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Abstract12

CTLA4 is an essential negative regulator of T cell immune responses and is a key checkpoint regulating13

autoimmunity and anti-tumour immunity. Genetic mutations resulting in a quantitative defect in CTLA4 are14

associated with the development of an immune dysregulation syndrome. Endocytosis of CTLA4 is rapid and15

continuous with subsequent degradation or recycling. CTLA4 has two natural ligands, the surface transmembrane16

proteins CD80 and CD86 that are shared with the T cell co-stimulatory receptor CD28. Upon ligation with17

CD80/CD86, CTLA4 can remove these ligands from the opposing cells by transendocytosis. The efficiency of18

ligand removal is thought to be highly dependent on the processes involved in CTLA4 trafficking. With a combined19

in vitro-in silico study, we quantify the rates of CTLA4 internalization, recycling and degradation. We incorporate20

experimental data from cell lines and primary human T cells. Our model provides a framework for exploring the21

impact of altered affinity of natural ligands or therapeutic anti-CTLA4 antibodies and for predicting the effect of22

clinically relevant CTLA4 pathway mutations. The presented methodology for extracting trafficking rates can be23

transferred to the study of other transmembrane proteins.24
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Introduction25

In a healthy organism, the immune system has to maintain a balance between immune activation and inhibition.26

The decision between these two outcomes is influenced by receptors which are not specific for any antigenic stimulus.27

CD28 and CTLA4 are two such transmembrane receptors expressed by lymphocytes with opposing regulatory functions.28

These receptors bind to the same co-stimulatory ligands, CD80 and CD86, which are expressed by antigen presenting29

cells [1, 2]. While ligation of CD28 with co-stimulatory ligands is essential for full T cell activation and effector30

functions [3–5], CTLA4 inhibits excess or aberrant co-stimulation of T cells by competing for CD28 ligands and31

thereby preventing uncontrolled T cell activation and clonal expansion of cells specific for healthy tissues [6–8].32

CTLA4 molecules are mostly observed in cytoplasmic vesicles [9–12] by the virtue of their interaction with the µ233

subunit of the clathrin adaptor protein complex AP2 [13–16]. In contrast, CD28 is present on the plasma membrane34

with a slow turnover rate [17]. The unusual localization of CTLA4 raises questions about the mode of CTLA4 action.35

For example, it is not clear how the particular distribution of CTLA4 molecules results from dynamic trafficking between36

cytosol and plasma membrane. The impact of various parameters affecting internalization, degradation and recycling37

rates all have the potential to influence the cellular distribution and function of CTLA4. Accordingly, mathematical38

models are useful in understanding and predicting the impact of changes in these parameters on CTLA4 localization39

and capacity to elicit suppressive function.40

Early data suggested that CTLA4 directly inhibits the cells that express it, referred to as the cell-intrinsic pathway of41

immune inhibition [18,19]. Such cell-intrinsic mechanisms predict that autoimmunity arises in a CTLA4-deficient model42

due to uncontrolled T cell activation. Indeed, this prediction is supported by experiments. Cell-intrinsic inhibition would43

also imply that a chimeric model with a mixture of CTLA4-deficient and CTLA4-sufficient T cells still suffers from44

overactivation of CTLA4-deficient cells. However, a normal immune system with no T cell hyperactivation was found45

when this idea was tested experimentally [20–23]. This observation suggests CTLA4 acting through a cell-extrinsic46

mechanism of inhibition. Recently, it has been shown that CTLA4 molecules on T cells are able to internalize co-47

stimulatory molecules from the surface of APCs, a process known as transendocytosis [24]. Transendocytosis therefore48

represents a potential mechanism for cell-extrinsic inhibition [25].49

Transendocytosis is an unusual mechanism for regulating membrane-bound ligand expression in the immune system.50

It allows CTLA4-expressing T cells to regulate the expression of CD80/CD86 molecules by APCs, therefore limiting51

