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ABSTRACT CTLA4 is an essential negative regulator of T-cell immune responses and a key checkpoint regulating autoimmu-
nity and antitumor responses. Genetic mutations resulting in quantitative defects in the CTLA4 pathway are also associated with
the development of immunedysregulation syndromes in humans. It has beenproposed thatCTLA4 functions to remove its ligands
CD80 and CD86 from opposing cells by a process known as transendocytosis. A quantitative characterization of CTLA4 synthe-
sis, endocytosis, degradation, and recycling andhow these affect its function is currently lacking. In a combined in vitro and in silico
study, we developed amathematicalmodel and identified these trafficking parameters. Ourmodel predicts optimal ligand removal
in an intermediate affinity range. The intracellular CTLA4 pool as well as fast internalization, recovery of free CTLA4 from
internalized complexes, and recycling is critical for sustained functionality. CD80-CTLA4 interactions are predicted to dominate
over CD86-CTLA4. Implications of these findings in the context of control of antigen-presenting cells by regulatory T cells and of
pathologic genetic deficiencies are discussed. The presentedmathematical model can be reused in the community beyond these
questions to better understand other trafficking receptors and study the impact of CTLA4 targeting drugs.
INTRODUCTION
In a healthy organism, the immune system has to maintain a
balance between immune activation and inhibition. For
T cells, the decision between these two outcomes is influ-
enced by receptors that are not specific for antigen but pro-
vide context for antigen recognition. CD28 and CTLA4 are
two such transmembrane receptors expressed by T lympho-
cytes with opposing stimulatory and inhibitory functions,
respectively. These receptors bind to the same costimulatory
ligands, CD80 and CD86, which are expressed by antigen-
presenting cells (1,2). Although ligation of CD28 with cos-
timulatory ligands is essential for full T-cell activation and
effector functions (3–5), CTLA4 inhibits excess costimula-
tion by competing for CD28 ligands and thereby preventing
uncontrolled T-cell activation and clonal expansion of cells
specific for our own tissues. Accordingly, CTLA4 defi-
ciency results in autoimmunity (6–8). Early data suggested
that CTLA4 directly inhibits the cells that express it,
referred to as the cell-intrinsic pathway of immune inhibi-
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tion (9,10). Such cell-intrinsic mechanisms predict that
autoimmunity arises in a CTLA4-deficient model because
of uncontrolled responses of activated T cells. However,
cell-intrinsic inhibition also implies that in a chimeric model
containing a mixture of CTLA4-deficient and CTLA4-suffi-
cient cells, hyperactive CTLA4-deficient cells should still
be observed. Surprisingly, a normal immune system with
no hyperactivation was found when this idea was tested
experimentally (11–14). This observation suggests CTLA4
may act through a cell-extrinsic mechanism of inhibition
in which CTLA4-expressing cells exert control on their sur-
roundings. This fits with the demonstration that CTLA4
plays a critical role in regulatory T cells (Tregs), an immune
cell population with potent cell-extrinsic function (15).
Recently, it has been shown that CTLA4 molecules on
T cells are able to internalize costimulatory molecules
from the surface of antigen presenting cells (APCs) by a
process known as transendocytosis (16), which represents a
potential mechanism for cell-extrinsic inhibition of T-cell
activation (17).

Unlike many immune regulatory proteins, CTLA4 mole-
cules are mostly observed intracellularly in cytoplasmic ves-
icles (18,19) as a result of their interaction with the m2
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Characterization of CTLA4 Trafficking
subunit of the clathrin adaptor protein complex AP2
(20–23). In contrast, CD28 is retained on the plasma mem-
brane (24). The unusual localization of CTLA4 raises ques-
tions about how this affects its function. For example, it is
not clear how the steady-state distribution of CTLA4 mole-
cules results from dynamic trafficking between cytosol and
plasma membrane. Various parameters affecting internaliza-
tion, degradation, and recycling rates all have the potential
to influence the cellular function. Given the number of pa-
rameters that can affect CTLA4 function (e.g., trafficking
rates, ligand binding affinities, competition between li-
gands, etc.), mathematical models are useful in understand-
ing and predicting the impact of changes in these parameters
on CTLA4 suppressive function. We have therefore derived
a mathematical model for in silico experimentation to test
how various parameters can influence CTLA4 function.

In this study, we extract CTLA4 trafficking rates from a
series of experimental protocols and corresponding mathe-
matical models to understand the behavior of CTLA4 and
study its role in ligand clearance. The model shows that
cytoplasmic CTLA4 acts as a buffer for CTLA4 surface
expression and boosts ligand uptake at early time points
of ligand exposure. In silico ligand-uptake experiments sug-
gest that stable CTLA4-ligand binding does not guarantee
an efficient ligand uptake and instead ligand removal is opti-
mally fast for an intermediate affinity range of ligand-
CTLA4 interaction. We showed that the process of ligand
uptake highly depends on the recycling process, and even
expression of a normal amounts of total CTLA4 does not
guarantee an efficient ligand uptake when the recycling pro-
cess is impaired. Thus, molecular binding and trafficking
properties determine the efficiency of ligand clearance.
Furthermore, when CTLA4þ cells are exposed to a mixture
of natural ligands, we find that CD80 is the dominant
competitor and the uptake of CD86 is highly affected by
the presence of CD80 but not vice versa.
MATERIALS AND METHODS

CTLA4 internalization assay

Chinese hamster (Cricetulus griseus) ovary (CHO) cells, expressing the

virally transduced (MP-71 retroviral-vector-containing) human CTLA4

(UniProtKB accession: CTLA4_HUMAN) were placed in fluorescence

activated cell sorter (FACS) tubes (Sarstedt, N€umbrecht, Germany) at

1.5 � 106 cell/mL density (150 mL) before being placed on ice. The cells

were washed in 200 mL phosphate-buffered saline buffer (PBS (pH 7.4);

Life Technologies, Carlsbad, CA) and 2% w/v bovine serum albumin

(ACROS Organics, Geel, Belgium) by spinning cells at 500 g for 5 min.

The surface CTLA4 was stained using phycoerythrin (PE) fluorophore-

conjugated mouse anti-human CTLA4 antibody (PE-CTLA4; BD Pharmin-

gen, San Jose, CA) at 1:100 dilution for 20 min on ice. After removing the

excess antibody and washing the cells with ice-cold PBS buffer, the cells

were placed in a 37�C water bath for various durations, allowing CTLA4

internalization from the CHO cell surface, before being placed on ice and

fixed with 3% (v/v) paraformaldehyde (PFA; Agar Scientific, Essex, UK)

for 15 min. The cells were washed, and the surface CTLA4 was stained

with Alexa Fluor 647 conjugated chicken anti-mouse secondary antibody
(ThermoFisher Scientific, Waltham, MA) at 1:1000 dilution for 30 min

on ice before being washed and run through a BD LSRFortessa (5L

SORP) flow cytometer (BD Biosciences, San Jose, CA) using yellow-green

561 nm (586/15 band-pass filter) and red 640 nm (670/14 band-pass filter)

lasers for PE and Alexa Fluor 647 fluorophores, respectively. The data were

recorded using BD FACSDiva Software (Version 6.2), and the emission-

spectra-compensated mean fluorescence intensity (MFI) of each fluoro-

phore was obtained using FlowJo 10.0.8r1 software.
CTLA4 molecular counting

Quantum Simply Cellular anti-Mouse IgG kits (Bangs Laboratories,

Fishers, IN) were used according to the manufacturer’s instructions to quan-

tify the number of virally transduced human CTLA4 expressed in CHO

cells. Briefly, beads 1–4, which are of known size and antibody-binding ca-

pacity, were stained with varying amounts of PE-CTLA4 for 30 min on ice.

