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We investigated the lateral diffusion of the HIV receptor CD4 at the surface of T lymphocytes at 20 �C and
37 �C by Single Particle Tracking using Quantum Dots. We found that the receptors presented two major
distinct behaviors that were not equally affected by temperature changes. About half of the receptors
showed a random diffusion with a diffusion coefficient increasing upon raising the temperature. The
other half of the receptors was permanently or transiently confined with unchanged dynamics on raising
the temperature. These observations suggest that two distinct subpopulations of CD4 receptors with dif-
ferent environments are present at the surface of living T lymphocytes.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The process of HIV infection requires the sequential interaction
of multiple receptors at the plasma membrane. Firstly, the gp120
viral envelope protein interacts with a CD4 receptor present at
the surface of the target cell. Secondly, the same gp120 viral
protein interacts with co-receptors (either CCR5 or CXCR4 for
R5- and X4-virus, respectively) also expressed on the target cell.
These successive interactions lead to protein conformational
changes and, eventually, to the initiation of the fusion of viral
and cellular membranes by the viral gp41 protein. This whole
process finally leads to the release of the viral content into the
cytoplasm of the cell (for review, see [1]).

It is now well known that the plasma membrane displays a
dynamical organization with domains scaling from the nanometer
to the micrometer range [2] and that this compartmentalization is
essential for the regulation of many cellular functions [3,4]. Several
authors have proposed that the existence of a compartmentaliza-
tion of the HIV receptor and co-receptors in the plasma membrane
of target cells might facilitate HIV infection [5–8]. Indeed, the virus
may take advantage of such a clustering to quickly establish the
numerous interactions required for membrane fusion and the re-
lease of its content into the host cell. Indications supporting this
hypothesis have been reported by different groups. For example,
it has been shown that the efficiency of HIV infection was depen-
dent on receptor surface density [9]. Additionally, Singer and
collaborators revealed by electron microscopy that CCR5, CD4
ll rights reserved.
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and CXCR4 form micro-clusters at the surface of primary macro-
phages and T cells [10] and our group demonstrated that a consti-
tutive interaction of CD4 and CCR5 occurs in micrometer sized
domains at the surface of stably transfected HEK cells [5,11].

A thorough analysis of the dynamical behavior of the HIV recep-
tors within the membrane is needed for a better understanding of
the early steps of the infection process. So far, however, only a few
studies have focused on the dynamics of HIV receptors [5,12] and
data on the dynamical membrane organization of receptors at
the surface of natural targets of HIV (i.e. lymphocytes or macro-
phages) are still incomplete. In this study, we have used Single Par-
ticle Tracking (SPT) to study the dynamical organization of the CD4
receptor on CD4+ T lymphocytes with a high spatial and temporal
resolution.
2. Material and methods

2.1. Cell culture

The J.CCR5 cell line (a generous gift from F. Bachelerie) is a Jur-
kat cell line stably expressing CCR5 after transduction by a lentiv-
iral vector. J.CCR5 cells were cultured at 37 �C and in a 5% CO2

atmosphere in RPMI 1640 without L-glutamine (Gibco, Invitrogen)
supplemented with 10% fetal calf serum (Lonza), and every
2 weeks with 2 mM L-glutamine (Gibco, Invitrogen).
2.2. Flow cytometry analysis

Cell surface expression of the receptors was determined as
described previously [11] using a BD Biosciences FACS-Calibur.
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Labeling of the receptors was performed using biotinylated OKT4
anti-CD4 and T21/8 anti-CCR5 antibodies (BioLegend) coupled to
streptavidin conjugated to phycoerythrin (BD).

2.3. Single Particle Tracking experiments

Cells were plated on coverslips previously incubated with
0.1 mg/ml poly-L-lysine for 5 min. For a homogenous attachment
of the cells, a gentle centrifugation (50g, 7 min) was performed.

The CD4 receptors were labeled for 15 min with 0.03 nM biotin-
ylated OKT4 antibodies (BioLegend) coupled to 0.3 nM fluorescent
(655 nm) streptavidin-coated Quantum Dots (QD) (Molecular
Probes, Life Technologies).

Tracking and observations were performed on an Axioplan 2
microscope (Zeiss) equipped with a Cascade II 512 EM-CCD camera
(Roper Scientific) operating at a 25 Hz acquisition frequency. The
fluorescent nanoparticles were illuminated with an X CITE 120
light source containing a metal halide vapor short arc lamp (Exfo),
and observed through a fluar 100�/1.30 oil UV objective associated
to a 1.6� multiplier tube lens in front of the camera.

2.4. Trajectories analysis

In a first step, the positions of the multiple QD present in each
image have been calculated by a Gaussian fit using the Multiple
Target Tracing program developed by Sergé et al. [13]. After obtain-
ing the trajectory of each particle, the Mean Square Displacement
(MSD) (Fig. 2B right) was calculated according to Eq. (1) [14,15]:

MSDðndtÞ ¼ 1
N � 1� n

XN�1�n

j¼0
½xðjdt þ ndtÞ � xðjdtÞ�2
n

þ yðjdt þ ndtÞ � yðjdtÞ�2
h o

ð1Þ

where dt is the time interval between two successive frames
(40 ms), n is the number of time intervals, x(t) and y(t) are the QD
coordinates at time t and N is the total number of frames.

