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Abstract

Stimulatory immune receptor NKG2D binds diverse ligands to elicit
differential anti-tumor and anti-virus immune responses. Two con-
flicting degeneracy recognition models based on static crystal struc-
tures and in-solution binding affinities have been considered for
almost two decades. Whether and how NKG2D recognizes and
discriminates diverse ligands still remain unclear. Using live-cell-
based single-molecule biomechanical assay, we characterized the
in situ binding kinetics of NKG2D interacting with different ligands in
the absence or presence of mechanical force. We found that mechan-
ical force application selectively prolonged NKG2D interaction life-
times with the ligands MICA and MICB, but not with ULBPs, and that
force-strengthened binding is much more pronounced for MICA than
for other ligands. We also integrated steered molecular dynamics
simulations and mutagenesis to reveal force-induced rotational
conformational changes of MICA, involving formation of additional
hydrogen bonds on its binding interface with NKG2D, impeding MICA
dissociation under force. We further provided a kinetic triggering
model to reveal that force-dependent affinity determines NKG2D
ligand discrimination and its downstream NK cell activation.
Together, our results demonstrate that NKG2D has a discrimination
power to recognize different ligands, which depends on selective
mechanical force-induced ligand conformational changes.
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Introduction

NKG2D (natural killer group 2, member D) is a potent stimula-
tory receptor that binds multiple stress-induced ligands to elicit
anti-tumor and anti-virus immune responses of both innate and
adaptive immune cells (Xu et al, 2011; Raulet et al, 2013; Lanier,
2015). Commonly expressed on natural killer (NK) cells, CD8*
apT cells, and y8T cells, human NKG2D associates with DAP10
adaptor at the cellular plasma membrane to eliminate tumorigenic
or virally infected cells upon ligand engagement (Bauer et al,
1999; Wu et al, 1999; Billadeau et al, 2003). On NK cells, NKG2D
is capable of activating perforin-dependent cytotoxicity and cyto-
kine release, such as IFN-y, by overcoming the MHC class I
(MHC-I) molecule-dependent inhibitory signals and by disrupting
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the balance of stimulatory and inhibitory signals (Bauer et al,
1999; Brown et al, 2012).

Human NKG2D ligands, including MIC (the MHC class I chain-
related) family (MICA and MICB) and ULBP (UL16 binding proteins)
family (ULBP1-6), are homologous proteins of MHC-I molecules
(Groh et al, 1996; Cosman et al, 2001). Structurally, other than al
and «2 domains, MICA/MICB contains an «3 domain that ULBPs lack
(Li et al, 2001; Radaev et al, 2001, 2002). In sequence, MICA and
MICB share 83% identical residues in their al and o2 domains (Cos-
man et al, 2001), and ULBP family share only 21-29% identical resi-
dues in ol and o2 domains with the MICs and 38-59% amino acid
sequence identity among each other (Radaev et al, 2001; Robinson
et al, 2009; Muller et al, 2010). Although all of the diverse ligands are
capable of activating NKG2D-mediated signaling, their binding with
NKG2D can activate differential immune functions (Cosman et al,
2001; Sutherland et al, 2002; Dunn et al, 2003; Roy et al, 2008; Balint
et al, 2018; Wang et al, 2020). For instance, they can induce different
levels of ERK/Akt phosphorylation, thus activating different cytotoxic
abilities of NK cells (Cosman et al, 2001; Sutherland et al, 2002; Dunn
et al, 2003). Moreover, MICA can induce a higher level of IFN-y
mRNA expression than ULBP1 (Wang et al, 2020). Balint et al (2018)
have also reported that distinct NKG2D ligands are not equivalent in
their abilities to reorganize IL-15 receptors at the nanoscale and to
elicit distinct cortical actin remodeling and degranulation. ULBP1, but
not other NKG2D ligands, on the target cell is able to trigger the lysis
of regulatory T cells in the immune response to an intracellular
pathogen (Roy et al, 2008). Moreover, MIC family molecules are
more frequently and abundantly expressed on the surface of tumor
cells (Dhar & Wu, 2018). Their expressions are better than ULBPs’ to
correlate with overall survival of tumor patients. For instance, inhibi-
tion of MICA/B or high expression of ULBP2/4 has been reported as
indicators for poor prognosis in hepatocellular carcinoma or ovarian
cancer (Li et al, 2009; McGilvray et al, 2010; Fang et al, 2014). Alto-
gether, these distinct biological functions of these NKG2D ligands
suggest that NKG2D is capable of recognizing and discriminating dif-
ferent ligands to elicit differential immune functions.

Crystal structures and in-solution biochemical binding analysis of
NKG2D interacting with different ligands suggest an extreme degener-
acy for NKG2D ligand recognition (Radaev et al, 2001, 2002; McFar-
land & Strong, 2003; McFarland et al, 2003). That is, a single binding
surface on the NKG2D can bind distinct surfaces of divergent ligands
(Radaev et al, 2001, 2002; Strong, 2002; McFarland & Strong, 2003;
McFarland et al, 2003). Two recognition models have been proposed
for NKG2D to explain the degeneracy almost two decades ago. One is
the “induced-fit” model, supported by the complementary interface
formed by asymmetric orientation between NKG2D and ligands and
by the conformational plasticity of NKG2D upon ligand binding
(Radaev et al, 2001, 2002). The other one is the “rigid adaptation”
model, supported by thermodynamic analysis that reveals rapid associ-
ation rate of NKG2D ligand binding governed by entropy rather than
enthalpy (McFarland & Strong, 2003; McFarland et al, 2003). But both
recognition models are being challenged. For example, since the unli-
ganded human NKG2D structure was released, the structural flexibility
revealed by the comparison between ligand-bound NKG2D (human)
and free NKG2D (murine) structures to support the “induced-fit”
model (Margulies, 2003; McFarland et al, 2003) seems to play a minor
role in NKG2D ligand recognition. On the other hand, the “rigid adap-
tion model” cannot well explain the conformational changes of the
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peripheral amino acid residues of MICA and MICB in the structure
complexes with NKG2D (Margulies, 2003; McFarland & Strong, 2003).

Moreover, both degeneration models cannot correctly reflect dif-
ferent functions of NKG2D in recognizing different ligands, leading us
to hypothesize that NKG2D may be able to discriminate these dif-
ferent ligands to elicit different immune cell functions. If so, struc-
turally how does NKG2D achieve this recognition capability, as it is
structurally very different from T-cell receptors and its ligands are
also unlike pMHCs that can load different peptides (Gee et al, 2018;
Wu et al, 2019). In physiological and pathological conditions, NK
cells, the same as other immune cells, are under highly dynamic
physical contact with target cells, and thereby, mechanical loading is
inevitably exerted on their receptors (e.g., NKG2D)/ligand bonds. For
example, to search for ligands on target cells, NK cells highly dynami-
cally patrol in tissues and interact with target cells, exerting traction
forces on the molecular complex of immune receptors (e.g., NKG2D)
binding with their ligands (Deguine et al, 2010; Brown et al, 2011,
2012; Le Saux et al, 2019). Other than the cell migration, membrane
bending upon cell-cell contact could also generate mechanical force
on receptor/ligand bonds (Zhu et al, 2019; Zhang et al, 2021). It has
also been reported that the stiffnesses of normal and tumor tissues
are quite different, which significantly impacts immune cells activa-
tion (Eagle et al, 2009; Tian et al, 2015; Basu et al, 2016). For exam-
ple, the softness of tumor cells can prevent cytotoxic immune cell
killing (Liu et al, 2021), and the stiffening of tumor cells can enhance
the immune cell’s killing sensitivity (Tello-Lafoz et al, 2021). Actu-
ally, NK cells have been shown to apply at least 10 pN force to MICA
functionalized nanowires through NKG2D receptor and convert
mechanical stimulation into biochemical signals (Billadeau et al,
2003; Le Saux et al, 2019). Altogether, considering that NKG2D ligand
discrimination proceeds in a very dynamic and mechanical microen-
vironment, which is absent in biochemical in-solution analysis of
recombinant soluble ligand binding with soluble NKG2D ectodomains
(Eleme et al, 2004; Brown et al, 2011, 2012), we thus propose that
NGK2D might use mechanical force to fulfill its ligand discrimination
function through mechanical regulation of binding kinetics of NKG2D
interacting with different ligands.