CD28 signaling and activation of other T cells interacting with the ligand-depleted APCs [26]. In such a cell-extrinsic52

mechanism, the dynamics of CTLA4 trafficking becomes critical. Appropriate trafficking of CTLA4 and CTLA453

complexed with CD80 or CD86 molecules is required to ensure functionality. Accordingly, the efficiency of CTLA454

function is likely to be dynamically regulated by the amounts of CTLA4 delivered, the rate of removal and the time55

CTLA4 expressing cells spend in contact with their APC targets. In contrast, in a static model of CTLA4 expression,56

an efficient removal of co-stimulatory molecules from opposing cells is unlikely to be achieved. In this study, we extract57

CTLA4 trafficking rates from a series of experimental protocols and corresponding mathematical models in order to58
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understand and predict the efficiency of interventions targeting CTLA4.59

Results60

General strategy61

The rates of CTLA4 internalization, recycling and degradation were estimated from a series of independent experi-62

ments in which particular processes of CTLA4 trafficking were blocked or in which particular staining procedures of63

membrane-bound CTLA4 were applied. These experiments were replicated by corresponding mathematical models.64

The parameters of the model are determined by simultaneous fitting to all experimental results with a combined cost65

function (see Materials and Methods - Parameter estimation). The experimental data that we used in this study66

were sufficient to determine all of the CTLA4 trafficking parameters. While the parameters were identified based67

on all experiments, for the purpose of clarity, the different experiments are presented one by one together with their68

respective mathematical model.69

Ligand-independent model of CTLA4 trafficking70

After synthesis, CTLA4 is transported from the Golgi to the cell surface. This transport is dependent on the enzymes71

phospholipase D and ADP ribosylation factor 1 [27]. Delivery of CTLA4 molecules is thought to occur via the fusion72

of CTLA4-containing vesicles with the plasma membrane. Interaction of the tyrosine-based motif (YVKM) in the73

cytoplasmic domain of CTLA4 with clathrin adaptor complex AP2 is involved in the internalization of CTLA4 from74

the plasma membrane to the cytoplasm [13–16, 28]. Internalized CTLA4 molecules can be recycled to the plasma75

membrane or degraded in lysosomal compartments [17, 29, 30], although internalized CTLA4 has also been observed76

in non-lysosomal, perinuclear intracellular vesicles [27, 30]. CTLA4 constitutively undergoes endocytosis independent77

of ligand binding, and undergoes recycling and degradation as part of its natural trafficking process [26, 28]. A78

detailed understanding of this trafficking itinerary is critical in understanding rates of ligand capture and ultimately79

the functional efficacy of CTLA4.80

Based on these biological observations, a trafficking model is constructed which comprises processes of protein81

synthesis, recycling, internalization and degradation. This model, depicted schematically in Figure 1A, relies on the82

following assumptions: CTLA4 molecules are synthesized at a constant rate σi. Newly synthesized CTLA4 molecules83

are incorporated to the plasma membrane (Rp(t)) and subsequently internalized into the cytoplasm (Rc(t)) with rate84

ki. This assumes that newly synthesized CTLA4 molecules do not directly undergo degradation in the cytoplasm,85

but only after exocytosis and subsequent endocytosis. Cytoplasmic CTLA4 molecules are degraded in lysosomal and86

non-lysosomal pathways with constant rates δl and δn, respectively. Therefore, the total cytoplasmic degradation rate87

is δc = δl +δn. Cytoplasmic CTLA4 molecules are exocytosed (recycled) to the plasma membrane with constant rate88

kr.89
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This model can be represented by the following nonhomogeneous linear system of ordinary differential equations90

(ODE)91

Ṙc(t) =−krRc(t)︸ ︷︷ ︸
recycling

− δcRc(t)︸ ︷︷ ︸
degradation

+ kiRp(t)︸ ︷︷ ︸
internalization

, (1a)

Ṙp(t) = krRc(t)− kiRp(t)+ σi︸︷︷︸
synthesis

. (1b)

Over-dots denote time derivatives. Steady state trafficking of CTLA4 is characterised by

Rc,ss =
σi

δc
, Rp,ss =

σi(kr +δc)

kiδc
,

Rp,ss

Rc,ss
=

kr +δc

ki
. (2)

