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ABSTRACT: Phagocytosis is an essential mechanism of the human immune system where pathogens are eliminated by immune
cells. The CCNI1 protein plays an important role in the phagocytosis of Staphylococcus aureus by favoring the bridging of the ayf;
integrin to the bacterial peptidoglycan (PG), through mechanical forces that remain unknown. Here, we employ single-molecule
experiments to unravel the nanomechanics of the PG—CCN1—ayf; ternary complex. While CCN1 binds ayf; integrins with
moderate force (~60 pN), much higher binding strengths (up to ~800 pN) are observed between CCN1 and PG. Notably, the
strength of both CCN1—ayf; and CCN1—PG bonds is dramatically enhanced by tensile loading, favoring a model in which
mechanical stress induces the exposure of cryptic integrin binding sites in CCN1 and multivalent binding between CCN1 lectin sites
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and monosaccharides along the PG glycan chains.
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Staphylococcus aureus is a major human pathogen that
causes many types of diseases, including infective
endocarditis, osteomyelitis, sepsis, and metastatic infections."
This versatility arises from the ability of the bacteria to adhere
to extracellular matrix and host cell surfaces components,
facilitated by an array of surface-associated adhesion proteins,
so-called microbial surface components recognizing adhesive
matrix molecules (MSCRAMM:s),” alongside lipoproteins and
polysaccharides,” as well as secreted proteins such as
exoenzymes and toxins.’

Peptidoglycan (PG) is a fundamental component of the
bacterial cell wall that plays important roles in staphylococcal
virulence. This enormous bag-shaped macromolecule consists
of linear polysaccharide chains cross-linked by short peptide
stems composed of alternating L- and D-amino acids. The
polysaccharide chains are formed of alternating N-acetyl-
glucosamine (GIcNAc) and N-acetylmuramic acid in f-1,4-
glyosidic linkage.”” Not only does PG confer structural
integrity and protection against environmental stressors, but
it also serves as a molecular pattern recognized by host innate
immunity proteins,® including nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors,” toll-like receptors
(TLRS),10 and PG recognizing proteins (PGRPS).11

CCN1 (cysteine-rich 61, Cyr61) is the prototype of a
secreted protein family produced by human fibroblasts and
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endothelial cells. Structurally, CCN1 consists of a secretory
signal peptide (SP), an insulin-like growth factor binding
domain (IGFBP), a von Willebrand type-C domain (VWC), a
thrombospondin type-1 repeat (TSR) domain, and a cysteine
knot motif in the C-terminal (CT) domain (Figure la)."”
CCN1 binds directly to specific integrin receptors in a cell
type-specific manner, engaging co-receptors in some con-
texts."”'* This extracellular matrix-associated multifunctional
protein regulates a broad spectrum of cellular activities,
including cell adhesion, migration, proliferation, survival, and
differentiation in embryonic development.”” CCNI is also
present in the body fluids, playing a critical role in
inflammation,'*"¢ injury repair in the gut,17 liver,"® skin,"’
and cancer.”’ Besides, it can also regulate a set of genes that
control angiogenesis and matrix remodeling,”’ and promote
efferocytosis by binding to phosphatidylserine on the apoptotic
cells. Bridging apoptotic neutrophils to macrophages via
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Figure 1. CCN1 promotes S. aureus adhesion to ayf; integrin. (a) Scheme for the CCNI structure and representative rupture force histogram
obtained by probing an ayf3; integrin-functionalized surface with a single S. aureus cell preincubated with CCN1 using single cell force spectroscopy
(SCES). Treatment with CCN1 was performed statically at room temperature, for 1 h, at a final concentration of 50 g mL™". For more cells, see
Figure Sla. CCN1 binds S. aureus peptidoglycan (PG) and ayf3; integrin through unknown mechanisms. It consists of four conserved domains with
homologies to insulin-like growth factor-binding protein (IGFBP), von Willebrand factor type C repeat (VWC), thrombospondin type-1 repeat
(TSR), and a cysteine-knot motif in the C-terminal (CT) domain. (b) Rupture force histogram of a representative native S. aureus cell, not treated
with CCN1. For more cells, see Figure S1b. (c) Box plot showing the binding probability for S. aureus cells with or without CCN1 preincubation,
measured by SCFS. n = 9 and 7 cells, respectively. (d, e) Rupture force histograms of a single representative S. aureus cell treated (d) or not (e) by
CCN1, probed with AFM tips functionalized with af3; integrin using single molecule force spectroscopy (SMES). For more cells, see Figures S2a
and S2b. (f) Box plot of binding probability for S. aureus cells with or without CCN1 preincubation measured by SMFS. n = 12 and 13 cells,
respectively. Stars indicate mean values, lines indicate medians, boxes indicate 25—75% quartiles, and whiskers indicate standard deviation. P values
were determined by a two-sample ¢ test in Origin. ***P < 0.001.

