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As a known receptor—ligand pair for mediating cell-cell or cell-extracellu-
lar matrix adhesions, cluster of differentiation 44 (CD44)-hyaluronan (HA)
interactions are not only determined by molecular weight (MW) diversity
of HA, but also are regulated by external physical or mechanical factors.
However, the coupling effects of HA MW and shear flow are still unclear.
Here, we compared the differences between high molecular weight HA
(HHA) and low molecular weight HA (LHA) binding to CD44 under var-
ied shear stresses. The results demonstrated that HHA dominated the bind-
ing phase but LHA was in favour of the shear resistance phase,
respectively, under shear stress range < 1.0 dyne-cm 2. This difference was
attributed to the high binding strength of the CD44-HHA interaction, as
well as the optimal distribution matching between both CD44 and HA
sides. Activation of the intracellular signal pathway was sensitive to both
HA MW and shear flow. Our findings also indicate that only CD44-HHA
interaction under shear stress of 0.2 dyne-cm 2 could significantly enhance
the clustering of CD44, as well as induce the increase in both CD44 and
CD18 expression. The present study offers the basis for further quantifica-
tion of the features of CD44-HA interactions and their biological
functions.

Introduction

Hyaluronan (HA) and cluster of differentiation 44
(CD44) are first recognized as a specific receptor—
ligand pair for mediating cell adhesion between lym-
phoid and stromal cells [1], and further confirmed by a
series of studies including T cell activation by HA
bound CD44 [2], CD44-HA binding mediated lympho-
cyte cell rolling on endothelial under physiologic flow
[3.4] and in vivo T cell extravasation into an inflamed
site [5,6]. The functions of this counterparts are also

Abbreviations

extended to mediate neutrophil [7] and glioblastoma
[8] cell adhesion and migration, as well as leukocyte
adhesion in atherosclerotic initiation [9]. Specially,
CD44-HA interactions [10,11], but not selectin-ligand
interactions [12—14], dominate neutrophil sequestration
in tissue specific liver sinusoids upon lipopolysaccha-
ride stimulation. Evidently, CD44-HA interactions
play key roles in mediating adhesion or migration of
immune cells, stem cells or tumour cells. Thus

2D, two-dimensional; AFM, atomic force microscopy; CD44, cluster of differentiation 44; DPBS, Dulbecco’s phosphate-buffered saline; FITC,
fluorescein isothiocyanate; HA, hyaluronan; HHA, high molecular weight HA; LFA-1, lymphocyte function-associated antigen 1; LHA, low
molecular weight HA; MBCD, methyl-p-cyclodextrin; MW, molecular weight.
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HA MW binding to CD44 under shear flow

quantification of CD44-HA interactions is basic for
understanding their biological functions.

First, CD44-HA interactions are more complicated
than other receptor—ligand interactions because of the
complexity of both CD44 and HA themselves. A typi-
cal feature is the diversity of HA molecular weight
(MW) and distinct biological activities [15-18]. The
composition and form of HA are defined by the bal-
ance of its synthesis and degradation. HA synthesis is
performed by at least three distinct synthases (Hasl—
3), whereas the HA so formed can be fragmented by
hyaluronidases, reactive oxygen or nitrogen species,
resulting in a distinct MW. Generally, high molecular
weight HA (HHA, commonly > 1000 kDa) exist in
almost all of the tissues under homeostatic conditions
and function in suppressing inflammation, resulting in
protective or healing effects to injury. However, low
molecular weight HA (LHA, commonly 10-250 kDa)
fragmentations are increased under pathological condi-
tions, functioning in pro-inflammation with promoting
disease progression [19]. The functional differences of
HA MW are also reflected on CD44-HA interaction
[20]. As demonstrated using single molecular level
technologies of both atomic force microscopy (AFM)
and friction force microscopy, the increase in HA MW
enhances CD44-HA interactions and maximum bind-
ing occurs at ~1000 kDa HA, which is consistent with
the MW dependence of cellular viability of CD44-
positive cells that adhered on HA-coated substrate
[21]. Similar results for the CD44-HA interaction are
also obtained by surface plasma resonance with the
increased binding affinity from LHA (6.4 kDa) to
HHA (1500 kDa) resulting from the faster association
and the slower dissociation for HHA. It is interesting
that the CD44-HA interactions measured at cellular
level show contrary results. CD44-LHA interaction
mediates the strong single cell adhesion, consistent
with the cellular function that immobilized LHA (30—
50 kDa), but not HHA (500-750 kDa), in collagen
matrices could enhance tumour cell invasion [22].
CD44-HHA interaction with HA immobilized in a
layer-by-layer manner mediates the low cell adhesion
and high cell motility of human gastric cancer cell line
MKN45 [23]. These data confirmed that different HA
MW have distinct binding abilities to CD44, and they
can also induce distinct cellular functions. Unfortu-
nately, the intrinsic relationship between CD44-HA
interaction and biological function is still controver-
sial. Furthermore, besides the HA MW difference in
the above studies, versatile surface presentation char-
acteristics of both HA and CD44, including different
combinations of substrate/tip-anchored [21], soluble
[24], collagen matrix-immobilized [22] or PLL-
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immobilized HA [23], and substrate-anchored [21,24]
or cellular surface-expressed [21-24] CD44, highlight
the difficulty with respect to direct comparisons of
existing data.

