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Abstract

Cytoadherence of red blood cells (RBCs) invaded by Plasmodium fal ciparum parasites is an
important contributor to the sequestration of RBCs causing reduced microcirculatory flow
associated with fatal malaria syndromes. The phenomenon involves a parasite—derived variant
antigen, the P. falciparum erythrocyte membrane protein 1 (PfFEMP1), and several human host
receptors, such as chondroitin sulfate A (CSA) which has been explicitly implicated in placental
malaria. Elucidating the molecular mechanisms of cytoadherence requires quantitative evaluation,
under physiologically relevant conditions, of the specific receptor—ligand interactions associated
with pathological states of cell-cell adhesion. Such guantitative studies have not been reported
thus far for P. falciparum malaria under conditions of febrile temperatures that accompany
malarial infections. In this study, single RBCs infected with P. falciparum parasites (CSA binding
phenotype), in trophozoite stage, have been engaged in mechanical contact with the surface of
surrogate cells specifically expressing CSA, so as to quantify cytoadherence to human
syncytiotrophoblasts in a controlled manner. From these measurements, a mean rupture force of
43 pN was estimated for the CSA-PfEMP1 complex at 37 °C. Experiments carried out at febrile
temperature showed a noticeable decrease in CSA—PfEMP1 rupture force (by about 23% at 41 °C
and about 20% after a 40 °C heat-treatment), in association with an increased binding frequency.
The decrease in rupture force points to a weakened receptor—ligand complex after exposure to
febrile temperature, while the rise in binding frequency suggests an additional display of
nonspecific binding molecules on the RBC surface. The present work establishes a robust
experimental method for the quantitative assessment of cytoadherence of diseased cells with
specific molecule—mediated binding.
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1. Introduction

Life-threatening malaria in humans is known to arise from the Plasmodium falciparum
protozoan. The human red blood cells (RBCs), when invaded by the P. falciparum, host a
48-h asexual reproduction cycle of the merozoite, that leads to the clinical symptoms of the
disease [1,2]. During this continuous intra—erythrocytic cycle, severe modifications occur in
the iIRBCs, including (a) an order—of—-magnitude decrease in cell stiffness associated with a
markedly diminished deformability [35] and (b) the formation of nanoscale protrusions
(known as “knobs”) on the extracellular membrane surface that facilitate significant
adhesion [6]. A consequence of adhesive knob formation is the sequestration of iRBCs in
various organs, such as the brain, lung and placenta, due to the binding of iRBCs to
endothelial cells, placental syncytiotrophoblasts, other iRBCs and/or healthy RBCs [7,8].
Collectively these phenomena, termed cytoadherence, deter mature iRBCs from reaching the
spleen where they would be cleared from the bloodstream by virtue of their reduced
deformability. Cytoadherence thus produces a partial or complete obstruction of blood flow
in the microvasculature, which is considered a key contributor to fatal syndromes such as
placental malaria.

The nano-scale protrusions form in the later stages of the intra-erythrocytic maturation stage
of the merozoites. These protrusions house the knob-associated histidine-rich protein
(KAHRP), which provides anchorage for the external display of the adhesive antigen, P.
falciparum erythrocyte membrane protein 1 (PfEMP1) (for a review of the ultrastructure of
the knob, see [9]). The PFEMP1 variable extracellular cysteine-rich interdomain regions
(CIDR) and Duffy-binding-like regions (DBL) modulate adhesion to a variety of host
receptors that include: (a) cluster determinant 36 (CD36); (b) inter-cellular adhesion
molecule 1 (ICAM1); (c) thrombospondin (TSP); (d) complement receptor 1 (CR1); and (e)
chondroitin sulfate A (CSA) [8]. How each individual PFEMP1 polymorph binds to specific
host receptors depends on its unique DBL and CIDR. This antigenic variation promotes
immune evasion by P. falciparum, and different adhesion phenotypes are correlated with
different disease pathologies [10]. For example, CSA has been identified as the main
receptor for PlEEMP1 attachment to placental cells [11]. This PFEMP1 variant, specifically
associated with pregnancy, contributes to severe disease and death of not only the
developing fetus but also of the mother carrying her first child; although in subsequent
pregnancies, women tend to develop protective antibodies [12].

The mechanical behavior of single biological cells is central to the human malaria pathology
and can be investigated by recourse to a variety of independent experimental techniques,
such as magnetic twisting cytometry, optical tweezers, micropipette aspiration,
microfluidics, and atomic force microscopy, all of which allow direct, real-time testing of
single cells [14-17]. In the case of RBCs infected with P. falciparum, quantitative research
on mechanical properties has been focused primarily on iRBC elasticity and deformability
[5,18]. Recently, an Atomic Force Microscopy (AFM) study, relying on tip
functionalization, reported intrinsic kinetic parameters of CD36 and TSP single-molecule
interactions with PFEMP1 [19]. In addition, iRBC probes have been used to investigate
CD36 clustering occurring on endothelial cell membranes for long duration cell—cell
adhesion [20]. However, systematic quantitative details on the cytoadherence involving the
receptor implicated in placental malaria have thus far not been reported. Such studies are
vital to comprehend the pathogenic basis of malaria occurring in primigravidae, and enable
precise diagnostics.

