one-ligand DNA
pegboards, suggesting that the ligand clustering improves ERK
signaling sensitivity. As ligand occupancy per cluster further in-
creased, they became less efficient in triggering ERK response.
When the overall ligand density remained constant (~10 ligands
per square micrometer), the 72-ligand DNA pegboards triggered
10% of cells, while the 16- or 4-ligand DNA pegboards triggered
20% and 30%, respectively. Overall, these results suggest that the
spatial arrangement of ligands alters the threshold for T cell ac-
tivation. In concert with the preceding data on the effect of ligand
number, these findings indicate that there is a narrow window of
local ligand density that is optimal for receptor signaling. In-
creased overall T cell response thus seems to involve summing
suprathreshold events among receptors engaging distinct small
ligand clusters.

Ligand Clustering Encodes the Time Course for the ERK Response. The
single-cell KTR reporter assay reveals information about the
timing, amplitude, and cell-to-cell variation of ERK signaling
(Fig. 34). Inspired by a growing body of evidence showing that
the ERK pathway generates time-varying signals in response to
different input stimuli in nonhematopoietic cells (30-33), we
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examined the time courses of ERK signals in T cells stimulated
by a variety of ligand patterns.

Keeping the overall number of ligands presented across cell
contact area the same, we varied the ligand density per origami
and examined the impact of cluster size on ERK signaling (Fig.
3B). Under the conditions of ~34 to 42 ligands per square mi-
crometer, a similar fraction (~42%) of cells were activated by 4-,
16-, or 72-ligand DNA pegboards at varied densities over 96-min
duration (Fig. 3C). ERK signals in active cells were triggered
within a similar period of time and reached a similar ERK signal
magnitude (Fig. 3D). However, remarkably, the ERK signal
stimulated by the 72-ligand DNA pegboards terminated signifi-
cantly earlier than the 4- and 16-ligand DNA pegboards. For
example, only 10% of ERK-active cells (4% of all cells) exposed
to 72-ligand origami still maintained an ERK signal at 36 min,
compared to 77% of ERK-active cells (35% of all cells) exposed
to the 4-ligand origami (Fig. 3 C and D). In summary, our ex-
periments reveal that ligand patterning affects the duration of
the ERK response.

Ligand Spacing Affects ERK Signaling. We next sought to define the
impact of ligand spacing on the probability of activating ERK.
With a four-ligand unit, we separated the ligands by 10 nm
(“tight”) or 40 nm apart (“sparse”). We also compared these two
four-ligand origami platforms to single-ligand origamis at the
same overall ligand density (Fig. 4 4, Top). In an experiment in
which the origami density varied, the tight four-ligand origami
was more potent than the sparse four-ligand origami (Fig. 4 4,
Bottom). The sparse four-ligand origami was only minimally
more potent than the single-ligand origami when compared at a
similar overall ligand density. When we examined the kinetics of
ERK signaling at an equal overall ligand density (Fig. 4B), we
found that the tight four-ligand origami has a faster ERK response
time than the sparser origamis (Fig. 4C), although the duration and
the magnitude of the ERK signal were similar (Fig. 4D). These
results reveal that a denser packing of ligands leads to a faster and
more efficacious ERK response.

Closely Adjacent Weak Ligands Synergize with Strong Ligands to
Produce ERK Responses. When a T cell scans the surface of an
antigen-presenting cell using its physiologic af-TCR, it encounters
a small number of high-affinity antigenic peptide-MHCs amid a
large number of endogenous peptide-MHCs with low affinity (34).
This situation is typical for the recognition of tumor-associated
antigens, which are usually expressed in extremely low levels
(due to defects in their antigen processing and presentation ma-
chinery) among the vast pool of low-affinity self-peptides on the
tumor cell surface (35). Some studies have reported that low-
affinity pMHC ligands promote signaling by agonist pMHC (11,
20, 36), whereas experiments conducted under other experimental
conditions observed no substantial effect of such low affinity li-
gands in T cell activation (20, 37).