In addition, compared with three-dimensional interac-
tions where at least one partner of receptor or ligand
exists in solution and has three-dimensional freedom,
CD44-HA interactions for mediating cell-cell or cell-
substrate adhesions belong to two-dimensional (2D) inter-
actions because both of them are anchored to cellular sur-
face or substrate respectively. This anchoring would
confine their diffusion only along corresponding plane of
anchoring [25,26]. The 2D feature renders that the CD44—
HA interactions are not only determined by CD44 and
HA themselves, but also regulated by external physical
environments. For example, leukocyte adhesions medi-
ated by CD44-HA interaction are involved in in vivo
blood flow, and the shear stress suffered by adhered leu-
kocytes under a blood flow environment would translate
into an external force exerted onto the CD44-HA com-
plex and further regulation of their dissociation. The
transporting dynamics of leukocytes before adhesion in
blood flow also affects the association of CD44-HA inter-
action and resulted cell adhesion. Indeed, a series of stud-
ies report the regulations of shear flow on CD44-HA
interaction mediated adhesion. The adhesion number and
rolling dynamics of CD44" cells by binding to HA coated
substrate are sensitive to shear stress [27]. Different cell
types expressing CD44 bound to the same HA-coated
substrate show distinct adhesion resistances to shear stress
[27,28]. However, the effect of HA MW on the sensitivity
of CD44-HA interaction and how this further mediates
cell adhesion to shear flow are still unclear.

Therefore, the coupling effects between HA MW
and shear stress on CD44-HA interactions were tested
in the present study. Using a flow chamber assay for
mimicking in vivo blood flow, the regulations of dis-
tinct HA MW on CD44-HA interactions were quanti-
fied under shear flow through the index of cell
adhesion dynamics. Their respective abilities with
respect to inducing intracellular signal pathway were
also explored. This work deepens our understanding of
the contribution of CD44-HA interaction to the cell
adhesion dynamics in the immunology response or
tumour metastasis.

Results
HHA and LHA dominated distinct interactions to
CD44 under shear flow

To test the effect of HA MW on CD44-HA interac-
tions and corresponding biological function under
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shear flow, a flow chamber assay was used to quantify
their capabilities using U937 cell line expressing CD44
stably (data not shown). The specificity of CD44-HA
interactions was first confirmed by results showing that
both HHA (Fig. 1A,B) and LHA (Fig. 1C,D) could
mediate effective adhesions of U937 under a shear flow
of 0.2 dyne-cm 2, but those control cases without HA
coating or Hermes-1 blocking significantly reduced the
adhered U937 number in the 300-s binding (Fig. 1A,
C) and shear resistance phases (Fig. 1B,D). Next, the
dependences of CD44-HHA/LHA interactions on
shear flow demonstrated an interesting behaviour in
that they were sensitive to shear flow and presented a
threshold. Under low shear stresses of 0.1 and
0.2 dyne-cm 2, the number of adhered cells mediated
by CD44-HHA interaction increased gradually over
time in the 300-s binding course from the higher initial
number of around 50-60 cells, but almost kept con-
stant under the higher shear flow of 0.5 and
1.0 dyne-cm 2 with the lower initial number of around
20 cells (Fig. 1E). This dependence of shear stress in
the binding phase also affected the following shear
resistance phase with distinct evolution profiles of
adhered cell number between higher and lower shear
stresses (Fig. 1F). The results mediated by CD44-
LHA interactions showed a similar tendency (Fig. 1G,
H), indicating that CD44-HA interactions were sensi-
tive to shear stress with a threshold between 0.2 and
0.5 dyne-cm 2. The association of CD44-HA interac-
tions was dominant over the dissociation, resulting in
a gradual increase in adhered cells below the threshold,
but the association and dissociation reached a balance
with almost constant adhered cells beyond the
threshold.