The short term diffusion coefficient of a given trajectory seg-
ment, D1–2, was determined from the slope of the first two points
of the corresponding MSD [16].

To detect transient or continuous confinement events, a con-
finement index K(t), as established by Meilhac et al. [17] was cal-
culated on sliding intervals using Eq. (2) (Fig. 2B, center):

KðtÞ ¼ D1�2Dt
Dr2 ð2Þ

where Dr2 is the variance of the trajectory segment of duration Dt
under study. A value of K(t) > 4 for a period longer than Dt is char-
acteristic of confined diffusion. The size of the domains and the dif-
fusion coefficient inside the confined trajectory segments were
determined by fitting MSD(t) with its theoretical expression for
confined diffusion [17]. The unconfined trajectories, partial or total,
were analyzed using standard procedures [18] and classified as hav-
ing either random or directed diffusion.

This analysis allowed classifying CD4 dynamics into different
categories, namely random, confined, transiently confined or direc-
ted diffusion (see [19] for review).

3. Results and discussion

3.1. Choice and characterization of the lymphocyte cell line

It has been shown that HIV replicates most efficiently in acti-
vated CD4+ T cells [20–22]. The activation process of these cells
is accompanied by the expression of surface molecules such as
HLA-DR and CD25 but also the HIV co-receptor CCR5 [23]. Addi-
tionally, it has been shown that the presence of CCR5 at the cell
surface is required for the fusion of viral and cellular membranes
and thus for the entry of the R5-virus into the cells [24–26]. As a
consequence, HIV infection predominantly involves activated lym-
phocytes (i.e. that express CCR5) like those present at the gastroin-
testinal mucosa [21,27].

Unfortunately, upon activation of T cells, CD4 and CCR5 expres-
sion rates vary drastically, not only over time but also from cell to
cell, making the interpretation of experiments very difficult. To
overcome this problem, we have chosen to work on a Jurkat cell
line (T lymphocytes) stably transfected by a lentiviral vector con-
taining the CCR5 gene (referred to as ‘‘J.CCR5’’ cell line). As shown
in Fig. 1, this cell line expresses both CD4 and CCR5 and was shown
to be competent for HIV infection (data not shown). Owing to the
stable expression levels of both CD4 and CCR5 over time and from
cell to cell, this cell line was suitable to perform SPT experiments.

3.2. Imaging and tracking of CD4 in living cells

To investigate the movements of CD4 at the surface of J.CCR5
living cells, we observed, as a function of time, CD4 receptors la-
beled by a streptavidin-coated quantum dot (QD) coupled to a bio-
tinylated-OKT4 antibody. The OKT4 antibody has been chosen
since it does not inhibit CD4-CCR5 nor CD4-gp120 interactions
[28,29]. QD are very stable fluorescent nanoparticles that can easily
be detected by video microscopy. These particles have been shown
not to affect the dynamics of the molecules they are attached to, as
revealed on model membranes (Mascalchi et al., in preparation),
unlike colloidal gold which led to abnormally small diffusion coef-
ficients in previous experiments we carried out on HEK cells (data
not shown).

As shown in Fig. 2A, in the conditions used, up to 10 fluorescent
spots could be observed simultaneously, each corresponding to
individual receptors. The coordinates of each labeled receptor were
accumulated over time and compiled as described in the Material
and methods section to reconstruct their trajectory (Fig. 2B left).
In order to have a complete description of the dynamics of CD4,
we only took into account for our analyses the trajectories com-
prising at least 500 (x(t), y(t)) coordinates (i.e. 20 s of duration)
with a percentage of the time where QD could not be observed
due to blinking inferior to 10%.

3.3. Mobility analysis of CD4 at 20 �C

In order to compare the present results with previous FRAP
measurements [5], we first performed SPT experiments at 20 �C.
Our results revealed two major distinct behaviors of CD4 on living
JCCR5 cells (Table 1). On the one hand, less than half of the recep-
tors (43%) were free to diffuse and exhibited a random Brownian
diffusion with an average diffusion coefficient, D1–2, of about
6.10�2 lm2/s. On the other hand, the remaining receptors were
either transiently (45%) or permanently (12%) confined into
�220 nm domains. The D1–2 of these confined receptors was nearly
the same as that of unconfined receptors (�5.10�2 lm2/s). Worthy
of note, when transiently confined diffusion was observed, the seg-
ments with random diffusion had similar diffusion coefficients to
those measured for the confined ones (�7.10�2 lm2/s). Such a
compartmentalization of the diffusion within the membrane has
already been observed for many membrane proteins [30–32] and
is in agreement with those found for CD4 on transfected HEK cells
[5]. Several phenomena could explain this compartmentalization,
such as interactions with other membrane proteins [33], lipids
[34,35] or the actin cytoskeleton [36] (for review, see [2]). In future
work, it will be interesting to explore which factors are responsible
for the confinement of the receptor by performing SPT experiments
after cholesterol depletion or after perturbation of the organization
of the cytoskeleton.
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Fig. 2. Recording and analysis of receptors trajectories. (A) Bright-field imaging of a J.CCR
a trajectory of a CD4 receptor with random (black) and confined (red) periods. (B, center)
from confined diffusion within a given trajectory. (B, right) The D1–2 and the size of the
corresponding MSD(t) plots (continuous curves) with the theoretical equations (dashed