Because most engineered CAR-T cells retain expression of an
ap-TCR in addition to the antibody-based CAR, we utilized our
model system to explore if weak self-ligand interactions that
might occur when such CAR-T cells encounter a tumor could
facilitate signaling. We reinvestigated this question by leveraging
the modularity of the DNA origami pegboard design, which allows
for ligands of different affinities to be patterned in an addressable
fashion. To model low affinity TCR binding, we decreased the
number of hybridizing nucleotides on the ligand strand from 16 to
11 while maintaining the overall length with additional unhybri-
dized thymine nucleotides (Fig. 5 4, Top). While the half-life for
dissociation of 16-mer DNA duplex is >7 h, the 11-mer duplex
dissociates with a much faster half-life of ~2 s for the 11-mer (9),
similar to pMHC binding to some TCRs (38).

To test the effect of additional low-affinity ligands in the
presence of strong agonist ligands, we created a DNA pegboard
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Fig. 2. Display patterns modify the threshold ligand density to trigger ERK signaling. (A) Schematic workflow for the inspection of ERK signaling in response
to DNA origami ligands displayed at a prescribed pattern. DNA origami particles were immobilized on the glass bottom of multiwell plates. DNA origami density
was determined by TIRF microscopy, based on which the overall density of the ssDNA ligands was inferred (Left). ERK signaling activities in cells stimulated by DNA
origami ligands were monitored with the ERK-KTR-mScarlet reporter, which converts phosphorylation into a nucleus-to-cytoplasm translocation event (Right). (B)
Representative results from the workflow in A. DNA origami pegboards that carry either 0 or 72 DNA ligands were plated at equal density as measured by TIRF
(Top). (Scale bar: 1 pm.) Jurkat cells coexpressing DNA-CARC-GFP and ERK-KTR-mScarlet were introduced onto the DNA origami-coated glass-bottom imaging
plate, and the ERK-KTR-mScarlet translocation was monitored with confocal microscopy (Bottom). (Scale bar: 5 um.) Eight representative cells stimulated by either
0- or 72-ligand DNA origami were shown (“before”: cell landing; “after”: 18 min after cell landing). Note that 72-ligand DNA origami pegboards induced ERK-KTR
translocation in a fraction of cells, whereas the 0-ligand DNA origami control did not produce such activities. (C) Impact of number of ligands per cluster on the
probability of triggering ERK. DNA pegboards carrying varying ligand layouts (Top) were used to stimulated Jurkat cells coexpressing DNA-CAR{ and ERK-KTR. The
ERK-KTR activation was monitored every 12 min over 96 min. A C:N ratio of 2.5 was set as the threshold of ERK-KTR activation. Percentages of ERK-KTR activation
were calculated at 12 min after cell landing and plotted in terms of the DNA origami density (Bottom Left) or of the overall ligand density (Bottom Right). The
estimated numbers of ligands per cell are calculated by multiplying the overall ligand density by the averaged cell footprint area (100 ym?). Each data point
represents the mean + SD of three independent replicates (>100 cells scored per replicate). Data were pooled from two sets of experiments: one includes the one-,
two-, and four-ligand DNA origami, and the other includes the 4-, 16- and 72-ligand DNA origami. Data for four-ligand DNA origami from both experiments were
shown, for which the results at the same DNA origami density match between two experiments and are shown as average.

