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Abstract



We investigated the role of ligand clustering and density in the activation of nat-
ural killer (NK) cells. To that end, we designed reductionist arrays of nanopatterned
ligands arranged with different cluster geometries and densities, and probed their ef-
fects on NK cell activation. We used these arrays as an artificial microenvironment for
the stimulation of NK cells, and studied the effect of the array geometry on the NK
cell immune response. We found that ligand density significantly regulated NK cell
activation, while ligand clustering only had an impact at a specific density threshold.
We also rationalized these findings by introducing a theoretical membrane fluctuation
model that consider biomechanical feedback between ligand-receptor bonds and the
cell membrane. These findings provide an important insight into NK cell mechanobiol-
ogy, which is fundamentally important and essential for designing immunotherapeutic

strategies targeting cancer.
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Natural killer (NK) cells are the sentinels of our innate immune system and are nowadays
extensively studied due to their growing use in immunotherapy,? including effective can-
cer treatments.®* NK cells recognize pathogens, viral and tumor cells using receptors that
specifically bind ligands expressed by their targets.® The binding of these receptors initiate
cascades of activating, costimulatory, and inhibitory signals, the balance of which determines
whether the target cell will be tolerated or killed by either cytotoxic or lytic mechanism.®®

Activation of NK cells, as well as other lymphocytes such as T cells, involves the formation
of nanometric clusters of receptors® '3 that stabilize the contact between the membrane of the
lymphocyte and the target cell, using membrane-mediated and direct interactions. Clusters,
furthermore, facilitate the spatial exclusion of large phosphatases. The kinase—phosphatase

balance is thus shifted at the receptor cytodomain towards the phosphatase causing lympho-

cyte activation.!® Such exclusion by size promotes equally sized ligand-receptor constructs



to group within a small confinement, further promoting clustering and increasing the number
of formed bonds. 1516

The relation between the ligand spatial arrangement and the lymphocyte activation was
studied using surfaces with controlled ligand positioning. Arrays functionalized with an-
tibodies or their binding fragments were employed to study the activation of T cells, " !9
where the ~10nm nanodot size ensures that about one ligand, on average, occupies single
nanodot, ensuring molecular scale control of the receptor arrangement.?? However, antibod-
ies do not precisely mimic the kinetics of physiological ligand—receptor interaction since the
affinity of the receptor for the antibody is a few orders of magnitude higher than that for the
ligand. Utilizing the fact that, unlike T cells, NK cells are not antigen-specific we studied
the role of the spatial arrangement of activating ligands in the activation of NK cells, using
nanolithographically patterned periodic arrays of ~10nm metallic nanodots functionalized
with activating ligands for NK cells.?! In particular, we found that the activation of NK
cell increased upon increasing the density of ligands, reaching the activation saturation at
the threshold density of ~100ligands/pm?. Furthermore, we later engineered more sophis-
ticated arrays presenting controllably spaced activating and inhibitory ligands for NK cells,
and demonstrated that this spacing regulates the inhibition of NK cell activation and sig-
naling.?? Thereby, we showed that the interplay between the membrane dynamics and the
bio-mechanical properties of activating and inhibitory ligand-receptor constructs determine
the fate of the target cell.

Another indicative finding is that the activation of cells can be associated with changes
in the state of the cell membrane, evidenced by the appearance of strong shape fluctua-
tions on the cell surface.?>?” The increase of membrane fluctuations caused by functional
activity has been reported for all cell types in which this was measured, including red blood
cells, macrophages,?® HeLa cells, epithelial CHO, C2C12, myoblasts,?5 T-lymphocytes,?> fi-

broblasts,?® and others. The reason for this relation lies in the low bending stiffness of the

membrane, which makes membrane fluctuations directly coupled to fast cytoplasmic actin re-



