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APPLIED SCIENCES AND ENGINEERING

Molecular-scale spatio-chemical control
of the activating-inhibitory signal integration in NK cells

Esti Toledo"?", Guillaume Le Saux'?*', Avishay Edri®, Long Li**, Maor Rosenberg'?,
Yossi Keidar'?, Viraj Bhingardive'?, Olga Radinsky3, Uzi Hadad?, Carmelo DiPrimo®,
Thierry Buffeteau’, Ana-Sunéana smith*8, Angel Porgador®, Mark Schvartzman

The role of juxtaposition of activating and inhibitory receptors in signal inhibition of cytotoxic lymphocytes
remains strongly debated. The challenge lies in the lack of tools that allow simultaneous spatial manipulation of
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signaling molecules. To circumvent this, we produced a nanoengineered multifunctional platform with molecular-
scale spatial control of ligands, which was applied to elucidate KIR2DL1-mediated inhibition of NKG2D signaling—
receptors of natural killer cells. This platform was conceived by bimetallic nanodot patterning with molecular-scale
registry, followed by a ternary functionalization with distinct moieties. We found that a 40-nm gap between acti-
vating and inhibitory ligands provided optimal inhibitory conditions. Supported by theoretical modeling, we in-
terpret these findings as a consequence of the size mismatch and conformational flexibility of ligands in their
spatial interaction. This highly versatile approach provides an important insight into the spatial mechanism of
inhibitory immune checkpoints, which is essential for the rational design of future immunotherapies.

INTRODUCTION

Cells communicate with their environment through a rich repertoire
of receptors, whose signaling integration is mediated by the bio-
chemistry of the cell-environment interface, as well as by diverse
physical features, such as receptor size and spatial arrangement. In
the immune synapse—the functional interface between lymphocytes
and antigen-presenting cells—activating, costimulatory, and inhib-
itory receptors coordinate their nanoscale clustering and arrange-
ment to regulate lymphocyte immune activity (1, 2). For example,
the spatial density and organization of T cell receptors (TCRs) and
their co-receptors CD3 within their nanoclusters regulate the phos-
phorylation of their complexes (3). Also, TCR and its linker for
activation concatenate during T cell activation but form segregated
clusters in resting T cells (4, 5). The inhibitory function of immune
checkpoints that orchestrate the self-tolerance of the immune
system, such as immunotherapeutic target programmed cell death
protein 1 in T cells or KIR2DL1 in natural killer (NK) cells, is asso-
ciated with their nanoscale clustering and colocalization with acti-
vating and costimulatory receptors (6, 7), yet the mechanism of these
clustering and colocalization and their role in the activating-inhibitory
signaling coordination are still obscure. The systematic study of how
the segregation between different receptors regulates their signaling
integration requires a high level of spatial control with respect to
each other. However, protocols currently available for cell biologists
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allow controlling receptor segregation only in the direction perpen-
dicular to the membrane, by manipulating the length of their extra-
cellular domains. In the context of immune receptors, controlled
variations in the ectodomain size of receptors were shown to affect
their signaling integration in T cells and NK cells (8-11). At the same
time, there has been no methodology to control the segregation of
different receptors within the membrane plane, which is more relevant
for the regulation of signaling cross-talk in the immune system (12).
For this reason, the effect of within-membrane segregation of different
receptors onto the cell function could not be systematically studied.

Receptors can be spatially guided within the cell membrane by
artificial cell niches based on tunable patterns of extracellular ligands.
Various concepts for such niches have evolved in the last two decades
thanks to the progressing advances in nanofabrication, and they
were applied to study the effect of ligand distribution on different
cell functions, such as adhesion (13-15), chemokinesis (16), mech-
anosensing (17), differentiation (18), and immune activity (19-22).
Functionalized surfaces were also the basis of mimetic cell models,
which were used, in conjunction with theoretical modeling, to identify
the physical foundation for the recognition of membrane-confined
ligands and receptors, which mostly focused on single protein pairs
(23). However, all of the state-of-the-art ligand patterns, even those
including multiple ligands (19, 24), have been limited to spatially
control ligands of one type only. On the other hand, simultaneous
spatial control of two different ligands, i.e., ligands for immune cells,
was demonstrated on the micrometer scale (25, 26). Still, molecular-
scale control of multiple ligands has not been realized so far, as it
requires new, paradigm-shifting fabrication and functionalization
approaches with precision and complexity far beyond those exploit-
ed for the state-of-the-art ligand patterns.

In this paper, we achieved the molecular-scale spatial control of
two extracellular ligands to discover how the spatial juxtaposition
between two receptors—(i) NKG2D, the major activating receptor
in NK cells, and (ii) KIR2DL1, an inhibitory receptor that belongs
to the family of killer cell immunoglobulin-like receptors (KIRs)
(27, 28)—regulates KIR2DL1-mediated inhibition of NK cell
cytotoxic activity. Activating and inhibitory receptors in NK cells
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balance their signals to determine whether a target cell will be toler-
ated or attacked. In the context of NKG2D and KIR2DLI, there is
emerging evidence that KIR2DL1-mediated inhibition of NKG2D
signaling is closely associated with the nanoscale clustering and
arrangement of the two receptors (29), yet the exact role of this
arrangement in signaling cross-talk between the two receptors is still
unclear. To spatially control both receptors, we realized a series of
molecular-scale devices patterned with variable heterogeneous
arrays of their ligands, by selectively anchoring these ligands to
nanofabricated arrays of dots of two different metals. We used these
arrays as artificial niches for the stimulation of NK cells. While
being sized at the scale of the individual ligand-receptor complex,
the anchoring dots functionalized with ligands guide the clustering
of the two receptors, producing, for example, their colocalization
(Fig. 1A), or controlled segregation (Fig. 1B), depending on the array
geometry. We fabricated the arrays by nanoimprint lithography and
double angle evaporation, which allowed us to register the anchoring
dots of two different metals with molecular-scale accuracy in one
lithographic step. To selectively attach the activating and inhibitory
ligands to the anchoring nanodots, we developed a novel ternary
chemical functionalization based on the combination (i) histidine-
nitrilotriacetic acid (NTA) conjugation, (ii) biotin-avidin conjuga-
tion, and (iii) silane chemisorption (Fig. 1C), thereby forming three
distinct chemical moieties onto a heterogeneous nanopattern.