To recapitulate the experimental observation that CTLA4 molecules are mostly located in the cytoplasm, the model92

has to satisfy the condition ki > kr +δc (see equation (2)). Despite the dependence of steady state CTLA4 numbers93

on the rate of protein synthesis, the ratio of surface to cytoplasmic CTLA4 is synthesis-independent. Further, the94

steady state absolute number of the cytoplasmic CTLA4 molecules is independent of the rates of internalization and95

recycling.96

CTLA4 staining97

CTLA4 staining is based on the approach of staining surface CTLA4 with specific fluorescent antibodies. By this98

method, all surface molecules present on the plasma membrane are labeled at a particular time point. Subsequently,99

trafficking of CTLA4 is controlled by changes in the temperature of the culture. This basic principle was used with100

various protocols to monitor internalization and recycling of CTLA4 molecules (see subsequent result sections).101

The general mathematical model for the dynamics of CTLA4 staining is described in Materials and methods (see102

Figure 13 and equation (8)). Several modifications of this CTLA4 trafficking model (1) are needed to reflect the103

various staining protocols. In order to avoid unnecessary complications of the analysis by fast or too detailed processes,104

the model is simplified based on the following assumptions:105

(A) the concentration of staining antibodies in the medium is sufficiently large and does not drop by target binding106

(thermic bath approximation),107

(B) staining antibodies bind to CTLA4 molecules with a higher rate than the rate of trafficking processes (quasi-108

steady-state approximation),109

(C) staining antibodies remain bound to CTLA4 molecules during the time of sample observation (negligible unbinding110

rate), and111

(D) staining antibodies do not alter the natural trafficking of CTLA4 molecules and associated rates.112

The simplified model is shown in Figure 1 and reads (see Materials and methods - Reduction of the CTLA4113
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staining model):114

Ṙc(t) =−(kr +δc)Rc(t), (3a)

Ṙ∗p(t) = krRc(t)− kiR∗p(t)+ krR∗c(t)+σi, (3b)

Ṙ∗c(t) = kiR∗p(t)− (kr +δc)R∗c(t), (3c)

where R∗p and R∗c are the numbers of labeled CTLA4 molecules on the cell surface and in the cytoplasm, respectively.115

Note that there is no equation for unlabeled surface CTLA4 Rp(t), because all free surface CTLA4 molecules are labeled116

instantly when exposed to staining antibodies in the medium (assumption B). Before starting the staining experiment,117

the number of CTLA4 molecules is assumed at equilibrium given in equation (2). During the staining process at 37 ◦C,118

the unlabeled pool of cytosolic CTLA4 molecules becomes exhausted with a half-life of t1/2 = ln(2)/(kr + δc) ≈ 27119

minutes (see equation (17a)). Therefore, the rates of recycling and degradation dictate the duration of the staining120

process required to label the majority of the cellular CTLA4 molecules.121

In experiments with time-limited staining followed by removal of excess antibodies, recycled and newly synthesized122

molecules cannot be labeled further. Then, the dynamics of the labeled CTLA4 molecules in equation (3b) is replaced123

by124

Ṙ∗p(t) =−kiR∗p(t)+ krR∗c(t). (4)

The kinetics of different pools of CTLA4 molecules during persistent staining is shown in Figure 2. Due to125

instant labeling of surface and newly synthesized CTLA4 molecules as well as continued exocytosis, the amount of126

labeled CTLA4 molecules on the cell surface starts and remains at its equilibrium value. Unlabeled cytoplasmic CTLA4127

molecules become exhausted over time since no free CTLA4 molecules can be found on the plasma membrane. The128

number of the labeled CTLA4 molecules saturates when the cytoplasmic unlabeled CTLA4 molecules are exhausted.129

CTLA4 internalization130

To observe the internalization of surface CTLA4 molecules, we used a CTLA4 internalization assay described in131

Materials and methods. In this experiment, CTLA4-expressing CHO cells were labeled at 4 ◦C with a fluorescently132

conjugated anti-CTLA4 antibody (PE-CTLA4). The excess antibody is washed off and the temperature is raised to133