engagement of the phagocytic receptor ayf; integrin, CCNI domain resulted defectlve for binding to ayf; integrin but was
could eliminate apoptotic neutrophils during wound healing."” still able to bind PG,”” suggesting that the CCN1 binding
Notably, CCN1 has also been demonstrated to function as site(s) for S. aureus is distinct from those for integrin. Thus,
an opsonin for clearance of Gram-positive bacteria by ayf; CCN1 may function as a linker between PG and ayf; integrin,
integrin-mediated phagocytosis. Acting as pattern recognition facilitating the formation of a ternary complex (PG—
receptors (PRRs) on immune cells (such as dendritic cells, CCN1-ayf; integrin) that is compatible with its dual role
macrophages, and neutrophils), CCN1 recognizes specific depending on the target cells: (i) an opsonic complex for
molecules on the pathogen surface. Binding of CCN1 to the macrophages/neutrophils during phagocytosis; (ii) an adhe-
PG of S. aureus is mediated by both vWC and TSR domains.'® sion system to non-phagocytic cells expressing ayf; integrin.
This allows the pathogen to be bridged to macrophages (in the Despite the biological importance of the CCN1 bridge in the
ECM of the tissue) and neutrophils (in the blood or at site of S. aureus phagocytosis, the mechanical forces driving this
infection in the tissues) via their phagocytic receptor ayf; ternary interaction are unknown. Here, we address this issue
integrins. The primary binding site in soluble CCN1 for ayf; using single-molecule force spectroscopy experiments. The
integrin has been localized in a 20-amino acid residue sequence results support a model in which CCN1 engages into two
within the vWC domain, whereas additional cryptic site(s) distinct force-dependent interaction mechanisms to enhance
become exposed in the CT domain when CCNI1 is surface- the mechanical stability of the PG—CCNIl—ayf; integrin
coated. This integrin-binding site does not contain the bridge, i.e., exposure and activation of cryptic integrin binding
canonical RGD motif usually present in a number of ligands sites and multivalent binding of GIcNAc sugars by multiple
of ayf; integrin.”> Importantly, a mutated CCN1 protein with lectin sites. This study rationalizes at the molecular level the
a single residue substitution (Asp to Ala) within the vWC ability of CCN1 to trigger S. aureus ayf; integrin-mediated
8568 https://doi.org/10.1021/acs.nanolett.4c01533
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Figure 2. Mechanics and specificity of CCN1—ayf3; integrin and CCN1—PG binary complexes. (a) Rupture force histogram showing the binding
strength of the binary complex formed between CCN1 and ayf; integrin, as measured by SMFS. For more cells, see Figure S3a. (b, c) Rupture
force histograms of representative S. aureus cells probed by SMFS with AFM tips functionalized with CCN1, before (b) and after (c) blocking with
wheat germ agglutinin (WGA). For more cells, see Figures S3b and S3c, respectively. (d) Box plot showing the inhibitory effect of WGA (final
concentration of 40 g mL™") toward CCN1—PG interaction. n = 22 cells (left box); n = 23 cells (right box). Stars indicate mean values, lines
indicate medians, boxes indicate 25—75% quartiles, and whiskers indicate standard deviation. P values were determined by a two-sample ¢ test in

Origin. ***%P < 0.0001.

adhesion and phagocytosis and shows promise for new
effective therapies to enhance the immune response against
this pathogen.

