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The nanoscale spatial arrangement of T cell receptor (TCR) ligands
critically influences their activation potential in CD8" T cells, yet a
comprehensive understanding of the molecular landscape induced
by engagement with native peptide-MHC class | (pMHC-I) remains
incomplete. Using DNA origami nanomaterials, we precisely orga-
nize pMHC-I molecules into defined spatial configurations to sys-
tematically investigate the roles of valencies, inter-ligand spacings,
geometric patterns, and molecular flexibility in regulating T cell
function. We find that reducing the inter-ligand spacing to ~7.5 nm
enhances T cell activation by up to eightfold compared to a wider
spacing (~22.5 nm), and that as few as six pMHC-I molecules are
sufficient to elicit a robust response. Notably, the geometry of
PMHC-I presentation emerges as a key determinant of signaling
strength, with hexagonal arrangements proving most effective. In
contrast, the introduction of flexible linkers into pMHC-I impairs
TCR triggering. Together, these findings define spatial parameters
that govern pMHC-I-TCR interactions at the T cell interface and
provide design principles for engineering next-generation T cell-
based immunotherapies.

Introduction

Cytotoxic T cell-mediated killing is a central mechanism for
eliminating malignant cells and underpins the therapeutic
success of adoptive T cell immunotherapy and immune check-
point blockade.'” Activation of naive CD8" T cells begins with
the engagement of the T cell receptor (TCR) by peptide-MHC
class I (pMHC-I) complexes presented on the surface of antigen-
presenting cells (APCs), such as dendritic cells (DCs).> This
communication between T cells and DCs is orchestrated by a
diverse array of immune receptors whose spatiotemporal orga-
nization at the immunological synapse critically shapes the
strength and quality of the T cell response.” Upon recognition
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New concepts

This work introduces the concept of multivalent spatial engineering to
define the nanoscale parameters that govern T cell activation by native
peptide-MHC class I (pMHC-I) ligands. While previous studies have
emphasized ligand density or used high-affinity antibody surrogates, we
use DNA origami to independently control valencies, inter-ligand spa-
cings, geometric patterns, and molecular rigidity, enabling a systematic
and physiologically relevant analysis of TCR triggering. We demonstrate
that not just the number, but the spatial symmetry and rigidity of ligands
are critical for efficient activation, with hexagonally patterned, rigid
PMHC-I clusters outperforming other configurations. This uncovers a
spatial tolerance window for productive TCR-pMHC engagement, reveal-
ing that even nanometer-scale deviations in ligand positioning or flex-
ibility impair signaling. Our findings shift the paradigm from
conventional multivalency toward precision spatial design as a key
determinant of immune function. This conceptual advance provides a
foundation for engineering immunomodulatory materials with defined
nanoscale architectures, offering new directions for nanomedicine, vac-
cine design, and cell-based immunotherapy.

of pMHC on DCs, TCRs rapidly organize into nanoclusters at
the center of the T cell-DC interface, typically containing 5-30
receptors within a 35-70 nm radius.” This nanoscale organiza-
tion has been shown to play a key role in modulating TCR
signaling and likely reflects the spatial constraints required for
its ligands.®® As such, understanding the precise nanoscale
requirements of TCR ligands that govern TCR triggering and T
cell activation is essential and holds promise for the rational
design of immune-modulating materials. However, mapping
this molecular landscape within the complex context of T cell
immunity remains a major challenge, as it demands platforms
capable of controlling ligand presentation with nanometer-
level precision.