Antimalarial drugs have been mainly directed to the specific metabolic pathways associated
with hemoglobin digestion, and act essentially through inhibition of hemozoin
crystallization, thereby impairing heme detoxification by the parasite [21]. However, due to
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the emerging resistance to the artemisinin—based treatments, new antimalarials are an utmost
priority [22]. In this context, a fundamental understanding of cytoadherence at
physiologically/pathologically relevant temperatures provides valuable information for
alternative therapeutic strategies and corresponding drug efficacy assays. Furthermore,
quantitative understanding of iRBC cytoadherence mediated by P. falciparum malaria is
also necessary to guide and validate recent advances in multi-scale computational simulation
methods, such as those involving dissipative particle dynamics (DPD) [23,24]. These
techniques enable predictive simulations of the impaired microcirculation arising from
reduced deformability and enhanced cytoadherence, that accompany malaria infection.
However, the accuracy and validity of these computational models depend heavily on
quantitative data for receptor—ligand interactions, which can only be determined through
physiologically-relevant experimental assays of cell-cell adhesion.

This paper describes the results of a novel force spectroscopy protocol developed to quantify
the adhesion of individual iRBCs to other living cells expressing specific receptors, both at
normal physiological temperature and at febrile temperatures symptomatic of malaria.
Specifically, RBCs infected with the P. falciparum FCR3-CSA strain (CSA-binding
phenotype) have been used to probe Chinese Hamster Ovary (CHO) cells expressing CSA at
37 °C. The influence of febrile temperatures on the adhesion behavior has been assessed by
cell—cell probing at 41 °C and, additionally, by incubating iRBCs for 1 h at 40 °C prior to
probing CHO cells at 37 °C.

2. Methods
2.1. Cell culture

Parasite culture—P. falciparum FCR3-CSA parasites were maintained in leukocyte-free
human RBCs (Research Blood Components, Boston, MA) under an atmosphere of 3% O,
5% COy, and 92% N, in Roswell Park Memorial Institute (RPMI) medium 1640 (Gibco
Life Technologies, Rockville, MD) supplemented with 25 mM Hepes (Sigma, St. Louis,
MO), 200 mM hypoxanthine (Sigma), 0.209% NaHCO3 (Sigma), and 0.25% albumax |
(Gibco Life Technologies). Synchronized cultures were obtained successively by
concentration of mature schizonts using plasmagel flotation [25] and sorbitol lysis 2 h after
the merozoite invasion [26]. The tests were performed within 24-36 h (trophozoite stage)
after merozoite invasion of the erythrocyte.

Counter-cell selection and culture—Selection of the counter-cells involved the
following criteria: (i) expression of CSA and (ii) inhibition of non-specific binding.
Although CSA has been consistently identified as the dominant placental adhesion receptor
[27,28], it has also been shown that ICAM-1 is hyperexpressed on syncytiotrophoblasts of
malaria-infected hosts [29]. Therefore, in order to rule out any possible residual binding that
may compete with CSA-PfEMP1 when using syncytiotrophoblasts, Chinese Hamster Ovary
cells (CHO-K1, CCL-61 American Type Culture Collection) have been chosen as
surrogates to these human host cells, and their binding specificity has been demonstrated
through static adherence assays. The CHO cells were grown in an incubator at 37 °C with
5% CO; in a F-12K (ATCC) modified medium containing 10% Fetal Bovine Serum (Gibco,
26140-079) heat inactivated at 56 °C for 0.5 h, and 1% Penicillin / Streptomycin (Biofluids,
303).

2.2. Force spectroscopy

Experimental setup—Figure 1 illustrates the experimental setup used for the rupture
force measurements. The experiments involved culturing CHO cells on glass slides
previously coated with poly—-D-lysine (PDL). P. falciparum iRBCs in trophozoite stage
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were then poured over the CHO cell culture slide and were allowed to weakly bind to the
glass substrate through PDL mediation (step A). This gentle immobilization on the glass
slide was required for a precise engagement of the tipless cantilever on a chosen iRBC (step
B). The prior incubation of the cantilever with concanavalin A (ConA) induced a solid
attachment of the iRBC to the cantilever, and the diseased cell could then serve as a contact
probe (step C). The attached iRBC was subsequently positioned above a CHO cell (step D)
and pressed against this cell until the cantilever deflection reached the value corresponding
to a preset trigger force (step E). Precise attachment of the iRBC at the very end of the
tipless cantilever prevented the cantilever surface (incubated with ConA) from contacting
the counter cell, which would render the adhesion force measurements meaningless. After
an appropriately defined contact time (see further discussion to follow), the cantilever was
retracted at a set speed until the two cells were completely separated (step F). The cantilever
deflection measured during retraction was used to determine the rupture force (f) between
the iRBC and the CHO cell. The adhesive mediators (PDL and ConA) required fine—tuning
s0 that firec/substrate < firBC/cantilever > firBC/CHO- Control experiments were carried out
with uninfected RBCs under similar conditions.