In this work, we thereby applied single-molecule biomechanical
assay to characterize in situ mechanical force-dependent binding
kinetics of NKG2D interacting with its ligands to reveal the ligand
discrimination capability of NKG2D. Integrated with molecular
dynamic simulation and mutagenesis-based binding and functional
assay, we revealed that mechanical force allosterically induced
MICA conformational changes to selectively prolong NKG2D bond
lifetimes with its different ligand under force, which perfectly corre-
lated with the potency of these ligands in stimulating NKG2D-
mediated NK cells. Our results demonstrate that NKG2D, fostered
by mechanical force, is capable of discriminating different ligands to
elicit differed NK cell activation.

Results

Characterization of in situ force-free kinetics of NKG2D
interacting with different ligands

We firstly measured the in situ force-free kinetics of NKG2D binding
with various ligands by wusing micropipette-based single-cell
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Figure 1. Characterization of in situ force-free kinetics of NKG2D interacting with different ligands and comparison with in-solution affinities.

A Diagrammatic sketch of in situ binding kinetic assay and functionalization of RBC.

B Representative adhesion frequency (P,) versus contact duration (t.) curves for NKG2D expressing NK cells (n > 3) in contact with RBCs (n > 3) coated with a ligand
(MICA in red, MICB in orange, ULBP1 in green, or ULBP3 in blue) at different contact durations, fitted by a non-linear in situ binding-kinetic model (Huang et al,

2010). Site densities of NKG2D (m,) and its ligands (m) are indicated.

obtained from fittings with an in situ binding-kinetic model in (B).

In situ force-free affinities (C), on-rates (D), and off-rates (E) of NKG2D binding with indicated ligands from mammalian cells. The in situ force-free kinetics were

B Detection range comparison in affinity measurement of NKG2D and indicated ligands between in situ and in-solution assay. Bars in different colors are the ratios of

the affinities of indicated ligands divided by that of ULBP1.

Data information: In-solution affinities of proteins purified from E. coli were from previous study (McFarland & Strong, 2003). In-solution affinities of proteins purified
from mammalian cells were measured by BLI (Fig EV2A-G). Every dot in (C-E) represents one independent binding experiment. Error bars in (B-E) are mean + SEM for at
least three independent biological experiments where *P < 0.05, **P < 0.01 (two-tailed unpaired t-test).

Source data are available online for this figure.

adhesion frequency assay (Chen et al, 2008; Huang et al, 2010; Hu
et al, 2019) (Figs 1A and B and EV1A-H). We found that the effec-
tive in situ affinities (A.K,) (Fig 1C) of NKG2D binding with dif-
ferent ligands (MICA, MICB, and ULBP1) spanned an order of
magnitude from 107> to 107> um*. Comparing NKG2D’s in situ bind-
ing affinities with different ligands, we found that NKG2D/MICA
binding affinity (1.72 x 10~ ym*) was about 10 times higher than

© 2021 The Authors

those of NKG2D’s binding with either ULBP1 (1.39 x 1074 pm4) or
ULBP3 (1.98 x 10™* pm?*) but similar with NKG2D/MICBs
(3.00 x 10~ pm*) (Fig 1C). Compared with the effective in situ on-
rates, both MICA and MICB exhibited about twenty times faster on-
rates (8.53 x 10~ pm?*s™', 7.86 x 10~ ym*s™!) in associating with
NKG2D in situ than both ULBP1 (4.35 x 10~ pm?s™') and ULBP3
(6.07 x 10™* pm*s™") (Fig 1D). In contrast, we did not observe
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significant differences among in situ force-free off-rates of these four
ligands dissociating from NKG2D (Fig 1E). But the off-rate for MICA
(4.36 s71) is almost 200 times faster than reported in-solution off-
rate (0.023 s7!) (McFarland & Strong, 2003). Moreover, the dif-
ference of in-solution affinities of NKG2D binding with these three
ligands, either measured by SPR using E. coli-derived proteins
(McFarland & Strong, 2003) or measured by Bio-Layer Interferome-
try (BLI) experiments using mammalian-derived proteins (Fig EV1I-
0), is less than two folds, while in situ binding affinities are much
broader (over 20 folds), suggesting that they are more powerful to
differentiate NKG2D ligand’s binding strength (Fig 1F). Taken
together, these data provide a characterization of in situ force-free
kinetics for NKG2D interacting with different ligands, demonstrating
much stronger binding kinetics of MICA and MICB interacting with
NKG2D than ULBP family members, which are sensitive kinetic
indicators for NKG2D ligand discrimination.

Correlation analysis of NK cell functions with in situ kinetics of
NKG2D/ligand binding

Having characterized the in situ kinetics of NKG2D interacting with
four different ligands, we next examined how these in situ binding
kinetics correlated with their activation potencies in stimulating

Juan Fan et al

NKG2D-dependent cytokine secretion from NK cells. We plated
human NK cells on the substrate coated with one of three ligands
(MICA, MICB, and ULBP3), collected the supernatants and quanti-
fied secreted IFN-y with CBA assays (See methods). We found that
all three immobilized NKG2D ligands were able to stimulate NK
cells to secrete IFN-y (Fig 2A and B), or to increase degranulation
(Fig EV2A, C and E) and ERK phosphorylation (Fig EV2B, D and F),
but soluble forms of these ligands failed to do so (Fig EV2G), indi-
cating that immobilized ligands with physical anchoring to the
substrate were more potent in activating NKG2D-mediated NK func-
tions. As physical anchoring results in loading mechanical force to
the receptor-ligand bond, these data further suggest that mechanical
force may enhance receptor-ligand binding and its resulted activa-
tion of immune cells (Le Saux et al, 2019).

We next characterized the activation potencies of these ligands
by quantifying half-maximal secretion of IFN-y (ECso) from NK cells
stimulated by different ligands (See methods) (Fig 2C). Our results
demonstrated that MICA (ECso = 22.68 + 0.74 nM) had a stronger
ability to stimulate NK cell functions than MICB (ECsq = 44.4
+ 1.84 nM) and ULBP3 (ECso = 92.49 + 3.02 nM), consistent with
previous reports that MICA induced stronger NKG2D’s downstream
signaling than MICB and ULBP3 (Sutherland et al, 2002). Moreover,
we found a moderate positive correlation of 1/ECsy with both in situ
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Figure 2. Correlation analysis of NK cell functions with in situ force-free kinetics of NKG2D binding with ligands.

k. at0pN (s)

A-C Schematic diagram (A) of IFN-y release assay and IFN-y production (B) by human peripheral NK cells stimulated with plate-coated NKG2D ligands (MICA in red,
MICB in green and ULBP3 in blue) assessed by Cytometric Bead Array, of which are their half-maximal effective concentration (ECsg) (C).
D-F Plots of reciprocals of ECso versus the effective in situ affinities (AK,) (D), the effective in situ on-rate (AcKon) (E) and in situ off-rate (kos) (F).

Data information: The IFN-y release assay in (B) was one representative experiment of three total independent experiments. Data points in (B) and bars in (C) represent
mean values. Error bars in (B) and (C) represent mean & SEM. ***P < 0.001, ****P < 0.0001 (two-tailed unpaired t-test).
Source data are available online for this figure.
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effective binding affinity (A.K,, r = 0.374) and in situ effective asso-
ciation rate (AcKon, = 0.816) (Fig 2D and E) and a strong positive
correlation of 1/ECso with the force-free in situ off-rate (Fig 2F),
which should be negative. We further found that in-solution binding
affinities were also not well correlated with these ligands’ potency.
Together, these correlation analyses indicate that in situ affinities or
association rates but not in situ or in-solution force-free off-rates are
better indicators to reflect ligand potency in stimulating NK cells.

