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Fc gamma receptors (FcyR), widely expressed on effector cells (e.g., NK cells, macrophages), play an
important role in clinical cancer immunotherapy. The binding of FcyRs to the Fc portions of antibodies
that are attached to the target cells can activate the antibody-dependent cell-mediated cytotoxicity
(ADCC) killing mechanism which leads to the lysis of target cells. In this work, we used atomic force

Keywords: microscopy (AFM) to observe the cellular ultra-structures and measure the biophysical properties (affin-
Atomic force microscopy ity and distribution) of FcyRs on single macrophages in aqueous environments. AFM imaging was used to
L\Tl?;;ldo;herapy obtain the topographies of macrophages, revealing the nanoscale cellular fine structures. For molecular
Macrophage interaction recognition, antibody molecules were attached onto AFM tips via a heterobifunctional poly-

ethylene glycol (PEG) crosslinker. With AFM single-molecule force spectroscopy, the binding affinities of
FcyRs were quantitatively measured on single macrophages. Adhesion force mapping method was used
to localize the FcyRs, revealing the nanoscale distribution of FcyRs on local areas of macrophages. The
experimental results can improve our understanding of FcyRs on macrophages; the established approach

Fc gamma receptor

will facilitate further research on physiological activities involved in antibody-based immunotherapy.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The use of monoclonal antibodies (mAbs) in cancer therapy has
achieved considerable success in recent years, and antibody-based
immunotherapy is now one of the most important strategies for
treating patients with hematological malignancies and solid
tumors [1,2]. Rituximab is the first mAb for treating CD20 +
non-Hodgkin’s lymphoma (NHL) [3]. The unprecedented success
of rituximab in clinical practice promotes the development of
new anti-CD20 mAbs [4], but to date none of the newer anti-
CD20 mAbs have been shown to be clinically more effective than
rituximab [5]. In the three killing mechanisms of rituximab, it is
widely accepted that antibody-dependent cell-mediated cytotoxic-
ity (ADCC) is critical, while the role of complement-dependent
cytotoxicity and programed cell death is still disputed [6]. In ADCC,
the mAbs Fab portions bind to the antigens (CD20) on tumor cells,
and then the Fc portions of mAbs bind to the Fc gamma receptors
(FcyR) on effector cells (e.g., NK cells, macrophages) [7]. The
effector cells then cause the lysis of tumor cells by the release of
cytotoxic granules containing granzymes and perforin [8] or
phagocytosis [9]. In vitro experiments indicate that the NK cell is
the prominent effector cell in ADCC [6], but this suggestion stems
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largely from the use of peripheral blood mononuclear cell in ADCC
assays where NK cells are the main effector cells [10]. In vivo, per-
haps macrophages are much more important [10]. Enhancing the
binding affinity of Fc portion to FcyR is emerging as one of the most
promising ways to further increase the clinical potential of mAbs in
patients [11], particularly in those patients who express a low
affinity version of FcyR on their effector cells [9]. Many new anti-
CD20 mAbs with enhanced FcyR binding affinity have been devel-
oped, but the efficacy of these new mAbs in rituximab-refractory
disease is yet to be determined in clinical practice [12].