The combination of high programmability and site-specific
addressability endows DNA nanotechnology with a unique
ability to control the spatial distribution of molecular compo-
nents with nanometer precision.”> As a result, functional DNA
origami has enabled new paradigms for probing immunore-
ceptor-ligand interactions and holds significant promise for
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applications in cell-based immunotherapy.”™'® Using DNA
origami to present TCR-stimulating ligands such as anti-CD3¢
antibodies (aCD3¢), previous studies have shown that CD8" T
cell activation reaches a plateau when three aCD3¢ molecules
are displayed, and increases as the inter-ligand spacing is
reduced from 95 nm to 16 nm."'® Similarly, in chimeric antigen
receptor (CAR) T cell systems, optimal activation was achieved
with four high-affinity DNA ligands arranged on DNA origami
nanogrids, whereas further increasing ligand density resulted
in premature termination of TCR signaling.>® These findings,
based on high-affinity TCR surrogates, provide valuable
insights into the spatial constraints required for productive T
cell activation. However, TCR triggering by high-affinity anti-
bodies differs fundamentally from activation via the native
ligand, pMHC.>'* As such, using pMHC offers a physiologi-
cally relevant platform for dissecting the spatial parameters
underlying the local molecular landscape TCR activation.

More recently, the functional impact of pMHC spatial organiza-
tion was investigated by manipulating two key parameters using
DNA origami nanoscaffolds: density and inter-ligand spacing.
Notably, densely clustered pMHC assemblies containing at least
six streptavidin (SA) binding sites elicited stronger CD8" T cell
activation compared to free pMHC, with closer proximity between
ligands correlating with enhanced activation.” While these find-
ings underscore the importance of multivalent pMHC arrange-
ment, the study did not fully disentangle the individual
contributions of valencies and density, as the inter-ligand spacing
was not uniformly controlled across different DNA origami
designs. Additionally, pMHC clustering on triangular DNA origami
was achieved through biotin-streptavidin interactions, where each
tetravalent SA molecule could bind up to three biotinylated pMHC
ligands.*® This inherent multivalency complicates precise inter-
pretation of how individual pMHC molecules contribute to T cell
activation and obscure accurate measurement of true inter-ligand
spacing.

While increasing attention has been paid to ligand valencies
and inter-ligand spacings, the importance of local geometric
patterns remains underexplored in the context of immune activa-
tion. We have previously shown that the geometric arrangement
of multivalent ligands can critically determine the onset of super-
selective receptor binding,”” a phenomenon particularly relevant
in the immune system, where ligand-receptor interactions are
tightly regulated to preserve functional specificity and avoid
aberrant activation.”® Indeed, CD95L arranged in a hexagonal
pattern with 10 nm spacing on DNA origami was found to strongly
induce CD95-mediated apoptotic signaling in activated immune
cells, aligning precisely with the topography of CD95 receptor
clusters on the cell surface.>**° Similarly, IgG antibodies have
been shown to efficiently activate the complement system
through ordered clustering into hexamers.*' Moreover, the spatial
patterning of PD-1 has been reported to influence its interaction
with PD-L1 on dendritic cells, further supporting geometric
organization as a key determinant of receptor engagement.*>
Beyond patterning, the local flexibility of ligand linkers is another
critical design variable. Maintaining rigidity is essential for dis-
cerning spatial effects on immune receptor triggering. This
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principle has been demonstrated in studies involving the B cell
receptor, toll-like receptors, and Fas (CD95) signaling, where rigid
presentation enhanced receptor activation.**"¢ Likewise, effector
CD4" T cells produce more cytokines in response to increasingly
rigid substrates presenting TCR ligands, suggesting that the
mechanical properties of the interface also modulate downstream
immune responses.>” Despite growing interest, the combined
impact of geometric patterns, rigidity, and linker flexibility on T
cell signaling remains poorly characterized, representing a sig-
nificant gap in our understanding of the spatial requirements for
productive TCR triggering at the immunological synapse.

In this study, we systematically dissect how valencies, inter-
ligand spacings, geometric patterns, and ligand rigidity of pMHC-
I independently influence T cell activation. By maintaining a
constant inter-ligand spacing, we first investigated the effect of
varying pMHC-I valencies and found that multivalency linearly
enhanced T cell activation at a spacing of ~15 nm. Reducing the
inter-ligand distance to ~7.5 nm further amplified the response,
with just six pMHC-I molecules sufficient to elicit robust T cell
activation. We next explored the roles of geometric patterns and
molecular flexibility, demonstrating that a compact hexagonal
arrangement of pMHC-I elicited the strongest activation, while
ligand flexibility impaired TCR signaling by disrupting the tight
spatial constraints required for productive TCR-pMHC engage-
ment. Together, our findings provide new insights into the
nanoscale spatial requirements governing pMHC-TCR interac-
tions and underscore the importance of precisely tailoring spatial
parameters in the rational design of multivalent materials for T
cell-based immunotherapies.