The beads were washed in media (Dulbecco’s modified Eagle’s medium

(Life Technologies), 10% fetal bovine serum (Labtech), 2 mM L-Glutamine

(Life Technologies), 1� Penicillin-Streptomycin (Life Technologies)) by

spinning at 1060 g for 5 min before their mean fluorescence intensity

(MFI) was obtained using the BD LSRFortessa flow cytometer using the

yellow-green 561 nm (586/15 band-pass filter) laser at a set voltage.

Bead saturation levels with PE-CTLA4 antibody were assessed using the

FlowJo 10.0.8r1 software, and the best MFI for each bead was plotted to

establish a calibration curve. In parallel to the above, various numberd of

CHO cells expressing human CTLA4 were fixed with 3% (v/v) PFA

(Agar Scientific) for 15 min on ice before being washed in media and per-

meabilized with 0.1% (v/v) saponin in media. The cells were then stained in

an identical manner to the beads and run through the BD LSRFortessa flow

cytometer using identical settings and voltages as the beads. The obtained

CHO cell MFIs were then compared against the calibration curve to obtain

the number of CTLA4 molecules per CHO cell.
Synthesis-block assay

CHO cells expressing CTLA4 were placed in a 96-well U-bottom plate

(Falcon, Corning, NY) at 2 � 106 cell/mL (130 L) before adding cyclohex-

imide at 50 ng/mL or dimethyl sulfoxide vehicle control for the indicated

times. The cells were fixed as described before, then permeabilized in

150 mL PBSþ (PBS, bovine serum albumin, 0.1% saponin) for 10 min at

room temperature before being stained with BNI3 clone PE-CTLA4 anti-

body as described before. After removing the excesses antibody and

washing the cells with ice cold PBSþ twice, they were resuspended in

PBS, run on the flow cytometer, and analyzed as described before.
Lysosomal block assay

A total of 1.5 � 105 cells per condition were plated in a 96-well plate and

pulsed with anti-CTLA4-PE (BN13) for 1 h at 37�C. Cells were then

washed twice and resuspended in medium containing dimethyl sulfoxide

or NH4Cl for 2, 4, or 6 h. At each time point, cells were transferred to

FACS tubes and fixed in 2% PFA on ice for 10 min. Cells were then washed

three times in PBS and analyzed for CTLA4 expression by flow cytometry.

All the experiments were performed in triplicates, and the MFI values

were averaged from 10,000 cells (events) for each repeat.
Mathematical models

Different mathematical models were developed according to the experi-

mental protocols. Models were studied analytically and numerical simula-

tions were performed by Cþþ (Boost.Numeric.Odeint) and MATLAB

(MathWorks, Natick, MA). A differential evolution algorithm was imple-

mented in Cþþ for parameter estimation. Markov chain Monte Carlo
Biophysical Journal 115, 1330–1343, October 2, 2018 1331
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(MCMC) analysis was performed in MATLAB. The mathematical analysis

is described in the Supporting Materials and Methods.
RESULTS

Generation of the model

The rates of CTLA4 internalization, recycling, and degra-
dation were estimated from a series of in vitro experiments
in which the individual processes of CTLA4 trafficking
were perturbed. These experiments were replicated by
generating corresponding mathematical models. The pa-
rameters of the model were determined by simultaneously
fitting all parameters to all experimental results with a
combined cost function using a differential evolution algo-
rithm (see Supporting Materials and Methods). To examine
the impact of the experimental data variations on the esti-
mated parameters, we employed an MCMC approach to
obtain the distribution of the parameters (see Supporting
Materials and Methods). The optimal values of the
CTLA4 trafficking rates obtained by the differential evolu-
tion are within the 68% confidence interval of their distri-
butions. We therefore used the optimal values of the
parameters in our simulations. The experimental data
used in this study were sufficient to determine all of the
CTLA4 trafficking parameters and their distributions given
in Table 1. Although the parameters were identified using
data from all experiments, for the purpose of clarity, the
different experiments informing the model are presented
individually below, together with their respective mathe-
matical model.
CTLA4 trafficking in the absence of ligands

After synthesis, CTLA4 is transported from the Golgi to the
cell surface. This transport is dependent on the enzymes
phospholipase D and ADP ribosylation factor 1 (25) and oc-
curs via the fusion of CTLA4-containing vesicles with the
plasma membrane. Surface-expressed CTLA4 is then sub-
ject to constitutive endocytosis, independent of ligand bind-
ing, via interaction of the tyrosine-based motif (YVKM) in
the CTLA4 cytoplasmic domain with clathrin adaptor com-
plex AP2 (20–23,26). After internalization, CTLA4 mole-
TABLE 1 Ligand-Independent CTLA4 Trafficking Parameters

Parameter Description Dimension

si Rate of CTLA4 synthesis # min�1

ki Rate of CTLA4 internalization min�1

kr Rate of CTLA4 recycling min�1

dn Rate of nonlysosomal degradation min�1

dl Rate of lysosomal degradation min�1

dc Rate of cytoplasmic degradation min�1

aOptimal values were obtained by differential evolution algorithm. See Support
bParameter distributions were obtained by MCMC analysis. See Supporting Ma
cThis value represents the rate of CTLA4 synthesis of the cell line used for the
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cules can be recycled to the plasma membrane or
degraded in lysosomal compartments (24,27,28). These fea-
tures of CTLA4 behavior are seen in primary human T cells
and are preserved in model systems transfected with
CTLA4 (26).

Based on the above biological observations, we con-
structed a trafficking model, which comprises processes
of protein synthesis, recycling, internalization, and degra-
dation. This model, depicted schematically in Fig. 1 A, re-
lies on the following assumptions: CTLA4 molecules are
synthesized by a constant rate si with dimension of mole-
cules (#) per minute. Newly synthesized CTLA4 molecules
are incorporated to the plasma membrane (Rp(t)) and sub-
sequently internalized into the cytoplasm (Rc(t)) with rate
ki. This assumes that newly synthesized CTLA4 molecules
do not directly undergo degradation in the cytoplasm but
only after endocytosis. Cytoplasmic CTLA4 molecules
are degraded in lysosomal and nonlysosomal pathways
with constant rates dl and dn, respectively. Therefore, the
total cytoplasmic degradation rate is dc ¼ dl þ dn. Nonde-
graded cytoplasmic CTLA4 molecules are recycled to the
plasma membrane with constant rate kr. All variables and
parameters represent the value for a single cell (per cell).
Such a trafficking model can be represented by the ordi-
nary differential equations (ODE), given in Eq. S1 (see
Supporting Materials and Methods).