Despite the undeniable value for treating B-cell NHL, rituximab
is not effective in all patients, and many patients develop resis-
tance to the rituximab therapy [13]. In current practice, the contri-
bution of rituximab to the resistance phenomenon is difficult to
evaluate, because rituximab is typically combined with cytotoxic
chemotherapy [14]. Recent evidence suggests that antigenic mod-
ulation appears to play a key role in the development of resistance
to rituximab therapy [15]. In addition to the resistance, the ritux-
imab treatment costs are expensive and serious reactions can occur
(including hypotension, rigors, bronchospasm, and angioedema) in
as many as 10% of patients [5]. Hence the urgent need in mAb ther-
apy is to predict the drug efficacy [16] to identify the patients who
can benefit from the therapy [17], helping the insensitive patients
to avoid non-effective treatments and unnecessary economic costs.
If we can exactly predict the treatment efficacy, then we make a
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major step in the era of personalized medicine. To obtain this goal,
we need to fully understand the physiological activities involved in
the mAb mechanisms. Much of our understanding of molecular
reactions in cells has come from traditional ensemble experiments
done in test tubes with purified biomolecules [18] which are un-
able to reveal the behaviors of single molecules. In recent years,
single-molecule experiments [19] have attracted the attention of
many researchers. Probing single molecules can reveal the funda-
mental chemical, biological and physical properties that are hidden
in ensemble experiments [20], complementing the information ob-
tained by traditional methods [21]. Atomic force microscopy (AFM)
[22]is a commonly used single-molecule technique. With AFM sin-
gle-molecule force spectroscopy (SMFS), we can directly measure
the binding force between molecules [23] and localize the recep-
tors on the cell surface [24]. Currently, to our knowledge, the single
molecule behaviors in Fc-FcyR interactions are largely unknown.
In this work, the binding affinities and nanoscale distribution of
FcyRs were directly measured on single macrophages by AFM force
spectroscopy.

2. Materials and methods
2.1. Sample preparation

Macrophage cell line RAW264.7 was purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) and
maintained in DMEM containing 10% fetal bovine serum at 37 °C
(5% CO,). Cells were cultured in Petri dishes for 24 h before exper-
iments. After removing the culture medium in the Petri dishes, 4%
paraformaldehyde was added for chemical fixation. After washing
the Petri dishes with phosphate-buffered saline (PBS), fresh PBS
was added and then the Petri dishes were placed on AFM stage.
For FcyR fluorescence labeling, rituximab solution was added into
the Petri dishes and incubated for 3 h at room temperature. After
washing the Petri dishes with PBS three times (each time
10 min), goat-anti-human IgG (conjugated with red-fluorescent
dye RBITC) was added and incubated for 30 min. After washing
the Petri dishes with PBS three times (each time 10 min), the Petri
dishes were placed on the AFM stage for fluorescence observation.

2.2. Tip functionalization

The prerequisite of measuring the molecular forces with AFM
force spectroscopy is attaching the antibodies onto the AFM tip.
Tip functionalization was according to the procedure described in
the reference [25]. The heterobifunctional PEG molecule NHS-
PEG3500-MAL (JenKem Technology, Beijing, China) was used to
link rituximabs (Chinese Affiliated Hospital of Military Medical
Academy of Sciences) onto the AFM tip. The nominal spring con-
stant of the probe was 0.01 N/m (Bruker, Santa Barbara, CA, USA).
Fluorescence experiments were performed to verify whether ritux-
imab molecules were linked onto the AFM tip. The functionalized
probe was placed in a petri dish and then RBITC-conjugated
goat-anti-human IgG solution was added. After washing the func-
tionalized probe with PBS three times, the functionalized probe
was placed on the stage of fluorescence microscope for fluores-
cence observation.

2.3. AFM imaging and SMFS measurements

AFM imaging and SMFS measurements were performed in PBS
at room temperature using a Bioscope Catalyst AFM (Bruker, Santa
Barbara, CA, USA) which was set on an inverted fluorescence
microscope (Ti, Nikon, Japan). For cell imaging, AFM probe
(unfunctionalized) was moved onto the macrophages under the

guidance of an optical microscope, and the imaging mode was
the contact mode. For binding affinity measurement, AFM probes
(functionalized) were used, and force curves were obtained on dif-
ferent areas of the cells at five different loading rates (60,000-
120,000 pN/s). The spring constant of the probe was calibrated
by thermal noise method [26]. To demonstrate the specific ritux-
imab-FcyR binding, force curves were obtained on macrophages
after blocking experiments (adding free rituximab molecules to
mask the FcyRs on macrophages). Also the force curves on the bare
area of Petri dishes were obtained. In order to localize the FcyRs on
macrophages, two Petri dish macrophages were prepared (one Pet-
ri dish was blocked by adding rituximab molecules). Arrays of force
curves were first obtained on macrophages (without blocking), and
then on blocked macrophages. To verify the activity of functional-
ized tips, arrays of force curves were obtained on macrophages
(without blocking) again. The force curves were analyzed by Mat-
lab 7.6.0. After converting the binding force values into 0-255, gray
maps were constructed by image processing software.