Slide preparation—The glass slides were dipped in 0.1 mg/ml PDL (Sigma) for 10 min,
drained and dried overnight at room temperature. Adherent CHO cells growing at 70%
confluence were harvested from a cell culture flask after incubation for 5 min with 3 ml of
Accutase (Invitrogen, Carlsbad, CA), washed in RPMI medium 1640 (Gibco Life
Technologies) and re—suspended to a concentration of 1x10° cells/ml in the CHO culture
buffer. A cell suspension drop of 100-150 ul was laid on the PDL pre—coated slide and was
incubated for 24-48 h at 37 °C with 5% CO,. The slide with well-spread adherent CHO
cells was then gently washed with 1x phosphate-buffered saline (PBS)-Ca —-Mg
(Invitrogen). P. falciparum iRBCs in trophozoite stage with 2-10% parasitemia were
suspended in 1x PBS —Ca —Mg with 5 pg/ml Bovine Serum Albumin (BSA) (Sigma) to 1%
hematocryte and were poured over the slide with adherent CHO cells and allowed to stand
for 10 min. Non-attached iRBCs were washed with 1x PBS —Ca —-Mg with 5 pg/ml BSA and
the slide, with adherent CHO cells and lightly attached iRBCs and RBCs, was then
immersed in the same buffer and transferred to the microscope liquid cell.

Data acquisition—The force spectroscopy experiments were conducted with an extended-
head, three-dimensional molecular force probe (MFP-3D) atomic force microscope (AFM)
mounted on an Axiovert Zeiss trans—illuminated microscope (Asylum Research, Santa
Barbara, CA). The spring constant (k) of each silicon nitride tipless cantilever (MLCT-0O10
Veeco Probes, Camarillo, CA), with a nominal value of 30 mN/m, was calibrated against a
glass slide in air using the equipartition method [30]. Each calibrated tipless cantilever was
incubated in 1 mg/ml ConA for 30 min prior to the force spectroscopy measurements. The
slide containing the cells was loaded into the liquid cell, which was then filled with PBS-Ca
—Mg with 5 pg/ml BSA, and was kept at either 37 °C or 41 °C (febrile temperature). The
ConA-incubated cantilever was immersed in the heated buffer and the measurements were
carried out after allowing for temperature equilibration during only 10-20 min to minimize
any deterioration or viability loss of the iIRBC(RBC), parasite, and CHO cells. The inverse
optical sensitivity of the tipless cantilever was determined by performing an approach/
retraction cycle in liquid against the rigid glass slide. The cantilever was subsequently
engaged with a contact force of 1 nN for 30 s on a chosen iRBC in trophozoite stage (or a
healthy RBC in the control experiments). The cell became strongly attached to the cantilever
through ConA mediation and was withdrawn from the substrate upon cantilever retraction.
This iRBC (or RBC) was then used to probe CHO cells around the slide.

Each measuring session involved testing one individual iRBC (or RBC) probe, attached to a
previously calibrated cantilever, for no more than 150 approach/retraction cycles against
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different CHO cells. The mechanical tests were performed with a displacement rate (V) of
1.6 um-s~1, a preset trigger force (F) of ~300 pN, and a dwell time (t) of 0.1 s, under open
loop conditions to maximize resolution [31]. The raw data (cantilever deflection and piezo-
displacement) were acquired at a sampling rate of 2 kHz. The integrity/viability of the three
biological entities involved in the measurements was ascertained by thoroughly monitoring
(i) the rotation of the hemozoin crystals inside the parasitophorous vacuole, (ii) the shape
preservation and/or any possible echinocyte signs on the iRBC(RBC) probe, and (iii) the
spreading of each CHO cell tested. The duration of each measuring session was kept under
1.5 h to avoid the evolution of the iRBC probe out of trophozoite stage. To increase data
collection, the maximum separation distances were kept below 12 um. Since relevant
adhesion events occurred for separation distances typically under 5 pm, the 12 pm
measurements allowed for the extended baselines in the force versus displacement curves
required for correction of hydrodynamic effects.

Since the parasite-derived antigens are expected to remain expressed on the iRBC
membrane upon returning to 37 °C after exposure to fever, any spurious effects occurring on
the CHO cells during the measurements at 41 °C could be controlled by probing CHO cells
kept at 37 °C with iRBCs previously exposed to heat. Relatively short exposures to 41 °C
resulted in a high destruction rate of the parasites, and this rendered excessively time-
consuming to spot iRBCs with viable parasites suited for attachment to the cantilever (see
Figure 1). However, heat-treatments at 40 °C for 1 hour proved to be an appropriate
compromise, and 37 °C/40 °C(1h) experiments have been implemented to demonstrate that
the differences observed in adhesion behavior as a result of short-term exposure to febrile
temperatures are related to iRBC changes, and that they do not reflect a CHO response.

Data analysis—Figure 2 describes the sequence of steps involved in data analysis [31,32].
The cantilever deflection versus piezo—displacement curves (Figure 2(a)) were smoothed
with a 100-point moving average. Any tilt and/or curvature of the baselines resulting from
hydrodynamic effects and local thermal imbalances were corrected with a polynomial
function not higher than 3" order (Figure 2(b)). Since the trigger force is imposed as a
deflection difference relative to the initial value, the hydrodynamic effects produced some
scatter in the effective trigger force, F, which has been taken into account in interpreting the
data. Force versus displacement curves were obtained by converting the measured cantilever
deflection, z., into force using the cantilever spring constant, k, calibrated previously, and
converting the measured piezo-displacement, z,, into probe/sample separation (true
displacement) through subtraction of the cantilever deflection (as described in Figure 2(b)).
The offset observed at rupture in the retraction curve was used to quantify the rupture force f
associated with each approach/retraction cycle (Figure 2(c)). The effective spring constant,
ke, OF the adhesion system was determined from the slope of a line fitted to the region
preceding rupture strictly for iRBC/CHO retraction curves exhibiting single-rupture events
(Figure 2(c)). The curve analysis was performed using custom routines written for
MATLAB (The MathWorks, Natick, MA) with close monitoring for each individual curve.
The adhesion force values resulting from each series of force versus displacement curves are
used for the statistical analysis (d).

