Characterization of CTLA4 trafficking and implications for its function
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ABSTRACT CTLA4 is an essential negative regulator of T cell immune responses and a key checkpoint regulating autoimmunity and anti-tumour responses. Genetic mutations resulting in quantitative defects in the CTLA4 pathway are also associated
with the development of immune dysregulation syndromes in humans. It has been proposed that CTLA4 functions to remove
its ligands CD80 and CD86 from opposing cells by a process known as transendocytosis. A quantitative characterization of
CTLA4 synthesis, endocytosis, degradation, and recycling and how this affects its function is currently lacking. In a combined
in vitro and in silico study, we developed a mathematical model and identified these trafficking parameters. Our model 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 are critical for sustained functionality. CD80-CTLA4
interactions are predicted to dominate over CD86-CTLA4. Implications of these findings in the context of control of antigenpresenting-cells by regulatory T cells and of pathologic genetic deficiencies are discussed. The presented mathematical model
can be re-used 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 influenced by receptors which are not specific for antigen but provide context for antigen recognition. CD28 and CTLA4 are
two such transmembrane receptors expressed by T lymphocytes with opposing stimulatory and inhibitory functions respectively. These receptors bind to the same co-stimulatory
ligands, CD80 and CD86, which are expressed by antigen
presenting cells (1, 2). While ligation of CD28 with costimulatory ligands is essential for full T cell activation and effector functions (3–5), CTLA4 inhibits excess co-stimulation
by competing for CD28 ligands and thereby preventing uncontrolled T cell activation and clonal expansion of cells specific for our own tissues. Accordingly, CTLA4 deficiency
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 inhibition (9, 10). Such
cell-intrinsic mechanisms predict that autoimmunity arises in
a CTLA4-deficient model due to uncontrolled responses of activated T cells. However, cell-intrinsic inhibition also implies
that in a chimeric model, containing a mixture of CTLA4deficient and CTLA4-sufficient cells, hyperactive CTLA4deficient 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 where CTLA4 expressing cells exert control on their surroundings. This fits with the demonstration
that CTLA4 plays a critical role in regulatory T cells (Treg),
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 co-stimulatory molecules from the
surface of 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
molecules are mostly observed intracellularly in cytoplasmic
vesicles (18, 19) as a result of their interaction with the µ2
subunit of the clathrin adaptor protein complex AP2 (20–23).
In contrast, CD28 is retained on the plasma membrane (24).
The unusual localization of CTLA4 raises questions about
how this affects its function. For example, it is not clear how
the steady state distribution of CTLA4 molecules results from
dynamic trafficking between cytosol and plasma membrane.
Various parameters affecting internalization, degradation
and recycling rates all have the potential to influence the
cellular function. Given the number of parameters that can
affect CTLA4 function (eg, trafficking rates, ligand binding
affinities, competition between ligands etc.) mathematical
models are useful in understanding and predicting the impact
of changes in these parameters on CTLA4 suppressive

function. We therefore have derived a mathematical model
for in silico experimentation in order 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 mathematical models in order 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 suggest that
stable CTLA4:ligand binding does not guarantee an efficient
ligand uptake, and instead ligand removal is optimally 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 process is impaired. Thus, molecular binding and trafficking properties determine the efficiency
of ligand clearance. Furthermore, when CTLA4+ 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.

beads 1-4, which are of known size and antibody binding capacity,
were stained with varying amounts of PE-CTLA4 for 30 minutes on
ice. The beads were washed in media (DMEM [Life Technologies],
10% FBS [Labtech], 2 mM L-Glutamine [Life Technologies], 1x
Penicillin-Streptomycin [Life Technologies]) by spinning at 1060 g
for 5 minutes before their median fluorescence intensity (MFI) were
obtained using BD LSRFortessa flow cytometer using the yellowgreen 561nm (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 in order to establish a calibration curve. In parallel to the above,
various number of CHO cells expressing human CTLA4 were fixed
with 3% (v/v) PFA [Agar Scientific] for 15 minutes on ice before
being washed in media and permeabilised with 0.1% (v/v) saponin
in media. The cells were then stained in an identical manner to the
beads and ran through BD LSRFortessa flow cytometer using identical settings and voltages as the beads. The obtained CHO cell MFIs
were then compared against the calibration curve in order 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] at 2 × 106 cell/mL (130
L) before adding cycloheximide at 50 ng/mL or DMSO vehicle control for the indicated times. The cells were fixed as described before then permeabilised in 150 µL PBS+ (PBS, BSA, 0.1% saponin)
for 10 minutes at room temperature before being stained with BNI3
clone PE-CTLA4 antibody as described before. After removing the
excesses antibody and washing the cells with ice cold PBS+ twice,
they were re-suspended in PBS and run on flow cytometer and analysed as described before.

Materials and Methods
CTLA4 internalization assay Chinese Hamster (Cricetulus
griseus) Ovary (CHO) cells, expressing the virally transduced (MP71 retroviral vector containing) human CTLA4 (UniProtKB accession: CTLA4 HUMAN) were placed in FACS tubes [SARSTEDT] at 1.5 × 106 cell/mL density (150 µL) before being placed on
ice. The cells were washed in 200 µL PBS- buffer (PBS pH 7.4
[Life Technologies] and 2% w/v Albumine Bovine Serum (BSA)
[ACROS Organics]) by spinning cells at 500 g for 5 minutes. The
surface CTLA4 was stained using Phycoerythrin (PE) fluorophoreconjugated mouse anti-human CTLA4 antibody (PE-CTLA4) [BD
Pharmingen] at 1:100 dilution for 20 minutes on ice. After removing the excess antibody and washing the cells with ice cold PBSbuffer, the cells were placed at 37 ◦ C water bath for various duration, allowing CTLA4 internalization from the CHO cell surface,
before being placed on ice and fixed with 3% (v/v) paraformaldehyde (PFA) [Agar Scientific] for 15 minutes. The cells were washed
and the surface CTLA4 was stained with the Alexa Fluor 647 conjugated chicken anti-mouse secondary antibody [ThermoFisher Scientific] at 1:1000 dilution for 30 minutes on ice before being washed
and run through BD LSRFortessa (5L SORP) flow cytometer using yellow-green 561nm (586/15 band pass filter) and red 640nm
(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 fluorophore was obtained using
FlowJo 10.0.8r1 software.

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 hour at 37 ◦ C. Cells were then washed twice, and resuspended in medium containing DMSO or NH4 Cl for 2, 4 or 6 hours.
At each time point, cells were transferred to FACs tubes and fixed in
2% paraformaldehyde (PFA) on ice for 10 minutes. Cells were then
washed 3 times in PBS and analysed for CTLA4 expression by flow
cytometry.
All the experiments were performed in triplicates and the MFI
values were averaged from 10000 cells (events) for each repeat.

Mathematical models Different mathematical models were developed according to the experimental protocols. Models were studied analytically and numerical simulations were performed by C++
(Boost.Numeric.Odeint) and MATLAB. A differential evolution algorithm was implemented in C++ for parameters estimation. Markov
chain Monte Carlo (MCMC) analysis was performed in MATLAB.
The mathematical analysis is described in the Supporting Material
(SM).