3. Results and discussion

FcyRs, widely expressed throughout the hematopoietic system,
belong to the large immunoglobulin superfamily and are type I
transmembrane glycoproteins [27]. FcyRs are key players in both
the afferent and efferent phases of the immune responses [28].
Binding of FcyRs to the Fc portion of the antibody triggers effector
functions that are important in the antibody-based immunother-
apy of cancer [2]. RAW264.7 cell is a mouse macrophage cell line
that has been used extensively for studying FcyR-mediated phago-
cytosis [29]. Here we used RAW 264.7 cells for the SMFS experi-
ments. Before SMFS experiments, we first examine the
expression of FcyR on macrophages by immunofluorescence label-
ing. Rituximab can bind to the FcyRs on macrophages and fluores-
cent-conjugated goat-anti-human IgG can bind to rituximab.
Fig. 1(A, B) was optical image and fluorescence image of macro-
phages. From the fluorescence image, we can clearly see that mac-
rophages exhibited bright red fluorescence, and this indicated that
there were FcyR on the macrophages. Then we examined the ritux-
imab molecules on functionalized probes. Fig. 1(C) was the fluores-
cence image of the functionalized probe. We can see that the probe
exhibited bright red fluorescence and this indicated that rituximab
molecules had been linked onto the AFM tip after
functionalization.

Fig. 2 shows the AFM images of macrophages. Macrophages can
attach and spread on the substrate. Hence we can image them by
directly culturing them in Petri dishes. Under the guidance of opti-
cal image [Fig. 1(D)], AFM tip was moved onto the macrophages.
Fig. 2(A and B) shows the AFM height image and deflection image
of two adjacent macrophages. The scan size was 80 pum. We can see
that many lamellipodium and filopodium were discernible in AFM
images. The line profile of the height image [Fig. 2(C)] indicated
that the height of the two cells was about 4 pm and the diameter
was about 25 pm. To observe the fine structures of the macro-
phages, AFM imaging on a local area of a macrophage was per-
formed, as shown in Fig. 2(D and E). The scan size was 26 pm.
From the deflection image [Fig. 2(E)], we can clearly see that the
surface of macrophage was rough and ruffles [30] were observed
on the surface (denoted by the arrows). The line profile (red curve
in Fig. 2(F)) indicates that the diameter of ruffles was about 1 um
and the height was about 200 nm. Additionally, the lamellipodium
were clearly discernible in the image [Fig. 2(E)] and the line
profile of a lamellipodia (black curve in Fig. 2F) indicated that its
width was about 4 m. Cells come in different shapes and sizes,
and cell geometry affects cell fate in many processes [31]. Cell
shape emerges from the interaction of many elements (such as
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Fig. 1. Observing the express of FcyR on the macrophages and the functionalized probes by immunofluorescence labeling. Optical image (A) and the corresponding
fluorescence images (B) of macrophages. Fluorescence image (C) of the functionalized probe. Under the guidance of optical image (D), the AFM tip was moved to the

macrophages.
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Fig. 2. Nanoscale morphologies of the macrophages obtained by AFM imaging in PBS. AFM height image (A) and deflection image (B) of two macrophages. Line profile (C)
taken in the height image (A) along the dashed line. AFM height image (D) and deflection image (E) of the local area of a macrophage. (F) Line profiles taken in the height

image (D) along the dashed lines.

cytoskeleton, cell membrane, and cell adhesions), and the mecha-
nism by which global morphology is generated and maintained
at the cellular scale is yet unknown [32]. The observed ultra struc-
tures of macrophages are related to their biological functions [30].
Recent evidence indicates that macrophages play an important role
in the development of metabolic disease [33]. The imaging results
indicate that AFM can reveal the cellular ultra-structures which is
useful for understanding cellular physiological activities.