37 ◦C for various durations to allow for CTLA4 trafficking. After this period, a secondary antibody (Alexa fluor 647)134

is applied at 4 ◦C. In this setting, the initial amount of surface CTLA4 is quantified by PE and the amount still at the135

surface after a period of trafficking is quantified by Alexa 647. The data of this experiment are shown in Figure 3A.136
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In the model, the amount of surface CTLA4 molecules before starting the staining process is known from the steady137

state solution of the CTLA4 trafficking model, given in equation (2). This amount is assumed to be fully labeled on138

ice at t = 0, leaving no unlabeled molecules on the cell surface. The solution of the dynamic equations provides the139

time course of the amount of different CTLA4 pools (see Materials and methods, equation (18)). Surface labeled140

CTLA4 molecules vanish over time monotonically, becoming cytoplasmic due to internalization (Figure 3B), while141

the cytoplasmic labeled CTLA4 pool vanishes after a transient increase due to degradation. Newly synthesized and142

recycled unlabeled CTLA4 molecules replace the labeled pool over time.143

An in silico internalization experiment with an additional blocking of CTLA4 synthesis (σi = 0) shows that unlabeled144

CTLA4 molecules on the plasma membrane are cleared only after a transient recovery to 72% of its pre-experiment145

(normal steady state) value (see Figure 3C). This recovery results from the recycling of the cytoplasmic CTLA4,146

and suggests that, when CTLA4 synthesis is suppressed, the large amount of CTLA4 stored in the cytoplasm can147

temporarily compensate the loss of surface CTLA4 expression.148

Block of CTLA4 synthesis149

To quantify the contribution of protein synthesis to CTLA4 homeostasis, we utilized the data from an experiment150

in which CTLA4-expressing CHO cells were treated with Cycloheximide (CHX) to block protein synthesis. In this151

experiment, CHO cells were treated for 3 hours with CHX, which resulted in an approximately 55% reduction of the152

total number of CTLA4 molecules [28].153

In the model, we assume that CHX treatment of cells completely blocks protein synthesis. This is achieved by154

removing the process of synthesis in the CTLA4 trafficking model in equation (1), i.e. imposing σi = 0. The time155

evolution of surface and cytoplasmic CTLA4 in the presence of CHX is calculated (see Materials and methods, equation156

(21)) and depicted in Figure 4A. At early time points, surface CTLA4 molecules quickly drop due to fast internalization157

and lack of compensation by newly synthesized molecules. Recycling partially compensates surface CTLA4 loss until158

CTLA4 molecules vanish by degradation in the cytoplasm. The half life of surface, cytoplasmic and total CTLA4159

molecules are 121, 163 and 160 minutes, respectively. Surface CTLA4 drops by 10.5% (≈26000 molecules) within160

3 minutes while cytoplasmic CTLA4 drops by only 0.5% (≈14000 molecules) during this time. As expected, CTLA4161

synthesis is important for maintaining the homeostatic number of CTLA4 molecules.162

Next, we asked how important internalization would be for CTLA4 surface expression. In an in silico experiment,163

in which the block of CTLA4 synthesis is complemented with a complete depletion of the cytoplasmic CTLA4 (by164

forcing a zero initial value) or with a complete block of recycling (kr = 0), the surface CTLA4 molecules clears within165

a few minutes in comparison to 2 hours under normal conditions (see Figure 4B). This suggests that recycling is166

essential for the stability of surface CTLA4 expression.167
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Block of lysosomal degradation168

To quantify the impact of lysosomal degradation on CTLA4 trafficking, we took advantage of data from an experiment169

in which CTLA4 kinetics were measured in presence or absence of ammonium chloride (NH4Cl). NH4Cl inhibits170

lysosomal degradation through lysosomal pH neutralization. In this experiment, cells were initially pulsed with a171

labeling antibody (anti-CTLA4 PE) at 37 ◦C for 60 minutes. After washing, degradation of CTLA4 molecules was172

quantified by flow cytometry (see Figure 5A) [28].173

To reconstruct this experiment in silico, we used the staining model in equation (3) and calculated the amount174

of labeled CTLA4 molecules after 60 minutes. Starting from this value as initial condition, the time evolution of the175