We first studied the mechanical strength of the interaction
between CCN1, S. aureus, and ayf; integrin using single-cell
force spectroscopy (SCFS; Figure 1). We used S. aureus AsrtA
cells which do not express cell wall-anchored proteins, in order
to exclude the interference from surface proteins. A single live
S. aureus bacterium preincubated or not with CCN1 was
attached to a colloidal probe and then approached to a surface
functionalized with ayf; integrins (Figure lab). Force—
distance curves were recorded, enabling us to estimate rupture
force and binding probabilities. For CCN1-treated cells, a
substantial number of force curves (average binding probability
of 67%) featured adhesion (rupture) events with forces of 67 +
14 pN (mean =+ s.d., from a total of n = 888 adhesive curves
from 9 independent cells; Figure la,c and Figure Sla). The
sharp maximum in the force distribution observed below 200
pN suggests that single bonds were probed with our SCFS
experiments. By contrast, nontreated cells showed lower
binding probability of 18% (n = 7 different cells), providing
direct evidence that CCN1 promotes S. aureus adhesion to
ayP; integrin (Figure 1c).
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Using single-molecule force spectroscopy (SMFS), we
quantified the forces between single integrins immobilized on
the AFM tip and S. aureus cells preincubated or not with
CCN1 (Figure 1d,e). For treated bacteria, about 60% (n = 12
independent cells) of the curves featured adhesion forces in the
25—500 pN range, with a clear maximum centered at 72 + 20
pN (mean =+ s.d., n = 605 adhesive curves; 12 cells) that we
attribute to single bonds. The remaining percentage of curves
showed no adhesion events. These forces of single integrin and
S. aureus preincubated with CCN1 are in line with our SCFS
measurements and, importantly, agree with the strength of
single integL‘ins.23_26 We note that SMFES histograms showed
forces in the 200—400 pN range that were not observed in
SCEFS, which are likely to reflect the rupture of multiple bonds
in parallel. We suggest that the reason this was not observed in
SCES is related to the complexity of the ternary interaction
and to the very different geometries of the interacting surfaces.
For instance, it is possible that integrins immobilized on a
nanosize tip (SMFS) might be in a better geometry and
molecular freedom to interact than when immobilized on a flat
substrate (SCFS). Finally, adhesion was almost abolished for
nontreated cells, with a decrease in binding probability from
60% to 4% (n = 12 and 13 independent cells, respectively)
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Figure 3. CCNI ternary and binary complexes under mechanical tension. (a—c) Dynamic force spectroscopy plots (force, F, vs loading rate, LR)
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Fitting the data using the Friddle—Noy—de Yoreo model (lines) provided Foy %y and kg (Feq) values with errors representing the s.d. Data were
pooled from a total number of n = 3280 adhesive curves for (a), n = adhesive 6562 curves for (b), and n = 2003 adhesive curves for (c). (d—f)
Adhesion force histograms obtained by sorting the DFS data in discrete LR ranges for the different interactions.

(Figure 1f), leading us to conclude that CCNI plays an
essential role in establishing a mechanically strong bridge
between S. aureus and oryf3; integrin.

Then, we sought to unravel the relative contribution of each
molecular partners to the mechanostability of the ayf;
integrin—CCN1—PG complex. Given that in a ternary complex
the weakest end is expected to rupture first, we measured the
bond strength of CCN1—ayf; integrin and CCN1—PG binary
interactions using single-molecule force spectroscopy. To this
end, AFM tips functionalized with CCN1 were approached on
surfaces functionalized with oyf; integrins or on top of a
S. aureus cell immobilized on a substrate. Rupture force
histograms (Figure 2a and Figure S3a) of multiple cells showed
an average binding strength of 59 + 9 pN (n = 578 adhesive
curves; 11 spots; 3 tips) for the CCN1—ayf; integrin binary
complex, with an average binding probability around 17%. This
force value falls within the 100 pN range of classical ligand—
integrin bonds studied.”**° Remarkably, in the case of the
CCN1—PG binary complex (Figure 2b and Figure S3b), force
histograms displayed a wider distribution with stronger forces,
from 50 to 800 pN (out of 2410 adhesive curves in total; 22
cells). The results indicate that the CCN1—PG bond is the
strongest, ie., that the CCNIl—oayf; integrin bond of the
ternary complex will rupture first under force.
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To further characterize the CCN1-PG interaction and
identify the bacterial component involved in it, wheat germ
agglutinin (WGA), a lectin that recognizes the N-acetyl-
glucosamine (GIcNAc) component of the polysaccharide
moiety of PG, was injected into the system. As shown in
Figure 2c,d, adhesion between CCNI1 tips and the bacterial
surface was significantly abrogated upon WGA addition,
resulting in a sharp decrease of binding probability from 30%
to 8% (n = 22 and 23 different cells, respectively). This hints at
GlcNAc of PG being the target ligand of CCN1. Knowing that
both the vWC and TSP regions of CCN1 are able to bind PG
and considering that up to three subsites within one
carbohydrate-binding site of the WGA molecule were
suggested for PG binding,”” we speculate that the high forces
(>100 pN) observed before WGA blocking result from
multiple CCN1—PG interactions.