CD44 binding differences between HHA and LHA
were further compared under typical shear stresses of
0.2 and 0.5 dynecm 2 The results showed that
CD44-HHA interactions had a faster association with
a quicker increase in adhered cell number from almost
identical initial value of ~40 cells under a shear stress
of 0.2 dyne-cm* (Fig. 2A) and yielded a similar pat-
tern under 0.5 dyne-cm 2 with an even higher adhered
cell number (Fig. 2C). By contrast, CD44-LHA inter-
actions could resist shear stress more effectively with a
slower decrease of adhered cell number in the shear
resistance phase (Fig. 2B,D). The respectively domi-
nant roles of HHA in the fast association and LHA in
the ability to resist shear stress were not affected by
the HA concentrations (2, 20, 200 or 1000 pg-mL ™)
used for substrate coating, even the differences
between HHA and LHA were not always significant
(data not shown). Thus, CD44-HHA interactions
played dominant roles in the binding phase but

HA MW binding to CD44 under shear flow

CD44-LHA interactions were favourable for shear
resistance under shear flow.

HHA and LHA presented distinct binding
strengths to CD44

To explore the explanation for the differences between
HHA and LHA binding to CD44 under shear flow,
we first excluded the potential effect of HA coating
number density. Noting that the HHA MW used here
was about 50 times greater than the LHA MW (~1000
vs. ~20 kDa) and the above comparisons between
HHA and LHA were based on the same HA mass
concentration for substrate coating, one possible mech-
anism leading to the above differences may result from
a lower HHA coating number density on the substrate
as a result of its high MW compared to that of LHA,
further affecting the binding ability to CD44. Here, we
applied differential HHA and LHA with respective
mass concentrations of 1000 and 20 pg-mL ™" in a flow
chamber test, implying that this similar molar concen-
tration could result in a comparable coating number
density with the hypothesis of comparable coating effi-
ciency. The results indicated that the dominated role
of HHA in the binding phase disappeared (Fig. 2E.G),
but that of LHA in shear resistance still existed at the
end time point under 0.5 dyne-cm > (Fig. 2F,H). It
was taken for granted that this matching of HA molar
concentration for substrate coating would increase the
coating number of HHA and reduce that of LHA
compared to those shown in Fig. 2A-D with the same
mass concentration of 200 pg-mL~'. However, the
vanishing difference between HHA and LHA in the
binding phase and the intact difference in the shear
resistance phase indicated that coating number density
was not a deterministic factor for their difference.