Mechanical force differentially regulates NKG2D’s ligand
dissociation and discrimination

We next examined whether and how mechanical force regulates the
dissociation kinetics of NKG2D interacting with those ligands and
whether they correlated better with their functional potencies. We
applied single-molecule biomechanical apparatus (biomembrane
force probe, BFP) (Chen et al, 2008; Liu et al, 2014; An et al, 2020)
(Fig EV3) to measure the force-dependent bond lifetimes of NKG2D
and ligands interactions without changing the force loading rate
(Figs 3A-D, and EV3I-N, and Movies EV1 and EV2). We assessed the
bond lifetimes of NKG2D respectively interacting with MICA, MICB,
ULBP1, and ULBP3 at 5 pN, 10 pN, and 15 pN (Figs 3E and EV3H),
and found that force differentially prolonged bond lifetimes of NKG2D
interacting with different ligands. NKG2D binding with MICA at 10
pN has the longest bond lifetime, much longer than those of MICB,
ULBP1, and ULBP3 (Fig 3E and F). We further investigated the bond
lifetimes of NKG2D interacting with different ligands under the full
force spectrum (Fig 3F). We revealed that MICA was the most
responsive ligand to mechanical force and had the longest peak bond
lifetime (0.975 4+ 0.081s) with NKG2D at optimal force (10 pN)
compared with MICB (0.317 + 0.029s at 10 pN), ULBP1
(0.144 £ 0.023s at 6 pN), and ULBP3 (0.115 =+ 0.016s at 8 pN) (Fig 3
F). That is, compared with other ligands, MICA exhibits the most
pronounced “catch-slip” translational bond interacting with NKG2D
(Fig 3F), indicating that mechanical force differentially regulates the
NKG2D/ligand dissociation, which potentially enhances the discrimi-
nation power of NKG2D to precisely recognize different ligands.

To investigate this speculation, we then further analyzed the dif-
ferences in bond lifetimes of NKG2D interacting with four different
ligands. The ratios of NKG2D-MICA bond lifetimes to those of other
ligands are all biphasically dependent on mechanical force applica-
tion with maxima at 10 pN (Fig 3G), indicating that mechanical
force can amplify their differences in ligand dissociation kinetics,
especially at 10 pN force, the ratio for the strongest (MICA) to the
weakest (ULBP3) becomes 8.8-fold, much larger than that (1.45-
fold) at the zero-force (Fig 1E). Thus, mechanical force not only
substantially prolongs the bond lifetimes of NKG2D binding with
ligands in a ligand-dependent manner, but also increases the power
of NKG2D receptor to discriminate these ligands.

Force-induced allosteric regulation of NKG2D’s ligand
dissociation and discrimination

Then, we examined the dynamic structural mechanism of mechani-
cal enhanced binding of NKG2D with its ligands. We performed
SMD (Steered Molecular Dynamics) simulations to detect the confor-
mational changes of MICA or ULBP3 dissociating from NKG2D
under force at the atomistic level. We revealed a dramatic

© 2021 The Authors
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conformational change in MICA but not ULBP3 when mechanical
force was applied to the complex of NKG2D with MICA or ULBP3 at
the force loading rate of both 7 pN/ns and 14 pN/ns (Figs 4A and B,
and EV4A-D, and Movies EV3 and EV4). The force versus extension
curves of NKG2D with MICA or ULBP3 (Fig 4C) showed two interme-
diate states for MICA but not ULBP3. Both intermediate states were
mainly stabilized by force-induced hydrogen bond (H-bond) formation
at the NKG2D-MICA binding interface. This mechanical induction is
activated by the force-induced rotation of MICA ala2 domain when
NKG2D slides along the binding surface toward the a3 domain. Two
loops (loopl: D15-S17, loop2: 180-G86) at al domain of MICA that are
away from NKG2D in crystal structures became closer to NKG2D
along with the conformational change of MICA. Comparing the bind-
ing interfaces between the loops of MICA or ULBP3 and NKG2D in the
presence or absence of force, we found that force-induced H-bond
formation between the side chains of D15, S17, and Q83 of MICA loop
and K186, E183, N177, and T80 of NKG2D respectively (Fig 4A and
D). In comparison, neither loopl (P23-Q27) nor loop2 (E91-S96) of
ULBP3 can be induced by force to form H-bonds with NKG2D (Fig 4B
and E). To investigate the dynamics of these force-induced H-bonds,
we analyzed the changes of distances between residues D15, S17,
Q83, and their respective interacting residues in NKG2D over time
under force (Fig 4F). The results clearly show that the distances
between residues D15, S17, Q83, and their respective interacting resi-
dues in NKG2D fluctuate during the force loading phase, but become
closer enough to form H-bonds in the late stage of simulations (Fig 4
F). Collectively, these data suggest that the force-induced H-bonds
likely affect the NKG2D-MICA bond lifetimes under force.

To test this hypothesis, we next performed site-mutagenesis and
single-molecule BFP experiments to verify the influence of force-
induced H-bonds on force-dependent NKG2D/MICA binding. We
substituted D15, S17 and Q83 of MICA with alanine or threonine
(MICA 3A and MICA TAT mutants) and quantified their force-
induced H-bonds formation by MD simulations and force-dependent
bond lifetimes using BFP. We found that both 3A and TAT
mutants formed fewer H-bonds with NKG2D under mechanical force
application (Fig EV4E-K) and that impaired NKG2D/MICA bond
lifetimes (Fig 5A) and significantly suppressed NKG2D-mediated
NK cell activation (Fig 5B-E), demonstrating that mechanical
force-strengthened NKG2D/MICA binding is essential for NKG2D-
dependent NK cell activation.

Correlation analysis of in situ force-dependent kinetics of NKG2D
ligand bindings with ligand activation potencies in vitro

We next tried to elucidate the relationships of force-dependent
kinetics with ligand activation potencies. Although only moderate
correlation of force-free in situ binding affinity (Fig 2D and E), after
taking mechanical forces into account, we found that the inverse of
ECso was much better than those of force-free in situ and in-solution
kogt in correlating with in situ force-dependent k. under S pN, 10
pN, and 15 pN forces, as the Pearson coefficients of these correla-
tions were —0.968, —0.898, and —0.945, respectively (Fig 6A-C).
Considering the recognition of NKG2D ligands is initialized with
receptor-ligand association (on-rate limited step) and further regu-
lated by the engagement duration (i.e., off-rate limited step), we
combined in situ on-rate and force-dependent off-rate to define as
force-dependent affinity (AK, (F) = Ackon/kogs (F)) (Fig 6D). We
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Figure 3. Mechanical force differentially regulates NKG2D’s ligand dissociation and discrimination.

A B Schematic diagram (A) and experimental setup (B) of BFP assay to characterize force-dependent dissociation kinetics of NKG2D binding with different ligands.

C  Verification of the binding specificity of NKG2D with different ligands.

D Representative force versus time curve for measuring single NKG2D-ligand bond lifetime.
E, F Force-dependent bond lifetimes of NKG2D and various ligands at 5 pN, 10 pN and 15 pN (E) and full force spectrum (F).
G Ratios of average bond lifetimes for NKG2D/MICA to that of NKG2D and other ligands.

Data information: Every dot in (C) represents the adhesion frequency of one cell-bead pair and the experimental data came from at least two to three repeated trials.
Bond lifetimes in (E) and (F) (in which n = 1,505 for MICA, n = 1,852 for MICB, n = 531 for ULBP1, n = 1,241 for ULBP3) of all ligands with NKG2D came from at least 19
NK cell-bead pairs of at least four independent biological experiments. Horizontal lines in (C), bars in (E), and data points in (F) represent mean values. Error bars in (C),

(E), and (F) represent mean + SEM.
Source data are available online for this figure.

found that force-dependent binding affinities perfectly correlated
with ligand potencies (Fig 6E-G), as their Pearson correlation coeffi-
cients almost reach one (Fig 6H) (0.998, 0.998 and 0.999 at 5 pN, 10
pN, and 15 pN, respectively) and have the largest discrimination
ability (the ratio of force-dependent MICA affinity divided by that of
ULBP1 reaches more than 150 times) (Fig 6I) compared with those
at 0 pN force (the ratio of force-free MICB affinity divided by that of
ULBP1 reaches 22 times) (Fig 1F), suggesting that they are better
indices of ligand potency than force-free kinetic parameters,
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especially force-free off-rate (Fig 6H). Collectively, these data reveal
that force-free on-rates and force-dependent off-rates are two major
determinants for NKG2D-mediated NK cell activation.