Results and discussion

Dense pMHC-I clusters reveal spatial threshold for efficient T
cell stimulation

To investigate how TCR ligand valencies and inter-ligand spa-
cings influence T cell activation, we used a two-layer, 60 nm
diameter disk-shaped DNA origami nanoplatform.*® This struc-
ture was strategically chosen to mimic the geometry of the
immunological synapse and offers robust site-specific position-
ing of macromolecules®*?° (Fig. S1). We generated a library of
DNA disks presenting ovalbumin (OVAys;_564; SINFEKL)-loaded
MHC-I molecules (termed pMHC-I) with controlled valencies (0,
4, 6, 8, and 12) and inter-ligand spacings (7.5 nm or 15 nm),
enabling a systematic evaluation of their individual and com-
bined effects on the activation of primary CD8" T cells (Fig. 1a, b
and Fig. S2, S3). At a 7.5 nm spacing, T cell activation increased
with rising pMHC-I valencies from 0 to 6, confirming a positive
correlation between the ligand number and TCR triggering as
reported previously>>*° (Fig. 1c). However, increasing the valency
beyond six yielded minimal additional benefits in terms of
activation markers CD69, CD25, and CD137, which represent
early, late, and very late activation, respectively. While a slight
resurgence in activation was observed at valency 12, this did not
translate into increased cytotoxic function, as measured by expres-
sion of FasL (a death-inducing ligand) and CD107a (a marker of
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Fig. 1 Effects of pMHC-I valencies and inter-ligand spacings on CD8" T cell activation. (a) Schematic presentation of exploring the impact of clustering
differences (valencies and inter-ligand spacings) of pMHC-I on CD8" T cell activation with a DNA origami disk nanoplatform, created partially with
Biorender.com; (b) schematic presentation of the DNA origami disk designs used in the T cell activation assay. Engineered pMHC-| was decorated onto
the DNA disk via handle-anti-handle hybridization; (c) flow cytometry analysis of biomarkers and cytokine expression in CD8% T cells following
stimulation with DNA disks at 24 h (CD69), 48 h (CD25, TNF-a, IFN-v), and 72 h (CD137, FasL, CD107a). Fold changes in expression are represented as the
mean fluorescence intensity (MFI) values relative to the untreated control group (n > 6 from two independent experiments); and (d) MFI of CD69 (24 h),
CD25 (48 h), and CD137 (72 h) in CD8* T cells stimulated by DNA origami presenting pMHC-I with varied inter-ligand spacing. Data are shown as mean +
SEM (n = 3 biological replicates). Statistical significance was assessed using one-way ANOVA with Tukey's multiple comparison test (***p < 0.001,

***%p < 0.0001).

degranulation). Cytokine secretion levels, including TNF-o and
IFN-y, aligned with the surface marker data, further supporting
this saturation effect (Fig. 1c). When the inter-ligand spacing was
increased from 7.5 nm to 15 nm, T cell activation decreased
across all valency conditions, although the extent varied. Notably,
for six pMHC-I ligands, CD69 expression dropped sharply at the
wider spacing, whereas constructs presenting four ligands
showed a more modest decline. Interestingly, at a 15 nm spacing,
the valency became the dominant determinant of T cell activa-
tion, with activation levels increasing approximately linearly from
valency 0 to 12 (Fig. 1c). Control experiments demonstrated that
T cell activation followed a similar trend in the absence of soluble
anti-CD28, supporting previous findings that costimulatory
ligands do not obscure the intrinsic spatial effects of pMHC-I-
mediated TCR stimulation® (Fig. S4). This suggests that tight
spatial organization is particularly important at lower ligand
densities, while a higher valency can partially compensate for
suboptimal spacing.