CTLA4 pools was obtained (see Materials and Methods, equation (25)). In silico simulation of this experiment for176

both stages, initial staining and follow up kinetics, are shown in Figure 5B-C in the presence or absence of NH4Cl,177

respectively. It was assumed that NH4Cl does not impact on the nonlysosomal degradation pathway (with rate δn). A178

comparison of both figures shows the differences in the kinetics of labeled CTLA4 molecules: The rate of degradation179

decreased by ≈ 96% in the presence of the lysosomal inhibitor. The half-life of total labeled CTLA4 molecules increases180

from approximately 2.7 hours to 59 hours by adding the lysosomal inhibitor. After the initial decrease of the number181

of unlabeled CTLA4 molecules during the staining step, it increases to its steady state value or higher in the absence182

or presence of the lysosomal inhibitor, respectively. This increase is due to the constant synthesis of CTLA4.183

In an in silico experiment, in which the lysosomal degradation is blocked (δl = 0) for 3 hours, the number of184

unlabeled CTLA4 molecules increases ≈1.72-fold, which is close to the experimentally observed 2-fold increase of185

CTLA4 level in the presence of NH4Cl [28]. According to equation (2) (see Rp,ss/Rc,ss), by reducing the cytoplasmic186

degradation (δc), the fraction of the total CTLA4 molecules that appears on the cell surface reduces.187

These results suggest that the lysosomal degradation of CTLA4 is a fast process, regulates the homeostatic188

number of CTLA4 molecules, and, when blocked, shifts the steady state subcellular distribution of CTLA4 towards189

the cytoplasm.190

CTLA4 recycling191

To quantify CTLA4 recycling, we used a two-step staining experiment. Two steps were required to label a subset of192

CTLA4 molecules that were, at least once, on the plasma membrane, and then to detect a subset of these molecules193

that recycled from the cytoplasm back to the plasma membrane. In the first step, CTLA4-expressing CHO cells were194

incubated with Alexa488-conjugated anti-CTLA4 (a green antibody) for 60 minutes at 37 ◦C. Then, cells were washed195

and surface CTLA4 molecules were blocked at 4 ◦C with unconjugated anti-human IgG, a secondary antibody without196

any color. This excluded those molecules that remained on the surface and were green-labeled from binding to a197

secondary antibody. After washing, cells were incubated with Alexa555-conjugated anti-human IgG (a red secondary198

antibody) at 37 ◦C. The red antibody will only bind those green-labeled CTLA4 molecules that recycled back to the199

plasma membrane. The red-fluorescent intensity was quantified with confocal microscopy reflecting the time evolution200
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of the labeled subset of recycled CTLA4. Experimental data are shown in Figure 6A [28].201

The corresponding in silico experiment encapsulates the two staining steps. At first, the amount of green-labeled202

CTLA4 molecules stained on the cell surface and subsequently internalized within 60 minutes is calculated from the203

staining model in equation (3). During the CTLA4 block on ice, we assumed that all green-labeled molecules on the cell204

surface are blocked (denoted by green-blocked in Figure 6B), and undergo natural trafficking at normal temperature.205

In the model, application of the red secondary antibody labels only those CTLA4 molecules that recycle back from the206

cytosol and do not belong to the blocked subset. This defines a green-red labeled pool of molecules.207