Mathematical modeling for force-dependent kinetics in
NKG2D Activation

To further investigate force-dependent ligand discrimination and
activation of NKG2D, we constructed a kinetic proofreading (KPR)

© 2021 The Authors
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Figure 4. Mechanical force-induced allosteric regulation of NKG2D’s ligand dissociation and discrimination.

A, B SMD snapshots of NKG2D dissociation with MICA (A) and ULBP3 (B) in the presence of force (directions are indicated by black arrows).

C The force versus extension curves from the simulations shown in (A) and (B). Occurrence of the sudden extension changes are indicated in the shaded area and
time points correspond with the snapshots in (A) and (B) are marked.

D, E Zoomed-in binding interfaces of NKG2D with MICA (D) or ULBP3 (E), corresponding with the configuration (shown as gray dashed box in (A) and (B), respectively).

F Distance versus time curves for force-induced H-bond formation between indicated residues within NKG2D-MICA binding interfaces. The dashed red lines represent

H-bonds whose distances are < 35 A.

Source data are available online for this figure.

model (Dushek et al, 2009) to simulate the activation of NKG2D by
different ligands (i.e., MICA, MICB and ULBP3) (Fig 7A). In this
model, we hypothesized that once NKG2D engaged with its ligands,
its triggering was mainly dependent on their in situ on-rate (Kop-initial) »

© 2021 The Authors
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and the receptor-ligand complex could undergo a series of forward
and/or backward intermediate steps (e.g., phosphorylation and
dephosphorylation by signaling molecules, fast rebinding or disassoci-
ating from the ligand) to finally produce productive signals, or

7 of 18



The EMBO Journal

Juan Fan et al

A B C
159 -© MICAWT 4500 -~ MICA WT 259
-©- MICA 3A - MICA3A
g 3600 - 20
w 1.0 £ s
~ = = 45
2 £ 2700 £
- = 3
2o 2 g
= 0. i 1800
5.—
900 ==
0.0 : - : . : — . —_— 0- . :
0 5 10 15 20 25 10 100 MICAWT MICA 3A MICA TAT
Force (pN .
(pN) MICA concentration (nM)
D ok ek
n.s. Ak & R n.s.
1700 f v ' 3200 ) b
[s] —_—
- 1600 - % _ 3000
E 1500 "E“ 2800
_ . _
g ° == g
¥ 1400 : T 2600
E 1400 E 2600 .
~ 1300 —=%=— " 2400 == ——
1200 T T T 2200 T T T

MICAWT MICA 3A MICA TAT

MICAWT MICA 3A MICA TAT

Figure 5. Abolishments of force-induced binding residues impair bond lifetime and function of MICA and NKG2D interaction.

A, B Abolishments of force-induced binding residues by 3A mutations (MICA 3A, n = 526) and TAT mutations (MICA TAT, n = 580) impairs NKG2D’s catch bond with

MICA WT (n = 1,505) (A) and IFN-y release (B).

C-E ECso (C) and IFN-y release of NK cells stimulated by indicated MICA mutants at a concentration of 11 nM (D) and 22 nM (E).

Data information: Bond lifetimes in (A) of MICA WT and mutants with NKG2D came from at least 21 pairs of cells and beads of at least three repeated experiments.
IFN-y release of NK cells in (B) was one representative experiment of three total independent experiments. Data points in (A) and (B), horizontal lines in (C), bars in (E),
and data point in (F) represent mean values. Error bars in (A-E) represent mean + SEM for biological triplicate experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001

(two-tailed unpaired t-test).
Source data are available online for this figure.

immediately dissociate depending on in situ off-rate kinetics ko (Fig 7
A). We assumed quick rebinding of dissociated NKG2D and its ligands
when in proximity and signal persistence even when they briefly
dissociate (Anton van der Merwe et al, 2000; Dustin, 2004), as
proposed in the kinetic proofreading model for T-cell responses to
antigen stimulation (Dushek et al, 2009). As these intermediate steps
were complicated and had not been clearly understood, we also
assumed a simplified version with the identical intermediate steps
(the same forward rate constant k;, and the same fully disassociation
rate constant u for all intermediate states). We rationalized that the
mechanical force-regulated NKG2D activation dominantly by force-
regulated kog. Considering the time scale of NK cell activation
(Einspahr et al, 1991), we set 300 s as the ending time point for evalu-
ating a steady output signal and used the probability of output signal
to represent the levels of NK cell activation in simulation. We built
ordinary differential equations (ODE) to simulate the dynamic
responses of the target model (Methods), and investigated the poten-
tially appropriate magnitudes of the non-experimental parameters
(such as p, Konrebindging, and kp) affecting the production of active
signals induced by different ligands. We finally selected steps as 10, u
as 10 57", Kon-rebinding as 10 s, and &, as 2 s in the following simu-
lations to achieve consistent simulated results with experimental
observations for three ligands.
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We then simulated the dynamic responses of output signal when
NKG2D engaged with each ligand under different mechanical force
loading. We found that the simulated responses triggered by three
ligands under 0 pN force were indistinguishable as the probabilities
of output signals all gradually increased to less than 0.5 (Fig 7B),
indicating weak activation under 0 pN force for all these ligands.
However, the ligand discrimination capability of NKG2D was greatly
enhanced when force increases and reaches the highest level under
10 pN as three ligands (MICA, MICB and ULBP3) respectively
induced strong, modest, and nearly no activation of NKG2D (Fig 7
B). When force further increases to 15 pN, the discrimination capa-
bility of NKG2D, in contrast, drops back to the similar level as that
under 5 pN (Fig 7B). Furthermore, we also observed force-
dependent amplification of NKG2D activation, particularly for the
ligand MICA. Under 10 pN, the output signal triggered by MICA
immediately reaches a plateau level, further confirming 10 pN is the
optimal mechanical force for activating the NKG2D signaling.

We next applied comprehensive simulations of NKG2D activa-
tion with various real or pseudo ligands by dynamically changing
the values of kop.iniiar and ko (Fig 7C and D), onto which we
mapped the activation potencies of MICA, MICB, and ULBP3 under
different forces (Fig 7C). We found negligible differences of kop-initial
in shaping the dynamic responses triggered by three ligands. In

© 2021 The Authors
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Figure 6. Correlation analysis of NK cell functions with in situ force-dependent kinetics of NKG2D binding with ligands.

A-C
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H

Plots and Pearson correlation analysis of reciprocals of ECso versus the force-dependent in situ ko at 5 pN (A), 10 pN (B) 15pN (C).

Heatmap of force-dependent in situ affinities A.K, of NKG2D binding with different ligands.

Plots and Pearson correlation analysis of reciprocals of ECsy versus the force-dependent effective in situ affinities AcK; at 5 pN (E), 10 pN (F), and 15 pN (G).
Comparison of corresponding Pearson coefficients between all NKG2D ligands in situ binding kinetics and ligand-induced NK functions.

| Detection range comparison in force-dependent affinity of NKG2D and indicated ligands under difference force. Bars in different colors are the ratios of the

affinities of indicated ligands divided by that of ULBP1.

Source data are available online for this figure.

contrast, three ligands occupied three distinct segments along the
response curve as force regulates their kg differently (Fig 7D). At 0
pN, the responses of three ligands initiate to stay closely on the
middle of the curve; as force increased, the responses of MICA
moved along the curve toward the left part of the curve with strong
NKG2D activation, while the responses of the other two ligands
(MICB and ULBP3) moved mainly to the right part of the curve with
weak or no activation, indicating two distinct force-regulated
NKG2D activation patterns. Different from ULBP3 whose responses
monotonically moved toward the right, the responses of MICB

© 2021 The Authors

mainly oscillated within the middle segment of the curve, indicating
MICB is a relatively stronger ligand than ULBP3 in terms of NKG2D
activation as observed in experiments.