To recapitulate the experimental observation that CTLA4
molecules are mostly located in the cytoplasm, the model in
its steady-state (ss) condition has to satisfy the condition
ki > kr þ dc (see Eq. S2, with condition Rp,ss/Rc,ss < 1).
Despite the dependence of steady-state total CTLA4 values
on the rate of protein synthesis, the ratio of surface/cyto-
plasmic CTLA4 is independent of the level of synthesis
(Eq. S2). Further, the steady-state absolute number of the
cytoplasmic CTLA4 molecules is independent of the rates
of internalization and recycling (Eq. S2).

To inform our model, initial parameter estimates were
determined using a variety of different antibody staining
protocols. By staining CTLA4 with specific fluorescent
antibodies at 4�C, it is assumed that all surface molecules
present on the plasma membrane are labeled at a particular
time point. Subsequently, trafficking of CTLA4 is controlled
by changes in the temperature by which 37�C permits
Optimal valuea Posterior mean 5 standard deviationb

10,100c 13,414 5 6936

0.2988 0.379 5 0.116

0.0243 0.028 5 0.012

0.0014 0.0016 5 0.00057

0.0024 0.0035 5 0.0014

dl þ dn 0.0051 5 0.0015

ing Materials and Methods.

terials and Methods.

molecular counting experiment. See Supporting Materials and Methods.
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FIGURE 1 Ligand-independent CTLA4 trafficking and CTLA4 stain-

ing models. (A) Natural trafficking of CTLA4 molecules. The correspond-

ing ODE-based model is given in Eq. S1. (B) By extracellular CTLA4

staining with antibody, the CTLA4 pool is segregated into labeled (shown

with gray background) and unlabeled pools. This is a simplified model of

a more complex staining model described in the Supporting Materials and

Methods and shown in Fig. S1. (C) CTLA4 staining simulation. Equation

S12 was solved analytically, and the solution, given in Eq. S13, was

plotted.

Characterization of CTLA4 Trafficking
internalization and recycling of CTLA4 not seen at 4�C. To
label a subset of the cytoplasmic CTLA4, staining was
performed at 37�C for a certain duration, after which the
kinetics of labeled CTLA4 could be observed. These basic
principles were used in various ways to monitor internaliza-
tion, recycling, and degradation of CTLA4 molecules. The
general mathematical model for the dynamics of CTLA4
staining is described in the Supporting Materials and
Methods (see Eq. S3; Fig. S1). The staining model is simpli-
fied based on the following assumptions: A) the concentra-
tion of staining antibodies in the medium is sufficiently
large and does not drop as a result of target binding (thermic
bath approximation); B) staining antibodies bind to CTLA4
molecules with a higher rate than the rate of trafficking pro-
cesses (quasi-steady-state approximation); C) staining anti-
bodies remain bound to CTLA4 molecules during the time
of sample observation (negligible unbinding rate); and D)
staining antibodies do not alter the natural trafficking of
CTLA4 molecules and associated rates. The simplified
model is shown in Fig. 1, A and B, in which R�

p and R�
c are

the numbers of labeled CTLA4 molecules on the cell sur-
face and in the cytoplasm, respectively. The corresponding
ODEs are given in Eq. S12 (see Supporting Materials and
Methods). Note that in the simplified staining model, the
number of unlabeled surface CTLA4 during the staining is
zero because all free surface CTLA4 molecules are labeled
instantly when exposed to staining antibodies in the medium
(assumption B). Before starting the staining experiment, the
number of CTLA4 molecules is assumed at equilibrium
(Eq. S2). During the staining process at 37�C, the unlabeled
pool of cytosolic CTLA4 molecules becomes exhausted
with a half-life of t1/2 ¼ ln(2)/(kr þ dc)z 25 min as a result
of transport to the plasma membrane and subsequent label-
ing, as well as cytosolic degradation (see Eq. S13 a). There-
fore, the rates of recycling and degradation dictate the
duration of the staining process required to label the major-
ity of total cellular CTLA4 molecules.

The dynamics of the different pools of CTLA4 molecules
during persistent staining is shown in Fig. 1 C. Because of
instant labeling of surface molecules as well as continued
exocytosis of newly synthesized CTLA4, the number
of labeled CTLA4 molecules on the cell surface starts
and remains at its equilibrium value, whereas unlabeled
cytoplasmic CTLA4 molecules become exhausted over
time.
CTLA4 internalization

To observe the internalization of surface CTLA4 molecules,
we used a CTLA4 internalization assay described in Mate-
rials and Methods. In this experiment, CTLA4-expressing
cells were labeled at 4�C with a fluorescently conjugated
anti-CTLA4 antibody (PE-CTLA4). Excess antibody was
washed off and the temperature raised to 37�C for various
durations to permit CTLA4 trafficking. After this period, a
secondary antibody (Alexa Fluor 647) was applied at 4�C
to detect the remaining surface antibody-labeled CTLA4.
In this setting, the initial amount of surface CTLA4 is quan-
tified by PE, and the number of molecules still at the surface
after a period of trafficking is quantified by Alexa 647. The
data from this experiment are shown in Fig. 2 A.

In the model, the number of surface CTLA4 molecules
before starting the staining process is derived from the
steady-state solution of the CTLA4 trafficking model given
in Eq. S2. This number is assumed to be fully labeled on ice
at t ¼ 0, leaving no unlabeled molecules on the cell surface.
The solution of the dynamic equations provides the time
course of the number of CTLA4 molecules in different pools
(see Supporting Materials and Methods; Eq. S15). Surface
labeled CTLA4 molecules vanish over time monotonically,
becoming cytoplasmic because of internalization (Fig. 2 B),
whereas the cytoplasmic labeled CTLA4 pool diminishes
after a transient increase because of degradation. Newly
synthesized and recycled unlabeled CTLA4 molecules
replace the labeled pool over time.

An in silico internalization experiment in which CTLA4
synthesis is stopped (si ¼ 0) predicts that unlabeled
CTLA4molecules on the plasmamembrane are cleared after
transient maintainance at 76% of its pre-experiment (normal
steady-state) value (see Fig. 2 C) resulting from the utiliza-
tion of the cytoplasmic CTLA4 pool. This suggests that
without new CTLA4 synthesis, CTLA4 stored in the cyto-
plasm can temporarily buffer surface CTLA4 expression.
Biophysical Journal 115, 1330–1343, October 2, 2018 1333
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FIGURE 2 In silico and in vitro internalization data. (A) The fraction of

initially labeled CTLA4 molecules detected on the cell surface over time is

shown. Experimental data points are scaled with the factor 1/Sint (see Table

S1). (B) The kinetics of all different CTLA4 pools in the model. Unlabeled

CTLA4 follows Eq. S1. Unlabeled cytoplasmic CTLA4 molecules (Rc(t))

drop transiently (right y axis). (C) An in silico internalization experiment

with a block of CTLA4 synthesis. Both unlabeled CTLA4 pools clear

over time; however, the surface unlabeled pool transiently reaches

76% of its steady-state value in normal cells. To see this figure in color,

go online.
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FIGURE 3 Block of CTLA4 synthesis. (A) A single experimental data

point was compared to the theoretical value in Eq. S21. CTLA4 molecules

in the cytoplasm can transiently compensate CTLA4 loss on the plasma

membrane after the block of synthesis. However, both pools become ex-

hausted with extended exposure to CHX. (B) In silico experiment of

blocked synthesis with additional depletion of cytoplasmic CTLA4

(Rc,0 ¼ 0) or block of recycling (kr ¼ 0). These curves are obtained by nu-

merical solution of the trafficking model in Eq. S1. In the absence of cyto-

plasmic CTLA4 or of the recycling process, the surface CTLA4 clears

quickly, reducing by 50% within �2.41 and 2.32 min, respectively.
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Modeling perturbations of the CTLA4 steady state

CTLA4 synthesis is key for long-term maintenance of surface
expression

Quantification of the contribution of protein synthesis to
CTLA4 homeostasis was based on the synthesis-block
experiment (see Materials and Methods), in which
CTLA4-expressing cells were treated with Cycloheximide
(CHX) for different durations and the total number of
CTLA4 molecules was measured and compared with cells
without CHX treatment.