We stimulated NK cells on different arrays within which only one
geometric parameter—the spacing between the two ligands—was
systematically varied (Fig. 1, D and E). We found that NK cells
sense this spacing and adjust their immune response to extremely
small, molecular-scale changes: While colocalized ligands produced
an insufficient inhibitory effect on the activation of NK cells, this
inhibition gradually increased by inducing a nanoscale gap between
the ligands and became substantial at a gap of 40 nm—the largest
one within the tested range. This finding indicated the possible role
of the membrane fluctuation and flexibility in the formation of
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proximal ligand-receptor bonds and was rationalized by theoretical
modeling, by which this spacing corresponds to the optimal separa-
tion between the ligands, which stems from the limited flexibility of
the receptors and the membrane, and which compensates for the
size difference between the studied ligands. This strong correlation
between the experimental results and the theoretical model clearly
establishes a link between the spatial arrangement of activating and
inhibitory receptors and their signaling integration in NK cells. Our
results show that although inhibitory signaling in NK cells has been
closely associated with nanoscale coclustering of activating and in-
hibitory ligand-receptor complexes in NK immune synapse (29-31),
the colocalization between the two ligands is not a necessary condi-
tion for the inhibition in NK cells and that the inhibition is also
possible for a fixed configuration of controllably distributed ligands,
in which the spatial parameters, e.g., ligand spacing, can be used as a
tuning knob for the inhibition efficacy. Besides the specific case study
of KIR2DL1-NKG2D signaling cross-talk, our innovative nanodevice
technology opens a general pathway to complex, multifunctional
nanomaterials designed to model the cell environment with un-
precedented precision and complexity and enables numerous
molecular-scale studies of the structure and mechanism of func-
tional biointerfaces, which have been impossible to date but are now
within reach.

RESULTS

Device design and fabrication

The device surfaces were patterned with heterodimers of Au and Ti
and nanodots functionalized activating and inhibitory ligands. The
heterodimers were configured into orthogonal arrays with a perio-
dicity of 200 nm in both the x and y axes. This periodicity, which is
twice larger than the average membrane correlation length (32),
came to minimize any possible physical interaction between the
neighboring dimers and, at the same time, provided a sufficient
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Fig. 1. Platform for the molecular-scale spatial control of two extracellular ligands. (A and B) Schematic representation of ligand patterns in which colocalized or
spatially segregated ligands, respectively, control the spatial arrangement of integrating receptors (not to scale). (C) Scheme of a ligand pattern that controls activating-
inhibitory balance in NK cells. PEG, polyethylene glycol. (D and E) False-colored scanning electron micrograph of NK cells stimulated in activating-inhibitory ligand array
with different spacings between the ligands. Scale bars, 5 um; scale bars in high-magnification images, 200 nm.
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amount of ligands to stimulate NK cells. The gap between the
nanodots was the only degree of freedom in the device design, and
it varied between 0 and 40 nm. Such a delicate registration between
two nanofabricated metallic layers is extremely challenging to achieve
with standard nanolithographic approaches, especially in a scalable
manner. Here, we developed an “out-of-the-box” fabrication
approach, in which we combined nanoimprint lithography with
double angle evaporation. This combination allowed us to produce
bimetallic nanoarrays registered with nanoscale accuracy using only
one lithographic step, and with no need for alignment between
different nanodots. Specifically, we first patterned a thermal nano-
imprint resist on a Si substrate with periodic rectangular arrays
of ~20-nm holes separated by 200 nm and transferred the imprinted
pattern into a resist by angle deposition of a metallic protection mask
(33), resist over-etch by plasma, two sequential metal evaporations
(Au and Ti/Cr in our case), and liftoff (Fig. 2A). The resulting
nanopattern consisted of bimetallic heterodimers, whose rectangular
arrangement and 200-nm periodicity were determined by the initial
nanoimprint pattern. The size of each nanodot was 15 to 20 nm,
and the gap between the two neighboring nanodots within the
dimers was determined by the evaporation angle (fig. S1). In such a
way, small evaporation angles produce heterodimers of colocalized
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nanodots (Fig. 2B), whereas a gradual increase in the evaporation
angle resulted in a gradual separation between nanodots (Fig. 2, B to E).

The second step in the device fabrication is the biofunctionaliza-
tion of the bimetallic nanoarrays with the desired ligands. The key
challenge here is to achieve the absolute site selectivity with which
different ligands are immobilized onto different nanodots. Not only
should each of the two used ligands be specifically immobilized on
the selected nanodots but also neither of these two ligands is allowed
to attach to the Si background surface that surrounds the anchoring
nanodots. To achieve this, as well as to prevent any nonspecific
interaction between the background and the cell receptors, the Si
background should be functionalized with an antifouling agent.
Therefore, the surface of our nanodevice includes three distinct and
discretized chemical entities—the background and two ligated
nanodots. To date, state-of-the-art biomimetic patterns for controlled
cellular environment consisted of up to two spatially segregated
biochemical functionalities, i.e., one ligand and antifouling agent
(34), or two different ligands copositioned, for instance, by binding to
a bimetallic pattern (35) or DNA origami (36). Here, we developed
a novel ternary functionalization process for the site-specific im-
mobilization of three biochemical functionalities—two ligands and
an antifouling agent, by combining chemical modifications of Si,
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Fig. 2. Flowchart of the fabrication of bimetallic nanopatterns functionalized with two different biomolecules. (A) Fabrication of heterogeneous metallic arrays.
False-colored scanning electron micrograph of (B) colocalized nanodots, (C) nanodots separated by ~20-nm gap, and (D) nanodots separated by ~40-nm gap. (E) Segregation
control via evaporation angle. (F) Functionalization scheme. (G) Scheme of the fluorescent labeling of the functionalized nanodots. (H to J) Fluorescent imaging of a
functionalized array taken in the green channel, the red channel, and their merge, respectively.