In general, the fraction of multiple receptor-ligand ruptures tends to increase with the
binding frequency and can be estimated using Poisson distribution statistics. When only
25% of the retraction curves show rupture events, 86% of them are expected to correspond
to unbinding of a single receptor-ligand pair, 12% to double bindings and < 2% can be
assigned to other multiple interactions. For a binding frequency of 75% those fractions are,
respectively, 46%, 32%, < 22% (see [33] for a detailed explanation). Thus the study of
single receptor-ligand binding requires low binding frequency, and minimization strategies
are usually based on readjusting the contact conditions. However, in the present study low
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binding frequency conditions could not be attained even for the lowest values of contact
time and contact force recommended for single-molecule experiments (100-400 ms and
100-300 pN, respectively, for single-cell probes against functionalized surfaces [31]).
Nevertheless, the relatively delicate contact conditions imposed have led to multimodal
force distributions, which could be interpreted in terms of single and multiple receptor—
ligand ruptures and allowed the determination of the single-molecule binding force.

Statistical treatment—Assuming the rupture force f as a positive variable, the following
Gaussian mixture probability density function is proposed to account for the multimodality
of the rupture force distributions observed experimentally:

9 7% n 1 7(f*521')2
p(fl=ao—m—=e *+) ai—5—n—e i 1)
V2mey ; ng(i—z) V2me;

The following conditions are imposed to the mixture weights: 8 =0 (i =0,1,2,...,n) and ag +
a + ... + a, = 1. The positive integer n is determined from both the distribution of
experimental data and the likelihood ratio test (LRT) used for model comparison. Each b (i
=1,..., n=1) value corresponds to the mean rupture force of i receptor-ligand complexes,
and by, corresponds to the mean rupture force of = n molecules binding. The standard
deviation of the corresponding rupture force is denoted by ¢; (i = 1,..., n). In each of the
individual density functions, ®(.) represents the cumulative distribution function of the
standard normal distribution. The maximum likelihood (ML) approach [34] has been
adopted to estimate the parameters, g;, bj and c;, of the Gaussian mixture density function.
The 95% confidence intervals have been constructed based on the asymptotic normality of
the estimators. The differences in mean rupture force between the cases of 37 °C, 41 °C and
37 °C/40 °C(1h) have been evaluated by comparing the estimated b; values under different
scenarios, with statistical significance and 95% confidence intervals of the differences
provided by two-sided Z-tests. All the above statistical computing has been conducted
using version 2.12.0 of R (The R Project for Statistical Computing, free software for the
GNU operating system [35]).

2.3. CSA and PfEMPL1 expression and binding specificity

Immunofluorescence following force spectroscopy—Immediately after the force
spectroscopy experiments the presence of CSA on the membranes of the CHO cells was
tested by immunofluorescence. The test slides were washed with PBS and the CHO cells
were fixed with 2% paraformaldehyde in 1x PBS. The fixed cells were permeabilized with
0.1% triton in 1x PBS and stained for 30 min at 4 °C with purified mouse IgG2A anti-CSA
mADb (BD Pharmingen, San Diego, CA). This specific antibody was detected with
Alexafluor 488 goat anti-mouse (Molecular Probes, Eugene, OR) diluted 1/1000. CHO cell
nuclei were stained with 4',6—-diamidino—2—phenylindole (DAPI) 5 pg/mL (Invitrogen).
Negative controls were produced without the specific anti-CSA antibody.

Fluorescence-activated cell sorting (FACS)—PfEMP1 expression on trophozoite-
stage cells after a transient exposure to 40 °C for 1 h was assessed by flow cytometry and
compared with the results obtained with cells kept at 37 °C. After incubation at the different
temperatures, RBCs were washed and stained for 30 min at 4 °C with a rabbit polyclonal
antibody anti-PfEMP1 (gift from Michael F. Duffy, University of Melbourne, Australia),
followed by an Alexa Fluor 594 goat anti-rabbit IgG specific antibody diluted 1/1000. An
isotype—matched rabbit antibody was used as negative control. The parasite nuclei were
stained with SYTO16 from molecular probes (Invitrogen). Analysis was performed using
FACSCalibur and Cell Quest software (BD Biosciences).
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Static adherence assays—The CSA-PfEMP1 binding specificity was controlled by
using CSA in solution as a PFEMP1 blocking agent. The assays were performed by
incubating the iRBC suspension in culture flasks with CHO monolayers (70 % confluence)
for 1 h with gentle agitation every 15 min. A control condition was prepared with a pre—
incubation of 100 pg/ml CSA (Sigma). Adherence was assessed microscopically after
washing away unbound RBCs, fixing with methanol (Sigma) and staining with Giemsa
Blood Staining Solution (J.T.Baker, Center Valley, PA).