In the model, we assume that CHX treatment of cells
completely blocks protein synthesis (si ¼ 0). The time evo-
lution of surface and cytoplasmic CTLA4 in the presence
of CHX is calculated (see Supporting Materials and
Methods; Eq. S18) and depicted in Fig. 3 A. At early
time points, surface CTLA4 is quickly lost because of
fast internalization and recycling partially compensates sur-
1334 Biophysical Journal 115, 1330–1343, October 2, 2018
face CTLA4 loss. Total CTLA4 reduces by degradation in
the cytoplasm.

When the CTLA4 synthesis is blocked (si ¼ 0) and the
remaining processes (internalization, recycling, and cyto-
solic degradation) are included (see Fig. 3 A), the surface,
cytoplasmic, and total CTLA4 molecules are reduced by
50% within 160, 198, and 195 min, respectively. Surface
CTLA4 is reduced by 8% within 3 min and cytoplasmic
CTLA4 only by 0.4% during this time, which indicates a
rapid loss of surface CTLA4 at early time points. As ex-
pected, CTLA4 synthesis is important for maintaining the
homeostatic number of CTLA4 molecules.

Next, we addressed the contribution of the cytoplasmic
pool to ask how internalization impacts CTLA4 surface
expression. In an in silico experiment, a complete depletion
of the cytoplasmic CTLA4 (by imposing a zero initial value,
Rc,0 ¼ 0) or a complete block of recycling (kr ¼ 0) was
tested in the absence of CTLA4 synthesis. This showed
that surface CTLA4 molecules clear within a few minutes
in comparison to the half-life of 160 min under the normal
condition (si ¼ 0) (see Fig. 3 B). The model predicts that
in the absence of new synthesis, CTLA4 can be maintained
at the cell surface by recycling. Thus, the cytoplasmic
reserves of CTLA4 molecules are key for maintaining the
surface CTLA4 pool.
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Lysosomal dominates nonlysosomal degradation

To quantify the impact of lysosomal degradation on CTLA4
trafficking, we used the lysosomal block assay, in which
CTLA4 kinetics were measured in the presence or absence
of ammonium chloride (NH4Cl) (see Materials and
Methods). NH4Cl inhibits lysosomal degradation through
lysosomal pH neutralization. In this experiment, cells were
initially pulsed with a labeling antibody (anti-CTLA4 PE)
at 37�C for 60 min. After washing, degradation of CTLA4
molecules was quantified by flow cytometry (see Fig. 4 A).

To reconstruct this experiment in silico, we used the stain-
ing model (Fig. 1, A and B) and calculated the number of
labeled CTLA4 molecules after 60 min. Starting from this
value as the initial condition, the time evolution of the
CTLA4 pools was calculated (see Supporting Materials
and Methods; Eq. S22) in the presence (þ) or absence (�)
of NH4Cl. It was assumed that NH4Cl does not impact on
the nonlysosomal degradation pathway. A comparison of
both conditions reveals the differences in the kinetics of
CTLA4 molecules (see Fig. 4 B): after the initial decrease
of the number of unlabeled CTLA4 molecules during the
staining step, it increases to its steady-state value or higher
in the absence or presence of the lysosomal inhibitor,
respectively. This increase is due to ongoing CTLA4 synthe-
sis. The rate of degradation decreased by �63% and the
half-life of total labeled CTLA4 molecules increased from
�3.3 to 8.8 h in the presence of the lysosomal inhibitor
(see Fig. 4 A). The model predicts that the lysosomal degra-
dation pathway is dominant.
A

B

FIGURE 4 Block of lysosomal-degradation. (A) In silico versus in vitro

results with and without addition of NH4Cl. (B) In silico prediction of

different CTLA4 pools for blocked lysosomal degradation (þNH4Cl, solid

lines) and normal condition (�NH4Cl, dash-dotted lines). To see this figure

in color, go online.
According to the steady-state number of CTLA4 mole-
cules in the CTLA4 trafficking model Fig. 1 A (see Rp,ss/
Rc,ss in Eq. S2), reduction of the cytoplasmic degradation
(dc) leads to a reduction in the fraction of the total CTLA4
molecules that appears on the cell surface.

These results suggest that the lysosomal degradation of
CTLA4 is a fast process that regulates the homeostatic number
of CTLA4 molecules and, when blocked, shifts the steady-
state subcellular distribution ofCTLA4 toward the cytoplasm.

CTLA4 recycling is slower than internalization

For quantification of CTLA4 recycling, we used a two-step
staining protocol to label CTLA4 molecules on the plasma
membrane, allow them to internalize, and then to label mol-
ecules upon their return to the surface (26). In the first step,
CTLA4-expressing cells were incubated with Alexa488-
conjugated anti-CTLA4 (a green antibody) for 60 min at
37�C. Then, cells were washed, and surface CTLA4 mole-
cules were blocked at 4�C with unconjugated anti-human
IgG, a secondary antibody without any color. This prevented
those molecules that remained on the surface and were
green labeled from binding to a secondary antibody. After
washing, cells were incubated for different times with
Alexa555-conjugated anti-human IgG (a red secondary anti-
body) at 37�C. The red antibody only binds those green-
labeled CTLA4 molecules that recycled back to the plasma
membrane. The red-fluorescent intensity was quantified
with confocal microscopy, reflecting the time evolution of
the labeled subset of recycled CTLA4. Experimental data
are taken from (26) and shown in Fig. 5 A.

The corresponding in silico experiment replicates the two
staining steps. At first, the number of green-labeled CTLA4
molecules stained on the cell surface and subsequently inter-
nalizedwithin 60min is calculated from the stainingmodel in
Fig. 1, A and B. During the CTLA4 block on ice, we assumed
that all green-labeled molecules on the cell surface are
blocked (denoted by green-blocked in Fig. 5 B) and undergo
natural trafficking at normal temperature. In themodel, appli-
cation of the red secondary antibody labels only thoseCTLA4
molecules that recycle back from the cytosol and do not
belong to the blocked subset. This defines a green-red labeled
pool of molecules (see Supporting Materials and Methods;
CTLA4 Recycling Model).