structuring, cytoplasmic flows, and intensive membrane trafficking. All these processes play
a role in NK cell activation. For example, actin flows intensify in activated NK cells.?® Simi-
larly, NKG2D receptor activation induces downstream actin reorganization through DAP10,
Grb2 and, ultimately, VAV1 proteins.? NKG2D activation also relates to the elevation of
intracellular calcium,® which involves an increase of membrane transport. Furthermore,
enhanced dynamics was found in IL-2-activated cells.?! Another relevant example highlight-
ing the importance of membrane fluctuations comes from an explicit demonstration that
the target membrane dynamics determines the NK cell killing mechanisms.?? Finally, mem-
brane dynamics was found to be crucial for the regulation of NKG2D promoted activation,*?
pointing to a relation between the membrane and the ligand-receptor complexation rates.

Actually, binding and unbinding rates are established determinants of signaling. It was
experimentally suggested '*1¢ and theoretically demonstrated? that one receptor more read-
ily binds and rebinds its cognate ligand in the vicinity of another already-formed ligand—
receptor construct. This is induced by membrane-mediated cooperativity that provides ef-
fectively larger affinity of ligand-receptor bonds building the cluster, as compared to lone
bonds.?33* The high on—off rate of the receptor-ligand binding, in turn, can produce the en-
gagement of multiple receptors by one ligand, which makes even one individual ligand enough
to induce substantial activating signaling.3> Furthermore, the intensification of membrane
fluctuations in activated cells was found to increase binding and unbinding rates, as well
as the effective binding affinity of the pair.®6 It is therefore expected that the state of the
membrane couples to receptor clustering.

The research clearly points to a relation between the state of the cell during activation by
the engagement of activating receptors, the change in the state of the membrane, captured
by the intensity of its fluctuations, the receptor binding, and the formation of domains. Nev-
ertheless, it is unknown whether the formation of receptor domains is a mandatory precon-
dition or consequence of signaling and the ensuing activation. By establishing a membrane

fluctuation model (MFM), we hypothesize that the fluctuation-induced coupling between



receptor—ligand constructs acts as a biomechanical feedback loop in the control of activation
through the state of the membrane, a possibility that has not yet been considered.

To separate the effect of bond organization and density, as well as to explore the existence
of the mechanical feedback, we designed reductionist arrays with ligation sites arranged in
distinct clusters and varied their size (i.e. number of sites per cluster). We focused on the
effect of the nanoscale arrangement of MICA ligands that engage NKG2D receptors. Given
that other receptors provide only a limited synergy with NKG2D or are highly dependent

3738 and that adding ligands for these receptors

on the signaling of costimulatory receptors,
would likely produce a screening effect on the role of the MICA arrangement, other receptors,
like 2B4 or LFA-1, were excluded from the study. Consequently, we produced arrays with
three global MICA densities at which the clusters are organized—one associated with the
previously reported threshold, one below, and one above it. We stimulated primary NK cells
on these arrays, and confirmed that the density (hence, the number of formed bonds) is a
major regulator of NK cell activation. Ligand clustering correlated with the activation only
for the threshold density, otherwise having no effect. We develop our MFM to show that
these results can be explained by considering the biomechanical feedback provided by the
membrane. Below the threshold density, number of formed bonds is not sufficient to change
the state of the membrane, and clustering plays no role. High above the threshold, so many
bonds are formed that the signal is saturated, regardless of the cluster size. Around the
threshold, membrane mediated correlations play a role, which demonstrates the importance
of cell biomechanics in the regulation of activation.