Toledo etal., Sci. Adv. 2021; 7 : eabc1640 11 June 2021

30f11

T20Z ‘TS Jequiesa Uo o1n0xs0g Blpny 1 isu| 1 B10°8ous 105 MMM//:SAdNY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Au, and TiO; surfaces with organic silanes, thiols, and phosphonic
acids, respectively (Fig. 2F). First, the Si background was passivated
with silane terminated polyethylene glycol (PEG)—a commonly
used antifouling agent that effectively prevents nonspecific binding
interactions (37, 38). The unwanted immobilization of the silane
onto oxidized Ti nanodots was prevented by covering them with a
protective Cr layer during the fabrication process. This Cr layer was
etched after Si passivation with PEG. The exposed oxidized Ti was
then functionalized with a carboxyl-terminated phosphonic acid and
subsequently modified with a biotin terminal group, while PEG-silane
effectively protected Si from the nonspecific chemisorption of
phosphonic acid. Then, Au was functionalized with an organic thiol
terminated with NTA, which was next chelated with Ni ions to pro-
vide high affinity to the histidine conjugate. [See the Supplementary
Materials and figs. S6 to S8 for polarization modulation-infrared
reflection-adsorption spectroscopy (PM-IRRAS) analyses (39, 40)
that confirm the chemical modification of Au and TiO,.] Last, His-
tagged MICA was attached to Au nanodots via His-NTA/Ni conjugation,
and biotin-labeled anti-KIR2DL1 was attached to biotin-functionalized
TiO; nanodots via a NeutrAvidin bridge. We used here a monoclonal
antibody (mAb) for KIR2DL1 that was shown not only to bind
KIR2DLI receptor but also to induce KIR2DL1-mediated inhibition
(41). Thus, we created here a surrogate platform with activating and
inhibitory functionalities for NK cells.

To verify the functionalization efficiency and selectivity, we im-
aged the functionalized array by fluorescence microscopy. Specifi-
cally, we verified TiO, functionalization by imaging NeutrAvidin
labeled with Oregon Green 488. In parallel, we verified Au func-
tionalization by immunostaining immobilized MICA with mouse
anti-MICA antibody and anti-mouse Alexa Fluor 568 (Fig. 2G).
Figure 2 (H and I) shows fluorescent images of the functionalized
array taken separately in the green and red channels, which repre-
sent each of the immobilized bio-functionalities. Also, Fig. 2] shows
the merged image of the two channels. The borders of the array areas
are clearly distinguishable in all three images, as the surrounding
background produces little fluorescence and therefore confirms that
the ligands were immobilized specifically onto the nanodots. To
verify that the efficiency and site selectivity of the functionalization
process are not affected by the arrangement of nanodots, and to
eliminate a scenario by which the functionalization can be influ-
enced, for instance, by steric hindrance when two molecules are
contiguous, we compared fluorescence emissions of the biofunc-
tionalized arrays of nanodots with 0- and 40-nm spacing and found
that they are identical (fig. S2, A and B). Also, we fabricated arrays
of rectangular features with various orientations using sequential
angle deposition of two metals, resulting in a gradually changing
composition of the arrays—from pure Au to pure Ti, and function-
alized the metals with the same chemistry (fig. S2, C to E). The
obtained fluorescent palette changes gradually from green to red,
according to the variation in the metal composition (fig. S2, F to H).
Overall, these results demonstrate that our ternary process is com-
pletely site selective and insensitive to the geometry of the bimetallic
nanopattern. We must note that our ternary functionalization approach
was demonstrated here on a specific set of ligands. However, because
NTA/Ni-His and biotin-avidin links are very commonly used bio-
conjugation techniques, and the variety of biomolecules that can be
tagged with either biotin or histidine is practically unlimited, our
ternary approach is very versatile and can be used as a general route
to produce multifunctional molecular-scale ligand patterns.
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In addition, we verified that our device could control ligand
arrangement at the single-molecule scale. It is generally hypothesized
that when biomolecules are immobilized onto lithographically
patterned nanofeatures, their occupancy is determined by steric
hindrance (13, 14). Recently, this hypothesis was recently confirmed
experimentally using fluorescence microscopy (22, 42). In our
devices, we functionalized the nanodots with MICA, whose complex
with NKG2D has a footprint of 12 x 12 nm (43), and anti-KIR2DLI,
whose footprint is about 7 x 19 nm (44, 45). Hence, the size of the
fabricated nanodots suits the size of the immobilized molecules, so
that each nanodot hosts, on average, one to two ligand-receptor
complexes. To further confirm this, we immobilized KIR2DL1 and
MICA onto metallic films according to our functionalization protocol
and performed surface plasmon resonance analyses, which showed
that the footprint of both biomolecules is about 200 nm?” each (see
the Supplementary Materials and figs. S3 to S5 for details).