Results

CTLA4 molecular counting Quantum Simply Cellular anti-

Generation of the model

Mouse IgG kit [Bangs Laboratories, Inc.] were used according to
the manufacturer’s instructions in order to quantify the number of
virally transduced human CTLA4 expressed in CHO cells. Briefly,

The rates of CTLA4 internalization, recycling and degradation were estimated from a series of in vitro experiments in
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(A)

which the individual processes of CTLA4 trafficking were
perturbed. These experiments were replicated by generating
corresponding mathematical models. The parameters of the
model were determined by simultaneously fitting all parameters to all experimental results with a combined cost function,
using differential evolution algorithm (see SM - Parameter estimation). To examine the impact of the experimental data
variations on the estimated parameters, we employed MCMC
approach to obtain the distribution of the parameters (see SM
- Markov chain Monte Carlo analysis). The optimal values of
the CTLA4 trafficking rates obtained by the differential evolution are within the 68%-confidence interval of their distributions. 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. While 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 mathematical model.
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Fig. 1. Ligand-independent CTLA4 trafficking and CTLA4 staining
models. (A) Natural trafficking of CTLA4 molecules. The corresponding ODE-based model is given in Eq. S1. (B) By extracellular
CTLA4 staining with antibody, the CTLA4 pool is segregated into
labeled (shown with grey background) and unlabeled pools. This is a
simplified model of a more complex staining model described in SM
- CTLA4 staining model and shown in Fig. S1. (C) CTLA4 staining
simulation. Eq. S12 was solved analytically and the solution, given
in Eq. S13, was plotted.

CTLA4 trafficking in the absence of ligands
Following 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 occurs via the fusion of CTLA4-containing vesicles with the
plasma membrane. Surface-expressed CTLA4 is then subject to constitutive endocytosis, independent of ligand binding, via interaction of the tyrosine-based motif (YVKM) in
the CTLA4 cytoplasmic domain with clathrin adaptor complex AP2 (20–23, 26). Following internalization CTLA4
molecules can be recycled to the plasma membrane or degraded in lysosomal compartments (24, 27, 28). These features 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 constructed
a trafficking model, which comprises processes of protein
synthesis, recycling, internalization and degradation. This
model, depicted schematically in Fig. 1A, relies on the following assumptions: CTLA4 molecules are synthesized by a
constant rate σi . Newly synthesized CTLA4 molecules are incorporated to the plasma membrane (R p (t)) and subsequently
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 δl
and δn , respectively. Therefore, the total cytoplasmic degradation rate is δc = δl +δn . Non-degraded 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 repre-

sented by the ordinary differential equations (ODE), given in
Eq. S1 (see SM - Ligand-free trafficking model of CTLA4).
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 + δc (see Eq. S2, with condition R p,ss /Rc,ss < 1). Despite the dependence of steady state total CTLA4 values on
the rate of protein synthesis, the ratio of surface to cytoplasmic 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 where 37 ◦ C permits internalization and recycling of CTLA4 not seen at 4 ◦ C. In order to label a subset of
the cytoplasmic CTLA4, staining was performed at 37 ◦ C for
a certain duration, after which the kinetic of labeled CTLA4
could be observed. These basic principles were used in various ways to monitor internalization, recycling and degradation of CTLA4 molecules. The general mathematical model
for the dynamics of CTLA4 staining is described in SM CTLA4 staining model (see Fig. S1 and Eq. S3). The staining model is simplified based on the following assumptions:
3

Table 1: Ligand-independent CTLA4 trafficking parameters
Parameter

Description

σi
ki
kr
δn
δl
δc

Rate of CTLA4 synthesis
Rate of CTLA4 internalization
Rate of CTLA4 recycling
Rate of nonlysosomal degradation
Rate of lysosomal degradation
Rate of cytoplasmic degradation

Dimension
# min−1
min−1
min−1
min−1
min−1
min−1

Optimal valuea

Posterior mean ± standard deviationb

10100c
0.2988
0.0243
0.0014
0.0024
δl + δn

13414 ± 6936
0.379 ± 0.116
0.028 ± 0.012
0.0016 ± 0.00057
0.0035 ± 0.0014
0.0051 ± 0.0015

a

Optimal values were obtained by differential evolution algorithm. See SM - Parameter estimation.
Parameter distributions were obtained by MCMC analysis. See SM - Markov chain Monte Carlo analysis.
c See SM - Estimating the rate of protein synthesis. This value represents the rate of CTLA4 synthesis of cell line used for the
molecular counting experiment.
b

cells were labeled at 4 ◦ C with a fluorescently conjugated antiCTLA4 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-labelled CTLA4. In this setting,
the initial amount of surface CTLA4 is quantified by PE and
the number of molecules still at the surface after a period of
trafficking is quantified by Alexa 647. The data of this experiment are shown in Fig. 2A.
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=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
SM-CTLA4 internalization model, Eq. S15). Surface labeled
CTLA4 molecules vanish over time monotonically, becoming
cytoplasmic due to internalization (Fig. 2B), while the cytoplasmic labeled CTLA4 pool diminshes after a transient increase due to 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 (σi = 0) predicts that unlabeled CTLA4
molecules on the plasma membrane are cleared after transient
maintainance at 76% of its pre-experiment (normal steady
state) value (see Fig. 2C) resulting from the utilisation of
the cytoplasmic CTLA4 pool. This suggests that without new
CTLA4 synthesis, CTLA4 stored in the cytoplasm can temporarily buffer surface CTLA4 expression.

(A) the concentration 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 processes (quasi steady-state approximation), (C)
staining antibodies 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. 1A-B, where R∗p and R∗c are the
numbers of labeled CTLA4 molecules on the cell surface and
in the cytoplasm, respectively. The corresponding ODEs are
given in Eq. S12 (see SM - Reduction of the CTLA4 staining
model). 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 = ln (2)/(kr + δc ) ≈ 25 minutes as a result of transport
to the plasma membrane and subsequent labeling, as well as
cytosolic degradation (see Eq. S13a). Therefore, the rates of
recycling and degradation dictate the duration of the staining
process required to label the majority of total cellular CTLA4
molecules.
The dynamics of the different pools of CTLA4 molecules
during persistent staining is shown in Fig. 1C. Due to 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.

Modeling perturbations of the CTLA4 steady
state

CTLA4 internalization

CTLA4 synthesis is key for longterm 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

To observe the internalization of surface CTLA4 molecules,
we used a CTLA4 internalization assay described in Materials and methods. In this experiment, CTLA4-expressing
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Fig. 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 exhausted with extended exposure to CHX. (B) In silico experiment of blocked synthesis with additional depletion of cytoplasmic CTLA4 (Rc,0 = 0) or block of recycling (kr = 0). These
curves are obtained by numerical solution of the trafficking model in
Eq. S1. In the absence of cytoplasmic CTLA4 or of the recycling
process, the surface CTLA4 clears quickly, reducing by 50% within
≈2.41 and 2.32 minutes, respectively.