Discussion

We establish a kinetic and dynamic structural model with mechano-
chemical coupled regulation in the ligand recognition and discrimi-
nation of NKG2D, and reveal that both spatial restriction by 2D
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Figure 7. Kinetic proofreading model analysis of Force-dependent ligand discrimination and amplification of NKG2D in mediating NK cell’s activation.

A Schematic diagram of NKG2D-ligand combination and dissociation model. NKG2D binds and dissociates with multiple ligands at different initial on-rates (Ron-initial)
and off-rates (ko). Ubiquitous mechanical forces in vivo regulate the disassociation of NKG2D and ligands.

B Probabilities of productive signals of different ligands binding with NKG2D when at forces of 0 pN, 5 pN, 10 pN, and 15 pN, respectively.
Probabilities of output signals at 300s varied with force-dependent off-rates of the three ligands, MICA, MICB, and ULBP3. Off-rates at different mechanical forces
measured by experiments had been marked by specific symbols: pentagram, square, circle, and right-pointing triangle represented off-rates at 0 pN, 5 pN, 10 pN, and

15 pN, respectively.

D Contour plots showed probabilities of output signals at 300s produced by continuously variable initial on-rates and force-dependent off-rates.

plasma membrane and mechanical force together regulate NKG2D/
ligand interactions, respectively promoting their association rate
and prolonging their bond lifetimes. Specifically, mechanical force
selectively induces conformational changes of MIC family to resist
forced dissociation from NKG2D, amplifying NKG2D’s ligand
discrimination. Integrating differential mechano-enhancement of
dissociation rates with in situ association rates of NKG2D/ligand
binding establishes in situ force-dependent binding affinities, which
has a wider range than well-accepted in-solution binding kinetics
and better predicts ligand potencies.

A dynamic structural model for NKG2D ligand recognition
and discrimination

We provide a dynamic structural model of mechano-chemical
coupled regulation for NKG2D ligand recognition and discrimina-
tion. In our model, NKG2D recognizes and discriminates ligands
mainly through two-step regulation. The first-step regulation is
through 2D-membrane restricted force-free association of unbound
receptor and ligand, which can be characterized by in situ force-free
binding kinetics (Huang et al, 2010). The second-step regulation
depends on the force-regulated disassociation of NKG2D-ligand
complex. Once NKG2D and ligand bind, due to very tight local space
between two approaching surfaces (Lever et al, 2014), they are very
likely to rapidly rebind such that the second step becomes dominant
in NKG2D’s ligand discrimination. In this process, through force-
induced ligand conformations, mechanical force selectively prolongs
the duration of NKG2D binding with MIC family but not with ULBP
family, potentiating ligand recognition and discrimination of
NKG2D. The initial phase of force-dependent two-step ligand recog-
nition of NKG2D is very similar to the "rigid adaptation” mecha-
nism, while the dissociation phase is more like the "induced-fit"
mechanism but under mechanical force.

The dynamic structural model uncovers striking discrimination
ability of human NKG2D receptor

The discrimination ability of human NKG2D receptors has been
ignored for decades as all human NKG2D ligands are able to stimulate
NK cells (Cosman et al, 2001; Sutherland et al, 2002). Moreover,
“degenerate recognition” was observed and similar in-solution binding
affinities with human NKG2D were detected (McFarland & Strong,
2003). Our dynamic structural model reveals unexpected discrimina-
tion ability (as high as 150 times, Fig 6I) of human NKG2D receptor,
which reminds us of TCR antigen recognition (Liu et al, 2014; Wu
et al, 2019). In TCR antigen recognition, TCR obtains incredible
discrimination ability through its complementarity determining

© 2021 The Authors

regions (CDRs), and simultaneously uses the conformational changes
of MHC induced by mechanical force to enhance its recognition ability
(Liu et al, 2014; Wu et al, 2019). Although NKG2D does not contain
the CDR loops of TCR, it also exploits mechanical force to selectively
induce the conformational changes of the ligand to enhance its recog-
nition ability. The ligands of NKG2D are homologous proteins of
MHC, especially MICA and MICB, which have strong similarities with
MHC in sequence and structure (Li et al, 2001). Mechanical force
induces conformational changes in MHC and MHC-like proteins to
enhance the recognition ability of immune receptors (including stimu-
latory receptors and inhibitory receptors) may be a general mecha-
nism for immune cells to regulate their own functions. This kind of
regulatory mechanism allows them to maintain degenerate recognition
while maintaining high ligand specificity at the same time.

However, it is worth noting that the ratio of NKG2D ligand bind-
ing kinetics (as high as 150 times, Fig 6I) and the ratio of NKG2D
ligands-induced functions (less than 10 times, Fig 2B and C) are not
equal. This is because the ratios of binding kinetics are mainly
based on force-dependent affinity (Ac.K,y (F) = Ackon/kost (F)) (Fig 6
D) at the single-molecule level, while the ratios of NKG2D ligands-
induced functions are based on integrative cell-level response that
involves both NKG2D and many other molecules. In addition, the
output signal in the KPR model is scaled to represent the relative
strength of ligands-induced functions, not strictly equal to the abso-
lute values measured by biological experiments. To be noted, the
model does not take account of ligand concentration. That is,
immune cells can also be activated when the concentration of stimu-
lating ligands is very high, even though the output signal is close to
zero in our mathematical model. Thus, both single-molecule dynam-
ics and mathematical models provide additional supporting
evidence to better reveal the interactions between NKG2D and
ligands and their relationships with ligand-induced functions.

In situ force-dependent affinity determines ligand potencies in
activating NKG2D functions

We integrate force-free association rate and force-dependent dissoci-
ation rate to define as “force-dependent affinity”. Compared with
commonly accepted in-solution kinetics (McFarland & Strong,
2003), in situ affinities measured both with and without force show
stronger discrimination abilities (Fig 1). The force-dependent affi-
nities of NKG2D binding with its ligands serve as the best indicator
in our study for ligands potencies to activate NKG2D functions
(Fig 6). The huge differences in affinities of soluble and membrane-
anchored receptor-ligand binding may be originated from the physi-
cal regulation of 2D plasma membrane restriction and inherent
mechanical force originated from membrane tension, cytoskeleton
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contraction, or cell migration (Vogel & Sheetz, 2006; Zhu et al,
2019; Zhang et al, 2021). For cell membrane, lipids and rafts can
restrict the free movement of NKG2D receptors in the orthogonal
direction of cell membrane (Huang et al, 2010; Zhang et al, 2021).
Besides, the adaptor molecule DAP10 forms a complex with NKG2D,
which could affect the structural orientation and flexibility of the
receptor ectodomain thereby affecting association and force-
dependent dissociation kinetics (Eleme et al, 2004; Endt et al, 2007;
Call et al, 2010; Serrano-Pertierra et al, 2014). As for mechanical
force, it induces the conformational changes of ligands and thereby
the formation of new interactions with NKG2D. Therefore, mechani-
cal force has at least two roles simultaneously. One is to amplify the
activation signal of ligands (especially MICA) by prolonging its bond
lifetime with NKG2D, and the other is to provide an additional layer
of regulation to discriminate different ligands. Thus, in situ force-
dependent kinetics provide stronger discrimination power than in-
solution kinetics for NKG2D to selectively recognize various ligands
and activate NK functions.