Activation of NK cells

With the demonstrated nanoscale control over the spatial segregation
of different ligands, we could now explore how the segregation be-
tween ligands for NKG2D and KIR2DL1 receptors affects KIR2DL1-
mediated inhibition of NKG2D signaling in NK cells. For this
purpose, we stimulated primary NK cells on arrays of MICA and
anti-KIR2DL1, which were either colocalized or separated by gaps of
20 and 40 nm. We also used three types of control samples: (i) posi-
tive control samples that contained MICA immobilized on a con-
tinuous Au film and should provide optimal conditions for the dense
clustering of NKG2D and thus maximize the activation of NK cells;
(ii) negative control samples that contained a continuous TiO, film
functionalized with anti-KIR2DL1, which was assumed to provide
the optimal condition for the dense clustering of KIR2DL1 within
the cell membrane; and (iii) neutral control samples of glass surface
covered with poly-L-lysine, which enhances cell adhesion but lacks
any specific functionalities for immune stimulation.

We assessed the cytotoxic activity of NK cells by monitoring the
fluorescence intensity of lysosome-associated membrane protein-1
CD107a (Fig. 3A) (46, 47), which is a broadly used marker for the
immune activation of T cells and NK cells (48, 49). In activated NK
cells, lytic granules that contain CD107a move to the immune
synapse, fuse with the cell membrane, and degranulate, thereby
exposing CD107a. In our case, quantifying the expression of CD107a
is the ultimate way to assess the degree of the immune activation of
NK cells because the resulting biological information obtained by
other methods like Western blot or flow cytometry would stem
from cells activated on and outside of the ligand pattern. Figure 3
(B and C) presents representative images of NK cells stimulated on
patterned and control surfaces, showing the expression of CD107a
(white-colored).

As expected, the continuous MICA film provided the optimal
conditions for the immune activation NK cells (Fig. 3B). This
observation mirrors recent studies that used diverse microscale and
nanoscale stimulating platforms to reveal the effect of clustering
and density of activating ligands on the immune response of T cells
and NK cells (20, 21, 50). It is reasonable to assume that the contin-
uous MICA film used in our experiments provides a much higher
amount of MICA ligands than the threshold amount required for
the activation of NK cells; thus, the obtained average CD107a signal
was relatively high. On the other hand, NK cells stimulated on
poly-L-lysine and continuous anti-KIR2DL1 expressed, on average,
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Fig. 3. Impact of molecular-scale spatial control of two extracellular ligands on NK cellimmune response. (A) NK cells stimulated on nanopattern of MICA continuous
MICA film, respectively. The cells were stained with phalloidin for cytoskeleton (red), 4',6-diamidino-2-phenylindole for nucleus (blue), and anti-CD107a (white). Scale bar,
10 um. (B) Average amount of membrane-bound CD107a per cell on ligand patterns (n >60) compared to that of cells stimulated on control surfaces (n > 60). Surfaces
with continuous MICA provided the optimal condition for the activation of NK cells, whereas surfaces with poly-L-lysine and KIR2DL1 did not stimulate significant CD107a
expression owing to the absence of activating ligands. Patterned arrays of MICA and anti-KIR2DL1 produced activation that depended on the gap between the ligands.
(€) Nuclear factor kB (NF-xB) p65 staining (green) of activated NK cells. Scale bar, 5 um. (D) Degree of NF-xB nuclear translocation on ligand patterns (n > 60) compared to
that of cells on control surfaces (n > 30). (E) Interferon-y (IFN-y) release intensity. (F to H) Schemes of the possible mechanisms explaining the observed effect of the gap
between the ligands in NK cell activation: (F) long ligand binds first, precluding binding to the colocalized shorter ligand; (G) short ligand binds first, precluding binding to
the colocalized longer ligands; and (H) both ligands can bind their receptors owing to the spatial segregation. Data are representative of three experiments [means and
SEMin (B), (D), and (E)]. In brackets, n represents the number of imaged regions. The results were considered to be significantly different for P < 0.05. *P < 0.05, ***P < 0.001,

***%p < 0.0001. n.s., not significant.

similar amounts of CD107a, which are almost one-third of that
found for the MICA surface. Specifically, low levels of CD107a
expression by the cells stimulated on the anti-KIR2DL1 surface can
be explained by the lack of any activating functionality rather than by
the presence of anti-KIR2DLI itself. Inhibitory signaling of KIR2DL1
suppresses NKG2D-mediated activation by blocking NKG2D
clustering within the immune synapse (51). Thus, the recognition
of KIR2DL1 itself is unlikely to produce any observable effect on the
immune response of NK cells.

The most intriguing result, however, is the effect of the gap be-
tween anti-KIR2DL1 and MICA on the activation of NK cells. NK
cells stimulated on arrays with colocalized ligands produced, on
average, a CD107a signal that was slightly lower than that obtained
continuous MICA, yet not significantly. This result indicates that
when anti-KIR2DL1 colocalizes with MICA, it cannot produce a
sufficient inhibition of the NKG2D signal. The inhibitory effect,
however, progressively increased with the gap between the two
ligands and became significant for the gap of 40 nm. This result
demonstrates that the nanoscale architecture of activating and
inhibitory ligands can encode the immune response of NK cells.
Regardless of ligand spacing, ligand density is constant for all the
tested activating/inhibitory conditions. Furthermore, the projected
cell areas are very similar on all surfaces, suggesting that cells are
exposed to the same total number of ligands of both types. There-
fore, the observed pronounced effect on the inhibitory-activating
balance in NK cells was obtained solely by altering the nanometric

Toledo etal., Sci. Adv. 2021; 7 : eabc1640 11 June 2021

gap between the two ligands, while keeping all other compositional
and spatial parameters of the cell environment constant.