Fig. 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.

mic and total CTLA4 molecules are reduced by 50% within
160, 198 and 195 minutes, respectively. Surface CTLA4 is
reduced by 8% within 3 minutes while cytoplasmic CTLA4
only by 0.4% during this time, which indicates a rapid loss
of surface CTLA4 at early time-points. As expected, 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 = 0) or
a complete block of recycling (kr = 0) were 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 minutes under normal condition (σi = 0) (see
Fig. 3B). 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.

which CTLA4-expressing cells were treated with Cycloheximide (CHX) for different durations, 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 (σi = 0). The time evolution
of surface and cytoplasmic CTLA4 in the presence of CHX
is calculated (see SM - Block of CTLA4 synthesis model, Eq.
S18) and depicted in Fig. 3A. At early time points, surface
CTLA4 is quickly lost due to fast internalization and recycling
partially compensates surface CTLA4 loss. Total CTLA4 reduces by degradation in the cytoplasm.
When the CTLA4 synthesis is blocked (σi = 0) and the
remaining processes (internalization, recycling and cytosolic
degradation) are included (see Fig. 3A), the surface, cytoplas-

Lysosomal dominates nonlysosomal degradation To
quantify the impact of lysosomal degradation on CTLA4
trafficking, we used the lysosomal-block assay in which
5
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CTLA4 kinetics were measured in presence or absence of
ammonium chloride (NH4 Cl) (see Materials and Methods).
NH4 Cl 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
minutes. After washing, degradation of CTLA4 molecules
was quantified by flow cytometry (see Fig. 4A).
To reconstruct this experiment in silico, we used the staining model (Fig. 1A-B) and calculated the number of labeled
CTLA4 molecules after 60 minutes. Starting from this value
as initial condition, the time evolution of the CTLA4 pools
was calculated (see SM - Block of lysosomal degradation, Eq.
S22) in the presence (+) or absence (-) of NH4 Cl. It was
assumed that NH4 Cl does not impact on the nonlysosomal
degradation pathway. A comparison of both conditions reveals the differences in the kinetics of CTLA4 molecules (see
Fig. 4B): 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 synthesis. The rate of degradation decreased
by ≈63% and the half-life of total labeled CTLA4 molecules
increases from approximately 3.3 hours to 8.8 hours in the
presence of the lysosomal inhibitor (see Fig. 4A). The model
predicts that the lysosomal degradation pathway is dominant.
According to the steady state number of CTLA4 molecules
in the CTLA4 trafficking model Fig. 1A (see R p,ss /Rc,ss in
Eq. S2), reduction of the cytoplasmic degradation (δc ) 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, regulates the homeostatic number of
CTLA4 molecules, and, when blocked, shifts the steady state
subcellular distribution of CTLA4 towards the cytoplasm.
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Fig. 4. Block of lysosomal-degradation. (A) In silico versus in vitro
results with and without addition of NH4 Cl. (B) In silico prediction of different CTLA4 pools for blocked lysosomal degradation
(+NH4 Cl, solid lines) and normal condition (-NH4 Cl, dash-dotted
lines).

(26) and shown in Fig. 5A.
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 internalized within 60 minutes is calculated from the staining
model in Fig. 1A-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. 5B)), and undergo
natural trafficking at normal temperature. In the model, application of the red secondary antibody labels only those CTLA4
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 SM - CTLA4 recycling model).
According to the modeling results (Fig. 5B), in the second staining step, green-blocked molecules clear monotonically from the cell surface by internalization, while the
green-blocked cytoplasmic molecules vanish after a transient
increase, reaching 88% of total initially blocked CTLA4
molecules after 14 minutes (t=74 minutes) of trafficking. 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 maximum value (at t=74 minutes)
faster than the cytoplasmic pool (at t=147 minutes), since the
labeling is only possible by 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

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 molecules upon
their return to the surface (26). In the first step, CTLA4expressing cells were incubated with Alexa488-conjugated
anti-CTLA4 (a green antibody) for 60 minutes at 37 ◦ C.
Then, cells were washed and surface CTLA4 molecules 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 greenlabeled from binding to a secondary antibody. After washing, cells were incubated for different times with Alexa555conjugated anti-human IgG (a red secondary antibody) 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
6
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Fig. 6. CTLA4 subcellular distribution transiently changes upon
variation of CTLA4 synthesis. The rate of protein synthesis (σi ) 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 (R p (t)/ R p (t) + Rc(t) ) is calculated. After a transient change, the fraction converges to its original (steady state) value
(kr + δc )/(ki + kr + δc ). Deviation (%) of the fraction from its steady
state value is shown.

Fig. 5. Recycling experiment and simulation. (A) In vitro data taken
from (26) and corresponding in silico values for the number of greenand red-labeled CTLA4 molecules. (B) Model prediction of different
CTLA4 pools during the staining procedures (see Eq. S27). The vertical line at t=60 minutes indicates the block of green-labeled CTLA4
and the starting time of the second staining step.

state, and the absolute number of CTLA4 molecules changes
to a new steady state value. This transition induces a transient
change in the subcellular distribution of CTLA4. By increasing or decreasing the rate of CTLA4 synthesis, the fraction of
CTLA4 molecules on the cell surface transiently increases or
decreases, respectively but returning to the steady state distributions over time. Fig. 6A shows how a sharp change in the
rate of protein synthesis transiently deviates the subcellular
distribution whereas smooth change in the rate of protein synthesis has less impact on the distribution of CTLA4 molecules
(Fig. 6B). Given the fact that CTLA4 upregulation can be of
the order of 10-fold within 12 hours (29), these results suggest that the subcellular distribution of CTLA4 is only subtly
altered by upregulation of CTLA4 synthesis.

degradation is blocked (δc = 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
minutes. These results suggest that recycling of the cytoplasmic CTLA4 occurs rapidly, but significantly slower than internalization (t1/2 = ln(2)/ki = 2.32 minutes, see Fig. 3B).

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

High affinity ligands exhaust cytosolic CTLA4 The
CTLA4 staining model in Fig. 1A-B relies on the assumption
that labeling antibodies remain bound to and degrade along
with the bound CTLA4 molecules. Theoretically, this is a
good approximation for ligands with high affinity (high onrate and low off-rate) to CTLA4 molecules, such as pharmacological ligands. The rate of ligand removal 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 provided by CTLA4 synthesis (σi ) and recycling (with rate kr ) of the free cytoplasmic