This journal is © The Royal Society of Chemistry 2025

We hypothesized that further reducing the inter-ligand
spacing, particularly when using the physiological TCR ligand
PMHC, might enhance T cell activation by better matching
native TCR spatial constraints. This hypothesis was supported
by our data, which revealed a clear distance-dependent trend in
T cell activation using pMHC-I disks at a fixed valency of six:
7.5 nm > 15 nm > 17.5 nm > 22.5 nm (Fig. 1d and Fig. S5,
S6). These results suggest that tighter spatial organization of
ligands facilitates more efficient TCR triggering. This finding is
consistent with prior results showing that three aCD3 antibo-
dies spaced at 16 nm can induce saturated T cell activation."®
As antibodies engage with 2 binding epitopes, effectively 6
interactions in 8 nm distance are formed. The robust activation
we observed with six pMHC-I molecules spaced at 7.5 nm
indicates that this distance may approximate a lower functional
limit for effective ligand spacing on synthetic platforms. Taken
together, our results demonstrate that a minimal unit of six
PMHC-I molecules arranged at 7.5 nm spacing is sufficient to

Nanoscale Horiz., 2025, 10, 3041-3050 | 3043


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00412h

Open Access Article. Published on 28 2025. Downloaded on 17.11.2025 23:14:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

induce strong T cell activation. This finding highlights that a
low copy number of locally clustered native ligands is enough to
stimulate a potent T cell response.*

Hexagonal ligand patterning maximizes T cell activation

To investigate whether the spatial patterning of pMHC-I mole-
cules influences T cell activation, we assembled DNA disks
presenting six pMHC-I ligands arranged in hexagonal (Hex),
triangular (Tri), linear (Lin), and parallel (Par) configurations.
Based on the consensus from our previous experiments, the
ligand copy number and inter-ligand spacing were fixed at six
and 7.5 nm, respectively (Fig. 2a and Fig. S7a, b). Strikingly, we
observed that the geometric pattern of pMHC-I had a signifi-
cant impact on both CD8" T cell activation and cytotoxic
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function (Fig. 2b and Fig. S7c). In particular, the linear configu-
ration resulted in substantially lower expression of activation
markers CD69, CD25, and CD137, as well as effector molecules
FasL and CD107a, compared to the other patterns (Fig. 2b and
Fig. S7¢). This reduction is likely due to the mismatch between
the linear arrangement of ligands and the clustered distribu-
tion of TCRs on the T cell surface, which favors engagement by
locally clustered ligands.*>**

DNA disks presenting pMHC-I in triangular and parallel
patterns elicited comparable levels of T cell activation, suggesting
that local clustering, regardless of a precise pattern, supports
efficient TCR triggering. However, the hexagonal arrangement
induced the strongest activation profile, with 58.5% CD69",
70.3% CD25", and 36% CD137" T cells, substantially higher than
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Fig. 2 Effects of the pMHC-| geometric pattern on CD8" T cell activation. (a) Schematic presentation of the DNA origami disk displaying pMHC-I in four
different geometric patterns. Hex: hexagonal, Tri: triangular, Lin: linear, and Par: parallel. The inter-ligand spacing of pMHC-| was 7.5 nm. (b) Expression
levels of CD69, CD25, and CD137 on CD8™ T cells (upper panel) and representative flow cytometry data (lower panel) following stimulation with pMHC-I-
patterned DNA disks, showing T cell activation at 24, 48, and 72 hours, respectively. Percentages of CD69+, CD25+, and CD137+ cells of each group
were gated based on the untreated control group. Data are shown as mean + SEM (n = 3 biological replicates). Statistical significance was assessed using
one-way ANOVA with Tukey's multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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both the triangular and parallel configurations (Fig. 2b). One
possible explanation is that the higher ligand density in the
parallel and triangle patterns may cause steric hindrance, limit-
ing full TCR engagement (Fig. S7d). Alternatively, the hexagonal
arrangement, which has been reported to optimize antibody
binding,** may provide greater geometric symmetry and multi-
directional accessibility, thereby increasing the likelihood of TCR
engagement, promoting stabilization of TCR nanoclusters, and
facilitating the recruitment of downstream signaling molecules.