To further explore the effect of the gap between the ligands on
the inhibition efficiency of KIR2D1, we assessed the degree of
nuclear translocation of nuclear factor kB (NF-«B), which takes part
in the signaling pathway of NKG2D and is used as a marker for NK
cell activation by immunofluorescence via quantification of the p65
nuclear content (52, 53) (please see experimental details in the Sup-
plementary Materials). We stained the p65 unit of NF-kB after
18 hours of stimulation, imaged cells using confocal microscopy
(Fig. 3C), and assessed the average degree of translocation (Fig. 3D)
(53). We observed a similar trend to degranulation in NK cell re-
sponse to the composition and configuration of the stimulating
surfaces: Continuous MICA produced the highest degree of NF-xB
translocation, which was not significantly different from that ob-
tained on the arrays of colocalized activating and inhibitory ligands.
However, the gradual segregation between the ligands significantly
suppressed the translocation down to the level of pure anti-KIR2DLI.
Last, we also checked the functional response of NK cells, by
quantifying the secretion of interferon-y (IFN-y) by enzyme-linked
immunosorbent assay (ELISA) (Fig. 3E). Notably, for ELISA, large
arrays (2 x 2 mm) were fabricated and mounted in a specially
designed microfluidic chamber to ensure that the secreted IFN-y
arose only from the cells on the arrays. Again, we observed a clear
trend, by which cells reduce their activation with the increase in the
gap between the ligands, indicating that the inhibitory function was
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stronger for the largest gap, thereby suppressing NKG2D-mediated
activation of NK cells. Together, the observed trends in CD107a-,
NF-kB-, and IFN-y-based responses, which are consistent, clearly
demonstrate that NK cells sense nanometric variation on the spatial
copositioning of the activating and inhibitory ligands within the
membrane plane.

The observed effect of the ligand segregation onto KIR2DL1-
mediated inhibition is not obvious. We hypothesize that this effect
is related to the difference in the total length of the ligand constructs
(including the ligand molecule and the linker to the nanodots) and
the relative flexibility of the bonds. In our case, the total length of
MICA, including thiol-NTA linking molecules, is about 10 nm, while
the total length of the anti-KIR2DL1 mAb including its biotin-avidin
attachment chemistry on Ti is about 22 nm (see the Supplementary
Materials for the estimation of the ligand length) (43, 44, 54, 55).
For colocalized ligands, this length difference results in a ~12-nm
mismatch between the ligands in the direction perpendicular to
the membrane. Such a mismatch could prevent the simultaneous
engagement of adjacent KIR2DL1 and NKG2D receptors, which could
then explain how KIR2DL1 mediated inhibition is impeded (11).

More specific analysis of the effect of the gap between the ligands
on the inhibition in our system must take into account that unbound
receptors preferentially bind at the sites at which similarly sized
ligand-receptor bonds have been already formed (56, 57). Here, two
scenarios are possible for an isolated pair of colocalized activating
and inhibitory receptors with a length mismatch. By the first scenario,
the shorter activating ligand binds first to its receptor (Fig. 3F). This
binding produces a localized proximity between the surface and
the cell membrane, leaving no physical space for the binding of
inhibitory receptor, which will be excluded from the site of the two
colocalized ligands. By the second scenario (Fig. 3G), the longer in-
hibitory ligand binds first to its ligand. Then, the sequential binding
of an activating receptor to the adjacent shorter activating ligand
would be impeded by the large vertical gap formed by the inhibitory
ligand-receptor pair. The inhibition mechanism of KIR2DL1 involves
its binding to its ligand, followed by the dephosphorylation of two
tyrosines within a tyrosine-based inhibitory motif, and recruit-
ment and activation of Src homology region 2 domain-containing
phosphatase-1 (SHP-1) that then dephosphorylates activating re-
ceptors and its proximal signaling molecules (58). Thus, KIR2DL1
ligation alone, without engaged activating receptors within the
reach distance of SHP-1, does not produce any inhibitory effect.
Because the initial binding is stochastic, both scenarios are likely
to occur simultaneously, resulting in overall activating signaling. In
the third scenario, at which the ligands are segregated, the above-
described physical constraints for the simultaneous binding of
both receptors are loosened because of the membrane flexibility
(Fig. 3H). In such a case, inhibition of NKG2D signaling by its
proximal KIR2DLI is allowed.

Modeling of ligand-receptor interactions

To verify our hypothesis, we adapted the recently developed model
that quantitatively captures interaction rates of ligand-receptor pairs
embedded in membranes (see section S9 for details) (59). This model
is particularly suitable here because no direct involvement of the
cytoskeleton is expected in the formation or dissociation of KIR2DL1-
anti-KIR2DL1 and NKG2D-MICA complexes. Accordingly, we
mathematically represented each bond as a fluctuating flexible spring
with a defined experimental rest length and stiffness. Consequently,
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we calculated the affinity of the long bond from its binding and dis-
sociation rates in the presence of the shorter bond (Fig. 4, A to C),
and vice versa (Fig. 4, D and E). Notably, the rates themselves are
obtained from the convolution of the membrane gap-dependent
distribution of positional probabilities with Bell-Dembo-like kinetics
(60) (the dissociation rate is dependent on the force acting on the
bond, while the binding rate reflects the energy stored in the bond).
In the case of an isolated pair, consisting of one short (activating)
and one long (inhibitory) bond in the membrane, these rates show
a nonmonotonous behavior, and both bonds in the pair are stabi-
lized relative to the lone bond. Furthermore, there is an optimum
distance of about half of the membrane correlation length, at which
each receptor has the highest binding rate and affinity for its cognate
ligand. This phenomenon stems from the fact that the bonds are of
different lengths and is further promoted by the difference in bond
flexibilities. Membrane correlation length is of the order of 100 nm;
thus, the modeled optimal spacing precisely fits the experimentally
observed gap of 40 nm between the ligands (32), at which the inhib-
itory effect on the stimulation of NK cells was significant.