3.1 Force spectroscopy

Force versus displacement curves—Figure 3 shows representative force versus
displacement curves obtained with the cell-cell adhesion experiments. The gentle contact
conditions imposed resulted in extremely small binding forces (typically tens of pN). The
highest frequency for all tested conditions corresponded in fact to curves displaying no
detectable adhesion or very low adhesion (Figure 3(a)), although a relatively high number of
curves exhibted single rupture events (Figure 3(b) and (c)). The experiments also resulted in
force versus displacement curves compatible with molecule unfolding [14] (Figure 3(d)),
multiple rupture events (Figure 3(e) and subsequent discussion) and tethering plateaux
(Figure 3(f)). Numerous such results, along with a rigorous statistical analysis, were used to
characterize the cell-cell adhesion behavior in a systematic and quantitative manner.

Cell adhesion—Figure 4 shows the results obtained at 37 °C using individual RBCs (a)
and iRBCs (b) to probe CHO cells. Figure 4(a) presents the rupture force distribution
determined from 270 curves obtained with 5 RBCs from 4 healthy donors that were used to
probe 24 CHO cells with k=19.9 + 0.1 mN/m and F = 321 + 4 pN. Figure 4(b) presents the
rupture force distribution determined from 464 curves with 15 iRBCs, cultured from blood
samples from 11 healthy donors, which were used to probe 57 CHO cells with k=18.3 £ 0.1
mN/m and F = 310 £ 3 pN. Estimated Gaussian mixture density functions p(f) are presented
as solid lines and their mean values and standard deviations are listed in the inset tables.

As expected, the binding frequency was generally low for uninfected probes, with the
rupture force being essentially zero as seen in Figure 4(a). The mean rupture force for non-
specific binding (by in Figure 4(a)) was estimated to be 37 pN. The considerably higher
binding frequency observed for infected cells in Figure 4(b) is consistent with the higher
cytoadherence associated with mature iRBCs. Although some non-specific binding is
expected, as inferred from Figure 4(a), the maxima at 43 pN and 81 pN in Figure 4(b) are
postulated to be associated with the rupture of, respectively, single and double receptor—
ligand complexes, with the subsequent maximum representing all other multiple bindings.

Figure 5 shows the results obtained at 41 °C using individual RBCs (a) and iRBCs (b) to
probe CHO cells, together with the results produced at 37 °C using iRBC probes previously
incubated for 1 h at 40 °C (c). Figure 5(a) represents the rupture force distribution
determined from 229 curves obtained with 4 RBCs from 4 healthy donors that were used to
probe 23 CHO cells with k=16.1 £ 0.1 mN/m and F = 318 £ 6 pN. Figure 5(b) shows the
rupture force distribution determined from 186 curves obtained with 6 iRBCs, cultured from
blood obtained from 4 healthy donors, that were used to probe 15 CHO cells with k=17.5 =
0.1 mN/mand F =363 + 7 pN. Due to the intrinsic characteristics of the experimental setup,
the period of exposure to 41 °C increased for the successive approach/retraction cycles taken
with each iRBC(RBC). The exposure of the iRBCs(RBCs) to 41 °C was on average 1.15 +
0.03 hand 0.75 £ 0.03 h for (a) and (b), respectively. Figure 5(c) represents the rupture force
distribution determined from 451 curves obtained at 37 °C with 12 iRBCs, cultured from 6
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healthy donors (independent from the donors of the previous experiments) and exposed to
40 °C for 1 h immediately before contact—probing against 43 different CHO cells with k =
15.8 £ 0.1 mN/mand F =300 + 2 pN.

As seen in Figure 5(a), the adhesion behavior of uninfected cells exposed to fever
temperature is similar to that observed at 37 °C (Figure 4(a)): essentially no rupture force is
noticed without any other pronounced maxima. The mean rupture force for non—specific
binding (b; in Figure 5(a)) was estimated to be 50 pN. As shown in Figure 5(b), experiments
at 41 °C with iRBC probes also resulted in a higher binding frequency than with uninfected
probes (Figure 5(a)). In the multimodal rupture force distribution obtained at 41 °C, the
maximum at 33 pN is likely associated with the rupture of single receptor—ligand
complexes, while the subsequent maximum corresponds to multiple bindings. Comparison
with the results obtained at 37 °C (Figure 4(b)) shows a decrease from 43 to 33 pN in single
receptor—ligand binding force, which occurred in association with an increase in binding
frequency (76% of the curves evidenced f > 5 pN at 37 °C against 88% at 41°C).

A relatively low number of curves was obtained at 41 °C since these experiments were
particularly difficult to perform: (i) a large proportion of the CHO cells tended to recoil with
exposure to the febrile temperature, and as such could not be tested; and (ii) equilibration of
temperature in the AFM liquid cell was harder to attain at 41 °C than at 37 °C, which led to
a challenging control of the trigger force applied (compare the F values in the inset legends
of Figures 4(b) and 5(b)). In addition, due to the experimental setup, the time of exposure to
the febrile temperature increased along the sequence of force versus displacement curves
obtained with each iRBC(RBC) probe. Moreover, the effect of the febrile temperature on the
CHO cells that remained well spread may not suitably represent the syncytiotrophoblasts
adhesion behavior at 41 °C. These shortcomings were absent from the 37°C/40°C(1h)
control experiments.

Similarly to the experiments carried out at 37 °C and 41 °C with iRBC, the rupture forces at
37°C/40°C(1h) present a multimodal distribution with maxima at 34, 76 and 122 pN, which
are postulated to be associated with the rupture of single, double and all other multiple
receptor—ligand complexes, respectively. A comparison of the 37°C and 37°C/40°C(1h) data
between Figures 4(b) and 5(c) shows a decrease in single receptor-ligand binding force (43
versus 34 pN, respectively) and an increased binding frequency (76% of the curves
evidenced f > 5 pN at 37 °C against 88% after exposure to 40 °C(1h)).