At the population level, the hexagonal configuration max-
imized the expression of all monitored biomarkers. The mean
fluorescence intensity (MFI) for CD69 was 2.3-fold higher, and for
CD25 and CD137 was 1.6-fold higher, compared to the linear
pattern (Fig. 2b). Importantly, these measurements were obtained
in live cells, where TCRs can laterally diffuse and reorganize.
Despite this membrane fluidity, the pattern-dependent differences
in activation remained robust and detectable. While previous
studies have predominantly emphasized the role of ligand density
in TCR triggering,” our findings highlight the critical and often
overlooked role of geometric patterns, a spatial design parameter
that may play a key role in natural immune cell-cell communica-
tion mediated by multivalent ligand-receptor interactions.
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413, & & &
A & SR § S ¢ 8 sT € 8 8 ¢ o1
14 § é < spacer € € Uspacer spacer
Hex_0T Hex_5T Hex_10T
c d

Linear pattern

: o5 ¢5
ods No gzz( 5T R4 10T
éé@ spacer 2 | spacer spacer

Lin_OT Lin_5T Lin_10T

Ligand flexibility

MFI CD69 (x10°%)

MFI CD69 (x10°)

View Article Online

Communication

Flexibility compromises geometry-driven TCR triggering

Linker flexibility plays a key role in the design of functional
nanomaterials by shaping the spatial interface through which
ligands engage cell surface receptors. This parameter is especially
critical in immune signaling, where the immunological synapse is
both spatially and temporally confined. Prior studies have shown
that immune synapse formation is most dynamic within the first
10 minutes of T cell-APC contact and remains detectable up to an
hour later, indicating that TCR clusters exhibit constrained, direc-
ted motion during early activation.”® This suggests that receptor
engagement may require a certain degree of positional rigidity. In
support of this, extending the linker length between pMHC dimers
- thereby introducing flexibility - has been shown to disrupt TCR
triggering.*®"” Motivated by these insights, we examined the
influence of ligand flexibility on CD8" T cell activation by modify-
ing the rigidity of the DNA-pMHC-I interface. Specifically, we
incorporated thymine (T) spacers into the ssDNA handle extending
from the DNA disk, presenting pMHC-I ligands with increasing
degrees of flexibility. We focused on the hexagonal (Hex OT,
Hex 5T, Hex_10T) and linear (Lin_OT, Lin_5T, Lin_10T) config-
urations, which previously showed the strongest and weakest
activation potentials, respectively (Fig. 3a, ¢ and Fig. S8a, b).
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*okk
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MFI CD25 (x10°)
MFI CD137 (X10%)

_ *%
6 *k 6= *k

MFI CD25 (x10%)
MFI CD69 (x10%)