The recycling model is described in Materials and Methods - CTLA4 recycling model. Model predictions for the208

kinetics of different CTLA4 pools during the entire experiment (see equation (30) for the labeled quantities in the209

second staining step) are shown in Figure 6B.210

According to the modeling results, in the second staining step, green-blocked molecules clear monotonically from211

the cell surface by internalization, while the cytoplasmic green-blocked molecules vanish after a transient increase,212

reaching 88% of total initially blocked CTLA4 molecules after 14 minutes (t=74 minutes) of trafficking. Such a213

transient increase is also observable for green-red labeled molecules, which originate from the green-labeled cytoplasmic214

pool. The amount of green-red labeled molecules on the cell surface reaches its maximum value (at t=74 minutes)215

faster than the cytoplasmic pool (at t=146 minutes), since the labeling is only possible by passing through the cell216

surface first. The green- and red-labeled CTLA4 molecules clear over time and are replaced with the unlabeled CTLA4217

molecules.218

In an in silico recycling experiment, in which the CTLA4 degradation is blocked (δc = 0) in the second staining219

step, the clearing of the cytoplasmic green-labeled (not blocked) CTLA4 is only affected by the recycling process with220

a half-life of ≈32 minutes (see Figure 6C).221

These results suggest that recycling of the cytoplasmic CTLA4 occurs very fast, but significantly slower than222

internalization (t1/2 = 2.38 minutes, see Figure 4B).223

Estimating the rate of protein synthesis224

The rate of protein synthesis could not be determined because the models were based on relative counts independent225

of the CTLA4 synthesis rate. From the model in Figure 1A we know that CTLA4 synthesis is related to absolute226

counts of CTLA4. Therefore, we did a molecular counting experiment (see Materials and methods - CTLA4 molecular227

counting). For a typical virally transduced CHO cell line, we estimated 3×106 cellular CTLA4-WT per CHO cell, which228

reflects the total steady state number of CTLA4 molecules. By using this value and the fitted rates of internalization,229

recycling and degradation, we obtained the rate of protein synthesis from equation (2).230
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Subcellular distribution of CTLA4 molecules231

The ratio of surface to cytoplasmic CTLA4 in steady state condition, given in equation (2), is independent of the rate232

of CTLA4 synthesis. However, by changing this rate, the trafficking model deviates from its equilibrium state, and the233

absolute number of CTLA4 molecules changes to a new steady state value. This transition induces a transient change234

in the subcellular distribution of CTLA4. By increasing or decreasing the rate of CTLA4 synthesis, the fraction of235

CTLA4 molecules on the cell surface transiently increases or decreases, respectively. This distribution converges back236

to its original value after a sufficiently long time. Figure 7A shows how a sharp change in the rate of protein synthesis237

transiently deviates the subcellular distribution. A smooth change in the rate of protein synthesis has less impact on238

the distribution of CTLA4 molecules (Figure 7B).239

These results suggest that the subcellular distribution of CTLA4 can be transiently shifted towards the cell surface240

by upregulation of CTLA4 synthesis.241

Amount of degraded CTLA4:antibody complex242

The CTLA4 staining model in equation (3) relies on the assumption that abundant labeling antibodies remain bound243

to and degrade along with the bound CTLA4 molecules. Theoretically, this is a good approximation for antibodies244

with high affinity (high on-rate and low off-rate) to CTLA4 molecules. Similar to labeling antibodies, monoclonal245

antibodies that bind to CTLA4 molecules with a very high affinity do not dissociate until CTLA4:antibody complexes246

get degraded. Upon almost instantaneous binding to CTLA4, bound antibodies are out of the active pool in the247

medium.248

In the context of anti-CTLA4 therapy, this could result in a significant target-mediated drug disposition, with249

a significant proportion of the drug (relative to dose) bound with high affinity to its pharmacological target. This250

interaction would be reflected in the pharmacokinetic properties of the drug. We investigated the dynamic amount of251

the antibody (drug) degraded along with CTLA4 molecules. The rate of antibody degradation depends on the amount252

of CTLA4:antibody complexes in the cytoplasm (R∗c(t)) at any given time. The total amount of degraded antibodies,253

denoted by D(t), can be obtained from the CTLA4 staining model in equation (3)254

D(T ) =
∫ T

0
δcR∗c(t)dt = σi

(
T − 1− e−(kr+δc)T

kr +δc

)
. (5)

After a sufficiently long exposure to antibodies, the exponential term in D(T ) converges to zero and the amount255

of degraded antibodies becomes linear with respect to time T . According to the estimated parameters of CTLA4256

trafficking, it takes 4.5 hours to degrade an amount of antibodies equal to the total amount of CTLA4 molecules (see257