We further measured the mechanical strength of
CD44-HA interactions directly at the molecular level
using an AFM assay to investigate their contributions
to the differences between HHA and LHA. Specific
bindings of CD44-HHA/LHA systems were repre-
sented by their significantly higher adhesion frequency
compared to that of the control case under a contact
duration of 500 ms (Fig. 3A—C). In addition, the sys-
temic spring constant k, defined as the spring constant
of the CD44-HA system in series with that of cantile-
ver, was different between HHA and LHA. The
CD44-LHA system had a higher k than that of the
CD44-HHA system (Fig. 3D-F), which is reasonable
because the CD44-LHA complex serves as a shorter
spring than the CD44-HHA complex. A combination
of these adhesion frequency and systemic spring con-
stant tests validated the reliability of the AFM assay
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Fig. 2. Effects of HA molecular weight or concentration for substrate coating on HA-CD44 binding-mediated cell adhesion dynamics under
shear flow. (A-D) Number of firmly adhered U937 cells in the binding phase (A, C) and evolutions of normalized firmly adhered cells in the
shear resistance phase (B, D) mediated by CD44-HHA or -LHA interactions under shear stresses of 0.2 (A, B) and 0.5 (C, D) dyne~cm’2,
respectively. The concentration of HHA or LHA for substrate coating was 200 pg-mL~". (E-H) Comparisons of number of firmly adhered
U937 cells in the binding phase (E, G) and evolution of normalized firmly adhered cells in the shear resistance phase (F, H) under shear
stresses of 0.2 (E, F) and 0.5 (G, H) dyne-cm™2 between the HHA concentration of 1000 pg-mL~" and LHA concentration of 20 pg-mL™"
coated substrates. Data are shown as the mean + SE of at least three independent repeats. *P < 0.05, **P < 0.01.
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Fig. 3. Comparisons of spring constant and rupture force between HHA-CD44 and LHA-CD44 interactions by the AFM assay. (A) Schematic
of AFM experimental set-up. The AFM cantilever was functionalized with CD44s by direct physical absorption. HHA/LHA-biotin was coated
on substrate via avidin, respectively. Only avidin-adsorbed substrate served as a control. (B) Representative force curve of a complete cycle
under force ramp mode. Blue and red traces were recorded for the approach and retraction of the cantilever, respectively. System spring
constant k and rupture force F were measured for each force curve. (C) Adhesion frequencies under different retraction velocities. Spring
constant (D, E) and rupture force (G, H) distributions of CD44-HHA (D, G) and CD44-LHA (E, H) complexes upon different retract velocities
are shown with Gaussian fitting (lines) for each distribution. Averages of Gaussian fitting medians of all retract velocities for spring constant
k and rupture force F are presented in (F) and (l), respectively. HA concentration was 200 pg-mL~". Approach velocity, contact force and
contact time were 1 um-s~", 150 pN and 500 ms, respectively, for all measurements. Data are shown as the mean + SE of at least three
independent experiments. *P < 0.05, ***P < 0.001.

for the measurement of CD44-HA interactions. More- mechanical strength for CD44-HHA interaction may
over, rupture force tests demonstrated that the CD44— partially explain its faster association and the quicker
HHA system presented higher rupture forces under increase in adhered cell number observed in the bind-
various retract velocities (Fig. 3G-I). The higher ing phase of flow chamber assay.
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CD44 distribution regulated HHA and LHA
differences under shear flow

CD44 mainly expresses in the lipid raft on cell mem-
brane [29,30], implying that CD44 distribution could
be uneven in discrete clusters and the confinement of
the lipid raft also reduces their diffusion along the cell
membrane. This may in turn affect their binding to
HA, such that the membrane distribution change of
CD44 regulated by methyl-B-cyclodextrin (MBCD)
modulates HA binding ability of CD44 in T lympho-
cytes and controls rolling dynamics under shear flow
[29]. To quantify the effect of CD44 distribution pat-
tern on its binding difference between HHA and LHA,
we compared CD44-HA interactions before and after
lipid raft disruption by MBCD. First of all, we con-
firmed that MBCD did not change the expression
quantity of CD44 (Fig. 4A) but only caused the
homogenization of distribution from local clustering
(Fig. 4B). Flow chamber tests revealed that even
expression of CD44 after MBCD treatment would
enhance the shear resistance of CD44-HHA interac-
tion but did not affect the binding dynamics much
(Fig. 4C,D). However, the CD44-LHA interaction
showed distinct effects with reduced binding dynamics
but unchanged shear resistance after MBCD treatment
(Fig. 4E,F). These differential effects indicated that the
differences between HHA and LHA increased in the
binding phase but disappeared for the shear resistance
phase (Fig. 4G,H).

Indeed, the distribution of HHA coated on substrate
in flow chamber assay could be regarded as a discrete
LHA cluster, although that of LHA was relatively
even under the same HA mass concentration. In com-
bination with the above effects of CD44 distribution
pattern on CD44-HA interactions, clustering of both
or one side of receptor-ligand interaction pair was in
favour of their association, although the uniform dis-
tribution of at least one side was beneficial to shear
resistance. This was reasonable because local clustering
would enhance the matching opportunity once they
could reach each other. However, the shear resistance
was affected by already bound molecular bonds, and a
relatively even distribution of bonds could disperse the
external force more effectively. These results also con-
firm the sensitivity of the 2D receptor-ligand interac-
tion to external factors.