Fig. 1. Cell surface expression of CD4 and CCR5 of the HIV-susceptible J.CCR5 cells.
Cell surface expression of wild-type CCR5 (black line) and CD4 (grey line) were
determined by flow cytometry using the anti-CCR5 T21/8 and anti-CD4 OKT4
antibodies. As controls, the signal for J.CCR5 cells alone or incubated with
streptavidin conjugated to phycoerythrin were acquired (filled peak and dashed
line, respectively).
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3.4. Mobility analysis of CD4 at 37 �C

Raising the temperature to 37 �C did not drastically modify the
overall dynamics of the receptors: the two diffusional behaviors
identified at 20 �C were still observed (Table 1). However, increas-
ing the temperature induced a slight increase of the proportion of
random diffusion (from 43% to 47%) at the expense of the perma-
nently confined diffusion fraction that dropped from 12% to 5%.
The proportion of transient confinement was nearly unchanged
(48%). Fig. 3 presents the histograms of the distribution of the mea-
sured D1–2 for each diffusion mode. An expected consequence of
raising the temperature from 20 to 37 �C is the increase of the dif-
fusion coefficient. This appeared to be the case for the CD4 recep-
tors with a random diffusion since most of these receptors
presented a D1–2 two times higher at 37 than at 20 �C (Fig. 3A). This
augmentation, due to the thermal Brownian motion, is in good
agreement with data obtained on model systems [37,38] and on
biological membranes [38,39].

Surprisingly, increasing the temperature did not modify the
dynamics of the confined CD4 receptors. Both the mean values of
the diffusion coefficient and the sizes of the domains of confine-
ment remained unchanged (Table 1). It has to be noted that similar
observations have been made for the transferrin receptor [40,41]
and the mu-opioid receptor [14]. Fig. 3B focuses on the dynamics
of transiently confined receptors. It details the distribution of the
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The confinement index calculated according to [17] allows to discriminate random

domains of the various segments of the trajectories were determined by fitting the
curves) for random or confined diffusion (see text).



Table 1
Distribution of CD4 receptors among the different diffusion modes with their associated parameters measured at different temperatures.

Temperature (�C) Diffusion mode

Random Confined Transiently confined

Random Confined

% of trajectories 20 43 12 45
37 47 5 48

Diffusion coefficient D1–2 (�10�2 lm2/s) 20 6.2 ± 2.7 (n = 29) 5.2 ± 1.5 (n = 8) 7.0 ± 7.3 (n = 54) 4.7 ± 3.0 (n = 33)
37 11 ± 6.3 (n = 38) 6.5 ± 7.5 (n = 4) 7.4 ± 6.0 (n = 64) 4.6 ± 3.9 (n = 53)

Domain size R (nm) 20 – 226 ± 52 (n = 6) – 221 ± 138 (n = 33)
37 – 180 ± 86 (n = 4) – 178 ± 116 (n = 31)

The percentage of receptors with random, confined and transiently confined diffusion has been determined at 20 �C and 37 �C. For each type of diffusion, the mean value and
the standard deviation of the diffusion coefficient D1–2 and of the radius size of confinement domains R have been evaluated (see the Section 2).
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Fig. 3. Diffusion coefficients of CD4 for random or transiently confined trajectories obtained at 20 �C (blue) and 37 �C (red). Histogram of the diffusion coefficients D1–2 of
random trajectories. Increasing the temperature resulted in an overall increase of the diffusion coefficients of freely diffusing CD4 receptors. (A) Histogram of the diffusion
coefficients D1–2 of transiently confined trajectories. Random and confined sections have been analyzed separately. Changing the temperature did not significantly modify the
dynamics of transiently confined CD4 receptors. (B) Histogram of the diffusion coefficients D1–2 of transiently confined trajectories. Random and confined sections have been
analyzed separately. Changing the temperature did not significantly modify the dynamics of transiently confined CD4 receptors. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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diffusion coefficient of the random part and the confined part of
the trajectories. Interestingly, both were insensitive to tempera-
ture changes. This indicates that the temperature dependence of
the diffusion of the CD4 receptors is more likely influenced by their
local environment than related to their diffusion mode (random or
confined).

Whatever the reasons are for the observed differences in the
dynamical behavior of CD4, these results demonstrate that differ-
ent populations of CD4 with different environments are present
at the surface of lymphocyte cells. As a consequence, depending
on their location within the membrane, CD4 receptors might have
a different propensity to interact with the HIV Envelope protein. To
go further in the understanding of the importance of this dichot-
omy for the infection process, it will be necessary to study the
dynamics of the HIV co-receptors CCR5 and CXCR4 on living
J.CCR5 cells in order to evaluate whether it can be correlated to
that of CD4. This should give us new insights in the early stages
of the HIV infection process.
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