The most precise way to arrange the ligands is by their tethering to nanofabricated arrays
of nanodots. 3?4 We fabricated the nanodot arrays on Si wafers using electron beam lithog-
raphy, Au evaporation, and liftoff (Fig. 1). The nanodots are functionalized with his-tagged
MHC class I polypeptide-related sequence A (MICA)—a ligand that binds NKG2D*!—

attaching to a monolayer of thiols terminated with nitrilotriacetic acid (NTA).4? The silicon

background was coated with Poly-L-lysine (PLL) to facilitate cell adhesion (see the Sup-
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Figure 1: Establishing a mimetic system to study the activation of NK cells. (a) Scheme of
NK cell stimulation on a pattern of ligand clusters. (b) Schematic plot of the patterns used
in the experiment. The distance between neighboring nanodots within one cluster is 50 nm.
Clusters form a square lattice with a lattice constant d chosen such that overall density of
nanodots is 40, 100, or 250 dots/pm?. (¢)-(i) SEM images of nanoarray containing different
arrangement of nanodots: (c) single dot, (d) two dots, (e) triangle, (f) square, (g) pentagon,
(h) hexagon, and (i) cluster of 16 dots. On each of the presented images the density is
40 dots/pm? and scale bar is 200 nm long.

porting Information (SI) for details of the fabrication and biofunctionalization process). For
the nanodot size of ~10nm, on average around one ligand was found to tethered to each
nanodot,?® ensuring molecular level control of the receptor positioning.

We designed arrays with various clusters, containing from one nanodot up to 16 lig-
ated nanodots (Fig. 1(c)—(i)). The chosen range of sizes and distributions of the clusters
is based upon the nanoscale clusters formed between MICA ligands and NKG2D receptors
microscopically observed on the NK cell-target interface.3> We used three global densities:
40, 100, and 250 nanodots/pm?, by tuning the spacing between the clusters in each case.
Notably, the global density of 100 nanodots/pm? corresponds to previously found thresh-

2

old activation density in continuous arrays,?! while the densities of 40 nanodots/pm? and
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Figure 2: Effect of patterning on the activation of NK cells. (a) Representative image
of activated NK cells on ligand-functionalized surfaces. Cells were stained with phalloidin
for cytoskeleton (red), DAPI for nuclei (blue) and CD107a (white). Panels (b) and (c)
present the plots of CD107a expression quantified by measuring the fluorescence intensity
of the APC-labeled anti-CD107a, and percentage of CD107a positive cells, respectively.
Each measurement has been done for seven different sizes of the clusters (as denoted on
horizontal axes) and for three different overall densities of ligands (denoted by color—violet
for 40, green for 100, and orange for 250ligands/pm?). The study was conducted using
triplicates in each data set. On average, approximately 80-100 cells per data set in each
singlet were taken. Fight fields of view were taken to achieve a quantifiable number of cells
in each set. The pictograms above the graphs show statistical significance of differences for
selected pairs, calculated with Tukey’s multiple-comparison tests using the GraphPad Prism
software. *p < 0.05, *xp < 0.01, **xp < 0.001, ***x p < 0.0001. Full data for the statistical
significance is presented in Supporting Information in Tables S1 and S2. (d) Percentage of
bound ligands calculated from our theoretical model.



250 nanodots/pim? correspond to continuous arrays for insufficient and saturated activation,
respectively. Additionally, we used three types of controls: (i) Bare Si coated with PLL,
(74) Si/Au functionalized with a continuous layer of non-specific IGG2A as a negative con-
trols, and (i) Si/Au functionalized with a continuous layer of MICA as a positive control.

We isolated primary NK cells from peripheral blood mononuclear cells of a healthy donor,
stimulated them on the fabricated arrays, and studied their cytotoxic response as a function
of the array geometry. As the benchmark of cytotoxicity, we imaged Lysosomal-associated
membrane protein 1 (LAMP1), also called CD107a. During the activation of NK cells,
CD107a is released from lytic granules together with granzymes and perforin, and expressed
on the cell surface, which makes CD107a a broadly used activation marker for NK cells. 2244
Here, we incubated the cells with APC-tagged antibody for CD107a for three hours, fixed
them, stained the cytoskeleton and the nucleus with phalloidin and DAPI, respectively, and
imaged them using a confocal microscope (white signal, Figure 2(a)).