HHA and LHA induced distinct intracellular
signals under shear flow

Besides initiating cell adhesion and implementing
molecular recognition, CD44-HA interactions are also

HA MW binding to CD44 under shear flow

involved in rich intracellular signals endowed by the
special location of CD44 in the lipid raft. For example,
exogenous or constitutively expressed native HAs
induce CD44 clustering [31] and CD44-anchored spec-
trins modulate the surface density of HA and sense
and translate flow shear into changes in plasma mem-
brane tension [32]. To evaluate the effect of HA MW
on triggering intracellular signals, CD44 distribution
and expression by binding to HHA or LHA were first
compared. The results showed that CD44-HHA inter-
action could significantly enhance both CD44 cluster-
ing and expression under shear stress of 0.2 dyne-cm 2
compared to that of CD44-LHA interaction or a con-
trol case with blank substrate (Fig. 5A,B). The differ-
ence between HHA and LHA with respect to inducing
CD44 clustering or expression disappeared under shear
stress of 0.5 dyne-cm > or under static conditions
(Fig. 5C,D).

Ligand binding to CD44 also can induce the activa-
tion of another cell adhesion molecule family of integ-
rins. As a typical example, E-selectin binding to CD44
expressed on neutrophil membrane could induce the
activation of lymphocyte function-associated antigen 1
(LFA-1) for neutrophil slow rolling in an inflamma-
tory cascade [33]. Indeed, HA also has a similar abil-
ity, with CD44-engagement by HA binding enhancing
the activation of very late antigen 4 [34] and CD44
cross-linking by 6.9 kDa LHA inducing the expression
of LFA-1 on cancer cells [35]. Based on the above
findings, we further investigated the abilities of HA
MW with respect to activating integrin with a typical
indicator of the CDI8 integrin subfamily, known to
express constitutively on leukocytes and to play key
roles in mediating cell recruitment in immunoreaction
by binding to their ligands. Interestingly, CD18 expres-
sion showed a similar tendency to that of CD44, as
expected, and was also higher for the case of CD44-
HHA interaction under shear stress of 0.2 dyne-cm™>
compared to other cases (Fig. 6). These results also
confirmed that the sensitivities of CD44 and CDI8
expression to HA MW and shear stress exposure
depended on the existence of the lipid raft because the
differences in their expression disappeared in the case
of MBCD treatment regardless of HA MW and shear
stress (Fig. 7). The above difference between HHA
and LHA under shear stress of 0.2 dyne-cm™> was also
consistent with a spreading area of adhered cells
(Fig. 8A). Accordingly, CD44-HHA interactions medi-
ated the larger cell spreading area under 0.2 dyne-cm >
compared to other cases, and the difference disap-
peared with MBCD treatment (Fig. 8B). In addition,
the sensitivity of HA MW with respect to inducing
CD44 and CDI8 expression only relied on the
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Fig. 5. Differences in CD44 expression on U937 cells induced by H

HA- or LHA-CD44 interaction under static or shear flow. (A) Immunofluo-

rescence staining of CD44 expression on adhered U937 cells after 5 min of shear flow or just static settlement with presentations focusing

on both cell body and bottom. (B-D) Quantified CD44 expression

0.5 dyne-cm™2 (C) or just static adhesion (D) for the cases of HHA,

on adhered U937 cells after 5 min of shear flow of 0.2 dyne-cm™2 (B),
LHA or BSA-coated substrates. Arrows indicate molecular clustering of

CD44 at the bottom surface. Scale bar = 5 um. **P < 0.01, ****P < 0.0001.

anchored HA because the incubation of soluble HHA
or LHA would not induce differences in expression for
CD44 or CD18 (Fig. 8C,D).

Discussion

The present study aimed to elucidate the differences
between HHA and LHA for binding to CD44 under
shear flow, as well as their respective abilities for
inducing CD44 and CDI18 expression through an

intracellular signal pathway, based on the biological
functions of CD44-HA interactions in mediating cell
adhesion and the diversity and sensitivity of HA MW
in pathophysiological alterations. Here, we found that
CD44-HHA and CD44-LHA interactions were domi-
nant in the binding and shear resistance phases,
respectively. CD44-HHA interactions under shear flow
of 0.2 dyne-cm™? could induce significant enhance-
ments of CD44 clustering and both CD44 and CDI18
expression. Our results offer a basis for further
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understanding the biological differences between HHA
and LHA in mediating cellular adhesions in inflamma-
tory response and tumour metastasis.