on which 4 high-affinity ligand strands (16-mer) were placed in  ligand density, when neither the four-ligand high-affinity DNA
the center, surrounded by 68 low-affinity ligand strands (11-mer)  pegboard nor the 72-ligand low-affinity DNA pegboard triggers
(Fig. 54, blue box). To directly test the adjacency effect and rule  ERK (Fig. 2C). The results reveal that the presence of 68 low-
out the possibility that additional low-affinity ligands may col-  affinity ligands that surround the 4 high-affinity ligands height-
lectively increase the signaling by adhesion or other means, we  ened the probability of ERK activation (Fig. 5B). An elevated
included a condition in which the high-affinity ligands were = ERK response was not observed when high- and low-affinity li-
spatially distant from the low-affinity ligands on separate DNA  gands were placed on separate DNA pegboards, suggesting that
pegboards (Fig. 54, orange box). We examined the probability of  the synergistic effect requires proximity on a nanometer scale.
activating ERK with these ligand arrangements at extremely low  We also compared the kinetics of ERK signaling in cells
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Fig. 3. Ligand cluster size encodes the temporal course of ERK response. (A) Schematic showing the approaches of monitoring single-cell ERK activity dy-
namics and extracting key parameters for population-wise analysis. ERK activity was monitored at 12-min intervals for 96 min (see S/ Appendix, Fig. S5 for
additional notes) and calculated by the cytoplasmic-to-nuclear ratio of the ERK-KTR-mScarlet fluorescence intensity. A C:N ratio of 2.5 was set as the threshold
for ERK activation. Response time is defined as the time spent from cell landing to ERK-KTR activation. Duration of activation is defined as the length of time
of ERK-KTR being positive. Maximal ERK activity was scored as the maximal C:N ratio of ERK-KTR fluorescence intensity. (B-D) The number of ligands per
cluster governs the duration of ERK activation. (B) Diagrams of the DNA origamis used in C and D. DNA origamis with varying numbers of ligands were
immobilized on glass at respective densities so that they reached similar overall ligand densities. (C) Single-cell ERK dynamics stimulated with the DNA origami
as indicated in B. ERK-KTR activity traces of 100 cells were shown for each dataset, with the ERK-active cells highlighted in cyan and ERK-inactive cells in gray.
Note the sustained ERK-KTR activities in cells stimulated by the 16- or 4-ligand DNA origami, in contrast to the rapid termination of ERK-KTR activity in cells
stimulated by the 72-ligand DNA origami. The pie charts indicate the percentages of ERK-active cells, which were calculated over the 96-min duration of n >
600 cells pooled from three independent experiments. (D) Duration of activation, response time, and maximal activity scored as illustrated in A. For each
dataset, n = 250 ERK-activated cells pooled from three independent experiments. Mean + SD: (i) response time: “72-ligand”, 18.75 + 11.49 min; “16-ligand”,
20.01 + 10.63 min; “4-ligand”, 23.28 + 13.82 min. (ii) Duration: “72-ligand”, 19.42 + 11.32 min; “16-ligand”, 30.79 + 20.88 min; “4-ligand”, 41.83 + 27.88 min.
(iii) max activity (C:N ratio): “72-ligand”, 4.671 + 1.634; “16-ligand”, 4.313 + 1.266; “4-ligand”, 4.285 + 1.312.

affinity ligands sensitize the cell to stimulation by high-affinity
ligands but do not change timing or amplitude of the ERK
response.

stimulated with four high-affinity ligand clusters with or without
surrounding low-affinity ligands (Fig. 5C). We chose a higher
ligand concentration at which the four high-affinity ligand clus-
ters trigger on their own so that more data were collected for the
active cells. We observed similar single-cell ERK dynamics with
respect to the amplitude, duration, or response time of ERK