The statistical significance of the mean rupture force differences can be inferred from Table
1. The estimated parameters for the various iRBC/CHO scenarios show that by varies —23%
when the measurement temperature changes from 37 °C to 41 °C, which is statistically
significant as indicated by the p values provided for each comparison; and that by varies
—-20% after a transient exposure of the probes to 40 °C for 1 h, which is also statistically
significant.

The average effective spring constant, keff, of the adhesion complex has been determined
empirically from force versus displacement curves that strictly presented a discrete single
rupture event, as illustrated in Figure 3(b) and (c), and whose rupture force contributed to
the 43 pN (37 °C) and 34 pN (37°C/40°C(1h)) maxima, i.e., for rupture forces in the 15-75
pN range at 37 °C and in the 10-60 pN range at 41°C. The results so obtained are presented
in Table 2. The two sets of ke values are statistically different from each other with P =
0.007, and can be translated into effective loading rates (r = V.kgsf) of 72 £ 4 and 54 £ 5 pN/
s, respectively.
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3.2 CSA and PfEMP1 expression and binding specificity

Immunofluorescence investigations carried out on slides used for force spectroscopy
experiments attested the presence of CSA on the membranes of the CHO cells (results
included as supporting material). FACS demonstrated that the mean level of PFEEMP1
expression after a transient exposure to 40 °C (1 h) is similar to that observed at 37 °C
(Figure 6).

The CSA-binding specificity of the FCR3-CSA parasite strain was confirmed through static
adherence assays that demonstrated the blocking effect of CSA in solution on the adhesion
of iRBCs to CHO cells (results included as supporting material).

4. Discussion

Force spectroscopy has been used to evaluate quantitatively the CSA-PfEMP1 adhesion
complex at 37 °C, as well as to investigate the PFEMP1 response upon exposure to febrile
temperature. The results indicate that, when all other experimental parameters are held
equal, febrile temperature decreases both the CSA-PfEMP1 binding force (f) and the
stiffness of the adhesion complex (keff), while enhancing the binding frequency.

Possible effects on the adhesion behavior, in terms of rupture force and stiffness of the
receptor-ligand complex, arising from the experimental conditions require consideration.
Specifically:

i. PDL influence on the subsequent adhesion behavior of the cell — Due to the cell-
cell force spectroscopy setup, the gentle immobilization of the iRBC on the slide
through PDL mediation is required for precise attachment of the cell at the end of
the cantilever. The control experiments carried out with RBCs demonstrate that
healthy cells pulled off from PDL show residual adhesion to CHO cells (Figure
4(a) and Figure 5(a)) in contrast to the behavior seen with iRBCs. This indicates
that the weak binding to the substrate through PDL mediation is not likely to have a
strong influence on the rupture force distribution differences observed.

ii.  Stiffness of the cantilevers employed — The adhesive properties of each iRBC have
been assessed with a specific cantilever calibrated individually. Although
cantilevers with outlier stiffness values have been discarded, some experimental
scatter in the k values was inevitable (see inset legends in Figures 4 and 5).
Nevertheless, this is not expected to have affected the experimental results since the
cantilever stiffness variations have been taken into account in the determination of
the force.

iii. Contact force effectively applied (F) — The force applied affects the cell—cell
contact conditions and lower trigger forces are known to result in decreased
binding frequency [31]. However, the comparison of the binding frequency
obtained at 37°C/40°C(1h) for iRBC/CHO with F =300 + 7 N (88% of the curves
presented f > 5 pN) with the one attained at 37°C for iIRBC/CHO with F =310 £ 3
N (76% of the curves presented f > 5 pN), shows that the slightly lower trigger
force at 37°C/40°C(1h) did not have a determining influence on the experimental
results.

iv. Stiffness of the intermediate structures included in the force transducer, i.e., of the
iRBC itself and of any linkers between the iRBC cytoskeleton and PFEMP1 — The
mechanical response of the total force transducer, translated into ke, includes the
properties of the cell, of the receptor—ligand complex and of any biological linkers,
which are three orders of magnitude more compliant than the cantilevers used and
thus dictate the system spring constant [36]. The intermediate biological structures
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in the force transducer system are expected to have stiffness values comparable to
the ones of the CSA-PfEMP1 receptor-ligand complex. Indeed, the stiffness of
iRBCs in trophozoite stage has been estimated from optical tweezers experiments
carried out at 25°C to be ~20 uN/m [13]. Nevertheless, magnetic twisting
cytometry experiments have shown that the stiffness of iRBCs in mature stages
increases acutely within minutes of exposure to febrile temperature [18].
Therefore, the decrease in stiffness upon exposure to febrile temperature, observed
in the current study, is probably related to changes in the CSA-PfEMP1 complex
(and/or in any molecular linker associated with PFEMP1 anchorage to the knob
structural elements), and not to the overall cell mechanical behavior which is
dominated by the cytoskeleton deformation.