The force-enhanced ligand discrimination not only resolves the
inconsistency between solution-based binding kinetics and ligand
activation potencies but also provides a reasonable explanation for
avoiding unnecessary NKG2D activation as NKG2D inevitably
encounters MIC family and ULBP family on normal cells and tissues
(Eagle et al, 2009). For MICA, it is usually expressed on epithelial
tissues with high risks of exposure to pathogens (such as gut epithe-
lium and airway epithelial cells), MICA may provide stronger
signals to alert the immune system to ensure that abnormal cells
can be quickly eliminated at any time (Groh et al, 1996; Kraetzel
et al, 2008). Although the expression of MICA can also be induced
on T cells or bone marrow stromal cells, the lysis of these cells by
NK cells has only been observed in vitro (Molinero et al, 2002,
2004; Ogasawara et al, 2005; Poggi et al, 2005) but not in vivo. It
may be due to the much softer mechanical environment of blood
and bone marrow compared to epithelial tissue. Even if T cells and
bone marrow stromal cells express MICA in vivo, they could also be
protected from the attack from NK cells due to the lack of proper
mechanical force to help MICA fully activate NK cells. As for the
ULBP family, regardless of their mechanical environment, they may
provide a relatively weak signal which may desensitize NK cells and
thereby tolerate normal tissues and cells. Together, in addition to
biochemical regulation of NKG2D ligand expression, mechanical
force provides faster and more precise regulation to trigger NKG2D-
mediated lymphocyte activation.

A potential mechanical-regulated feedback loop of NKG2D-
mediated signaling and pathological significance

We speculate that a mechanical-regulated feedback loop may exist
to regulate NKG2D ligand binding and signaling. Indirect evidences
have suggested that mechanical-regulated feedback may play an
important role in NK cell receptor-ligand recognition and immune
cell activation. For example, previous studies have shown that
mechanical forces can potentiate the activation and Killing of
immune cells (Liu et al, 2014; Basu et al, 2016). The activation of
NK cells through NKG2D-ligand interaction has also been reported
to be accompanied by cytoskeleton remodeling, mediated mainly by
F-actin (Brown et al, 2011, 2012). Dynamic cytoskeletal elements
are the main force generators, which can load force onto cell surface
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receptors (Zhu et al, 2019) when they bind to their ligands
expressed on the target cell. Therefore, a mechanical-regulated feed-
back loop may exist to strengthen NKG2D-ligand binding and signal-
ing. This mechanical feedback loop may enhance the discrimination
ability of NKG2D to precisely sense the mechanical properties of
their environment.

As the mechanical force sensed by NKG2D can be affected by the
mechanical properties of tissues and cells, pathological diseases that
drastically change tissue stiffness, such as liver fibrosis/cirrhosis or
HCC (Gao et al, 2008), may significantly impact the NKG2D ligand
recognition and activation. Previous studies have revealed that
tumor tissue becomes softer, while fibrotic/cirrhotic tissue becomes
much stiffer (Tian et al, 2015). As NK cells are abundantly enriched
in human liver tissues, NKG2D on NK cells has a protective role to
prevent liver fibrosis and HCC (Armeanu et al, 2005; Radaeva et al,
2006; Kamimura et al, 2012; Mitra et al, 2014). It is probable that
NKG2D on NK cells may lose or attenuate its function in stiffened
fibrosis tissue or ultra-soft tumor tissue (Armeanu et al, 2005;
Radaeva et al, 2006; Gao et al, 2008). Indeed, through single-cell
analysis of NK cells in liver cirrhosis and HCC, we found that NK
cells from stiff cirrhotic liver tissues and soft tumor tissues both
exhibited functional impairment (Oppenheim et al, 2005;
Ramachandran et al, 2019; Zhang et al, 2019) (Fig EV5). Moreover,
it has been reported that the softness of tumor cells prevents cyto-
toxic immune cell killing (Liu et al, 2021) and the stiffening of
tumor cells could enhance the immune cell killing sensitivity (Tello-
Lafoz et al, 2021). Accordingly, we speculate that the changes in
mechanical properties of diseased tissues might inhibit NKG2D-
mediated NK or T-cell activation. Thus, modulating the mechanical
properties may provide additional benefits to boost the effects of
immunotherapy.

Conclusions

The coupling of 2D physical restriction of plasma membrane and
the mechanical force-induced ligand conformational changes
dynamically amplifies NKG2D ligand recognition and discrimina-
tion, providing a mechano-chemical coupling mechanism for
NKG2D to precisely discriminate its ligands to differentially activate
NK or T-cell functions and fulfill proper immune responses. The
results suggest that modulating mechanical microenvironment may
potentially be an approach to inspire the rationale design of
NKG2D/ligand-based immunotherapies and boost their effect.

Materials and Methods
Preparation of human NK cells

Human NK cells were expanded from peripheral blood mononuclear
cells (PBMCs) of healthy donors ex vivo by using an artificial Anti-
gen Presenting Cell (aAPC) engineered from K562 cell line (Fujisaki
et al, 2009; Somanchi et al, 2011; Jong et al, 2017; Wang et al,
2019). Briefly, PBMCs are obtained by Ficoll gradient centrifugation
according to the manufacturer’s protocol. Freshly isolated PBMCs
were then co-cultured with irradiated aAPCs (add irradiated aAPCs
at Day 1 and Day 7) at 37°C and 5% CO, in RPMI 1640 medium
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containing 100 U/ml recombinant human IL-2 (200-02, PeproTech
Inc., USA), 100 U/ml penicillin, 100 pg/ml streptomycin (S110JV,
BasalMedia, China), and 10% fetal bovine serum (10270-106, Gibco,
USA). The cells were centrifugated at 400xg for 5 min and half of the
culture medium was replaced by fresh culture medium every 2 or
3 days. After 13-15 days’ expansion, NK cells were harvested stained
with mouse anti-human CD3 (555332.0, BD Biosciences, USA USA),
mouse anti-human CD56 (555516.0, BD Biosciences, USA), and
mouse anti-human NKG2D monoclonal antibody 5C6 (12-5879-42,
eBioscience, USA) and 1D11 from eBioscience to determine the purity
of NK cells by flow cytometry (CytoFLEX S, Beckman Coulter, USA).
The expanded cells were kept for 2-3 weeks before use.

Expression and purification of NKG2D ligands

Soluble forms of the extracellular domains of MICA (Amino acids
Glul through Lys276), MICB (Amino acids Glul through Lys274),
ULBP1 (Amino acids Glul through Lys180), and ULBP3 (Amino
acids Glul through Lys180) (Li et al, 2001; Steinle et al, 2001;
McFarland & Strong, 2003) were expressed by 293F cells. The cDNA
(MICA, HG12302-G, Sino biological, China; MICB, HG10759-M, Sino
biological, China; ULBP1, G165669, Youbio, China; ULBP3,
G122065, Youbio, China) fragments of the proteins mentioned
above were cloned into a modified pHAGE (plasmid HIV-1 Alex
Gustavo George Enhanced) vector (a lentiviral vector based on an
HIV-1-based backbone, kindly provided by Dr. Qiming Sun,
Zhejiang University) containing a GGGGS linker, a ten-residue poly-
histidine tag for purification and an Avi tag for biotinylation at the
C-terminal site of the cDNA to be cloned in. In addition, an indepen-
dent cDNA of ZsGreen was followed and separated by iRES (internal
Ribosome Entry Site). All the plasmids were confirmed by sequenc-
ing (GenScript, China) and co-transfected into 293T cells together
with pMD2.G and psPAX2 (envelope plasmid and packaging plas-
mid, respectively, kindly provided by Dr. Qiming Sun, Zhejiang
University). After being cultured at 37°C for 48 h, the supernatants
containing virus were collected and filtered to infect 293F cells at
37°C for 72 h to obtain cell lines that can stably secrete respective
soluble proteins. Finally, ZsGreen positive cells were sorted (FACS
Aria II, BD Biosciences, USA) to improve the purity of the cell lines
and the production of proteins. The cell lines were then cultured in
a large scale in suspension at 37°C, 120 rpm for 3-5 days in SMM
293-TI suspension culture medium (M293TI, Sino Biological,
China), and the supernatants containing proteins were collected and
condensed by using precise peristaltic pump (BT100-2J/YZ2515x%,
LongerPump, China) and Vivaflow 200 Laboratory Cross Flow
Cassette (VF20P0 or VF20P2, Sartorius, Germany) for protein purifi-
cation. To exclude the formation of dimer/multimer and ensure the
purity of proteins used for single-molecule assays, all protein
samples were firstly purified by HisSep Ni-NTA Agarose Resin
(20503ES60, Yeasen, China) and HiTrap Q HP 5 mL (17-1154-01, GE
Healthcare, USA), then concentrated samples were biotinylated at
the site of Avi tag by homemade BirA (at a final concentration of
1 pM) in PBS (pH7.4) containing 5 mM MgCl,,0.2 mM D-biotin and
2 mM ATP for 60 min at 30°C. Finally, the proteins were purified by
size exclusion chromatography Superdex 75 10/300 GL or Superdex
200 10/300 GL (17-5174-01 or 28-9909-44, GE Healthcare, USA) on
AKTA pure chromatography system (GE Healthcare, USA) and iden-
tified by SDS/PAGE and flow cytometry (CytoFLEX S, Beckman
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Coulter, USA) with PE-labeled specific monoclonal antibodies
(mouse anti-human MICA antibody, 12302-MMO04-P, Sino Biological
Inc. China; mouse anti-human MICB antibody, 10759-MM12-P,
Sino Biological Inc., China; mouse anti-human ULBP1 antibody,
FAB1380P, R&D Systems, USA; mouse anti-human ULBP3 antibody,
FAB1380P, R&D Systems, USA).