According to the modeling results (Fig. 5 B), in the sec-
ond staining step, green-blocked molecules clear monoton-
ically from the cell surface by internalization, whereas
the green-blocked cytoplasmic molecules vanish after
a transient increase, reaching 88% of total initially blocked
CTLA4 molecules after 14 min (t ¼ 74 min) of traf-
ficking. Such a transient increase is also observable for
green-red labeled molecules, which originate from the
green-labeled cytoplasmic pool. The number of green-red
labeled molecules on the cell surface reaches its maximal
value (at t ¼ 74 min) faster than the cytoplasmic pool (at
t ¼ 147 min) because the labeling is only possible by
Biophysical Journal 115, 1330–1343, October 2, 2018 1335



A

B

A

B

FIGURE 5 Recycling experiment and simulation. (A) In vitro data taken

from (26) and corresponding in silico values for the number of green- and

red-labeled CTLA4 molecules. (B) Model prediction of different CTLA4

pools during the staining procedures (see Eq. S27). The vertical line at

t ¼ 60 min indicates the block of green-labeled CTLA4 and the starting

time of the second staining step. To see this figure in color, go online.
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passing through the cell surface first. The green- and red-
labeled CTLA4 molecules clear over time and are replaced
with the unlabeled CTLA4 molecules.

In an in silico recycling experiment in which the CTLA4
degradation is blocked (dc ¼ 0) in the second staining step,
the cytoplasmic green-labeled (not blocked) CTLA4 is
exclusively cleared by recycling with a predicted half-life
of�28 min. These results suggest that recycling of the cyto-
plasmic CTLA4 occurs rapidly but significantly slower than
internalization (t1/2 ¼ ln(2)/ki ¼ 2.32 min; see Fig. 3 B).
FIGURE 6 CTLA4 subcellular distribution transiently changes upon

variation of CTLA4 synthesis. The rate of protein synthesis (si) is varied

(A) sharply and (B) smoothly from its original value, and the dynamic

change of the fraction of CTLA4 molecules expressed on the cell surface

(Rp(t)/(Rp(t) þ Rc(t))) is calculated. After a transient change, the fraction

converges to its original (steady-state) value (kr þ dc)/(ki þ kr þ dc). Devi-

ation (%) of the fraction from its steady-state value is shown. To see this

figure in color, go online.
Biological implications

In the previous section, all parameters of the model have
been identified by experimental constraints in a simulta-
neous fitting to all staining experiments. In the following,
the model is evaluated and used to generate predictions on
CTLA4 dynamics and functionality.

The subcellular CTLA4 distribution is not altered by CTLA4
synthesis

Because Tregs are known to upregulate CTLA4 synthesis
upon TCR ligation, we investigated how altering this param-
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eter in the model impacted CTLA4 cellular distribution. The
ratio of surface/cytoplasmic CTLA4 in the steady-state con-
dition is independent of the rate of CTLA4 synthesis (see
Eq. S2). However, by changing synthesis, the trafficking
model deviates from its equilibrium state and the absolute
number of CTLA4 molecules changes to a new steady-state
value. This transition induces a transient change in the sub-
cellular distribution of CTLA4. By increasing or decreasing
the rate of CTLA4 synthesis, the fraction of CTLA4 mole-
cules on the cell surface transiently increases or decreases,
respectively, but returns to the steady-state distributions
over time. Fig. 6 A shows how a sharp change in the rate
of protein synthesis transiently deviates the subcellular dis-
tribution, whereas a smooth change in the rate of protein
synthesis has less impact on the distribution of CTLA4 mol-
ecules (Fig. 6 B). Given the fact that CTLA4 upregulation
can be on the order of 10-fold within 16 h (29), these results
suggest that the subcellular distribution of CTLA4 is only
subtly altered by upregulation of CTLA4 synthesis.

High affinity ligands exhaust cytosolic CTLA4

The CTLA4 staining model in Fig. 1, A and B relies on the
assumption that labeling antibodies remain bound to and
degrade along with the bound CTLA4 molecules. Theoreti-
cally, this is a good approximation for ligands with high af-
finity (high on rate and low off rate) to CTLA4 molecules,
such as pharmacological ligands. The rate of ligand removal



FIGURE 8 Scheme of binding reaction and CTLA4 trafficking for

limited extracellular ligand concentration. The corresponding mathematical

model is given in Eq. S35.
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from the medium to the cytoplasm, in addition to the rate of
internalization, also depends on the flow of free (unbound)
CTLA4 molecules to the cell surface (Fcs), which is pro-
vided by CTLA4 synthesis (si) and recycling (with rate
kr) of the free cytoplasmic CTLA4 molecules (Rc(t))

FcsðtÞ ¼ si þ krRcðtÞ: (1)

Upon exposure to high affinity ligands, the free cyto-
plasmic pool of CTLA4 molecules clears over time
(Rc(t) / 0) and reduces by 98% within 2.3 h (see
Fig. 1 C, unlabeled cytoplasmic subset). Consequently, the
flow of free CTLA4 molecules to the cell surface is reduced
and limited to the newly synthesized CTLA4 molecules
(Fcs(t) / si) (see Fig. 7).

These results suggest that flow of free CTLA4, which
controls the rate at which CTLA4 can internalize new li-
gands, is increasingly compromised by binding of high-af-
finity ‘‘noncompetitive’’ ligands, such as monoclonal
antibodies. The rate of passage from the medium into the
cytoplasm for high-affinity ligands is highest at the time
of exposure to the ligands, when there are still many free
CTLA4 molecules in the cytoplasm.

Ligand uptake is most efficient at intermediate affinities

To investigate the uptake kinetics of physiological ligands,
we employed a ligand uptake model that explicitly considers
CTLA4-ligand binding reactions (see Fig. 8). We relaxed
the previous assumption in the staining model (Fig. 1,
A and B) that ligands are abundantly available in the extra-
cellular environment (assumption A). It is assumed that
modeled ligands in the extracellular medium (with concen-
tration Lp(t)) react with free surface CTLA4 (Rp(t)) with a
constant on rate (kon) and off rate (koff). The complexes
ðR�

pðtÞÞ can be internalized and degraded by the rate of
CTLA4 internalization (ki) and degradation (dc), respec-
tively. Free ligands appear in the cytoplasm (Lc(t)) via un-
binding of the cytoplasmic complexes ðR�

cðtÞÞ to the
reactants with the rate n � koff, with n % 1. We assumed
that free ligands cannot bind again to free CTLA4 in the
FIGURE 7 Flow of free CTLA4 to the cell surface. The flow of free

CTLA4 molecules to the cell surface is obtained from Eq. 1. This flow con-

verges to the rate of CTLA4 synthesis by clearing the pool of free cyto-

plasmic CTLA4 molecules (Rc(t)). The analytic function of Rc(t) is given

in Eq. S13 a.
cytoplasm. Because free ligands in the cytoplasm do not
interact with other trafficking molecules in the model, the
absolute value of their degradation rate does not impact
extracellular ligand uptake. For simplicity, we assumed
the same rate as for the degradation of CTLA4-ligand com-
plexes. Unbound CTLA4 molecules directly join other free
cytoplasmic CTLA4 molecules (Rc(t)), which subsequently
can be recycled (with rate kr) or degraded (with rate dc). The
mathematical model is described in Eq. S35 (see Supporting
Materials and Methods). We performed in silico cell culture
experiments with a cell count of 106 cells/mL. This gives a
volume of the extracellular medium per cell (Vg) equal to
10�9 L/cell. This setting was kept for all in silico
experiments.