As the CCN1-mediated phagocytosis occurs under shear
stress, we wondered how the ternary and binary complexes
respond to mechanical force. In order to calculate the kinetic
parameters describing the two binary complexes and further
more compare them with the ternary complex, we assessed the
dynamics of the interactions by measuring the adhesion forces
(F) while varying the loading rate (LR), i.e., the rate at which
force is applied (estimated from the force vs time curves).
Dynamic force data (Figure 3) were obtained under different
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the surface of human umbilical vein endothelial cells (HUVECs). (b) Optical images (40X resolution) showing a HUVEC probed by MSCT-C
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mode. Left: image of a full isolated cell; right: zoomed-in image of the same cell. (d) Histogram showing the work of adhesion, obtained in HEPES
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216 adhesive curves merged. Inset representative adhesion force profiles with multiple peaks and plateaus. These force events were followed by
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from the cell membrane during measurements. (e) Data for control experiments in which S. aureus cells were not preincubated with CCN1. Ten
different cell pairs of 447 adhesive curves merged. Insets: representative retraction profiles.

pulling speeds ranging from 0.5 to 10 um s™' for ayf; integrin binary complex and k.z = 94.0 + 65.1 s~ for the
integrin—CCN1—PG (Figure 3a), CCNl—ayf; integrin CCN1—PG binary complex). The high kg values illustrate the

(Figure 3b), and CCN1-PG (Figure 3c) complexes. Data high dissociation rates of the complexes compared to some
corresponding to single interactions were fitted with the staphylococcal adhesins.”” ™
Friddle—Noy—de Yoreo model,”® yielding F,q (the equilibrium DES plots clearly indicated that the interactions become
force), x, (distance from the bound state to the transition state stronger at increasing LRs. We therefore dissected the
barrier), and kg (dissociation rate at the equilibrium force) distribution of ruptures forces over discrete ranges of LRs
values. The three systems featured rather similar kinetics (Figure 3d—f). The probability of forming strong adhesion
parameters (ko = 57.6 + 8.4 s~' for the ternary complex, increased with the LR, well beyond the values expected for
compared with kg = 122.2 + 47.1 s™' for the CCN1—ayf; single bonds, implying that the CCN1 interactions strengthen
8571 https://doi.org/10.1021/acs.nanolett.4c01533
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with the applied force. At high loading rates, the CCN1—ayf;
integrin and the ternary complexes behaved similarly: at lowest
LRs (<3000 pN/s) they showed mostly weak forces centered
at 39 + 17 pN (n = adhesive 297 curves, 3 spots) and S0 + 20
pN (n = 499 adhesive curves, 4 cells), while at the highest LRs
(>100000 pN/s) they featured higher forces of 117 + 44 pN
(n = 326 adhesive curves, 3 spots) and 124 + 48 pN (n =
adhesive 627 curves, 4 cells). For both systems, we argue that
the low forces result from single (perhaps multiple) bonds
between the primary ayf; integrin binding site in the CCN1
vWC domain, whereas under increasing tensile load, additional
cryptic site(s) in the CCN1 CT domain become exposed and
available for interaction with o/ integrin.25

By contrast, the CCN1-PG complex at the high LRs
(>100000 pN/s) featured forces up to 800 pN, emphasizing
again that the latest is the strongest link of the bridge. We
speculate that strong forces arise from multivalent binding, i.e.,
the simultaneous rupture of multiple bonds between CCN1
and GIcNAc of PG. This is supported by the notion that both
the vWC and TSP regions have lectin sites that bind PG and
that lectins like WGA can have multiple subsites within one
carbohydrate-binding site.”” Indeed, WGA exhibited multi-
valent binding by forming dimers and simultaneously
providing eight sugar binding sites for GIcNAc.”® We note
that the DFS data for the CCN1—PG complex could not be
fitted with the Williams—Evans prediction for multiple bonds
(Figure S$4).** This indicates that we are not in the presence of
uncorrelated interactions occurring in parallel but that some
other phenomenon like cooperative binding between lateral
ligands must occur.