To characterize the sensitivity of NK cell activation to the formation of clusters, we
evaluate the average signal of CD107a per cell for all the probed global densities and cluster
sizes (Figure 2(b)). Furthermore we quantify the percentage of CD107a-positive cells (cells
expressing more CD107a than the average CD107a signal obtained on the negative control)
to emphasize the effect of the array geometry on NK cell activation (Fig. 2(c)). We clearly
see that the global density substantially affects CD107a expression, but the effect of cluster
size is insignificant with 40 and 250 nanodots/pm?. On the contrary, for 100 nanodots/pm?
the activation increases upon increasing cluster size, until it reaches saturation at the clusters
of four dots.

As expected, both negative controls (Si and IGG2A-coated surfaces) induced very low
activation of NK cells. The positive control (MICA-functionalized continuous Au) produced
activation even higher than the saturation level for patterned ligands. This ultra-high activity
is a consequence of the several orders of magnitude higher density of bound receptors for

continuous Au than for our patterned nanoarrays.?!



Taken together, these data suggest that: (i) For the relatively low global density of
ligands, which is significantly below the activation threshold of ~100ligands/pm?, the ac-
tivation is very low due to the insufficient total amount of the ligands available for the
cells, regardless of the way the ligands are clustered. (i7) For the very high global density
of ligands, which is way above the same activation threshold, the activation is very high,
regardless of the way the ligands are clustered. This activation is comparable to that pro-
duced by arrays of closely packed ligands (positive control), suggesting that the trend of
activation vs. ligand density eventually saturates. (74) For the intermediate global density,
around the activation threshold, for evenly distributed ligands their overall amount is too
small to produce a significant activation of NK cells. However, this insufficient amount can
be compensated by grouping the ligands into dense clusters, among which the cluster of four
ligands seems to be around the threshold cluster size for the activation saturation, at least
for the probed global density of 100 ligands/pm?.

To rationalize these results, we construct a bottom—up theoretical Membrane Fluctuation
Model (MFM) for NK cell activation, following the approach that successfully explained the
inhibition of NKG2D signaling in NK cells.??> MFM assumes a linear relation between the
measured expression of CD107a and the density A of ligand-receptor bonds of the cell.
In the stationary state, this density is given by N' = 0 Ko,/ (I_(Off + I_(OH), where p is the
density of ligands, and K,, and K, denote the average binding and unbinding rates of
ligand-receptor pairs within the cluster.

Because the receptors are embedded into the NK cell surface, the binding and unbinding
rates are directly affected by the membrane fluctuation amplitude o and the average position
of the membrane h relative to the patterned surface. When the state of the membrane before
binding is set (by ¢ and h), K, and K.z can be calculated explicitly from first principles (see
SI for details). The assumption here is that the ligand-receptor construct can be represented
by a spring with stiffness A and rest length [y, and that each bond has an intrinsic affinity &y,.

In such a model, it was already shown that the binding rate of an individual bond increases
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Figure 3: The membrane fluctuation model (MFM). (a) Schematic diagram shows the pro-
cesses forming the feedback loop postulated in the MFM, leading to an enhancement of the
activity of natural killer cell. (b) Sigmoid shape of the relation between membrane fluctua-
tions o and the density of ligand-receptor bonds N. For small densities of ligands cell stays
inactive and for large densities it is fully active, regardless of grouping of ligands. Only in the
vicinity of the threshold density Nj, the small increase in cell activity due to the grouping
of ligands is enhanced by the feedback loop mechanism resulting in a strong dependence of
activity on the size of the clusters of ligands.

dramatically upon activation of an immune cell, while the unbinding rate is also enhanced
but to a lesser extent. Hence, the affinity grows significantly, and with it, the density of such
(non-interacting) bonds.*® Clustering, furthermore introduces correlations between bonds
that are within the membrane lateral correlation length.®?? This is also reflected in the
rates and the effective affinity, which are calculated in the SI for the patterns presented in
Fig. 1.