External physical or mechanical factors for CD44—
HA interaction are known to be critical, especially for a
typical 2D receptor-ligand interaction. On the one hand,
besides the presentation of a similar shear stress range of
< 1.0 dyne-cm 2 for effective CD44-HA binding as in
previous studies [27,36], the present study also exhibited
a threshold phenomenon between shear stresses of 0.2
and 0.5 dyne~cm’2. That is, the association of CD44—
HA interactions could overcome its dissociation under
lower shear stresses of < 0.2 dyne-cm ™2, resulting in a
gradual increase in the adhered cell number during the
binding course, whereas the association and dissociation

tend to reach a balance with a constant number of
adhered cells under the higher shear stresses of
> 0.5 dyne-cm ™ (Fig. 2). In addition, the effective cell
accumulation that only occurred below a shear stress of
1.0 dyne-cm 2 indicated that CD44-HA association was
not as fast as that of selectin-ligand interactions [37,38].
On the other hand, our results revealed that the disrup-
tion of CD44 clustering regulated the CD44-HA inter-
action and corresponding cell adhesion (Fig. 4). This is a
reasonable hypothesis because the release of CD44 from
local lipid raft to uniform distribution on the cell mem-
brane would reduce the probability of an encounter
between CD44 and HA and cooperation among multiple
CD44-HA pairs for bond formation under shear flow,
especially under conditions where both sides of CD44
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Fig. 7. Differences in CD44 and CD18 co-expression on MBCD-treated U937 cells induced by HHA- or LHA-CD44 interaction under static
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and HA were in sparse and uniform distributions [39]. The major finding from the present study are the
However, the sparse distributions of the already formed quantifyng interaction differences between HHA and
molecular bonds are favourable for shear resistance. LHA to the same CD44 receptor under shear flow and
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the respective abilities for inducing intracellular sig-
nals. Similar to the respectively anti- and pro-
inflammatory functions of soluble HHA and LHA,
surface anchored HHA and LHA respectively domi-
nated the binding and shear resistance stage through
binding to CD44. Besides the higher interaction
strength of CD44-HHA interaction, we considered
that the domination of HHA in the binding phase was
mainly because of the large target area resulting from
both CD44 clustering and HHA assembly for ready
recognition and matching. Once the molecular com-
plexes were formed, the uniform bond distribution
such as CD44-LHA interaction was more favourable
for shear resistance. Furthermore, CD44-HHA inter-
action could more effectively trigger intracellular sig-
nals than CD44-LHA interaction under shear stress of
0.2 dyne-cm 2. This advantage of HHA function

would disappear under the case of static conditions, a
high shear stress of 0.5 dyne-cm 2 or disruption of the
lipid raft, indicating the need for CD44 clustering and
bond quantity to trigger intracellular signals. In addi-
tion, the activation of CDI18 by CD44-HHA interac-
tion also predicted the potential synergistic roles in
immunological responses between CD44-HA and
integrin-ligand interaction pairs, similar to the cooper-
ation between CD44-E-selectin and LFA-Il-intercellu-
lar adhesion molecule-1 interactions in a classical
inflammatory cascade [33].

In summary, the present study provides basic data
for elaborating the abilities of different HA MW to
mediate leukocyte adhesions or recruitment by binding
to CD44 under shear flow. However, the profiles of
HA distributions in various tissues and the changes of
HA MW under pathophysiological conditions remain
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far from clear. Furthermore, the existence of both sol-
uble and endothelial-anchored HA, especially in liver
sinusoid tissue [40—43], also adds to the complexity of
in vivo CD44-HA interactions. In addition, increased
HA deposition is a common feature of inflamed tis-
sues, such as the HA cable structure formed on acti-
vated in vitro cell lines [44.,45] or the in vivo endothelial
layer [10,46,47] upon various stimulations that
enhances leukocyte adhesion and recruitment. Thus,
competition among different HA MW and between sol-
uble and anchored HA, as well as the distinct assembly
of HA for CD44 binding and the corresponding biolog-
ical functions, requires further investigation. It is well
known that HA could bind to many other receptors in
addition to CD44, including the hyaluronic acid recep-
tor for endocytosis (HARE/stabilin 2) responsible for
the rapid clearance of HA, the chondroitin sulfate and
heparin from circulation [48], the lymph-specific
LYVE-1 for mediating dendritic and other inflamma-
tory cell egress to the lymphatic lumen [49,50], the
receptor for HA-mediated motility (RHAMM/CD168)
responsible for protein tyrosine phosphorylation and
focal adhesion turnover [S1], and the layilin for epithe-
lial integrity [52]. Thus, the effects of HA MW on its
binding ability to these receptors and their downstream
signalling pathways, as well as the corresponding bio-
logical functions, also require further investigation.