To verify whether this sensitivity to both the mechanical properties
of the membrane and to length mismatch persists in geometry of
2D arrays of immobilized ligands, we performed effective Monte
Carlo simulations (see section S10 for details) (59, 61). Specifically,
the experimental patterns are first reproduced in our in silico model
of the substrate, with respect to both the lateral distribution and the
size of the ligand constructs. Next, the NK cell mimic is allowed to
hover over the patterned substrate and spontaneously make and
break KIR2DL1-anti-KIR2DL1 and NKG2D-MICA in the contact
area with the substrate, using the same rates as discussed above. The
number of formed bonds is recorded as a function of time and the
system is allowed to propagate until the steady state is achieved, and
the average number of formed bonds is reported (Fig. 4F). Notably,
we find that similar to the two-bond case, at equilibrium, the total
number of bonds increases when the gap between the nanodots on
the pattern is widened within the range observed experimentally
(Fig. 4G). More specifically, the number of short bonds increases
with ligand spacing while the number of long bonds is barely affected
(Fig. 4, G to I). Last, it should be noted that calculations here were
made for anti-KIR2DLI attached to the nanodot via a biotinylated
Fc fragment, whereas immunoglobulin G has multiple residues
available for chemical biotinylation (62). However, when the vari-
ability in the biotin position was considered in the calculations, it
did not affect the overall trend of the bond affinity versus ligand
gap, but only reduced the value of the horizontal gap at which the
affinity peaks by ~0.1 to 0.2 of the membrane correlation length (see
the Supplementary Materials and fig. S10).

DISCUSSION

Lymphocyte activation is controlled by numerous receptors, whose
spatial arrangement with respect to each other has been hypothesized
to depend on their matching sizes: Similarly sized ligand-receptor
complexes come in close proximity, whereas differently sized ones
remain spatially separated (63-65) This size-dependent separation
is the basis of the kinetic segregation model for T cell activation, by
which large molecules of tyrosine phosphatase CD45 are spatially
excluded from relatively short TCR-major histocompatibility
complexes (MHC) formed at the T cell-anaphase-promoting
complex (APC) interface, thereby diminishing CD45-mediated
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Fig. 4. Modeling the interaction of an NK cell with a substrate with immobilized ligands for KIR2DL1 and NKG2D. (A to C) Affinity, binding, and unbinding reaction
rates of the long bond close to the short bond as a function of the gap between ligands normalized to membrane correlation length. (D and E) Affinity and binding rates
of the short bond as a function of a distance (normalized to the membrane correlation length which is about 100 nm) from the existent long bond. Inset in (E): Dissociation
rate of the long bond in the presence of the short bond. (F) Concentration of total number of bonds for different gap sizes, showing a clear increase in their numbers when
the gap is wider. The error bars signify the variance in the total number of bonds in equilibrium and are calculated from the concentration-time curve (taking equilibrium
state). (G to I) Characteristic snapshots of a small segment between the membrane and the patterned substrate are shown for a gap of (G) 5 nm, (H) 20 nm, and (I) 40 nm.

dephosphorylation of TCR-MHC, and producing downstream
signaling that lastly leads to the activation of T cells (66). The
hypothesis that the size mismatch between TCR and CD45 causes
their segregation upon TCR engagement, and the subsequent de-
crease in TCR-MHC dephosphorylation, was directly confirmed
using several artificial model systems for T cell stimulation. For ex-
ample, nanofabricated monoligand patterns were used to demon-
strate that MHC ligands positioned on nanoparticles within the
supported bilayer do not allow TCR association with the diffusing
CD45, while MHC ligands elevated on etched nanopillars increased
the spacing between the bound membranes and allowed the associ-
ation of CD45 and TCR, thereby affecting the phosphorylation of the
TCR, and modulating T cell immune response (19). Also, a T cell
mimicking model based on membrane vesicles was used to show
that large CD45 isoforms were excluded more rapidly from the
TCR-MHC complex than smaller counterparts, directly indicating
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the crucial role of CD45 size in this exclusion (67). Furthermore,
elongation of TCR ligands (8) and shortening of CD45 ectodomain
(9) were both shown to suppress TCR engagement.

Similar to T cells, the immune function of NK cells is regulated
by multiple receptors with different functionalities—activating,
costimulatory, and inhibitory—whose delicate signaling balance
determines the immune response of NK cells. Although receptor
clustering in NK cells has been less studied than for T cells, it would
be reasonable to presume that the association or segregation of two
different receptors in NK cells is regulated by spatial exclusion: Two
receptors will spatially associate only if the sizes of their complex
with their cognate ligands match and segregate if the sizes are dif-
ferent, similarly to how TCR-MHC and CD45 in T cells do. It was
previously shown that varying ectodomain size of either MICA or
KIR2DL1 ligand HLA-C could greatly affect the inhibition of NK
cells: Differently sized ectodomains of MICA and HLA-C produced