The subcellular CTLA4 distribution is not altered by
CTLA4 synthesis Since regulatory T cells are known to
upregulate CTLA4 synthesis upon TCR ligation, we investigated how altering this parameter in the model impacted on
CTLA4 cellular distribution. The ratio of surface to cytoplasmic CTLA4 in steady state condition is independent of the
rate of CTLA4 synthesis (see Eq. S2). However, by changing
synthesis, the trafficking model deviates from its equilibrium
7

that ligands are abundantly available in the extracellular environment (assumption A). It is assumed that modeled ligands
in the extracellular medium (with concentration L p (t)) react
with free surface CTLA4 (R p (t)) with constant on-rate (kon )
and off-rate (koff ). The complexes (R∗p (t)) can be internalized
and degraded by the rate of CTLA4 internalization (ki ) and
degradation (δc ), respectively. Free ligands appear in the cytoplasm (Lc (t)) via unbinding of the cytoplasmic complexes
(R∗c (t)) to the reactants with the rate n × koff , with n ≤ 1. We
assumed that free ligands cannot bind again to free CTLA4
in the cytoplasm. Since 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 onto extracellular ligand uptake. For simplicity, we assumed the same
rate as for the degradation of CTLA4:ligand complexes. Unbound CTLA4 molecules directly join other free cytoplasmic
CTLA4 molecules (Rc (t)), which subsequently can be recycled (with rate kr ) or degraded (with rate δc ). The mathematical model is described in Eq. S35 (see SM - Ligand uptake
model). 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 (Vγ ) equal to 10−9 Liters/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. 9A-B). These results indicate
how fast modeled ligands can be depleted from the extracellular environment via CTLA4 trafficking.
According to Fig. 9A, the uptake of the extracellular ligands with higher on-rates (higher affinities) is faster. In contrast, this process is optimally fast only for an intermediate
range of off-rate values (see Fig. 9B). For low off-rates (high
affinity ligands), uptake is not efficient since the recovery of
CTLA4 from internalized CTLA4:ligand complex and their
subsequent recycling is not efficient. For high off-rates (low
affinity ligands), CTLA4:ligand complexes on the cell surface
are not stable and complex internalization is limited by complex concentration, which results in an inefficient ligand uptake. We conclude that ligand removal from the medium is
monotonic in dependence on on-rates but exhibits a maximum
efficiency at intermediate off-rates.
To evaluate the capacity of modeled ligands to bind and reduce free CTLA4 molecules, the minimum number of the free
CTLA4 molecules (R p,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. 9C-D and shows
that this reduction on the plasma membrane depends on both,
extracellular ligand concentration and ligand binding affinity
(see Fig. 9C). CTLA4 depletion in the cytoplasm is largely
independent of the ligand concentration above 10nM (see Fig.

Fig. 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 converges to the rate of CTLA4 synthesis by clearing the pool
of free cytoplasmic CTLA4 molecules (Rc (t)). The analytic function
of Rc (t) is given in Eq. S13a.

†

†

†
CTLA4 recovery

Fig. 8. Scheme of binding reaction and CTLA4 trafficking for limited
extracellular ligand concentration. The corresponding mathematical
model is given in Eq. S35.

CTLA4 molecules (Rc (t))
Fcs (t) = σi + kr Rc (t).

(1)

Upon exposure to high affinity ligands, the free cytoplasmic pool of CTLA4 molecules clears over time (Rc (t) → 0)
and reduces by 98% within 2.3 hours (see Fig. 1C, 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) → σi ) (see Fig.
7).
These results suggest that flow of free CTLA4, which controls the rate at which CTLA4 can internalize new ligands,
is increasingly compromised by binding of high affinity ”non
competitive” 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. 1A-B)
8
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Fig. 9. Extracellular ligand uptake and CTLA4 occupancy. (A,B) The kinetics of ligand uptake is obtained numerically from model 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,D) The maximum reduction of free CTLA4 by ligand uptake is shown for free CTLA4 (C) on the
plasma membrane and (D) in the cytoplasm. (E,F) Same representation as in (B,D) for different CTLA4 recovery rates n. (G,H) Same
representation as in (B,D) for an in silico mixed-ligand experiment. A two-ligands version of the ligand uptake model S35 was solved with
binding affinities of CD80 (kon = 2.15 × 106 M−1 s−1 , koff = 0.43 s−1 ) and CD86 (kon = 1.96 × 106 M−1 s−1 , koff = 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.

9D). 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 cytoplasm (see Fig. 9C-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 corresponds
to slower CTLA4 recovery. By reducing the CTLA4 recovery
(n), ligand uptake becomes slower (see Fig. 9E), due to a
reduced number of free CTLA4 molecules in the cytoplasm
(see Fig. 9F). When CTLA4 recovery (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 offrates.

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. Irrespective of the degree of CTLA4 recovery, CD86 uptake is affected
by the presence of CD80 molecules, while CD80 removal is
almost independent of the presence of CD86 molecules (Fig.
9G). The extent of reduction of free cytoplasmic CTLA4 (for
low to intermediate values of n) in the mixed-ligands experiment is similar to the case of exposure to CD80 alone (Fig.
9H). The effect of ligand competition 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 (σi ) and recycling of free cytoplasmic
CTLA4 (kr Rc (t)) (see Eq. 1). Therefore, alterations in the
synthesis and recycling processes, as well as a reduced number of free CTLA4 molecules in the cytoplasm can result in
inefficient ligand uptake. The steady state number of free cytoplasmic CTLA4 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
expression on the kinetic of ligand uptake, we varied sepa-

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 ligands (CD80/CD86), we employed an in silico mixed
ligands experiment by solving a two-ligands version of the
model S35. Since the impact of binding affinity/avidity of
natural ligands on the rate of CTLA4 recovery (n × koff ) is unknown, we obtained ligand uptake kinetics for different values
9

rately the rates of recycling (b
kr ), lysosomal degradation (δbl )
bi ).
and synthesis (σ
Reduced recycling does not significantly alter total free
CTLA4 (≈ 7.5% reduction when recycling is completely
blocked, i.e. b
kr = 0). In contrast, increased lysosomal degradation strongly reduces total CTLA4 (compare Fig. 10A and
C). Alteration in both processes can slow down the ligand
uptake process to a similar extent (compare Fig. 10B and
D). This result suggests that a normal process of ligand removal does not only rely on an adequate number 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 impacts
surface, cytoplasmic, and therefore, total CTLA4 with a similar factor (see Eq. S2). An increased rate of synthesis results in a faster ligand uptake (see Fig. 10E). Depending on
the extracellular concentration of the ligands, an extreme increase of the synthesis rate could destroy the existence of the
off-rate range where ligand uptake is efficient (see Fig. 10F,
bi = 20 × σi ). However, an intermediate increase retains this
σ
property. An excess of CTLA4 synthesis reduces the degree
of reduction in the free cytoplasmic CTLA4, but has a limited impact on the free surface CTLA4 molecules (see Fig.
10G-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.
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Fig. 10. Alterations in recycling, degradation and synthesis. Impact
of alteration in the rate of recycling and degradation on (A,C) the
steady state number of free CTLA4 molecules and (B,D) the kinetics
of ligand uptake. The fold-change in the steady state number of free
CTLA4 molecules by changing the rate of (A) recycling (b
kr ) or (C)
lysosomal degradation (δbl ), is calculated from Eq. S2. kr , δl and σi
denote the estimated natural rates for CTLA4 recycling, lysosomal
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 (b
kr ), (D) lysosomal degradation (δbl ), and (E)
synthesis (σbi ) for different initial ligand concentrations (Lp,0 ), and
the half-life of extracellular ligand concentration is shown for different off-rates. The maximum 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. R p,ss and
Rc,ss are the steady state number of free CTLA4 molecules in the absence of ligand, and is evaluated for each of the considered synthesis
rates.