Materials and methods

Reagents

Alexa Fluor® 647 anti-mouse/human CD44 Antibody
(103018), Isotype Ctrl antibody of Alexa Fluor® 647 Rat
IgG2b (400626), fluorescein isothiocyanate (FITC) anti-
human CDI18 antibody (302106) and Isotype Ctrl antibody
of FITC mouse IgG1 (400108) were obtained from BioLe-
gend (San Diego, CA, USA). Low molecular weight hya-
luronan (LHA) (GLRO001 ~20 kDa) and high molecular
weight hyaluronan (HHA) (GLR002 ~1000 kDa) were pur-
chased from R&D Systems (Minneapolis, MN, USA). Bio-
tin HHA (B1557 > 700 kDa) and avidin (A9275) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Bio-
tin LHA (TM2-055 20 kDa) was purchased from Greative
PEGworks (Chapel Hill, NC, USA). Recombinant human
CD44-his tag protein (12211-HO8H) was purchased from
Sino Biological Company (Beijing, China). Anti-CD44
blocking antibody Hermes-1 (MA4400) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
MBCD (HY-101461) was purchased from MedChemEx-
press (Monmouth Junction, NJ, USA). Dulbecco’s
phosphate-buffered saline (DPBS) (SH30028.02) and

HA MW binding to CD44 under shear flow

Hank’s balanced salt solution (SH30268.01) were purchased
from Hyclone Company (Logan, UT, USA). Fetal bovine
serum and RPMI 1640 medium (2193043) were obtained
from Gibco (Grand Island, NY, USA). Penicillin—strepto-
mycin was obtained from Thermo Fisher Scientific.

Cell culture

Human myelomonocytic leukaemia cell line U937 (NICR,
Beijing, China) was prepared in RPMI 1640 medium with
10% fetal bovine serum and 1% penicillin—streptomycin.
Cells were cultured at 37 °C and humidified 5% (v/v) CO,
atmosphere with medium exchange every 24 h. Cells were
collected by centrifuging at 170 g for 3 min. For cholesterol
depletion, cells were washed twice with serum-free medium
and then incubated with 10 mm MPBCD for 15 min at
37 °C [29]. Prior to functional tests, cells were washed and
resuspended at least three times using DPBS.

Flow chamber assay

The parallel-plate flow chamber assay, consisting of a
flow chamber of length 2 cm x width 0.5 cm x height
0.01 inches, was assembled using a circular flow cell system
(#31-001; GlycoTech, Gaithersburg, MD, USA) and was
used to quantify the binding difference of CD44 to HHA or
LHA. Different concentrations of HHA or LHA (2, 20, 200,
1000 pg-mL~") were coated on a sterile 35-mm tissue culture
dish by directly physical absorption. Briefly, 20 uL. of HHA
or LHA was incubated on an area of 0.5 cm x 0.5 cm for
2 h at 37 °C. Coating area was then washed three times with
DPBS followed by blocking incubation of 1% BSA for 2 h,
37 °C. Flowing U937 cells were collected with a final con-
centration of 10%mL~! after blocking incubation of 1%
BSA for 2 h, 37 °C. The blocking of CD44-HHA/LHA
interactions was performed by pre-incubating U937 cells
with anti-CD44 blocking antibody of Hermes-1 for 30 min
before the flow chamber assay [53]. Substrates without any
HA coating were used as a blank control.

Each flow chamber test included two sequential phases
[37]. The first one focused on testing CD44-HHA/LHA
binding ability by continuously filling with U937 cells solu-
tion under a constant shear stress of 0.1, 0.2, 0.5 or
1.0 dyne-cm™2 for 300 s. The second one was performed
just after the first phase by switching the U937 cells solu-
tion to blank Hank’s balanced salt solution with stepwise
shear stress from 1 to 48 dyne-cm™2, with 30 s of each
stress, to quantify the shear-resistance of CD44-HHA/
LHA interaction. The binding ability of CD44-HHA/LHA
interactions was then characterized by the number of firmly
adhered cells. Here, the cells were defined as firm adhesion
if they kept motionless for at least 1 s. The shear-resistance
of CD44-HHA/LHA interaction was defined by the
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evolution of cell numbers or normalized cell numbers
remaining adhered at 30 s during each stress.