Discussion
In this study, we demonstrated that DNA origami is a powerful

response (Fig. 5D). These results suggest that proximal low-

6 of 10 | PNAS
https://doi.org/10.1073/pnas.2109057118

method for interrogating cell signaling. Compared to nanolithography
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Fig. 4. Ligand spacing modifies ERK signaling threshold and timing. (A) Impact of ligand spacing on the probability of triggering ERK. DNA pegboards
carrying varying ligand layouts (Top) were used to stimulated Jurkat cells coexpressing DNA-CAR{ and ERK-KTR. The ERK-KTR activation was monitored every
12 min over 96 min. A C:N of 2.5 was set as the threshold of ERK-KTR activation. Percentages of ERK-KTR activation were calculated at 12 min after cell landing
and plotted in terms of the DNA origami density (Bottom Left) or of the overall ligand density (Bottom Right). The estimated numbers of ligands per cell are
calculated by multiplying the overall ligand density by the averaged cell footprint area (100 pm?). Each data point represents the mean + SD of three in-
dependent replicates (>100 cells scored per replicate). Data were pooled from two sets of experiments: one includes the four-ligand DNA origami with 10-nm
or 40-nm spacing, and the other includes the four-ligand DNA origami with 10-nm spacing and one-ligand DNA origami with ~1-pm spacing. Data for four-
ligand DNA origami from both experiments were shown, for which the results at the same DNA origami density match between two experiments and are
shown as the average. (B) Diagram of the DNA origami particles used in C and D. Both DNA origamis carry four ligands but at different interligand spacing
and were immobilized on glass at a similar density. (C) Single-cell ERK-KTR activities of 100 ERK-active cells were shown for each dataset. Traces of cells that
initiate ERK activation within 48 min after cell landing were colored in yellow and those later than 48 min in gray. (D) Response time, duration of activation,
and max activity of ERK-KTR activities in cells activated with the indicated DNA origami in B. Data were pooled from three independent experiments. n =
120 ERK-active cells out of 305 cells stimulated by the “10-nm" DNA origami and 120 ERK-active cells out of 571 cells by the “40-nm" DNA origami. Mean +
SD: i) response time: “10 nm,” 24.06 + 14.69 min; “40 nm,” 40.31 + 24.27 min; ii) duration: “10 nm,” 35.40 + 19.96 min; “40 nm,"” 37.42 + 22.43 min; iii) max
activity (C:N ratio): “dense,” 4.468 + 1.440; “sparse,” 4.475 + 1.536.

or protein two-dimensional (2D) arrays, our DNA origami-based ~ of DNA structures enables simple control over multivalence, af-

approach offers the following advantages: 1) The DNA origami
enables precise patterning over a few nanometers, within the size
range of a native TCR-CD3 complex (~7.5 nm in diameter) (39).
Conversely, the smallest nanolithography feature varies from
25 nm (15) to 40 nm (13). 2) The programmability and modularity
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finity, and spatial arrangement, which would otherwise involve
complicated protein engineering via nanolithography or protein 2D
arrays. Using DNA origami, we demonstrate how ligand spacing,
number, and affinity affects the threshold and kinetics of the
MAPK signaling response.
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Fig. 5. Closely adjacent weak ligands enhance sensitivity of the strong ligands. (A) Schematic of the design and display patterns of DNA origami particles
used in B. (Top) As a proxy for ligands with different affinity, the numbers of hybridizing nucleotides in the ligand strands varied from 11 bp to 16 bp. (Middle)
Four types of DNA origamis were designed, with the 16-mer, 11-mer, or 0-mer ligand strands patterned as illustrated. (Bottom) DNA origamis were plated on
glass with the five indicated arrangements. Note that the overall density of the 16-mer ligands was the same among “4 high-affinity separated from 72 low-
affinity” (orange), “4 high-affinity” (pink), and “4 high-affinity surrounded by 68 low-affinity” (blue) groups. (B) Dose-response curves for the five types of
DNA origami arrangements in A. Data were plotted by the overall DNA origami density, except for the “4 high-affinity separated from 72 low-affinity”
dataset (orange), which was plotted by the density of four high-affinity ligand DNA origami only. Data are shown as mean + SD of three independent
replicates (>100 cells scored per replicate for each data point). (C and D) Additional low-affinity ligand at close adjacency to the high-affinity ligand does not
modify the time course or the amplitude of ERK activities. (C) Schematics of the design and displaying density of the DNA origami particles used for D. The
“4 high-affinity” or the “4 high-affinity surrounded by 68 low-affinity” DNA origami particles were plated at the specified density so that they reached a
similar probability of ERK activation (data shown as mean + SD of three independent replicates). (D) Frequency distribution of the duration, response time,
and maximal activity of ERK stimulated by the DNA origami illustrated in C. n > 170 ERK-active cells out of >700 cells pooled from three independent ex-
periments were included in the analyses. Mean =+ SD: (i) response time: “4 high-affinity,” 21.68 + 18.12 min; “4 high-affinity surrounded by 68 low-affinity,”
19.18 + 11.02 min; (i) duration: “4 high-affinity,” 32.10 + 19.30 min; “4 high-affinity surrounded by 68 low-affinity,” 34.97 + 20.47 min; (iii) max activity (C:N