Discussion
In the cell-extrinsic regulatory function of CTLA4, an efficient 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 sub-processes involved in
the constitutive trafficking of transmembrane proteins. Starting from a simplistic mathematical model of CTLA4 trafficking, we only added extra complexities when necessary to capture the specifics of different independent 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 unidentifiable 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-APC interaction has been developed that assumes CTLA4
and ligand internalization without quantitative parameter esti-

mation (31). The estimated parameters in our work can inform
such theoretical attempts focusing on detailed events during TAPC interactions, where 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 distribution (Eq. S2)
10

and the observed kinetics of CTLA4 (Eq. S17, Eq. S21, Eq.
S25, Eq. S33 and Eq. S34) are independent of the absolute
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 synthesis
rate of ≈ 104 molecules/min/cell for CHO cells, which is quite
high due to the expression on a vector construct. Given that T
cells are smaller in size and 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 internalization rate of CTLA4 is within
the same order of magnitude as transferrin receptor (TfR), a
carrier protein of iron-bound transferrin, with 50% of surface
TfR being internalized within 5 minutes (32, 33). This is consistent with their uptake by similar AP-2 mechanisms.

moved from the extracellular medium 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 ligands and decreases within ≈2.3 hours
(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. 1C). 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 hours). The T cell experiences a period during which the depleted free cytoplasmic CTLA4 is
restored and the internalized ligands are degraded. This may
limit the efficiency 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 (DC) with an average duration of 3.3
minutes, and up to 40 minutes with migratory activated DCs
(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 co-stimulatory
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 following 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 following 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 increases interaction on the cell surface and, by
this increases the probability of transendocytosis. Therefore,
a subtle balance between ligand binding reaction and CTLA4
trafficking is needed for maintenance of efficient transendocytosis in a stable CTLA4+ T-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 therapeu-

Our CHO model combined with the mathematical model
provided a set up to establish the relevant parameters of
CTLA4 trafficking by which the impact of the parameter variations on CTLA4 biology can be investigated. Whilst 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, where the ratio of internalization to 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
regulatory T cells (34) as well as measure deficits in CTLA4
function in T cells derived from patients (29, 35). Taken together this suggests that the concepts described here are generally robust and relevant to the behavior of primary T human cells. We have found that this large storage of CTLA4
in the cytoplasm in combination with fast recycling provides
a temporary compensation for surface CTLA4 loss when protein synthesis is interrupted (see Fig. 3, and unlabeled surface CTLA4 in Fig. 2C). Physiologically, one can therefore
consider that additional CTLA4 molecules can be recruited to
the plasma membrane in the absence of new protein synthesis which fits well with the rapid increase in CTLA4 at the
immune synapse which 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 Eq. S1 and Eq. 1). Together with
the speed of internalization (ln(2)/ki = 2.3 minutes), these
processes determine how rapidly antibodies/ligands are re11

tic ligands that blocks CTLA4 for therapeutic purposes. The
therapeutic ligands typically bind CTLA4 with higher affinities than natural ligands which enables their exploitative binding. For example, Ipilimumab (kD = 18.2 nM) and Tremelimumab (kD = 5.89 nM) bind CTLA4 with higher affinity
compared to natural ligands (kD,CD86 = 2.6µM, kD,CD80 =
0.2µM) (39, 40). A mapping between affinities (off-rates)
to the uptake kinetic of physiological ligands in our model
should be made with caution due to the factors which cannot be inferred experimentally and the impact of multivalent
avidity affecting ligand binding. These processes include recovery of CTLA4 from internalized complexes. In addition
to dissociation, other processes are involved in guiding recovered CTLA4 to the recycling endosomes which slow down
the CTLA4 recovery. We therefore introduced the parameter
n (n ≤ 1) in the rate of CTLA4 recovery (n × koff ) to account
for these uncertainties. By reducing the value of n, we observed the impact of CTLA4 recovery on ligand removal (see
Fig. 9E-H). Our results predict a nonlinear relationship between ligand:CTLA4 affinity and extracellular ligand half-life
which 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, irrespective of the ligand concentration (see Fig. 9D
for off-rates higher than 10−2 (s−1 ), and Fig. 9H 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 maximum capacity. 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, CD86CTLA4 interactions appear to be monomeric. Accordingly,
this offers the clear possibility that available CTLA4 for recycling may differ substantially between the two ligands (see
Fig. 9H 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 affects clearance of CD86,
but not vice versa (see Fig. 9G). Although the dominance of
CD80 could be readily explained by its high affinity/avidity
for CTLA4, our in silico results suggest that this dominance
could also be partially impacted from the CTLA4 occupancy
with CD80 in the cytoplasm and shortage of the recycling free
CTLA4. Consistent with this, we have observed experimentally that capture of CD80 largely inhibits uptake of CD86
when both are co-expressed 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-APC interactions, upon cytoskeletal polarization of T cells towards APCs, cytoplasmic CTLA4 is

translocated to the immunological synapse, which may facilitate CTLA4 exocytosis and increase CTLA4 surface density
in the quasi two-dimensional interaction 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, which colocalizes with
CTLA4 in endosomal vesicles. Patients with LRBA mutations
exhibit a reduction in CTLA4 expression in the non-activated
state (42). However, since CTLA4 is synthesised 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 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 degradation (see Fig. 10A-C). Given that
the defect in CTLA4 expression in some patients with LRBA
mutation is not very large following activation (29), our in silico results suggest that the problem in patients is mainly the
need for effective recycling to capture co-stimulatory ligands.
The presented experimentally validated model provides a
framework for 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 diseases. 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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by which labeling antibodies could enter the cell cytoplasm
from the extracellular environment. Given these assumptions,
the CTLA4 staining model can be described by the following
set of ODEs

Ligand-free trafficking model of CTLA4
The CTLA4 trafficking model shown in Fig. 1A can be represented by the following nonhomogeneous linear system of
ODEs

L̇ p (t) = kL R p (t)L p (t) − b
kL R∗p (t),

(S3a)

Ṙc (t) = − (δc + kr + kL Lc (t)) Rc (t) + ki R p (t) + b
kL R∗c (t),
Ṙc (t) = − kr Rc (t) − δc Rc (t) + ki R p (t) ,
| {z } | {z }
| {z }

(S1a)

Ṙ p (t) = kr Rc (t) − ki R p (t) +

(S1b)

recycling

degradation

(S3b)
Ṙ p (t) = kr Rc (t) − (kL L p (t) + ki ) R p (t) + b
kL R∗p (t) + σi ,

internalization

σi .
|{z}

(S3c)


Ṙ∗p (t) = kL L p (t)R p (t) − b
kL + ki∗ R∗p (t) + kr∗ R∗c (t), (S3d)


Ṙ∗c (t) = kL Lc (t)Rc (t) + ki∗ R∗p (t) − b
kL + kr∗ + δc∗ R∗c (t),

synthesis

where Rc (t) and R p (t) denote the number of CTLA4
molecules in the cytoplasm and on the cell surface, respectively, σi denotes the rate of CTLA4 synthesis (number of
CTLA4 per minute). ki , kr and δc are the rates of CTLA4
internalization, recycling and cytosolic degradation, respectively. All variables and parameters represent the value for a
single cell (per cell). Over-dots denote time derivatives. The
quantities are illustrated in Fig. 1A and explained in the main
text in section CTLA4 trafficking in the absence of ligands.
Steady state (ss) trafficking of CTLA4 is characterized by

Rc,ss =

σi
,
δc

R p,ss =

σi (kr + δc )
,
ki δc

(S3e)
L̇c (t) = −kL Lc (t)Rc (t) + b
kL R∗c (t) − δL Lc (t).