To investigate the role of ligand binding affinities in the
kinetics of ligand uptake, the ligand uptake model in
Fig. 8 is solved numerically for ligands with different on
rates (fixed off rates) or off rates (fixed on rates). The time
at which half of the initial extracellular ligand concentration
is depleted (extracellular ligand half-life) was monitored for
different initial ligand concentrations (see Fig. 9, A and B).
These results indicate how fast modeled ligands can be
depleted from the extracellular environment via CTLA4
trafficking.

According to Fig. 9 A, the uptake of the extracellular
ligands with higher on rates (higher affinities) is faster. In
contrast, this process is optimally fast only for an intermedi-
ate range of off-rate values (see Fig. 9 B). For low off rates
(high-affinity ligands), uptake is not efficient because the
recovery of CTLA4 from internalized CTLA4-ligand com-
plex and their subsequent recycling is not efficient. For
high off rates (low-affinity ligands), CTLA4-ligand com-
plexes on the cell surface are not stable and complex inter-
nalization is limited by complex concentration, which
results in an inefficient ligand uptake. We conclude that
ligand removal from the medium is monotonic in depen-
dence on on rates but exhibits a maximal efficiency at inter-
mediate off rates.

To evaluate the capacity of modeled ligands to bind and
reduce free CTLA4 molecules, the minimal number of the
Biophysical Journal 115, 1330–1343, October 2, 2018 1337
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FIGURE 9 Extracellular ligand uptake and CTLA4 occupancy. (A and B) The kinetics of ligand uptake is obtained numerically from model Eq. S35 for

ligands with different binding affinities. Affinities are varied by changing either (A) on rate (kon) or (B) off rate (koff) for various initial extracellular ligand

concentration. (C and D) The maximal reduction of free CTLA4 by ligand uptake is shown for free CTLA4 (C) on the plasma membrane and (D) in the

cytoplasm. (E and F) The same representation as in (B) and (D) for different CTLA4 recovery rates n is shown. (G and H) The same representation as

in (B) and (D) for an in silico mixed-ligand experiment is shown. A two-ligands version of the ligand-uptake model Eq. S35 was solved with binding affinities

of CD80 (kon ¼ 2.15 � 106 M�1 s�1, koff ¼ 0.43 s�1) and CD86 (kon ¼ 1.96 � 106 M�1 s�1, koff ¼ 5.1 s�1) (40), each with initial ligand concentration of

500 nM. The results are compared with single-ligand experiments with the same initial ligand concentration. To see this figure in color, go online.
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free CTLA4 molecules (Rp,min and Rc,min) is obtained during
the process of ligand uptake. The degree of reduction from
the initial (steady-state) value is depicted in Fig. 9, C and D
and shows that this reduction on the plasma membrane de-
pends on both extracellular ligand concentration and ligand
binding affinity (see Fig. 9 C). CTLA4 depletion in the cyto-
plasm is largely independent of the ligand concentration
above 10 nM (see Fig. 9 D). A similar level of reduction
in the free cytoplasmic and surface CTLA4 occurs on
different values of off rates, with lower off rates in the cyto-
plasm (see Fig. 9, C and D). This difference results from a
complex interplay of different parameters in the model.

To further investigate the role of the CTLA4 recovery, we
varied the factor n in the range 0 < n % 1; lower n corre-
sponds to slower CTLA4 recovery. By reducing the
CTLA4 recovery (n), ligand uptake becomes slower (see
Fig. 9 E) because of a reduced number of free CTLA4 mol-
ecules in the cytoplasm (see Fig. 9 F). When CTLA4 recov-
ery (n) is highly reduced, no optimal off rate can be found at
which the ligand uptake is maximum. In other words, in the
absence of the CTLA4 recovery, ligand removal from the
medium is monotonic in dependence on off rates. Therefore,
the process of CTLA4 recovery facilitates uptake of ligands
with intermediate off rates.

The presence of CD80 dominates CTLA4 function

A mixture of ligands with different binding affinities results
in a binding competition for CTLA4, which may impact the
trafficking of CTLA4 and the kinetics of ligand uptake. To
investigate the effect of such binding competition for natural
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ligands (CD80/CD86), we employed an in silico mixed-
ligands experiment by solving a two-ligands version of the
model Eq. S35. Because the impact of binding affinity/avid-
ity of natural ligands on the rate of CTLA4 recovery (n �
koff) is unknown, we obtained ligand-uptake kinetics for
different values of the CTLA4 recovery by changing the
value of parameter n (0 < n % 1).

The reduction of free cytoplasmic CTLA4 is compared
between single-ligand and mixed-ligands experiments. Irre-
spective of the degree of CTLA4 recovery, CD86 uptake is
affected by the presence of CD80 molecules, whereas CD80
removal is almost independent of the presence of CD86
molecules (Fig. 9 G). The extent of reduction of free cyto-
plasmic CTLA4 (for low to intermediate values of n) in
the mixed-ligands experiment is similar to the case of expo-
sure to CD80 alone (Fig. 9 H). The effect of ligand compe-
tition on the kinetics of ligand removal is reduced when the
concentration of ligands is low (data not shown). This result
suggests that CD86 removal is affected by the presence of
CD80 but not vice versa.

Expression of adequate CTLA4 does not guarantee efficient
ligand uptake

The process of ligand uptake relies on an efficient flow of
free CTLA4 to the plasma membrane, provided by synthesis
(si) and recycling of free cytoplasmic CTLA4 (krRc(t); see
Eq. 1). Therefore, alterations in the synthesis and recycling
processes, as well as a reduced number of free CTLA4 mol-
ecules in the cytoplasm, can result in inefficient ligand up-
take. The steady-state number of free cytoplasmic CTLA4
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molecules (Rc,ss) is independent of the recycling process,
directly related to the synthesis, and inversely related to
the degradation process (see Eq. S2). Therefore, to quantify
the impact of impairment in recycling and CTLA4 expres-
sion on the kinetics of ligand uptake, we varied separately
the rates of recycling ðbkrÞ, lysosomal degradation ðbdlÞ and
synthesis ðbsiÞ.

Reduced recycling does not significantly alter total free
CTLA4 (�7.5% reduction when recycling is completely
blocked, i.e., bkr ¼ 0). In contrast, increased lysosomal
degradation strongly reduces total CTLA4 (compare
Fig. 10, A and C). Alteration in both processes can slow
down the ligand-uptake process to a similar extent (compare
Fig. 10, B and D). This result suggests that a normal process
of ligand removal does not only rely on an adequate number
A B

C D

E F

G H
of CTLA4 molecules (limited lysosomal degradation) but
also on an effective recycling process. In other words,
expression of an adequate number of CTLA4 molecules
does not guarantee efficient ligand uptake, and efficiency
of the recycling process needs to be taken into account.