Binding frequency impact on the ability to discriminate single/multiple rupture
events — Rupture force distributions obtained with functionalized tips frequently
show a pronounced peak at lower forces, corresponding to single molecule binding,
followed by lower peaks or shoulders at higher forces, attributed to multiple
ruptures [37-39]. In the present study the multimodal distributions obtained with
iRBCs, and the level of mean rupture forces estimated from the Gaussian mixture
probability density functions, indicate that the data acquired can be discussed in
terms of single, double and multiple ruptures of adhesion complexes. The estimated
mean rupture force of 43 pN together with the empirical 72 £ 4 pN/s loading rate,
attributed to single CSA-PfEMP1 complexes, are in fact in agreement with the
TSP-PfEMP1 and CD36-PfEMP1 data obtained with functionalized tips tested
against mature iRBCs at 37°C under low binding frequency conditions [19].

Non-specific binding — The rupture force distributions obtained for uninfected cells
(Figure 4(a) and Figure 5(a)) revealed that, even in the absence of PfEMP1, some
non-specific binding existed between RBC probes and CHO cells. This behavior
may be responsible for an overestimation of the bj values for the iRBC probes,
which is also suggested by the average rupture forces determined strictly from
single rupture event curves in the ranges presented in Table 2, i.e, 37 £ 1.9 pN
(37°C) and 30 £ 1.6 pN (37°C/40°C(1h)) with p = 0.005, which compare,
respectively, with b1 =43 pN at 37°C and by = 34 pN at 37°C/40°C(1h) in Figures
4(b) and 5(c). Nonetheless, non-specific binding is expected to increase with
febrile temperature exposure [40] and cannot justify the observed decrease in the
single-molecule binding force (Ab; in Table 1).

PfEMP1 and CSA levels of expression — Each knob, with a diameter of 80-130

nm, has been estimated to exhibit about 10 PFEMP1 molecules by considering a
globular shape for the antigen and the expected molecular packing for mature iRBC
[41]. Assuming an average inter-knob distance of 200 nm [42] and a square array
for the knob spatial distribution, the 10 PFEMP1 molecules/knob translate into a
density of about 250 molecules per um? of the iRBC membrane. The videos
acquired during the experiments (some of which are included as supporting
material) show that the contact area between the iRBCs and the CHO cells was
around 20 pm? (roughly the projected area of the iRBC probes). This indicates that,
under the current force spectroscopy experimental conditions, approximately 5000
PfEMP1 molecules are available for binding. Given the binding frequencies of 76%
at 37 °C and 88% at 37°C/40°C(1h), the probability of CSA—PfEMP1 interaction
can roughly be estimated as 0.02% in both conditions. This probability depends
critically not only on the contact conditions imposed but also on the level of
expression of CSA on the particular cell type used as a surrogate to the human
syncytiotrophoblast. Nevertheless, although the cell-cell adhesion force is
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dependent on the density of interacting ligand-receptor pairs, the latter parameter is
not expected to critically affect the behavior of single ligand-receptor binding.

The previous analysis indicates that the shift to lower values consistently and significantly
observed for the mean rupture force (b,) after exposure to febrile temperature (see Table 1)
is not an artifact of the experimental methods employed. Instead, it may reflect a weakened
CSA-PfEMP1 binding, which occurs in association with a lower stiffness of the adhesion
system and an increased binding frequency. The physical meaning of these results is
discussed next.

The binding force of any ligand-receptor complex is a dynamic property dependent on the
loading rate (r = kg.V) employed during forced unbinding and rupture force data acquired at
different loading rates can be used to reveal thermodynamic and kinetic details governing
adhesion processes. The Bell-Evans model predicts that the most probable rupture force (b;)
increases linearly with the natural logarithm of r [43,44]:

k,T rIy
by=—2—1 4
R “(kBTkoff) @

where T is the absolute temperature, kg is the Boltzmann constant, X, is the rate of
unstressed spontaneous unbinding (driven by thermodynamics) and X, can be understood as
the length over which the ligand and receptor disengage from each other upon unbinding. In
the case of CD36-PfEMP1 the rupture force decreases 2-3 pN when the loading rate varies
from 72 to 54 pN/s at 37 °C (where X, and Kqf are, respectively, 0.76 nm and 0.001 s71
[19]), and the same is observed for TSP-PfEMP1 (where x, and K¢ are, respectively, 0.36
nm and 0.144 s~1 [19]). This suggests that the reduction in loading rate with heat exposure
(Table 2) may not fully justify the by variation observed for CSA-PfEMP1 binding at 37°C/
40°C(1h) versus 37 °C (Aby in Table 1). This suggests that the decrease in binding force
resulting from exposure to febrile temperatures, observed for the biological system used to
model the adhesion behavior of iRBC/syncytiotrophoblasts, may have resulted from
conformational changes in the CSA-PfEMP1 complex and/or Kinetic changes due to an
altered mobility of the molecules on the iRBC surfaces.

The role of febrile temperatures on the adhesion of iRBC to recombinant 5CD36 and
ICAM-1 has been previously investigated [45]. In this study, heating ring-stage iRBCs to 40
°C for 2 h enhanced the number of adherent cells and was associated with an increase in
trafficking of PFEMP1 to the cell surface.However, this effect seems absent in mature stages
since the mean level of PFEMP1 expression has not been altered by the transient exposure to
40 °C (Figure 6). On the other hand, febrile temperatures are known to promote
phosphatidylserine expression on iRBCs membranes during parasite maturation [40]. This
additional display of non-specific receptors may justify the increase in binding frequency
observed for iRBC after exposure to febrile temperatures. In fact, in terms of overall cell
adhesion, the weakening effect of single and multiple CSA-PfEMP1 binding may be
balanced or superseded by increased non-specific binding.