Fig. 3 Effects of pMHC-I ligand flexibility on CD8" T cell activation. (a) Schematic illustration of DNA origami disks presenting pMHC-| with increasing
ligand flexibilities arranged in a hexagonal pattern, created partially with Biorender.com. (b) Expression levels of CD69 (24 h), CD25 (48 h), and CD137
(72 h) on CD8* T cells stimulated by hexagonally patterned pMHC-1 DNA origami with varying ligand flexibilities. (c) Schematic illustration of DNA origami
disks presenting pMHC-| with increasing ligand flexibilities arranged in a linear pattern, created partially with Biorender.com. (d) Expression levels of CD69
(24 h), CD25 (48 h), and CD137 (72 h) on CD8* T cells stimulated by linearly patterned pMHC-I1 DNA origami with varying ligand flexibilities. The dashed
line indicates the corresponding biomarker expression induced by the empty DNA origami disk without pMHC-| decoration. Data are shown as mean +
SEM (n = 3 biological replicates). Statistical significance was assessed using one-way ANOVA with Tukey's multiple comparison test (*p < 0.05,
**p < 0.01, ***p < 0.001).
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Interestingly, the rigid Hex_OT configuration elicited signifi-
cantly higher expression of activation markers CD69, CD25,
and CD137 at both early and late time points compared to its
more flexible counterparts (Hex_5T and Hex_10T) (Fig. 3b and
Fig. S8¢c). T cell activation was progressively dampened as linker
flexibility increased, with a consistent trend observed across
both hexagonal and linear patterns (Fig. 3b, d and Fig. S8d),
indicating a negative correlation between ligand flexibility and
T cell activation. Importantly, the geometric pattern effect
remained evident: hexagonal configurations consistently out-
performed linear ones in stimulating T cells. However, the
magnitude of this difference diminished with increasing linker
flexibility, suggesting that the mechanical instability intro-
duced by flexible linkers compromises the benefits of geo-
metric presentation (Fig. S9). Similar trends were also
observed for the parallel configuration, reinforcing the general
principle that rigidity enhances TCR triggering across diverse
spatial patterns (Fig. S10).

Mechanistic insight into ligand flexibility and spatial tolerance

To more precisely understand how ligand flexibility modulates
T cell activation, we examined the underlying mechanisms
involved. Previous studies have shown that spatial tolerance,
a combination of ligand rigidity and matched receptor spacing,
is essential for functional interactions, such as CpG-TLR9
binding.>® In our system, introducing 5T or 10T single-
stranded DNA spacers into the ligand handle increases
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positional uncertainty by approximately +1.7 nm or £3.4 nm,
respectively, assuming full extension (Fig. 4a). This spatial
deviation likely impairs the alignment between pMHC-I and
TCR, as reflected by the diminished T cell activation observed
with more flexible constructs (Fig. 3). Given that T cell activation
is initiated via TCR-pMHC engagement, which in turn activates a
tyrosine kinase cascade, we hypothesized that ligand flexibility
disrupts early TCR signaling. During TCR activation, tyrosine
kinase Lck phosphorylates CD3 subunit immunoreceptor
tyrosine-based activation motifs (ITAM).***° This recruits the
protein tyrosine kinase ZAP-70 to initiate downstream signaling
pathways such as the mitogen-activated protein kinase (MAPK),
leading to phosphorylation of extracellular signal-regulated
kinase ERK and activation of NF-kB, which regulates gene
expression essential for T cell activation.’®” To test this, we
monitored phosphorylation levels of ZAP70, ERK1/2, and NF-kB
(p65), 15 minutes after stimulation. As expected, stimulation with
non-functionalized DNA disks did not induce signaling above
background levels seen in unstimulated CD8" T cells (Fig. 4b),
enabling a clear assessment of the effects of ligand flexibility.
Consistent with activation marker expression, the highest phos-
phorylation levels of ZAP70, ERK1/2, and NF-kB were observed in
cells treated with rigid pMHC-I ligands (0T spacers), regardless of
the geometric pattern (hexagonal or linear) (Fig. 4b). Intermediate
signaling was observed for 5T constructs, while the 10T variants
showed the weakest phosphorylation, further confirming that
ligand flexibility negatively impacts TCR signaling efficiency.
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Fig. 4 Effects of pMHC-I ligand flexibility on TCR triggering. (a) Schematic representation of the estimated spatial deviations in pMHC-| positioning
induced by 5T or 10T linkers (upper panel), and the corresponding TCR signal transduction triggered by rigid versus flexible pMHC-I ligands (lower panel),
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Stronger signaling events were also observed with Hex_0T com-
pared to Lin_OT (Fig. S11). While the TCR-CD3 complex serves as
a basic signaling unit, co-receptors and adhesion molecules also
constitute elements of TCR stimulation in the immune
synapse,>*”? suggesting that the precise mechanisms underlying
the pattern effect on TCR signaling warrant further investigation.