(S3f)

The nonlinearity of this model arises from the forward reaction of extracellular and intracellular CTLA4 labeling.

Reduction of the CTLA4 staining model
We use the following assumptions to reduce the staining
model S3: (A) L p is constant and sufficiently large, (B) kL is
sufficiently larger than other reaction rates, (C) b
kL is smaller
than the other rates and is approximated to zero for the duration of the experiment, and (D) δc∗ = δc , kr∗ = kr and ki∗ = ki .
Assumptions (A) and (B) imply that the labeling of the surface
CTLA4 molecules (R p (t)) is at quasi steady state. By setting
Ṙ p (t) = 0 in Eq. S3c, we have

R p,ss
kr + δc
=
. (S2)
Rc,ss
ki

Using the estimated parameters given in Table 1, the ratio
of surface to cytosolic CTLA4 is ≈ 0.094. The number of
surface CTLA4 are ≈ 9% of the total CTLA4 molecules.

CTLA4 staining model

Rp =

A typical staining protocol of a protein with natural trafficking could be represented by a nonlinear model schematically
illustrated in Fig. S1. In this model, it is assumed that free
CTLA4 molecules are synthesized by a constant rate σi and
directly exocytosed to the plasma membrane (R p (t)). The
free surface CTLA4 molecules can bind to labeling antibodies
(L p (t)) and form CTLA4:antibody complex (R∗p (t)) which can
be detected by flow cytometry or confocal microscopy. The
extracellular staining reaction (R p + L p  R∗p ) occurs with
a constant binding rate kL and unbinding rate b
kL . Free and
labeled CTLA4 molecules on the plasma membrane (R p (t)
and R∗p (t), respectively) are internalized with constant rates
ki and ki∗ , respectively. Once the labeled CTLA4 molecules
are in the cytoplasm (R∗c (t)), free labeling antibodies (Lc (t))
appear in the cytoplasm via unbinding of the complex to the
reactants, which can further bind to free cytoplasmic CTLA4
molecules Rc (t) (R∗c  Rc + Lc ). The free and labeled cytoplasmic CTLA4 molecules are recycled to the plasma membrane with constant rates kr and kr∗ , respectively. Note that in
this model, internalization is assumed to be the only pathway

kr Rc (t) + b
kL R∗p (t) + σi
kL L p + ki

(S4)

Since the cytoplasmic staining antibody Lc (t) appears during the unbinding process of internalized labeled CTLA4
(R∗c (t)), its value at the starting time of the labeling process
(Lc,0 ) is zero. Then, by employing assumption (C), we evaluate Eq. S3f with b
kL = 0,
L̇c (t) = −(kL Rc (t) + δL )Lc (t).

(S5)

Therefore, Lc (t) remains at its equilibrium point, i.e.
Lc (t) = Lc,0 = 0.

(S6)

Next, we substitute Eqs. S4 and S6 in Eq. S3b,
Ṙc (t) = − (δc + kr )Rc (t) +
+

1

ki kr
Rc (t)
kL L p + ki

kib
kL
σi ki
R∗ (t) +
.
kL L p + ki p
kL L p + ki

(S7)

With initial conditions Rc,0 = Rc,ss , R∗p,0 = R p,ss (see Eq.
S2) and R∗c,0 = 0, the solution of the model S12 is

†

σi −(kr +δc )t
e
,
δc
σi (kr + δc )
,
R∗p (t) = R∗p,0 =
ki δc
 σ
σi 
i
1 − e−(kr +δc )t = − Rc (t).
R∗c (t) =
δc
δc
Rc (t) =

†

†

†

†
Fig. S1. CTLA4 staining model.

(S8)

Next, we evaluate Eq. S3d according to Eqs. S4 and S6 and
assumptions (C) and (D),
Ṙ∗p (t) =

kL L p
(kr Rc (t) + σi ) − ki R∗p (t) + kr R∗c (t). (S9)
kL L p + ki

Ṙ∗p (t) = −ki R∗p (t) + kr R∗c (t).

From assumptions (A) and (B), we extract kL L p  ki . Therefore, kL L p /(kL L p + ki ) ≈ 1, and Eq. S9 can be simplified to
Ṙ∗p (t) = kr Rc (t) + σi − ki R∗p (t) + kr R∗c (t).

(S11)

ki + λ2 ∗ λ1 t ki + λ1 ∗ λ2 t
R e +
R e ,
λ1 − λ2 p,0
λ1 − λ2 p,0
ki
ki
R∗c (t) =
R∗p,0 eλ1 t −
R∗ eλ2 t ,
λ1 − λ2
λ1 − λ2 p,0
R∗p (t) = −

The simplified model is shown in Fig. 1A-B and reads:
(S12a)

Ṙ∗p (t) = kr Rc (t) − ki R∗p (t) + kr R∗c (t) + σi ,
Ṙ∗c (t) = ki R∗p (t) − (kr + δc )R∗c (t),

(S12b)

(S14)

The theoretical number of initially labeled CTLA4 molecules
on the cell surface (R∗p,0 ) is the same as Eq. S2, i.e.
R∗p,0 = R p,ss . After washing, the kinetics of labeled CTLA4
molecules on the plasma membrane follows Eq. S14. From
the ODEs in Eqs. S12c and S14, the number of labeled
CTLA4 molecules can be obtained as

(S10)

Ṙc (t) = −(kr + δc )Rc (t),

(S13c)

CTLA4 internalization model

Finally, we evaluate Eq. S3e according to Eqs. S4, S6 and
assumptions (C) and (D), and obtain
Ṙ∗c (t) = ki R∗p (t) − (kr + δc )R∗c (t).

(S13b)

Note that while the staining antibodies are existing in the
medium, the number of stained CTLA4 on the cell surface
(R∗p (t) in Eq. S13b) remains constant. This is resulted from
newly synthesized CTLA4 which are continually stained on
the cell surface and compensate for the internalization and
subsequent degradation of the stained CTLA4 molecules.
In experiments with time-limited staining followed by removal of excess antibodies, recycled and newly synthesized
molecules are not labeled further. Then, the dynamics of the
labeled CTLA4 molecules in Eq. S12 is replaced by

According to assumptions (A) and (B), we extract kL L p 
ki kr , kL L p  kib
kL and kL L p  σi ki . Therefore, the ratios in Eq.
S7 can be approximated to zero, and Eq. S7 can be simplified
to
Ṙc (t) = −(δc + kr )Rc (t).

(S13a)

(S15a)
(S15b)

where λ1,2 belongs to the set of eigenvalues of the CTLA4
staining model S12,

(S12c)


q
1
2
−(ki + kr + δc ) ∓ (ki + kr + δc ) − 4ki δc .
λ1,2 =
2
(S16)

One can justify the simplified model in the following way:
due to an extremely fast and stable binding of staining antibodies to CTLA4, the unlabeled CTLA4 on the cell surface
are labeled instantly, and newly synthesized and recycled unlabeled CTLA4 are stained instantly when reaching the cell
surface. Therefore, no unlabeled CTLA4 (R p (t)) exists on the
cell surface in the presence of staining antibodies. The source
of the surface labeled CTLA4 is recycling of labeled and unlabeled cytoplasmic CTLA4 and synthesis. The labeled cytoplasmic CTLA4 changes by internalization, recycling and
degradation.