Preparation of biotinylated RBCs for BFP

Biotinylated and pressurized human RBC served as a sensitive force
sensor with a bead attached to its apex as previously described (Chen
et al, 2008; Huang et al, 2010; Liu et al, 2014; Le Saux et al, 2019). In
brief, a drop of blood was collected from a healthy donor by finger-
stick and washed three times at 587 x g (5424R, Eppendorf,
Germany) for 2.5 min with Coating Buffer (aqueous carbonate/bicar-
bonate buffer contains 0.1 M NaHCO3, 0.1 M Na,CO;, pH 8.5,
~180 mOsm) to obtain RBCs. The washed RBCs were then covalently
linked to Biotin-PEG3500-SGA (A5057, Jenkem, China), an amine-
reactive PEG-biotin polymer by incubation for 30 min at a concentra-
tion of 1.5 mg/ml at room temperature (RT). Then, the biotinylated
RBCs were pressurized by a series concentration of nystatin (N4014-
SOMG, Sigma-Aldrich, Germany) in N2 Buffer (38.8 mM NaCl,
265.2 mM KCI, 4.74 mM Na,HPO4, 0.94 mM KH,PO4, 27 mM
sucrose; pH 7.2, ~600 mOsm) for 1 h at 4°C. The RBCs were washed
three times with N2 Buffer prewarmed at 37°C and stored in 200 pl
N2 Buffer supplemented with 1% BSA at 4°C for use.

BFP spring constant calibration

BFP spring constant was calibrated by using thermal fluctuation
analysis as previously described (Chen et al, 2008; Ju & Zhu, 2017).
Briefly, we perform a linear fit between experimental thermal fluctu-
ations (Var(X))and the reciprocals of a series of spring constants (1/
kys) derived based on membrane mechanics according to Evans’
model (Evans et al, 1995) we used to investigate whether their rela-
tionship conforms to the thermal fluctuation analysis based on the
equipartition theorem (Formula 1) (Chen et al, 2008).

1 1
kaVar(X) :szT (1)

where Var(X) is the variance of the thermally excited random displace-
ments X of the force probe, kg is the Boltzmann constant, and T is the
absolute temperature. According to the Evans’ model (Formula 2),

ko—_"p 1
C )G

where R, Ry, and R are the respective radii of the micropipette
lumen, the spherical portion of the aspirated RBC, and the circular
contact area between the RBC and the probe bead. Ap is the aspi-
ration pressure. We changed the k, values by changing Ap, and
record the thermal fluctuation data under different k,, values.

)

Coupling NKG2D ligands onto RBCs and glass beads

Biotinylated monomers of NKG2D ligands were coated onto the
surfaces of RBCs and BFP beads by biotin-streptavidin coupling
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(Chen et al, 2008; Le Saux et al, 2019). To prepare NKG2D ligands
coated RBCs, RBCs washed with Coating Buffer were biotinylated
using 0.35 mg/ml of Biotin-PEG3500-SGA (A5057, Jenkem, China)
in Coating Buffer for 30 min at RT. The RBCs were then washed
twice by using Coating Buffer and once by using Hepes Buffer
(10 mM Hepes supplemented with about 144 mM NaCl, pH7.4,
~300 mOsm). Washed RBCs were incubated with 0.1 mg/ml tetra-
meric streptavidin (SA) (A610492, Sangon Biotech, China) in Hepes
Buffer for 30 min at RT and washed three times with Hepes Buffer.
Biotinylated NKG2D ligands monomers of series concentration were
then incubated with SA-coated RBCs for 1h at 4°C and finally resus-
pended in 200 pl Hepes Buffer supplemented with 1% BSA for use.

As for the preparation of NKG2D ligand-coated glass beads (Le
Saux et al, 2019), glass surfaces of borosilicate beads (9002, Duke
Scientific corp. USA) were cleaned by boiling the beads in a
mixture of ammonium hydroxide and hydrogen peroxide solution
(mix 0.5 ml of 30% H,0, with 9.5 ml dH,0 and then add 2.5 ml
conc. NH;OH) for 10 min. Cleaned beads were then treated with
2.5% mercapto-propyl-trimethoxysilane (M100619, Aladdin,
China) in methanol supplemented with 3.7% H,0 and 0.8 % acetic
acid for 3 h at RT. After that, the beads were washed with fresh
methanol and dried to the walls of glass vials by dry argon. The
vials were then heated in a drying oven at 120°C for 5 min to stabi-
lize sulfhydryl with the caps loosely fitted. After heated, the vials
were placed in a vacuum desiccator to remove the air and input
dry argon into the vials after the vials return to normal tempera-
ture. Tighten the caps of the vials and store the beads in a cool dry
place until use. The beads were functionalized with sulfhydryl and
ready to react with maleimide. We resuspended and used the -SH
anchored beads to react with streptavidin-maleimide (s9415-2mg,
Sigma-Aldrich, Germany) in PBS (pH = 6.8) overnight at RT.
Beads functionalized by SA were then incubated with biotinylated
NKG2D ligands at various concentrations for 30 min at RT in
Hepes Buffer supplemented with 1% BSA for use. Beads were
washed three times after each step.

Determination of molecular densities on the surfaces of NK cells
and RBCs

Site densities of NKG2D on NK cells and NKG2D ligands on RBCs
were measured via flow cytometry analysis and corresponding stan-
dard beads (Chesla et al, 1998; Huang et al, 2010; Le Saux et al,
2019). To measure the site densities of NKG2D receptor, NK cells
were incubated with PE-labeled mouse anti-human NKG2D mono-
clonal antibody 5C6 (12-5879-42, eBioscience, USA) or isotype
control at 2.5 pg/ml in 100 pl of FACS Buffer (DMEM, 5 mM EDTA
and 1% BSA) at RT for 30 min. To measure the site densities of
NKG2D ligands linked on the surfaces of RBCs via biotin-
streptavidin coupling, NKG2D ligand-coated RBCs were incubated
with monoclonal antibodies of PE-conjugated NKG2D ligands
(mouse anti-human MICA antibody, 12302-MMO04-P, Sino Biological
Inc., China; mouse anti-human MICB antibody, 10759-MM12-P,
Sino Biological Inc., China; mouse anti-human ULBP1 antibody,
FAB1380P, R&D Systems, USA; mouse anti-human ULBP3 antibody,
FAB1380P, R&D Systems, USA) or isotype controls according to the
manufacturer’s instructions in 100 pl of FACS Buffer (DMEM, 5 mM
EDTA, and 1% BSA) at RT for 30 min. NK cells or RBCs incubated
with corresponding antibodies were analyzed by a flow cytometer
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(CytoFLEX S, Beckman Coulter, USA) together with Quantibrite
(340495.0, BD Biosciences, USA). The fluorescent intensities of
NKG2D and ligands on NK cells and RBCs were compared to the
standard curve of Quantibrite to obtain the total numbers of mole-
cules per cell. The radius of NK cells and RBCs was taken as 3 and
5 pm, respectively. The site densities of NKG2D (m,) or ligands ()
can be obtained by dividing the total numbers of molecules per cell
by the surface areas of the corresponding cells.