7 of 11

T20Z ‘TS Jequiesa Uo o1n0xs0g Blpny 1 isu| 1 B10°8ous 105 MMM//:SAdNY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

segregation between the two ligands, resulting in a reduction
of KIR2DL1 mediated inhibition, while matched ectodomain
lengths, regardless of their absolute size, produced colocalization of
the two ligands and thus induced an effective inhibition (11). Still,
this study on NK cells, as well as previously mentioned studies on
T cells, predicts that when two size-mismatched ligands are brought
together, they cannot both bind their receptors simultaneously,
which hampers their signal integration. However, this prediction
could not be directly examined in those studies because they could
not control the lateral position of the ligands within the membrane
plane and, therefore, could not produce a scenario in which differ-
ently sized ligands are controllably brought together within the cell
membrane. In our work, on the contrary, both the size mismatch and
lateral mismatch were deterministically controlled, via the size of
molecules and the spacing between the nanodots, respectively. In
this way, we completely and precisely realized the scenario of
bringing together two unevenly sized ligands and provided the full
and exact experimental confirmation that this scenario hampers signal
integration between the two receptors. Furthermore, we also showed
that the constraints imposed by this scenario on signal integration
can be relieved if the ligands are controllably spaced apart, allowing
an effective inhibition, at least when the spacing between ligands
stays within a few tens of nanometers. Last, we provided theoretical
support for this demonstration based on the modeling of the mem-
brane and receptor conformation. Thus, our work clearly confirms
that the high level of proximity of inhibitory and activating ligand-
receptor complexes, or tightly packed segregated clusters, could be
deleterious to inhibitory signaling in the case where there is a mismatch
in the size of the ligands. Our results furthermore point to the impor-
tant aspect of biomechanical optimization of the membrane and the
protein design in NK cells, in the context of length and stiffness.

While our model is based on functional and signaling assays of
NK cells, a follow-up study should directly verify it, for example, by
imaging of KIR2DL1. For this purpose, KIR2DL1 can be fused with
a fluorescent protein (68), and its recruitment to ligand pairs with
various spacing can be imaged by super-resolution microscopy.
According to our model, the recruitment of KIR2DL1 should be
inversely proportional to the spacing between the ligands and will
be minimal for the ligands with zero spacing.

We also cannot exclude the idea that the spatial manipulation of
two ligands could affect the recruitment of tyrosine phosphatases
SHP-1 and SHP-2, which are key players in the inhibition mecha-
nism in NK cells. SHP-1 and SHP-2 are recruited by KIR-family
inhibitory receptors, and this recruitment causes tyrosine dephos-
phorylation of activating receptors such as 2B4, NKG2D, and their
costimulatory receptors (58, 69). Whether this mechanism requires
the physical recruitment of SHP-1 and SHP-2 between the activating
and inhibitory receptors is unclear. If this is the case, colocalizing
MICA and anti-KIR2DL1 by their immobilization onto overlapped
nanodots (with a zero gap) could prevent the recruitment of SHP-1
and SHP-2 in the interstice between the two receptors, which might
be needed for the effective tyrosine phosphorylation of NKG2D. It
remains uncertain, however, if a ligand spacing of a few tens of nano-
meters, as in our most potent inhibitory system, can impede the
association between NKG2D and KIR2DL1. Given that the successful
regulation of NK cell activation has been observed in segregated
domains, the role of the direct interactions between NKG2D and
KIR2DL, and its impact on KIR2DL1 inhibition, remains an open
question. To address it, our follow-up work will include fluorescence
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staining of SHP-1 (70). This will shed light on whether and how the
effect of ligand spacing on the inhibition is related to phosphatase
recruitment.

Besides the explanation based on the size consideration, an addi-
tional view can be considered, based on the scanning electron
microscopy (SEM) images of NK cells stimulated on the nanoarrays
(Fig. 1, D and E). It can be seen in these images that the adhesion
between the cells and the surface is poor and that the contact be-
tween the cells contacts the surface through thin projections with a
tip radius on the order of 40 nm called microvilli, at whose tips the
activating receptors are concentrated (71). In this case, the larger
link to the inhibitory receptors may interact with the preset geometry
of the projection to systematically push the inhibitory receptor
toward the shaft of the projection due to the longer tether and away
from the activating receptor. On the basis of simple geometric
considerations, this view might be even more deterministic in gen-
erating the observed outcome.

In summary, we demonstrated here that controlling the juxta-
position of activating and inhibitory ligands either on the axis per-
pendicular to the membrane plane or within the membrane plane,
individually or in combination with each other, provides a powerful
means to regulate the functional cross-talk in NK cell activation.
We trace the potential origins of this behavior in the biomechanical
optimization of the receptor-ligand constructs and the membrane.
This exquisite control is only possible by a precise lateral fixation of
ligands, which was allowed by our novel lithographic approach com-
bined with unprecedented site specificity of ligand immobilization
into three distinct functionalities. The observed effect of the gap be-
tween the two ligands stems from the size difference of ligands, but
it is only the tip of the iceberg of what seems to be a complex inter-
play between the size of the ligands, their spatial arrangement within
the membrane, and membrane fluctuations, and this interplay will
be further explored in our follow-up works. In particular, to mimic
physiological conditions, in which KIR2DL1 and NKG2D complexes
with their ligands are of similar size (~15 nm) (72, 73), and remove
the physical barrier for simultaneous formation of colocalized acti-
vating and inhibitory complexes, equally sized linker ligands should
be used. For this, anti-KIR2DL1 can be replaced with a smaller
HLA-C2 ligand. We should note that we used this particular type
of anti-KIR2DL1 because of its high specificity to KIR2DL1 (41),
whereas its HLA-C2 ligand also recognizes the activating receptor
KIR2DS1 whose ectodomain is almost identical to that of KIR2DL1
(74). Notwithstanding the above, replacing anti-KIR2DL1 with
HLA-C2 will be done in the follow-up experiments to study whether
and how this replacement can affect the observed dependence of
NK cell inhibition on the ligand arrangement. Last, the fact that the
affinity of the interaction between KIR2DLL1 to its antibody is likely
higher than that of HLA-C2 should be also considered, and the
effect of the different affinities should be examined in follow-up
work. Specifically, we will extend this study to two more balanced
platforms for NK cell stimulation: one combining activating and
inhibitory antibodies, both with large size and high affinity, and
another combining two natural ligands (MICA and HLA-C2), both
with a smaller size and relatively low affinity.