For the purpose of parameters estimation, the fraction Yint
of initially labeled CTLA4 molecules that remained on or recycled to the cell surface is of interest (see Fig. 2A), which is
equivalent to

Yint (t) = Sint

2

R∗p (t)
R∗p,0

(S17)

are the constant coefficients and the values for λ1,2 have the
same form as in Eq. S16, but with different rates of cytoplasmic degradation (δc ) reflecting the different experimental
condition; in the presence of NH4 Cl in the medium, we have
δc = δn whereas in the control experiment δc = δl + δn holds.
Experimentally measured MFI values for the lysosomalblock experiment (YNH4 Cl (t)) and the control experiment
(YCTR (t)) are correlated with the subcellular labeled CTLA4
molecules

where Sint is an unknown scaling factor that allows estimation of the initial data point, and is fitted during parameters
estimation.

Block of CTLA4 synthesis model
Consider the model S1 with imposing σi = 0 during the presence of CHX. At the moment of adding CHX (t = 0), the number of CTLA4 molecules (R p,0 and Rc,0 ) is equal to the steady
states of the model S1, given in Eq. S2. With these initial
conditions, the CTLA4 levels in the presence of CHX vary
according to the following functions
R p (t) = C1 eλ1 t +C2 eλ2 t ,

(S18a)

ki + λ2 λ2 t
ki + λ1 λ1 t
e +C2
e ,
Rc (t) = C1
kr
kr

(S18b)

YNH4 Cl (t) = SNH4 Cl
YCTR (t) = SCTR

R∗p (t) + R∗c (t)
,
R∗p,60 + R∗c,60

R∗p (t) + R∗c (t)
.
R∗p,60 + R∗c,60

(S25a)
(S25b)

Note that in Eqs. S25a and S25b, the rate of cytosolic
degradation is different.

where
σi [λ1 λ2 + (kr + δc )λ2 ]
,
λ1 λ2 (λ2 − λ1 )
σi [λ1 λ2 + (kr + δc )λ1 ]
C2 = −
λ1 λ2 (λ2 − λ1 )
C1 =

(S19)

CTLA4 recycling model
Following the recycling experiment, the corresponding model
is constructed in two steps. This model is illustrated schematically in Fig. S2A-B. During the first step of staining with
green primary antibodies, a subset of CTLA4 molecules was
labeled at the cell surface and subsequently internalized. The
labeled CTLA4 on the plasma membrane and in cytoplasm
are represented by Rgp (t) and Rgc (t), respectively. From the
staining model S12 and steady state solutions in Eqs. S13b
and S13c, we obtain the number of green-labeled CTLA4
molecules (Rgp,60 ).
Then in experiment, green-labeled CTLA4 molecules on
the cell surface (RgB
p ) are blocked on ice, which imposes an
g
initial value of RgB
p,0 = R p,60 equal to the number of greenlabeled surface CTLA4 molecules after the first staining step.
The blocked cytoplasmic pool RgB
c changes from its initial
value RgB
=
0
only
after
raising
the
temperature to 37 ◦ C.
c,0
Next, after washing and raising the temperature, the numbers of red-green labeled CTLA4 molecules on the plasma
gr
membrane (Rgr
p ) and in the cytoplasm (Rc ) change from their
gr
gr
initial values R p,0 = Rc,0 = 0. During this second staining step,
the number of CTLA4 molecules in different pools relies on
the following dynamical model

(S20)

are the constant coefficients and λ1,2 are given in Eq. S16.
The theoretical value that corresponds to the experimental
measurement is
YCHX (t) =

R p (t) + Rc (t)
.
R p,0 + Rc,0

(S21)

Note that in Eq. S21, the rate of protein synthesis (σi ) does
not appear.

Block of lysosomal degradation
From the solution of the CTLA4 staining model S12 given in
Eq. S13, we obtain the number of labeled CTLA4 molecules
after 60 minutes on the plasma membrane (R∗p,60 ) and in the
cytoplasm (R∗c,60 ). Note that in this stage of the experiment,
we have δc = δl + δn . After washing cells, labeled CTLA4
molecules change over time according to Eqs. S12c and S14
with the following solutions
R∗p (t) = C1 eλ1 t +C2 eλ2 t ,
R∗c (t) = C1

ki + λ1 λ1 t
ki + λ2 λ2 t
e +C2
e ,
kr
kr

(S22a)
(S22b)

where
ki + λ2
kr
C1 = −R∗c,60
+ R∗p,60
,
λ2 − λ1
λ2 − λ1
kr
ki + λ1
C2 = R∗c,60
− R∗p,60
,
λ2 − λ1
λ2 − λ1

(S23)
(S24)

3

gB
gB
ṘgB
p (t) = −ki R p (t) + kr Rc (t),

(S26a)

gB
gB
ṘgB
c (t) = ki R p (t) − (kr + δc )Rc (t),
Ṙgc (t) = −(kr + δc )Rgc (t),
gr
g
gr
Ṙgr
p (t) = kr Rc (t) − ki R p (t) + kr Rc (t),
gr
gr
Ṙgr
c (t) = ki R p (t) − (kr + δc )Rc (t).

(S26b)
(S26c)
(S26d)
(S26e)

(A)
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Fig. S2. CTLA4 recycling model. The recycling model is developed for two staining steps. (A) Schematic of the first step staining with
Alexa488-conjugated anti-CTLA4 (green). (B) Schematic of the second stage staining with Alexa555-conjugated anti-human IgG secondary antibody (red), during which the recycling green-labeled CTLA4 molecules occurs after initially blocking the green-labeled CTLA4
molecules on plasma membrane (on ice). Note that the number of green-labeled CTLA4 molecules after 1 hour in the first stage is used as
the initial conditions for the second stage. (C) Visible area and volume of a spherical cell in confocal microscopy.
Table S1: Parameters associated with experimental data-set and parameter estimation process

a
b

Parameter

Description

Dimension

Sint
Src
SNH4 Cl
SCTR
∆trc
R
zs

Scaling factor in internalization model; Eq. S17
Scaling factor in recycling model; Eq. S34
Scaling factor in degradation model (+NH4 Cl); Eq. S25a
Scaling factor in degradation model (-NH4 Cl); Eq. S25b
Shifting time in recycling data; Eq. S34
Radius of CHO cell
Stack size of confocal microscope

min
µm
µm

Optimal valuea

Posterior mean ± standard deviationb

0.937
0.965
1.014
1.014
5.61
7; fixed
1; fixed

0.997 ± 0.053
1.013 ± 0.054
1.009 ± 0.057
0.997 ± 0.056
4.93 ± 0.51
-

Optimal values were obtained by differential evolution algorithm.
Parameter distributions were obtained by MCMC analysis.