Apparatuses of micropipette and BFP

The setups of micropipette and BFP based on an inverted micro-
scope (Nikon TiE, Japan) have been described previously in detail
(Chesla et al, 1998; Chen et al, 2008; Liu et al, 2014). Briefly, two
opposing pipettes with suction pressures controlled by manometer
systems were used in both apparatuses to control an NK cell (tar-
get) expressing NKG2D and a ligand-presenting RBC (micropipette)
or bead (BFP). Computer-programmed cyclic contact and separa-
tion of NK cell and RBC/beads were finely controlled by a one-
dimensional (1D) piezoelectric translator (P-753 LISA, Physic
Instrument, Germany). Real-time images of the experiments were
captured by one CCD camera (GC1290, Allied Vision, Canada) at
30 frames per second (fps). In BFP, another high-speed CCD
camera (GE680, Allied Vision, Canada) recorded a well-defined
grayscale profile with a higher speed of 1,600 fps at the contact
interface of RBC-bead. The grayscale profile allowed a custom-
designed program implemented in LabView (National Instruments,
USA) to track the axial position of the bead and displayed it real-
time on the computer. The BFP spring constant was regulated to
0.3 pN/nm by changing the suction pressure according to the
radius of RBC measured at the beginning of experiment. Detailed
force spectrums were thus obtained and displayed on computer
according to the axial position of the bead and the spring constant
of the BFP.

Micropipette adhesion frequency assay

2D kinetics of NKG2D receptor and ligands were measured by using
micropipette adhesion frequency assay that has been reported previ-
ously (Chesla et al, 1998; Chen et al, 2008; Huang et al, 2010).
Briefly, two opposing pipettes were applied to control contact and
separation of an NK cell (target) with a ligand-presenting RBC in
isotonic chamber medium (DMEM supplemented with 1% BSA).
Adhesion was detected by visual observation of the deflection of
RBC membrane in each cycle. Adhesion frequencies (P,) at different
contact times (t.) were obtained from 50 cyclically repeated contacts
of pairs of cells. P, versus t. curves were fit to a probabilistic kinetic
model (Formula 3) for receptor-ligand interaction.

P, =1 — exp{—mmAcK.[1 — exp(—kogtc)] } (3)

where m, and m, are the densities of the receptor and ligand,
respectively, A.K, is the effective in situ affinity under no force,
kog; is the in situ off-rate under no force. A.K, and k¢ can be inde-
pendently obtained by fitting the experimental data with the
formula. The effective in situ on-rate A.k,, under no force was
obtained from corresponding A.K, and k¢ according to the follow-
ing formula (Formula 4):
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Ackon = AcKaxkof (4)

The adhesion frequencies were all kept between 20 and 80% by
adjusting the density of ligand coated on the RBC to ensure the
accuracy of the estimated kinetics.

Force clamp assay of BFP

We used force-clamp assay of BFP (Chen et al, 2008; Liu et al, 2014;
Le Saux et al, 2019) to measure the bond lifetimes of NKG2D ligands
under a series of forces at single-molecule level. In brief, an NK cell
captured by the target pipette was controlled by a customized
program created by LabView (National Instruments, USA). The NK
cell was driven to approach and contact the NKG2D ligand-coated
glass sphere for 0.1 s with a 20-pN impingement force to allow the
formation of a bond between NKG2D and the ligand. Then, the target
pipette holding NK cell retracted at 1,000 pN/s to a preset force and
clamped until bond rupture. A bond lifetime was exactly the duration
of the clamped phase. After one cycle was finished, the target pipette
and NK cell returned to the original position to start another cycle.
The mean adhesion frequency was kept below 15% by adjusting the
density of NKG2D ligand linked on the glass sphere to guarantee that
most adhesion events were mediated by one single bond of NKG2D
and ligand. All experiments were performed in isotonic chamber
medium (DMEM supplemented with 1% BSA) at RT.

IFN-y release assay

IFN-y secretion of NK cells was measured by using human IFN-y
Cytometric Bead Array assay (560111, BD Biosciences, USA) (Le
Saux et al, 2019). To be brief, coat a 96-well plate with 50 pg/ml SA
at 37°C for 1 h, wash thoroughly with plenty of PBS, and use PBS
supplemented with 1% BSA to block nonspecific binding. Coat
serial concentrations of biotinylated NKG2D ligands at 37°C for 1 h.
Then add 3 x 10° NK cells in 200 ul culture medium (DMEM
supplemented with 10% FBS, 100 mg/ml streptomycin, and 100 U/
ml penicillin) to every well and culture the cells at 37°C in 5% CO,
for 16 h. Supernatants were harvested and analyzed to determine
the concentrations of IFN-y according to the manufacturer’s instruc-
tions. The concentrations of NKG2D ligands and corresponding IFN-
y concentrations were plotted and fit to a log (agonist) versus
response curve with Prism GraphPad to calculate ECsq values.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed based on the
complex structures of NKG2D with MICA (PDB code: 1HYR (Li et al,
2001)) or ULBP3 (PDB code: 1KCG (Radaev et al, 2001)) by using
NAMD?2 package (Phillips et al, 2005). In brief, all-atom models of
NKG2D-MICA or NKG2D-ULBP3 complexes were established and
water boxes and counterions were added for pre-equilibration.
Subsequently, 100-ns production simulations were carried out.
Representative snapshots of the production runs of each system
were chosen for Steered Molecular Dynamics (SMD) simulations of
force-driven NKG2D/Ligand dissociation. External force was then
applied to the complex and stretched at speeds of 0.1 nm/ns or
0.2 nm/ns respectively (loading rate was 7 pN/ns or 14 pN/ns,
respectively), resulting in two Kkinds of different dissociation
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trajectories to analyze the structural changes in the processes of
dissociation of the two complexes under force. To validate the key
residues in process of NKG2D-MICA dissociation, MICA 3A (D15A/
S17A/ Q83A) and TAT (D15T/S17A/Q83T) mutants were obtained
using VMD MUTATOR module based on NKG2D-MICA crystal
complex. The similar SMD simulations were performed to study the
force-driven NKG2D dissociation with both MICA mutants at a load-
ing rate of 7 pN/ns. For each NKG2D/Ligand model, at least 3 SMD
trajectories were generated to study their dissociations in presence
of force. All simulation trajectories were analyzed using VMD
(Humphrey et al, 1996). Snapshots of selected key frames were
taken and analyzed in Chimera (UCSF) (Pettersen et al, 2004).

Mathematical modeling of NKG2D activation

Rebinding kinetic proofreading model was implemented with the
ODEs as follows:

Step 0:
0A,
7[0 = 7(kp + koff)*AO + kon—initial *BO
9By s—1
5 = —(kp + Kon—initial)*Bo + KogtAg + p# Y. B
i=1
Step 1 ~s-1:
0A;
E = _(kp + koff)*Ai + kon—rebinding*Bi + kp*Ai—l
0B;
5 —(kp + Kon—rebinding + #)*B; + Koii*A; + kp*Bi_1
Step s:
0A;
ath = kp*As—l

In the ODEs, A and B represented NKG2D and ligands were associ-
ated in a complex state or disassociated but still in proximity state,
respectively. We supposed that ligands were initially in By state and
could bind NKG2D characterized by on-rates (kon_inia) Which were
measured in aforementioned experiments. Once in bound state, the
formed complex could dissociate at off-rate (ko) to the proximity state
(By), which could subsequently rebind with persistent signal or directly
return to the unmodified state (B,) by fast dephosphorylations at rate yu.
The probabilities of ligands in state A; were considered as active signals.

Data availability

The RNA sequencing data used in this publication are from the
NCBI Gene Expression Omnibus (GEO) database at Accession No.
GSE140228 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE140228) and No. GSE136103 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc = GSE136103). There are no public datasets
associated to the results in the paper.

Expanded View for this article is available online.
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