Motivated by the measured logistic relation between bond density and cell activity, we
introduce another important component of MFM-—the mechano-signaling feedback loop
(Fig. 3). Accordingly, forming of the bonds increases the activity of the cell; this pro-
portionally increases the active fluctuations of the membrane (0 active); Which in turn, affects
the rates in a non-linear fashion and promotes the creation of further bindings; ultimately

21,45

amplifying the response of the cell. In agreement with experiments, we assume that the

dependence of 0 ,ive On density of bonds N is sigmoid, which splits the behavior of the sys-
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tem into three distinct regimes: for low densities of bonds (blue region in Fig. 3(b)) there is
practically no activation, for moderate densities the enhancement via the mechano-signaling
feedback loop can take place, and for high densities (red region in Fig. 3(b)) the activity only
slowly growths as the density of bonds increases. The borders between these three regimes
are defined by two parameters of the sigmoid curve: middle point Ay and thickness N, of
the moderate densities region.

The model clearly shows (Fig. 2(d)) that at low densities of ligands, the number of formed
bonds remains insufficient to induce activation. Grouping ligands into clusters slightly in-
creases binding stability within the cluster (Ko, / (Ko + Kon) increases), but the low density
of ligands sustains N insufficient to trigger the feedback and activate the NK cell. This is
consistent with the insensitivity of the data to the patterning at low density.

Around the threshold density, the increase in f(on/ (Koff + f(on) due to stabilization of
binding by clustering becomes sufficient to trigger the feedback mechanism: the activity of
NK cell increases active cell fluctuations of the membrane and promotes further binding.

Finally, above the threshold density, the number of ligands is big enough to pull the
membrane closer to the substrate and make practically all ligands bound to receptors. The
density of bounds is so high that the effect of clustering on the rates diminishes and the
number of formed bonds depends only on the density, in a linear fashion. This also explains
the stronger activation for the positive control compared to activation due to patterned
ligands whose overall density is two orders of magnitude lower.

Such a behaviour is also systmematically seen in Figure 4, which compares the percentage
of CD107a positive cell and the calculated percentage of bound ligands vs. the global density
for each cluster size separately, further emphasizes the dominant effect of the global density
on the ligand-receptor binding, and its correlation with the NK cell activation.

To assess whether the ligand distribution affects NK cell spreading, we measured the
average cell diameter after three hours of stimulation (Fig. 5(a)). The control surfaces

produced a relatively uniform distribution of the cell area within the tested cell population.
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differences for some of the pairs of experimental points has been presented above the graphs
using the same pictograms as on Figure 2.
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killer cells after showing phospho-ZAP-70 after 15 minute stimulation on nanoarrays. Cells
were stained with phalloidin for cytoskeleton (red) and DAPT (blue) for nucleus and phospho-
ZAP-70 (green). (c) Confocal image showing colocalization of phospho-ZAP-70. (d) Plot
of overall amount of phospho-ZAP-70 after 15 minute stimulation. On graphs in panels
(a) and (d) the type of pattern on the substrate (including negative controls bare Si and
IGG2A, and a positive control continuous Au) is denoted on the horizontal axis.
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In contrast, the mean and the variance of cell spread area are quite scattered on arrays. For
a particular pattern type, typically, cells spread the most for the highest ligand density, but
that trend is not systematically preserved, e.g., for square patterns.

The spreading area is, furthermore, often larger for lower rather than for intermediate lig-
and densities. This result is consistent with the assumption that spreading itself is controlled
by activation: At low ligand densities, the cells invest in spreading to increase the number
of formed bonds, and potentially to activate. At intermediate densities, the sensitivity is
optimal, and further spreading would not provide any additional benefit for signaling. At
high densities, adhesive forces overpower active control, inducing large contact areas with
the surface.