Finally, we asked whether CCN1 is capable to tightly bridge
S. aureus and living host cells, using human endothelial cells
(HUVEC) as a non-phagocytic cell line expressing ayf;
integrins. To promote the exposure of a,f; integrins in the
upper cell membrane, cells were trypsinized to remove ECM
proteins and further immobilized on glass substrates coated
with lectins for analysis.”**> Then, we measured the forces
between S. aureus with or without CCNI1 preincubation and
HUVECs. SCES experiments between CCN1-treated S. aureus
bacteria and endothelial cells featured complex adhesion force
profiles with multiple peaks and plateaus (insets in Figure 4d).
These force events were followed by discrete jumps reflecting
rupture of intermolecular bonds. The force plateaus indicate
extraction of cytoskeleton-free membrane tubes (tethers) from
the cell membrane during measurements.””>” Membrane
tethers may help enhancing the duration of S. aureus—host
cell adhesive contacts during phagocytosis. Unlike discrete
adhesive events, the work that is required to detach the cell can
be used to describe the adhesion strength of the cell. We
therefore estimated the work of adhesion (W,y) by
considering the area under the retraction curves. As shown
in Figure 4d, large W4, values (up to 1 fJ) were observed for
treated bacteria, which indicates that the soft, deformable host
membrane partly covers the bacterial cell surface, thus
highlighting the role of membrane deformation in determining
the energy and duration of bacterial-host adhesion. W, 4, values
were dramatically reduced for nontreated S. aureus bacteria
(Figure 4e), confirming the essential role of CCNI in
enhancing S. aureus adhesion to human host cells and
validating the above results on purified integrins.

In summary, this study sheds new light into the mechanism
of CCN1-mediated adhesion and phagocytosis by providing
molecular insights into the mechanics of the ternary bridge
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between CCNI1, bacterial PG, and host cell integrins.
Phagocytosis is an important mechanism of the immune
system where pathogens are engulfed and further eliminated by
immune cells like macrophages and neutrophils. Under-
standing the molecular basis of CCNI1-mediated S. aureus
phagocytosis offers prospects for the design of new
therapeutics to boost the immune response against this
pathogen. The main finding of our work is that CCN1
behaves as a force-sensitive linker that potentiates staph-
ylococcal adhesion under mechanical stress. The strengths of
the CCN1-PG and CCN1—ayf; integrin binary interactions
are weak (moderate) at low tensile force but are dramatically
enhanced by mechanical tension. Our results support a model
in which CCN1 engages into two distinct force-dependent
interaction mechanisms to enhance its mechanical stability as a
molecular bridge. On the one hand, mechanical force induces
unfolding of the CCN1 CT domain, causing the exposure of
cryptic integrin-binding sites, which in turn engages into a high
affinity interaction with the integrins.”® This mechanical
response is reminiscent of the three-component FnBPA—
Fn—asf; complex, whereby upon binding of Fn to FnBPA,
force-induced unfold FnlIll domains, causing the exposure of
high affinity, buried integrin-binding sites.”> On the other
hand, multivalent binding of GIcNAc sugars by lectin sites is
favored under mechanical tension. Multivalent binding is used
by some bacterial pathogens to enhance adhesion, the
prototypical example being the adhesion of Escherichia coli.*
The affinity of carbohydrates for bacterial lectins is low, but
presentation of multiple copies of carbohydrates leads to high-
affinity multivalent binding.**~** Multivalent binding inter-
actions have increased avidity compared to monovalent ones as
their off rate is much slower. The reason for this is that there is
a high chance that sugar ligands rebind before complete
dissociation of the complex due to their high local
concentration. Multivalency is clearly expected as the target
GlcNAc sugars are present at high density along the PG chains
and as both the vWC and TSP regions of CCN1 have lectin
sites. Importantly, the GIcNAc lectin WGA has several binding
sites per subunit that are distributed over the whole protein,
meaning that WGA dimers accommodate eight independent
binding sites.”® Therefore, we expect that adjacent protein—
carbohydrate bonds will strongly favor and enhance high-
affinity interactions.
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