ratio): “4 high-affinity,” 4.732 + 1.564; “4 high-affinity surrounded by 68 low-affinity,” 4.815 + 1.548.

Ligand Nanoclustering Lowers the Threshold for Triggering ERK
Signaling. Previous studies have shown that single ligand-bound
DNA-CARCs without a DNA origami scaffold do not stably re-
cruit ZAP70 and do not efficiently activate ERK (9). However,
when ligated DNA-CARCs form small clusters, ZAP70 is recruited,
which translates into a higher probability of ERK activation (9). It
was speculated that the DNA-CARC clusters more efficiently ex-
clude the transmembrane CD45 phosphatase, leading to receptor
phosphorylation by the Src family kinase LCK and ZAP70 re-
cruitment. In these earlier experiments, clusters of DNA-CARCs
formed naturally, and the distances between receptors could not be
measured or controlled. In the present study, we could control li-
gand spacing. Our results are generally consistent with the idea that
receptor clustering lowers the threshold for signaling. For example,
we found that a tight cluster of four ligands (10-nm spacing) signals
more efficiently than a sparser cluster size (40-nm spacing) (Fig.
4A4). This result is generally consistent with previous experiments
using nanolithographic structures by Cai et al. (13) showing that
ligand clustering promotes signaling, although these structures
could only probe ligand distancing down to 40 nm (13). A super-
resolution microscopic study also reported that endogenous TCR
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clusters trigger signaling when interligand spacing decreases from
17 nm to 10 nm, although this study was correlative and did not
manipulate spacing (40).

A recent study by Hellmeier et al. also examined the effect of
ligand spacing on T cell signaling using DNA origami. In their
study, they used either antibodies or pMHC:s as ligands interacting
with the native TCR instead of a CAR and measured calcium
activation for their signaling response. They also used either one or
two ligands on different-sized DNA origami platforms and, in the
case of two ligands, varied the spacing between the ligands. Using
antibodies as ligands, they reached similar conclusions to our study
regarding sensitivity. Specifically, one-ligand platforms were inef-
ficient, and for two-ligand origamis, decreasing the spacing be-
tween ligands from 48 nm to 20 nm significantly stimulated
signaling (6).

Intriguingly, the Hellmeier et al. study found that that origami
platforms with a single native ligand (pMHC) could signal as
efficiently as platforms containing neighboring ligand, unlike the
results found with antibody ligands (6). Aside from the possibility
that triggering by monovalent DNA origami may reflect an artifact
due to transfer of peptides from the pMHC complex to MHC on
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the surface of T cells for representation (41), this result indicates
that pMHC interacts in some fundamentally different manner
with TCR than nonnative ligands (DNA ligands or antibodies).
The authors suggest that one pMHC might serially trigger and
activate several TCRs in a catalytic manner and that these acti-
vated TCRs could organize into signal-promoting clusters. This is
consistent with recent single-molecule imaging analyses, in which
at low antigen density, TCRs were found not to be clustered
during T cell activation (4) and interrogation of pMHC:TCR
complexes reveals sparsely distributed monomeric interactions can
lead to activation (5). Earlier studies by Manz et al. suggest that a
minimum of four pMHC are needed in a 0.5 x 0.5 mm zone to
trigger calcium signaling (12), but the Hellmeier study raises the
possibility that even more TCRs might be activated in such a zone.
The mechanism by which pMHC might trigger a prolonged acti-
vated state of the TCR even after ligand dissociation, the lifetime
of that state, and whether/how nonligated and ligated activated
TCRs might cluster remain open questions and constitute im-
portant topics for further investigation.