To further understand whether the ligand distribution affects early activation stages, we
assessed the amount of phosphorylated ZAP-70. ZAP-70 is an early signaling cytoplasmic
protein tyrosine kinase, which is recruited by activated NKG2D receptors, and whose phos-
phorylation is among the early stages of NKG2D signaling pathways. Here, we stimulated
NK cells for 15 minutes, fixed them, and stained for fluorescently tagged phalloidin and
anti-phospho-ZAP-70 (Fig. 5(b)—(c)). Finally, the overall amount of ZAP-70 is evaluated as
displayed in Fig. 5(d).

We found that the ligands distribution did not produce any significant effect on the
observed ZAP-70 signal. Nevertheless, for the cells stimulated on ligand arrays the observed
amount of ZAP-70 is in the range of measurements for negative and positive controls. The
reason underlying the indifference in ZAP-70 phosphorilation between the arrays of different
densities, while the difference for CD107a was striking is not yet clearly identified. This
might be because the measured amount of CD107a is cumulative, and reflects the overall
amount of degranulated cells over the stimulation time. On the contrary, phosphorylation
of ZAP-70, which is an early signaling event, is not cumulative. Instead, it is capturing a
certain instance in time during the stimulation process (in this case, 15 minutes after the

cell plating), and thus, it does not indicate the overall amount of the phosphorylation events
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that happened throughout the activation. The instantaneous nature of the measurement is
also consistent with large fluctuations in the data.

Finally, we checked to what extent MICA arrangement affects other NK functions, such as
cytokine production. To that end, we incubated NK cells overnight on continuous arrays with
various MICA densities, and tested the release of INF-y by enzyme-linked immunosorbent
assay (ELISA) of the supernatant. Contrary to CD107a, within the range of the global
MICA density probed in this work, we found no effect of MICA arrangement on the release
of INF-v (Fig. S1 in SI). This difference can be explained by the fact that CD107a is a marker
for lytic activity rather than cytokine secretion, and MICA-NKG2D activation of NK cells
efficiently initiate the signaling pathway associated with cytotoxic granules polarization and
degranulation. Other activation signals, such as those mediated by integrin molecules, are
more relevant for NK cell signaling pathway associated with cytokine secretion.6

In summary, we have set out to deconvolve the effect of global density from the distri-
bution of ligand—receptor bonds in the activation of NK cells using nanopatterned surfaces.
In the past, nanodot arrays functionalized with anti-CD3 were used to reveal the role of
antibody density and clustering in the activation of T cells.!”® However, due to striking dif-
ferences between the antibody—receptor and ligand-receptor affinities, the antibody arrange-
ment in these arrays did not affect T cell activation the same way the ligand arrangement
does.

In contrast to those works, we here construct arrays of natural ligands permitting us
to demonstrate that NK cell activation relies on biomechanical feedback: The formation
of ligand-receptor bonds is producing a biochemical signal which activates the cell and
increases the fluctuations of the plasma membrane. This change of state of the membrane
affects the binding rates and promotes the formation of further bonds which, in turn, affects
the state of the cell, until signal saturates. The experimental measurements are qualitatively
explained with the postulated sigmoid relation between the average number of bonds and

the membrane fluctuations. At the threshold density of ~100ligands/pm? this leads to a
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strong dependence of cell activity on the clustering of ligands, and naturally translates to
inter-cluster binding correlations.

While our membrane fluctuation model demonstrates that cells sense the average number
of bonds, a natural question is if the dynamics of ligand-receptor binding and unbinding also
plays a role. Correlations between bonds introduce a range of time scales in the rates, which
could be exploited beyond the currently identified mechanism. Time-resolved experimental
and theoretical analysis of cell activation vs. membrane activation and bond formation would
be required to resolve this issue. This is an important outlook of the current work, which,

as it stands, establishes a link between biomechanical feedback and biochemical signaling.
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e Details of experimental methods and theoretical model (PDF).

e Data for all the plots has been placed at Zenodo (https://doi.org/10.5281/zenodo.

11033490).
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