Flow cytometry

Flow cytometry assay was used to quantify the constitutive
expression density of CD44 or CDI18 on U937 cells [37]. In
brief, 5 x 10* cells were incubated with anti-CD44 or
CDI18 antibody at a concentration of 10 pgmL~! for
30 min on ice, then resuspended into 400 pL of DPBS.
After three washes, the U937 cells were analysed using flow
cytometry (BD Biosciences, San Jose, CA). Isotype Ctrl
Antibody were used as a control.

AFM assay

A Bioscope MultiMode8§ AFM (Bruker, Billericia, MA,
USA) was used to measure the binding strength of CD44—
HHA/LHA interactions [37]. Commercial MLCT cantile-
vers (Veeco; Bruker) were used with a nominal spring con-
stant k. of 10 pN.-nm~' (cantilever C). They were
functionalized with CD44 by direct physical absorption.
Briefly, the cantilevers were first incubated in 100 pg-mL ™!
solution of CD44 for 2 h at 37 °C and then, after washing
three times with DPBS, they were blocked in 1% BSA for
2h at 37 °C. The substrates were functionalized with
HHA/LHA through avidin capture. In brief, avidin
(2 mg-mL ") was physically absorbed to a fresh mica for
2 h at 37 °C, then bio-HHA/LHA (200 pg-mL™") was incu-
bated to the mica for 2 h at 37 °C. Finally, the mica was
blocked with 1% BSA for 2 h at 37 °C. Substrates without
any HA capture were used as a control.

HA-functionalized mica was placed on the AFM stage,
which was repeatedly driven to approach the CD44-coated
cantilever tip, making contact at a compressive force allow-
ing reversible bond formation and dissociation, and
retracted away to allow observation of the adhesion event
and measurement of rupture force, if any. The adhesion and
force signals for each approach—contact-retract cycle were
collected via a quad photodetector. The approach velocity
and compressive force were set as 1 pm-s~! and 150 pN for
all experiments, respectively. The contact time between the
cantilever and mica was set as 500 ms, and five different
retract velocities of 0.5, 1, 2, 4 and 8 pm~sf1 were set for each
CD44-HHA /LHA interaction system. Each cantilever was
calibrated by thermal tune method (calculated the deflection
sensitivity values ranging between 180 and 200 nm-V~')
before the experiments. Different locations on each mica
were tested for 100 cycles for each location. All tests were
independently repeated at least three times, and each case
had at least 200 adhesion events and rupture forces. Low
molecular densities were used to control infrequent binding
(< 35%). Besides the adhesion frequency and rupture force,
the systematic spring constant k£ was also collected for dem-
onstrating the distinct interactions of CD44-HHA/LHA.

L. Lietal

Immunofluorescence staining and imaging

An immunofluorescence assay was used to exhibit the
expression and distribution of CD44 and CD18 on U937
cells. Adhered U937 cells after 1 min of free sedimentation
were then subjected to 0.2 or 0.5 dyne-cm > of fluid shear
stress for 5 min. At the end of the stage, 4% paraformalde-
hyde was flowed into the chamber with gentle shear stress
to fill the chamber for 15 min, follwed by washing three
times. The FITC-labelled CDI18 antibody (500 pg-mL™",
SuL) and 647-labelled CD44 antibody (500 pug-mL ™",
5 pL) were added to the samples with incubation overnight
at 4 °C. After washing with PBS, Hoechst 33342 with a
ratio of 1: 1000 was added to stain nuclei for 10 min at
room temperature. Stained samples were then stored at
4 °C for imaging by confocal microscopy (L710/880; Zeiss,
Oberkochen, Germany). Each fluorescent cell was imaged
using laminar scanning by dividing the cell into 10 layers
with respect to height, with the thickness of each layer
being about 1 um. Corresponding images were analysed
using IMAGEJ, version 1.53c (National Institute of Health,
Bethesda, MD, USA) and the total fluorescence intensity of
each cell was obtained. It should be noted that the bottom
layer of each cell for imaging was about 1-2 um above the
substrate.

Statistical analysis

Student’s r-test was performed depending on whether the
data passed the normality test for two-group comparison.
All statistical analyses were performed using PRISM, version
8.0 (GraphPad Software Inc., San Diego, CA, USA). All
experiments were performed independently at least in tripli-
cate and the data are presented as the mean + SE.
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