Quantifying cell-cell cytoadherence poses challenging constraints and requires additional
parameter control when compared with force spectroscopy involving functionalized tips. Yet
the opportunity to investigate receptor—ligand interactions under physiologically relevant
conditions, and with mediation of biologic linkers, supplants the additional experimental
complexity. Such quantitative understanding is critical for the development of computational
models of blood rheology in health and disease. Furthermore, in the context of disease
diagnostics, measuring cell-cell adhesion at the molecular level can be used to evaluate
quantitatively the parasite phenotypes in terms of binding to receptors associated with
specific pathologies. In addition, the present experimental method affords new possibilities
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for drug screening protocols that could potentially target cytoadherence as a means to
therapeutically modulate blood flow dynamics.

5. Concluding remarks

This paper presents new experimental protocols as well as novel statistical techniques to
analyze experimentally-derived multimodal probability density functions. Quantitative
details of cytoadherence influenced by molecular level mechanisms for P. falciparumiRBCs
have been presented under physiologically/pathologically relevant conditions. The results
obtained here have established that the binding force of the CSA-PfEMP1 complex
decreases significantly with exposure to febrile temperature. These trends accompany a
higher compliance of the adhesion complex and an increased binding frequency for the
iRBC/CHO model system. The quantitative analysis of cytoadherence in terms of the
distinct binding phenotypes can open new pathways for screening drugs that target
cytoadherence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Setup of the force spectroscopy experiments: glass slide pre—coated with PDL and
presenting a CHO subconfluent monolayer culture. iRBCs are poured onto the slide and
allowed to bind lightly to the substrate (step A); a tipless cantilever previously incubated in a
ConA solution is engaged on an iRBC in trophozoite stage (B); the iRBC attached to the
tipless cantilever is used as a single—cell probe (D,E,F).
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Schematic drawings of the force spectroscopy data analysis procedure (adapted from
[31,32]). The larger thickness of the curves in (a) represents the noise removed subsequently
with the smoothing operation (b). Correction of hydrodynamic effects and conversion of
deflection to force and piezo-displacement to (true) displacement are carried out for each
curve (b) before measurement of the adhesion force f, contact force applied F and effective
stiffness of the binding complex ket (¢). The adhesion data from a series of approach/
retraction curves are used for the statistical analysis (d).
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Representative force versus displacement curves: (nearly) no detectable adhesion, f <5 pN
(a), single rupture events (b,c), molecule unfolding-type (d), multiple rupture events (e),
thethering plateau (f). The corresponding rupture forces, f, and effective spring constant, kess,

are indicated, respectively in pN in uN/m.
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Rupture force distributions obtained from measurements carried out at 37°C using RBC (a)
and iRBC (b) probes. Estimated Gaussian mixture density functions are presented as solid

lines. The estimated parameters, where bj corresponds to the mean value and c;j to the
standard deviation, are included in the inset tables together with the respective 95%

confidence intervals.
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parameter estimate  95% confidence interval
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b, 34.13 (28.76,39.51)
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Rupture force distributions obtained at 41 °C with RBC (a) and iRBC (b) probes, and at 37

°C after a transient exposure of iRBC probes to 40 °C for 1 h (c). Estimated Gaussian

mixture density functions are presented as solid lines. The estimated parameters, where b;
corresponds to the mean value and ¢; to the standard deviation, are included in the inset
tables together with the respective 95% confidence intervals.
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Figure 6.

FACS data pointing to similar mean fluorescent intensity (MFI) for cells exposed and non—
exposed to febrile temperatures. (a) RBCs were gated on a side scatter/forwardscatter(SSC-
H/FSC-H).(b) Trophozoite-stage iRBCs were identified using SYTO16 and the PFEMP1
expression level was detected with a rabbit polyclonal antibody (mAb) anti-PfEMP1,
followed by an Alexa Fluor 594 anti-rabbit IgG specific antibody. (c) Overlay of histograms
analyzing PFEMP1 expression on iRBCs at 37°C (red line) or exposed to 40°C (blue line).
The corresponding labeled isotype was used as negative control (black line)
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Table 1

Statistical significance of the difference between the mean values estimated from the full datasets for single
and double binding at different temperatures, respectively Ab, and Ab,.

Conditions Ab;(pN) 95% Confidence interval | p-value
41 °C versus 37 °cl Ab:-10.0 (-19.1, -0.8) 0.03
Aby: -8.4 (-16.4, -0.4) 0.04
37°C/40°C(1h) versus 37 °C
Aby: 5.2 (-16.1, -5.7) 0.35

1Due to the reduced dataset for 41°C the b2 maximum is expected to correspond to all multiple binding and not only to double binding. This
impaired a meaningful comparison of the b2 values at 41 °C and 37 °C.
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Effective spring constant measured from single—rupture event curves showing rupture forces around the 43pN
(37°C) and 34 pN (37°C/40°C(1h)) means.

(strictly single rupture event curves) [uN/m]

iRBC/CHO iRBC/CHO
37°C 37°C/40°C(1h)

Gaussian mixture mean and standard deviation:
byc; (PN) 425,252 34.1,18.0
Rupture force range around the mean 15_75 10— 60
[PN]
Fraction of single rupture event curves
in the force range 58/211 597217
Effective spring constant (Keff) 148+26 337430
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