Alteration in the rate of CTLA4 synthesis directly im-
pacts surface, cytoplasmic, and therefore total CTLA4
with a similar factor (see Eq. S2). An increased rate of syn-
thesis results in a faster ligand uptake (see Fig. 10 E). De-
pending on the extracellular concentration of the ligands,
an extreme increase of the synthesis rate could destroy the
existence of the off-rate range in which ligand uptake is effi-
cient (see Fig. 10 F, bsi ¼ 20� si). However, an intermedi-
ate increase retains this property. An excess of CTLA4
synthesis reduces the degree of reduction in the free
FIGURE 10 Alterations in recycling, degrada-

tion, and synthesis. Impact of alteration in the

rate of recycling and degradation on (A and C)

the steady-state number of free CTLA4 molecules

and (B and D) the kinetics of ligand uptake. The

fold change in the steady-state number of free

CTLA4 molecules by changing the rate of (A) recy-

cling ðbkrÞ or (C) lysosomal degradation ðbdlÞ, is
calculated from Eq. S2. kr, dl, and si denote the esti-

mated natural rates for CTLA4 recycling, lyso-

somal degradation, and synthesis, respectively,

given in Table 1. The ligand uptake model in

Fig. 8 (Eq. S35) is solved numerically with altered

rates of (B) recycling ðbkrÞ, (D) lysosomal degrada-

tion ðbdlÞ, and (E) synthesis ðbsiÞ for different initial
ligand concentrations (Lp,0), and (F) the half-life of

extracellular ligand concentration is shown for

different CTLA4 synthesis rates and off rates.

The maximal degree of reduction of free CTLA4

molecules (G) on the cell surface and (H) in the

cytoplasm is obtained for different rates of

CTLA4 synthesis and off rates. Rp,ss and Rc,ss are

the steady-state number of free CTLA4 molecules

in the absence of ligand and are evaluated for

each of the considered synthesis rates. To see this

figure in color, go online.
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cytoplasmic CTLA4 but has a limited impact on the free sur-
face CTLA4 molecules (see Fig. 10, G and H). This result
suggests that an increased rate of CTLA4 synthesis can
reduce the extent of CTLA4 occupancy in the cytoplasm
and its impact on the kinetics of ligand uptake.
DISCUSSION

In the cell-extrinsic regulatory function of CTLA4, an effi-
cient depletion of costimulatory ligands (CD80/CD86) via
transendocytosis relies on the trafficking features of
CTLA4. In this study, an intracellular trafficking model is
constructed by taking into account the essential subpro-
cesses involved in the constitutive trafficking of transmem-
brane proteins. Starting from a simplistic mathematical
model of CTLA4 trafficking, we only added extra complex-
ities when necessary to capture the specifics of different in-
dependent experiments used for characterizing the kinetics
of CTLA4 molecules. This approach enabled us to carefully
estimate all CTLA4 trafficking parameters in the original
model (see Table 1) and avoid uncertainties arising from
considering a complex model that suffers from unidentifi-
able parameters. Some aspects of CD28 and CTLA4
signaling have been investigated by mathematical modeling.
Using a deterministic model, Jansson et al. (30) considered
CD28 and CTLA4 interactions with their natural ligands in
immunological synapse in the absence of ligand uptake.
More recently, a spatially resolved stochastic model of
T cell-APC interaction has been developed that assumes
CTLA4 and ligand internalization without quantitative
parameter estimation (31). The estimated parameters in
our work can inform such theoretical attempts focusing on
detailed events during T cell-APC interactions, in which
CTLA4 and its quantitatively unique trafficking features
are essential.

The analytic solutions derived from the mathematical
models revealed the explicit dependencies of experimental
measurements on each of the trafficking parameters. For
example, these explicit solutions verified that the distribu-
tion (Eq. S2) and the observed kinetics of CTLA4 (Eqs.
S17, S21, S25, S33, and S34) are independent of the abso-
lute value for the rate of protein synthesis. Therefore, cells
with different steady-state levels of CTLA4 synthesis would
still exhibit similar CTLA4 behavior. We estimated a syn-
thesis rate of�104 molecules/min/cell for CHO cells, which
is quite high because of the expression on a vector construct.
Given that T cells are smaller in size and the total number of
CTLA4 molecules is lower compared to CHO cells (�38-
fold lower MFI in stimulated human CD45RA Tregs, data
not shown), a lower rate of CTLA4 synthesis in T cells is
expected and is likely to vary substantially for different
cell types and conditions. Nonetheless, our estimated inter-
nalization rate of CTLA4 is within the same order of magni-
tude as transferrin receptor, a carrier protein of iron-bound
transferrin, with 50% of surface transferrin receptor being
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internalized within 5 min (32,33). This is consistent with
their uptake by similar AP2 mechanisms.

Our CHO model, combined with the mathematical
model, provided a setup to establish the relevant parameters
of CTLA4 trafficking by which the impact of the parameter
variations on CTLA4 biology can be investigated. Although
we recognize that CHO cells are likely to have differences to
primary T cells, they nonetheless provide a starting point for
our combined modeling approach. The exact parameter
values in T cells will depend on cell type (e.g., naı̈ve or
memory Treg), activation state, and the T-cell stimulus;
therefore, values are bound to vary. CTLA4 molecules
show an unusual distribution in both CHO and T cells,
with a high fraction of total CTLA4 being present in the
cytoplasm at equilibrium. The estimated parameters
confirmed the expectation that this distribution results
from very fast trafficking rates in which the ratio of internal-
ization/recycling rates is high (in the range of �12 in our
cell line). The concepts underpinning our model are largely
compatible with the behavior of CTLA4 seen in primary
T cells in our experience (26). Moreover, these concepts
have been used to predict the function of CTLA4 on Tregs
(34) as well as measure deficits in CTLA4 function in
T cells derived from patients (29,35). Taken together, these
suggest that the concepts described here are generally robust
and relevant to the behavior of primary human T cells. We
have found that this large storage of CTLA4 in the cyto-
plasm, in combination with fast recycling, provides a tem-
porary compensation for surface CTLA4 loss when
protein synthesis is interrupted (see Fig. 3 and unlabeled
surface CTLA4 in Fig. 2 C). Physiologically, one can there-
fore consider that additional CTLA4 molecules can be re-
cruited to the plasma membrane in the absence of new
protein synthesis, which fits well with the rapid increase
in CTLA4 at the immune synapse that precedes new protein
synthesis. The rate of CTLA4 molecules newly expressed
on the cell surface depends on both CTLA4 synthesis and
the number of recycled free CTLA4 molecules (see Eqs.
S1 and 1). Together with the speed of internalization
(ln(2)/ki ¼ 2.3 min), these processes determine how rapidly
antibodies/ligands are removed from the extracellular me-
dium or the opposing cell. According to the model, the
flow of free CTLA4 molecules to the plasma membrane is
highest at the time of initial exposure to antibodies or li-
gands and decreases within �2.3 h (see Fig. 7). During
this period of time, the pool of free cytoplasmic CTLA4
molecules is exhausted and replaced by an antibody-labeled
pool in the case of high-affinity antibodies (see Fig. 1 C). In
this situation, the rate of antibody removal from the medium
is decreased and ultimately limited to the binding of newly
synthesized CTLA4 molecules. Viewed in the context of the
transendocytosis model, this result suggests that efficient
ligand capture may be achieved when CTLA4-expressing
T cells remain bound to a single APC for a short duration
(less than 2.3 h). The T cell experiences a period during



Characterization of CTLA4 Trafficking
which the depleted free cytoplasmic CTLA4 is restored and
the internalized ligands are degraded. This may limit the ef-
ficiency of CTLA4-expressing T cells in removing target
molecules from multiple subsequent APCs or the same
APC over extended times. In a two-photon imaging study,
it was shown that Tregs, which constitutively express
CTLA4 (36,37), make transient interactions with lymph
node resident dendritic cells with an average duration of
3.3 min and up to 40 min with migratory activated dendritic
cells (38) suggesting rapid depletion by CTLA4 is essential.
These measured contact durations, according to the model,
would allow for an efficient and persistent removal of costi-
mulatory molecules.