The dynamics of unlabeled CTLA4 molecules is the same
as in model S1. The submodel consisting of Eqs. S26a and
S26b is equivalent to the internalization experiment, and the
submodel consisting of Eqs. S26c-e is equivalent to the homogeneous version of the staining model S12. The solution
of model S26 with the given initial conditions is the following

considering a visible area Avis and a visible volume Vvis of a
spherical cell with area A and volume V , the following fractions of labeled CTLA4 molecules on the plasma membrane
(R∗p (t)) and in the cytoplasm (R∗c (t)) can be observed:
Avis ∗
zs ∗
R (t) =
R (t),
A p
2R p
zs (6R2s + z2s ) ∗
Vvis ∗
Rc (t) =
Rc (t)
R∗c,vis (t) =
V
8R3
R∗p,vis (t) =



ki + λ2 λ1 t ki + λ1 λ2 t
gB
gB
R p (t) = R p,0 −
e +
e
,
λ1 − λ2
λ1 − λ2


ki
ki
gB
eλ1 t −
eλ2 t ,
RgB
c (t) = R p,0
λ1 − λ2
λ1 − λ2

(S27a)
(S27b)

(S28)
(S29)

where R is the radius of the spherical cell, zs is the thickness
of the p
cell slice that is visible by the confocal microscopy and
Rs = R2 − z2s /4 is the radius of top focal plane (see Fig.
S2C). Theoretical numbers of green- and red-labeled CTLA4
molecules that are visible by confocal microscopy, denoted by
G(t) and R(t) respectively, are

Rgc (t) = Rgc,60 eλ3 t ,
(S27c)


kr
kr
g
Rgr
eλ1 t −
eλ2 t ,
(S27d)
p (t) = Rc,60
λ1 − λ2
λ1 − λ2


ki + λ1 λ1 t ki + λ2 λ2 t
g
g
(t)
=
−R
(t)
+
R
e
−
e
,
Rgr
c
c
c,60 λ − λ
λ1 − λ2
1
2
(S27e)


Vvis  gB
Rc (t) + Rgc (t) + Rgr
c (t)
V

Avis  gB
+
R p (t) + Rgr
p (t) ,
A
Vvis gr
Avis gr
R(t) =
R (t) +
R (t).
V c
A p

G(t) =

where λ1,2,3 are the eigenvalues of staining model S12. The
values for λ1,2 are given in Eq. S16 and λ3 = −(kr + δc ).
All the green- and red-labeled CTLA4 molecules were
quantified by confocal microscopy. Note that by confocal microscopy, only a focus plane is visible, and only a fraction
of CTLA4 molecules is observable. Therefore, this fraction
has to be considered in the theoretical values. In general, by

(S30)
(S31)

These theoretical values are assumed to be proportional to the
measured MFI values. For parameter estimation, the same
4

type of normalization as applied to the experimental data has
to be considered for the theoretical values. These normalizations are

Ḡ(t) =

G(t)
,
G(t = 0)

Yrc,R (t) = R̄(t) =

(S32)
R(t)
.
max(R(t))

(S33)

Note that in Eq. S32, the theoretical and experimental values for t = 0 are equal to 1. Therefore, normalization imposes
a zero estimation error for the initial data point of the greenlabeled pool. To avoid this, we impose a scaling factor Src
which allows an estimation of the initial data point. Furthermore, nonzero value of red fluorescent intensity in Fig. 5A
at t = 0 indicates a delay between the starting time of the recycling process and the measurement. Therefore, we define a
shifting time (∆trc ) in the model. With these considerations,
the theoretical value for the green fluorescent measurement to
be used for parameter estimation reads

Yrc,G (t) = Ḡ(t) = Src

G(t)
.
G(∆trc )

Fig. S3. Posteriori distributions of the model parameters.

additional parameters that are concerned with the types of experimental protocols, and aimed to handle uncertainties. The
list of parameters and associated dimensions are given in Table 1. In order to find an optimal parameters set that fits the
modeling results to the experimental observations, the following cost (objective) function E(θ ) is minimized

(S34)

Since we considered the time shift in the experimental values and the red fluorescent measurements are normalized to
the maximum value but not to the initial data point, the theoretical value S32 does not need any modification and is suitable for parameter estimation. Note that in Eqs. S33 and S34,
the rate of protein synthesis (σi ) does not appear. The fitting
result is shown in Fig. 5A.

m

E(θ ) =

The ligand uptake model depicted in Fig. 8 reads:
Ṙ p = kr Rc (t) − ki R p (t) + σi − kon L p (t)R p (t) + koff R∗p (t),
(S35a)
(S35b)

Ṙ∗p = kon L p (t)R p (t) − (ki + koff )R∗p (t) + kr R∗c ,
Ṙ∗c = ki R∗p (t) − (kr + δc )R∗c (t) − nkoff R∗c (t),
L˙c = nkoff R∗c (t) − δc Lc (t).

(S35d)

dk

1
1
∑  dk ∑
m k=1
l=1

Ybkl −Yk (θ ,tl )
Ybk,max

!2 
,

(S36)

where Ybkl is the observed value from k-th experiment at time
t = tl and Yk (θ ,tl ) is corresponding theoretical value obtained
from the model with parameter set θ . dk is the number of data
points in k-th experiment, Ybk,max is the maximum observed
experimental value in k-th experiment, and m is the number
of independent experiments. We used a differential evolution
algorithm to minimize the cost function in Eq. S36. The estimated parameter values are given in Table 1 and S1.

Ligand uptake model

Ṙc = −(kr + δc )Rc (t) + ki R p (t) + nkoff R∗c (t),
−1

L˙p = NavVγ
−kon R p (t)L p (t) + koff R∗p (t) ,



(S35c)

Markov chain Monte Carlo analysis
In order to estimate the parameter confidence interval from
a Posteriori distribution, Bayesian inference approach by
means of Markov chain Monte Carlo (MCMC) was employed. Confidence intervals are calculated following standard Metropolis-Hasting algorithm, assuming a normal error
distribution given the set of experimental data. Five millions
posterior sample were generated where 75% of it was burn-in.
The posteriori means and standard deviations are presented in
the Table (1). The optimal value of the CTLA4 trafficking parameters obtained by the differential evolution algorithm are
located within one standard error of estimated posterior distribution. These distributions are shown in Fig. S3.

(S35e)
(S35f)

The quantities are explained in the main text in section Ligand uptake is most efficient at intermediate affinities. Nav is
Avogadro’s number and Vγ is the volume of the extracellular
medium per cell.

Parameter estimation
The ligand-independent CTLA4 trafficking model in its simplest form in Eq. S1 has 5 unknown parameters. There are 5
5

Estimating the rate of protein synthesis
The rate of protein synthesis could not be determined because the models were based on relative counts independent
of the CTLA4 synthesis rate. From the model in Fig. 1A
we know that CTLA4 synthesis is related to absolute counts
of CTLA4. Therefore, we did a molecular counting experiment (see Materials and methods - CTLA4 molecular counting). For a typical virally transduced CHO cell line, we estimated ≈ (2.88 ± 0.126) × 106 cellular CTLA4-WT per CHO
cell, which reflects the total steady state number of CTLA4
molecules. By using this value and the fitted rates of internalization, recycling and degradation, we obtained the rate of
protein synthesis from Eq. S2, given in Table 1. We calculated the confidence bound for the rate of synthesis using the
Eq. S2, given the confidence bounds of other trafficking parameters from MCMC analysis and variations in the measured
total CTLA4 molecules.
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