Nanoscale Patterning Controls the Time Course of Signaling
Dynamics. A live cell readout of ERK signaling also allowed us
to examine the effects of ligand patterns on signaling dynamics.
First, we find that the ERK signaling is largely an all-or-none
response and that the amplitude of the ERK signal is not affected
by ligand density or spacing. These observations are consistent
with a previous study showing that the ERK signaling cascade acts
in a switch-like manner and converts the diverse ligand inputs into
a full-magnitude intracellular signal (20). However, we find that
different ligand patterns lead to distinct probabilistic and temporal
dynamics of the ERK signals (Figs. 3 and 4).

We find that the number of ligands per origami affects the
duration of the ERK response (Fig. 3). The duration of the ERK
signaling has been proposed to be a key determinant of cell fate
(33), such as cell proliferation (30), differentiation (32), and
wound healing (31) in various cell types. In mature CD8+
T cells, durations of ERK correlate with specific T cell responses,
in which strong and transient ERK activation induces apoptosis,
whereas moderate but sustained ERK activation induces cell
proliferation (42). ERK signal duration has also been shown to
be required for thymocyte-positive selection in vivo (43). In ad-
dition to ligand concentration or type (32, 44), our results suggest
spatial arrangement of ligands may be another parameter that
can affect the ERK signaling response. Interestingly, at a fixed
overall ligand number per cell, we find that small ligand clusters
(4~16 ligands) led to a longer-lasting ERK signal than larger
ligand clusters (72 ligands) (Fig. 3 C and D). The mechanism of
this effect is not known. One possibility is a feedback mechanism
involving the tyrosine phosphatase SHP-1, which becomes rap-
idly activated upon receptor-ligand engagement and deactivates
the TCR complex by dephosphorylation (19, 20). Large clusters
may trap SHP-1, allowing it to serially dephosphorylate neigh-
boring DNA-CARC receptor more efficiently compared to the
same number of receptors separated on separate origamis. How-
ever, other negative machineries, including the feedback loop
from ERK to Raf (45), inhibitory factors proximal to the TCR
signalosome (e.g., Csk) (46), and protein abundance regulation via
ubiquitination (47) or ESCRT complex (48), may be involved in
the effect that we observe on ERK signal timing.

We also show that ligand distancing delayed the initiation of
the ERK response (Fig. 4 B D). This effect might be most relevant
for T cell signaling in the context of their native tissue environ-
ments. Endogenous T cells move rapidly through the tissue (5 to
7 pm/min) (49) and have brief (<10 min) encounters with the
antigen-presenting cells in secondary lymphoid organs (46). The
delay in the response time of ERK signaling may provide stringent
control for signaling noise (1). pMHC:s of sufficient strength that
stabilize TCRs into longer-lasting microclusters might trigger a
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rapid ERK response within the time window of engagement be-
tween a T cell and an antigen presenting cell (APC) in vivo.