The above limitation induced by the depletion of the free
cytoplasmic CTLA4 and an increase in bound CTLA4 can
be overcome if CTLA4 molecules return to the recycling
pool after ligand binding (CTLA4 recovery). Our results
show that an optimal affinity must exist at which CTLA4
most efficiently takes up ligands. If affinity is too weak,
then binding to ligands on the cell surface is compromised.
However, the data suggest that if affinity is too high, then
this may compromise the regeneration of a recycling pool
of unbound CTLA4. In this scenario, CTLA4 molecules
bound to their target would fail to dissociate from the target
after internalization and show delayed re-entry into the
pool of free cytosolic CTLA4 available for recycling (see
Fig. 8). Given that the CTLA4-ligand off rate would control
the rate of CTLA4 recovery, this indicates that the two
ligands may differ substantially. On the one hand, a low
off rate due to too-high affinity/avidity would limit
CTLA4 recovery. On the other hand, a low off rate in-
creases interaction on the cell surface and by this increases
the probability of transendocytosis. Therefore, a subtle
balance between ligand-binding reaction and CTLA4 traf-
ficking is needed for maintenance of efficient transendocy-
tosis in a stable CTLA4þ T cell-APC interaction. The
model predicts how the kinetics of ligand uptake is altered
by variations in binding affinities (Fig. 9) and trafficking
parameters (Fig. 10).

Our simulations for ligand removal process aimed to
investigate the natural ligands (CD80/CD86) as well as ther-
apeutic ligands that block CTLA4 for therapeutic purposes.
The therapeutic ligands typically bind CTLA4 with higher
affinities than natural ligands, which enables their exploit-
ative binding. For example, Ipilimumab (kD ¼ 18.2 nM)
and Tremelimumab (kD ¼ 5.89 nM) bind CTLA4 with
higher affinity compared to natural ligands (kD,CD86 ¼
2.6 mM, kD,CD80 ¼ 0.2 mM) (39,40). A mapping between af-
finities (off rates) to the uptake kinetics of physiological li-
gands in our model should be made with caution because of
the factors that cannot be inferred experimentally and the
impact of multivalent avidity affecting ligand binding.
These processes include recovery of CTLA4 from internal-
ized complexes. In addition to dissociation, other processes
are involved in guiding recovered CTLA4 to the recycling
endosomes that slow down the CTLA4 recovery. We there-
fore introduced the parameter n (n % 1) in the rate of
CTLA4 recovery (n � koff) to account for these uncer-
tainties. By reducing the value of n, we observed the impact
of CTLA4 recovery on ligand removal (see Fig. 9, E–H).
Our results predict a nonlinear relationship between
ligand-CTLA4 affinity and extracellular ligand half-life
that is not validated experimentally and motivates further
experiments.

For modeled ligands with off rates in the range of CD80/
CD86 off rates, free cytoplasmic CTLA4 is not reduced ir-
respective of the ligand concentration (see Fig. 9 D for off
rates higher than 10�2 (s�1) and Fig. 9 H for values of
n higher than 10�1). This suggests that the flow of free
CTLA4 to the surface is not affected by complex formation
with the natural ligand and complex internalization, and
consequently, ligand uptake keeps working at maximal ca-
pacity. However, this is based on monomeric affinities,
whereas the interaction avidities are unknown. The CD80-
CTLA4 interactions are dimer-dimer interactions with the
potential for very substantial avidity enhancement (41). In
contrast, CD86-CTLA4 interactions appear to be mono-
meric. Accordingly, this offers the clear possibility that
available CTLA4 for recycling may differ substantially be-
tween the two ligands (see Fig. 9 H for low values of n that
would correspond to higher avidities). In this regard, it is of
considerable interest that our data show that CD80-CTLA4
interactions are dominant over those of CD86 and CD80 af-
fects clearance of CD86 but not vice versa (see Fig. 9 G).
Although the dominance of CD80 could be readily ex-
plained by its high affinity/avidity for CTLA4, our
in silico results suggest that this dominance could also be
partially impacted by the CTLA4 occupancy with CD80
in the cytoplasm and shortage of the recycling free
CTLA4. Consistent with this, we have observed experimen-
tally that capture of CD80 largely inhibits uptake of CD86
when both are coexpressed on CHO cells (data not shown).
In the context of T-cell activation, this would suggest
enhanced CD28-CD86 binding and signaling when CD80
is expressed.

In the context of T cell-APC interactions, upon cytoskel-
etal polarization of T cells toward APCs, cytoplasmic
CTLA4 is translocated to the immunological synapse,
which may facilitate CTLA4 exocytosis and increase
CTLA4 surface density in the quasi-two-dimensional inter-
action face (24,35). This could result in a significantly
higher binding rate of ligands and CTLA4 than in solution.

Lipopolysaccharide-responsive and beige-like anchor
protein (LRBA) is an intracellular protein that colocalizes
with CTLA4 in endosomal vesicles. Patients with LRBA
mutations exhibit a reduction in CTLA4 expression in the
nonactivated state (42). However, because CTLA4 is syn-
thesized normally, activation of T cells can still upregulate
CTLA4 (29). It has been suggested that the interaction with
LRBA in the endosomes rescues CTLA4 from lysosomal
Biophysical Journal 115, 1330–1343, October 2, 2018 1341



Khailaie et al.
degradation such that LRBA deficiency results in higher
degradation and lower recycling of CTLA4 (42,43). Our
model predicted that recycling defects alone cannot account
for a significant reduction in the total number of CTLA4
molecules, in contrast to the impact of lysosomal degrada-
tion (see Fig. 10, A–C). Given that the defect in CTLA4
expression in some patients with LRBA mutation is not
very large after activation (29), our in silico results suggest
that the problem in patients is mainly the need for effective
recycling to capture costimulatory ligands.

This experimentally validated model provides a frame-
work for, to our knowledge, new insights into the control
of immune T-cell responses. Having established such a
model, important biological questions related to immune
regulation and autoimmune disease can be addressed. We
have addressed how the two natural ligands CD80 and
CD86, with different binding affinities for CTLA4, might
have differential impact on CTLA4 biology. We have
analyzed the hypothetical impact of biologically relevant
changes in parameters affecting synthesis, recycling, ligand
affinity, and competition, revealing insights into behavior
that can now be further explored. Moreover, it is already
evident that mutations in CTLA4 (44,45) and most likely
in its ligands will occur in the context of immunological dis-
eases. Such mutations may affect the binding affinity with
unknown consequences. Accordingly, with additional
experimental data, it would become possible to predict the
impact of such changes on immune function with the help
of this model.
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