Future platforms should also include variable surface stiffness
because it was recently shown that NK cells are mechanosensitive
and apply forces to probe the mechanical properties of their environ-
ment (75, 76). In addition to the specific case study of the inhibitory-
activating signal integration in NK cells, the nanotechnological
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platform supported by the theoretical insights allows broad studies
of the role of spatial coordination of different signaling molecules in
their functional interplay. Such an interplay could be important for
the activation of other immune cells, such as T cells and B cells,
whose signaling mechanism is yet to be fully understood. Beyond
the fundamental insights into immune cell regulation, our approach
could be useful in the more applied context of immunotherapy.
One example could involve systems based on dual activating and
inhibitory chimeric antigen receptor (aCAR:iCAR) (77), whose
efficient delivery requires the optimization of a combination of
multiple ligated receptors. The work presented here establishes a
reliable methodology for comprehensively addressing various
systems, in which the integration of multiple signals from multiple
receptors needs to be identified and optimized.

MATERIALS AND METHODS
Detailed experimental protocols are provided in the Supplementary
Materials.

Preparation of the bimetallic nanodot arrays

A nanoimprint mold was prepared by electron beam lithography of
hydrogen silesquioxane consisting of an orthogonal array of ~20-nm
features separated by 200 nm. Thermal resist was imprinted onto
silicon substrates, covered by a titanium mask using angle evapora-
tion, and etched with oxygen plasma. Ti/Au (1 nm/5 nm) and Ti/Cr
(5 nm/3 nm) were sequentially evaporated at two opposite angles to
produce arrays of nanodot heterodimers after liftoff.

Ternary biofunctionalization of nanodot arrays

The Si background of the fabricated arrays was passivated by
immersing the samples in a toluene solution PEG-silane and catalytic
amount of acetic acid. Then, the Cr protection layer was etched in
commercial Cr etchant. Oxidized Ti was biotinylated by immersing
samples in a solution of carboxyl terminated alkyl phosphonic acid
followed by baking and the subsequent attachment biotin terminated
amino-PEG. Au was functionalized by the reaction in an ethanolic
solution of nitrilotriacetic-terminated alkyl thiol, followed by Ni**
chelation. The biotin moieties on Ti were modified with green
fluorescent-labeled NeutrAvidin. The samples were then successively
immersed in solutions containing biotin 0-KIR2DL1 and His-MICA.
For cell studies, freshly prepared samples were used as is. To con-
firm the selective attachment of MICA by fluorescence, the surfaces
were first incubated overnight in a-MICA, followed by a red
fluorescent secondary antibody. Last, surfaces were mounted and
imaged with a fluorescence microscope.

Primary NK cell purification

Primary NK cells were purified from peripheral blood of healthy,
adult, volunteer donors, recruited by written informed consent, as
approved by the Institutional Review Board Ben-Gurion University
of the Negev. The primary NK cells were used between week 1 and
week 3 after isolation.

NK cell degranulation

For CD107a-mediated evaluation of degranulation, cultured NK cells
were seeded onto the surfaces in interleukin-2 (IL-2) poor growth
medium containing APC a-CD10a and left to adhere for 3 to
4 hours. After fixing the adherent cells with paraformaldehyde, their
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cytoskeleton was stained with Alexa Fluor 555 phalloidin without
permeabilization to maintain the integrity of the cell membrane. Last,
the nuclei were stained by mounting the samples with a mounting
medium containing 4',6-diamidino-2-phenylindole (DAPI).

NF-xB activation

To examine NF-xB p65 nuclear content, NK cells were seeded onto
the surfaces in IL-2 poor growth medium for 18 to 24 hours (50 U
of IL-2 compared to 300 U when cultured). Cells were fixed in para-
formaldehyde and briefly permeabilized with a non-ionic surfactant
and ice-cold methanol for 10 min. Cells were then blocked and
incubated with anti-NF-xB p65 subunit, followed by incubation in
an Alexa Fluor 647-labeled secondary antibody and mounting with
DAPI-containing mounting medium.

Microscopy

Characterization of the surfaces as well as NK cell adhesion and
degranulation were performed using a Nikon Ti2e epifluorescence
microscope and quantified using the Fiji imaging software. For
0-CD107a, we quantified the degree of degranulation, and therefore
indirectly the degree of activation, which is proportional to the
intensity of the APC a-CD107a signal. For NF-kB activation, sur-
faces were imaged with a Zeiss LSM 880 confocal microscope and
quantified using the Fiji imaging software. The protocol for the
quantification of NF-xB p65 nuclear content was taken from the
work by others (52, 53), with modifications taken from Le Saux et al.
(78). Similar to the work by others, NF-xB activation is proportional to
the nuclear content of the p65 subunit NF-xB that, in our case, is equal
to the fluorescence intensity ratio of the nuclear region to the total
cell. To ensure consistent results in the quantification of fluorescence
intensity, exposure time and magnification were set on the first im-
aged sample and were then kept unchanged for all the other images.

Interferon-y secretion by NK cells

For IFN-y detection, cultured NK cells were seeded onto the surfaces
in IL-2 poor growth medium for 18 to 24 hours. To ensure that cells
interacted with the nanodot arrays only, custom-made chambers
were designed with wells whose contact area gave access to the
nanodot array only. Following incubation, the supernatant was
collected and the released IFN-y was quantified using a standard
sandwich immunoassay.

Statistics

All biological experiments were performed three times. Thirty to
60 regions were imaged and averaged for quantification. In Fig. 3,
means with SEM are shown. Statistical analysis was performed by
analysis of variance, and Tukey’s multiple comparison post hoc test
was also performed. The results were considered to be significantly
different for P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabc1640/DC1

View/request a protocol for this paper from Bio-protocol.
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