Fig. 3 shows the results of measuring the rituximab-FcyR bind-
ing forces on macrophages. AFM-based SMFS has been widely used
to quantify the molecular interactions, but these studies are mainly
performed on purified biomolecules (in most cases, the transmem-
brane receptors are purified in truncated forms consisting only of
their extracellular domains [23]) in vitro which are quite different
from the native environments around the receptors [34]. In order
to better reflect the rituximab-FcyR interactions, we measured
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Fig. 3. Measuring the rituximab-FcyR interactions by obtaining force curves on macrophages using rituximab-conjugated tips. Typical force curves obtained on macrophages
(A), on substrate (B), and on macrophages after blocking (C). The insets in (A-C) were the enlarged views of retract curves. (D) Binding frequency on macrophages, on
substrate and on blocked macrophages. (E) Force histogram at a loading rate. (F) Forces are linearly related to the logarithm of the loading rates.

the rituximab-FcyR binding forces directly on cells. Fig. 3(A) shows
a typical force curve obtained on macrophages with a specific
molecular unbinding peak. Each force curve contains two portions,
approach curve and retract curve. When the tip did not touch the
cell surface, the deformation of the probe cantilever was kept un-
changed, and the force curve was flat (denoted by the I in
Fig. 3(A)). After the tip touched the cell surface, the deformation
of the probe cantilever changed, and the force curve became bent
(denoted by the II in Fig. 3(A)). During the approach-retract cycle,
if rituximab molecules on the AFM tip bound to the FcyR on mac-
rophages, then the rituximab-FcyR pair was stretched (denoted by
the Ill in Fig. 3(A)) when the tip retracted from the cell surface to its
original position. The molecular binding strength is far smaller
than the covalent bonds between PEG linker and AFM tip, and thus
the molecular pair will first rupture during the stretching process
[25,35]. When the molecular pair ruptured, there was a specific
molecular peak in the retract curve, as shown in the inset of
Fig. 3(A). The magnitude of the peak indicated the binding force
(denoted by the double-headed blue arrow). When obtaining force
curves on the substrate [Fig. 3(B)], the force curves were straight,
and there was no specific peak in the retract curve. This is because
the substrate is stiff, and there were no FcyR molecules on the sub-
strate. After the blocking experiments (adding free rituximab to
bind the FcyR on macrophages), no specific molecular peak ap-
peared in the retract curve [Fig. 3(C)]. This is because the added rit-
uximab molecules had blocked the FcyR molecules on the cell
surface. For each situation (on macrophages, substrate and blocked
macrophages), after obtaining 500 force curves, the binding fre-
quency was computed, as is shown in Fig. 3(D). We can see that
the binding frequency on macrophages was significantly larger
than on the substrate and blocked macrophages, indicating the
specific rituximab-FcyR interactions.

Fig. 3(E and F) shows the rituximab-FcyR binding forces mea-
sured at five different loading rates. Fig. 3(E) was the histogram
of rituximab-FcyR binding force measured at a certain loading rate
(70,000 pN/s). The Gaussian fit indicates that the mean force was
58 pN. For biomolecules, ligand-receptor affinity is mainly
determined by the rate of ligand-receptor complex dissociation

[36]. According to the Bell-Evans model [37,38], the ligand-recep-
tor unbinding force was linearly related to the logarithm of the
loading rate of the external pulling force. Recent researches indi-
cate that not only the molecular bonds but also the mechanical
properties of proteins and membranes are loading-rate dependent
[39]. Fig. 3(F) shows the relationship between rituximab-FcyR
binding force and the logarithm of loading rates. We can clearly
see that the rituximab-FcyR binding force is linearly related to
the logarithm of the loading rate. In single-molecule dynamic force
spectroscopy experiments, measuring the unbinding force at dif-
ferent loading rates is useful for assessing kinetic parameters of
the unbinding process, including dissociation rate constant, associ-
ation rate constant, and relative heights of energy barriers
[35,40,41]. During the ADCC mechanism, the Fab region of ritux-
imab can bind to the antigen (CD20) on the lymphoma cell surface
and the Fc region of the rituximab can bind to the FcyR on the mac-
rophage surface. This means that there are two types of molecular
binding during the ADCC mechanism. We havepreviously mea-
sured the binding force between rituximab and CD20 on the lym-
phoma cell surface [25,42]. Here the binding forces between
rituximab and FcyR on the macrophage surface were measured,
improving our understanding of Fc-FcyR interactions.