We conclude that increased ligand flexibility disrupts the
nanoscale coordination between pMHC-I and TCRs by introdu-
cing spatial deviations that reduce the frequency of productive
short-distance TCR-pMHC interactions. To validate this, we
compared flexible ligands (Hex_5T, Hex_10T) to rigid pMHC-I
ligands spaced at 15 nm and 22.5 nm, respectively. As shown in
Fig. S12, the activation potency of flexible ligands fell between
the responses induced at 7.5 nm and 15 nm spacings, consistent
with predicted effects of spatial mismatch. Importantly, TCR
triggering is highly sensitive to spatial perturbations at the
immune synapse, not only because of the ligand-receptor geo-
metry but also due to the biophysical organization of the signal-
ing interface. According to the kinetic segregation model, TCR
signaling is initiated when close-contact zones between the T cell
and antigen-presenting cell exclude large membrane phospha-
tases such as CD45, whose bulky extracellular domain (~50 nm)
sterically prevents access to regions where the membranes are
tightly apposed.”*° This exclusion allows kinases to phosphor-
ylate ITAM motifs in the CD3 complex, thereby initiating down-
stream signaling. Extending the distance between APC and T cell
membranes to 29 nm was previously reported to attenuate T cell
signaling, likely due to impaired CD45 exclusion.’” Given that the
axial dimension at the T cell-DNA disk interface is estimated to
be <20 nm (the TCR-pMHC pair creates a ~13 nm contact®”®),
and that the extra distance due to the T-spacers is <3 nm
(Fig. S13), we consider no vital changes toward the accessibility
of CD45. Taken together, our results reveal a spatial tolerance
window for productive TCR triggering, demonstrating that even
nanometer-scale deviations in ligand positioning, whether from
increased spacing or flexibility, can significantly affect immune
signaling. These findings underscore the extreme spatial sensi-
tivity of the TCR-pMHC interface and reinforce the need for rigid,
geometry-controlled presentation of ligands in the design of
immunomodulatory materials.

Conclusion

While extensive efforts have been directed toward developing
immune-engineering biomaterials to support T cell expansion
and adoptive cell therapies, a comprehensive understanding of
how the spatial presentation of TCR ligands governs T cell
activation remains limited. Leveraging the unparalleled spatial
precision of DNA nanotechnology, we systematically dissected
the functional impacts of four key parameters of native TCR
ligand (pMHC-I) presentation: valencies, inter-ligand spacings,
geometric patterns, and ligand rigidity. By monitoring CD8" T
cell responses, we found that a short inter-ligand spacing
(7.5 nm) substantially enhances activation, and that as few as
six pMHC-I molecules, when locally clustered, are sufficient to

This journal is © The Royal Society of Chemistry 2025
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trigger a robust response. Notably, we show that ligand geome-
tries play a decisive role: hexagonally arranged pMHC-I outper-
forms linearly arranged ligands of the identical valency,
highlighting the importance of matching ligand spatial orga-
nization to receptor topology on the T cell surface. Further-
more, we demonstrate that ligand flexibility impairs TCR
engagement and signaling, likely by disrupting the membrane
proximity and nanoscale clustering required for the productive
TCR-pMHC interaction and CD45 exclusion.

Together, these findings emphasize that effective multivalent
interactions rely not only on ligand density, but on the precise
engineering of spatial parameters including pattern symmetry
and mechanical stability. This represents a conceptual shift
from conventional multivalent binding to what we define as
multivalent engineering: the deliberate spatial programming of
ligand organization to engage biological interfaces with max-
imal functional control. In summary, our study delineates the
spatial principles governing receptor-ligand interactions at the
T cell interface and establishes a framework for the rational
design of immunotherapeutic materials. By tuning the valen-
cies, spacings, patterns, and rigidity, multivalent systems can be
tailored to more effectively coordinate receptor engagement and
downstream signaling, paving the way toward next-generation
materials for T cell-based immunotherapy.
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