Triggering Sensitivity to Strong Ligands Is Enhanced by Adjacent
Weak Ligands. T cells deprived of self-recognition showed a loss
in T cell signaling sensitivity in vivo (47), suggesting that the highly
abundant endogenous pMHCs, though not stimulatory, may play
an active role in signaling regulation. However, evidence for a
signaling role of low-affinity pMHC is conflicting. Some studies
suggest that low-affinity pMHC promote signaling by agonist
pMHC (11, 20, 36), whereas other experiments observed no
substantial impact (20, 37). One variable in these studies is the use
of previously activated versus resting or naive T cells; failure to see
low-affinity ligand contribution was observed with naive cells or
previously activated cells rested for prolonged periods after initial
stimulation, whereas cells tested in a narrow time period after
initial activation did show responses to weak ligands (20). Jurkat, a
continuously proliferating T cell tumor line, may have features
closer to those of the activated cycling T cells than the resting
T cells, hence the ability to sense weak ligands. These differences
in T cell state aside, in these prior experiments, pMHCs of dif-
ferent affinities were typically assembled through chemical cross-
linking, a method that lacks control over the stoichiometry or
spatial organization, or simply offered to antigen-presenting cells.
We revisited the impact on signaling of low-affinity ligands us-
ing the DNA origami-based signaling system, which also offers the
advantage of exploring the affinity and spatial arrangement of li-
gands. We demonstrate that, although weak ligands do not signal
themselves, they can change the sensitivity, but not the timing, of
ERK signaling by the strong ligands present at low density. This
suggests that nontriggering weak ligands, which can nonetheless
accumulate at the antigen-presenting cell interface (36), could
contribute to the active signaling of T cells and enhance responses
to strong ligands, especially at low densities. Additional insight
into this phenomenon may have important implications for T cell
immunotherapy, and future studies could explore this affect with
weak and strong pMHCs bound to a DNA origami scaffold.

Other Uses of DNA Origami and Relevance for Inmunotherapies. Our
study, and other recent work (6), demonstrates the utility of DNA
origami for probing the effects of nanoscale organization of
membrane receptors on signaling, even in regimes that are lower
than superresolution light microscopy. As we showed here, dif-
ferent types of ligands (here shown for high- and low-affinity li-
gands) can be patterned on a DNA origami surface. This approach
could be extended to examine the effects of combining TCR and
coreceptor ligands. In addition, it is possible to control the rigidity
(50) and curvature of DNA origami structures (51). Such studies
could probe the effects of substrate stiffness and native membrane
topology, respectively, which have been suggested to have a sig-
nificant impact on T cell recognition and activation (52).

Our findings and future studies with DNA origami may also
have important ramifications for engineering biomolecules for
therapeutic uses. For example, particles functionalized with ag-
onistic antibodies have been used to drive ex vivo T cell expan-
sion for adoptive cell therapy, a treatment that uses patient
lymphocytes to eliminate cancer. In this method, the prevailing
strategy to achieve signaling potency is to maximize the loading
of agonistic antibodies on these particles. However, our results
suggest that reducing ligand loading per particle could optimally
tune the duration of activation of T cells to promote sustained
cell survival and proliferation and avoid a strong but transient
activation of ERK associated with apoptosis (42). Moreover, the
spacing of agonistic antibodies on these particles also can be
optimized to increase the probability of eliciting cellular signal-
ing. We expect the methodology developed here would provide
the basis for rapidly prototyping and optimizing nanoparticle
reagents for immunotherapy.
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Materials and Methods

DNA Origami Design and Preparation. The DNA origami pegboard was designed
using version 2.2 of the Cadnano software (21). Optimization of staple routes
was performed using a custom software toolkit developed in the S.M.D. lab-
oratory. ssDNA scaffolds (Tilibit) and DNA staples (IDTDNA) were mixed at 5:1
molar ratio in MgCl,-containing folding buffer and subjected to thermal
denaturation-reannealing cycles. Folded DNA origamis were purified by
polyethylene glycol (PEG) precipitation. To functionalize the glass surface with
DNA origami, 96-well imaging plates (Brooks) were cleaned with Hellmanex
(Sigma-Aldrich) and coated with Biotin-BSA followed by streptavidin (see
SI Appendix, Supplementary Materials and Methods for details).

Cell Line Generation and Labeling. Jurkat cells were transduced with lentiviral
vectors expressing DNA-CAR{, ERK-KTR-mScarlet, or the designated plasmid.
Fluorescent cells were sorted 72 h after viral infection by flow cytometry.
ssDNA oligonucleotides of the DNA receptor strand were conjugated with
benzylguanine (BG) via amine-ester reaction. To label DNA-CAR(-expressing
cells with BG-labeled DNA receptor strands, cells were serum-deprived for 3
, pelleted, and incubated with BG-labeled receptor DNA (10 uM) at room
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