Fig. 4 shows the distribution of FcyRs on macrophages. Besides
measuring the molecular binding force, SMFS can also localize the
receptors on the cell surface by obtaining arrays of force curves on
the local area of the cell surface [43]. We first obtained arrays
(16 x 16) of force curves on different local areas (500 x 500 nm)
of three macrophages. Fig. 4(A) is a typical force curve with molec-
ular specific unbinding peak. Fig. 4(B-D) are the force maps. From
the maps, the gray pixels indicated the FcyR. We can see that the
FcyRs were dispersedly located on the cell surface, and some FcyRs
aggregate. In order to verify that the maps reflect the distribution
of FcyR on the macrophage surface, we used the functionalized tips
to obtain arrays of force curves on macrophages that had been
blocked, and the results are shown in Fig. 4(E-H). The majority of
the force curves obtained on blocked macrophages did not have
specific unbinding peaks, as shown in Fig. 4(E). From the maps
[Fig. 4(F-H)], we can see that there were very few gray pixels. This
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Fig. 4. Localizing the FcyR on macrophages by obtaining arrays of force curves on a local area of the cell surface. (A-D) were from macrophages. (A) A typical force curve. (B-
D) were force maps constructed by obtaining 16 x 16 force curves on 500 x 500 nm area of the cell surface. (E-H) were from rituximab-blocked macrophages. (E) A typical
force curve. (F-H) Force maps. (I-L) were from macrophages (without blocking). (I) A typical force curve. (J-L)Force maps. The insets in (A, E and I) were enlarged views of

retract curves.

is because that the FcyRs on the cell surface had been blocked by
the added rituximab molecules. This may also be because the rit-
uximab molecules on the AFM tip surface had lost activity. Hence
in order to verify whether the rituximab molecules on the func-
tionalized tips were still active, we used the same functionalized
tips to obtain arrays of force curves on macrophages (without
blocking) and the results are shown in Fig. 4(I-L). Many force
curves had specific unbinding peaks [Fig. 4(I)], and there were
many gray pixels in the maps [Fig. 4(J-L)]. This demonstrates that
the rituximab molecules on the functionalized tips were still active
and the maps correspond to the distribution of FcyRs. AFM has
nanometer spatial resolution and can work in liquids. These advan-
tages offer unprecedented opportunities for detecting the life
activities at single-cell and single-molecule levels [21]. After
attaching specific ligands onto the AFM tip, we can nanoscopically
detect the receptors on the cell surface. Researchers have used an
AFM adhesion force map to investigate the distribution of various
membrane proteins on the cell surface, such as sensors [24], adhe-
sions [43], receptors [44], and fibronectin attachment proteins
[45]. Traditional methods for characterizing the distribution of pro-
teins on cell surfaces are based on optical microscopy which has a
200 nm resolution limit. AFM can detect the proteins at nanometer
scale and thus provides novel insights for understanding the distri-
bution of proteins on the cell surface.

In summary, the cellular ultra-structures and FcyR’s biophysical
properties (affinity and distribution) were investigated on single
macrophages in this work. Due to the fact that ADCC mechanism
involves two types of molecular binding, CD20-rituximab and

rituximab-FcyR, we should investigate both these two types of
molecular binding to better understand ADCC. In previous studies,
we investigated the CD20-rituximab interactions on patient cancer
cells [42], and here rituximab-FcyR interactions were investigated.
In the future, we want to use SMFS to simultaneously measure the
CD20-rituximab interactions and rituximab-FcyR interactions on
patient cancer cells. Nowadays, to our knowledge, almost all SMFS
studies measured the binding force of one type of receptor-ligand
interaction. But the fact is that in many activities, such as the
immunotherapy mechanism [2], there is more than one type of
receptor-ligand interaction. If we can simultaneously measure
multiple types of receptor-ligand interactions, then we can obtain
novel information of the cellular activities that may be meaningful
for identifying the biomarkers of cancer that predict the targeted
therapy [16].
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