Figure 8A).258

The rate of antibody removal from the medium to the cytoplasm, in addition to the rate of internalization, also259
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depends on the flow of free CTLA4 molecules to the cell surface (Fcs), which is provided by CTLA4 synthesis and260

recycling of the cytoplasmic free CTLA4 molecules261

Fcs(t) = σi + krRc(t). (6)

Upon exposure to antibodies, the free cytoplasmic pool of CTLA4 molecules clears over time (Rc(t)→ 0) and262

reduces by 98% within 2.5 hours (see Figure 2). Consequently, the flow of free CTLA4 molecules to the cell surface263

is reduced and limited to the newly synthesized CTLA4 molecules (Fcs(t)→ σi) (see Figure 8B).264

These results suggest that the rate of antibody passage from the medium into the cytoplasm is highest at the time265

of exposure to the antibody when there are still many free CTLA4 molecules in the cytoplasm, whereas the frequency266

of antibody degradation per time (δcR∗c(t)) increases when the free CTLA4 molecules in the cytoplasm get exhausted.267

The impact of binding affinity on ligand uptake268

To investigate the uptake kinetics of physiological ligands of CTLA4, namely natural and drug ligands, we employed a269

ligand uptake model that explicitly considers CTLA4:ligand binding reactions. We relaxed the previous assumption in270

the staining model (equation (3)) that ligands are abundantly available in the extracellular environment (assumption271

A). It is assumed that modeled ligands react with surface CTLA4 with constant on-rate (kon) and off-rate (koff). The272

complexes can be internalized and degraded by the rate of CTLA4 internalization (ki) and degradation (δc), respectively.273

Free modeled ligands appear in the cytoplasm via unbinding of the cytoplasmic complexes to the reactants with the274

rate koff. We assumed that free ligands cannot bind again to free CTLA4 in the cytoplasm, before they are degraded275

by a rate equal to the rate of CTLA4 degradation. Since free ligands in the cytoplasm do not interact with other276

trafficking molecules in the model, the absolute value of their degradation rate does not impact onto extracellular277

ligand uptake. For simplicity, we assumed the same rate as for the degradation of CTLA4:ligand complexes.278

After unbinding, free CTLA4 molecules directly join other cytoplasmic free CTLA4 molecules (CTLA4 recovery),279

which subsequently can be recycled or degraded. The model is schematically depicted in Figure 9 and reads:280

Ṙp = krRc(t)− kiRp(t)+σi− konLp(t)Rp(t)+ koffR∗p(t) (7a)

Ṙc =−(kr +δc)Rc(t)+ kiRp(t)+ koffR∗c(t) (7b)

L̇p =
(
NavVγ

)−1 (−konRp(t)Lp(t)+ koffR∗p(t)
)

(7c)

Ṙ∗p = konLp(t)Rp(t)− (ki + koff)R∗p(t)+ krR∗c (7d)

Ṙ∗c = kiR∗p(t)− (kr +δc)R∗c(t)− koffR∗c(t) (7e)

L̇c = koffR∗c(t)−δcLc(t) (7f)
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where R∗p and R∗c are surface and cytoplasmic CTLA4:ligand complexes, respectively. Lp is the concentration of281

extracellular ligands, Lc is the number of free intracellular ligands. Nav is Avogadro’s number and Vγ is the volume of282

the extracellular medium per cell. We performed an in silico cell culture experiment with a cell count of 106 cells/ml.283

This gives Vγ = 10−9 Liters/cell.284

To investigate the role of ligand binding affinities in the kinetics of ligand uptake, equation (7) is solved numerically285

for ligands with different on-rates (fixed off-rates) or off-rates (fixed on-rates). The time at which half of the initial286

extracellular ligand concentration was depleted is monitored for different initial ligand concentrations (see Figure 10A-287

B). These results indicate how fast modeled ligands can be depleted from the extracellular environment via CTLA4288

trafficking.289

According to Figure 10A, the uptake of the extracellular ligands with higher on-rates (higher affinities) is faster. In290

contrast, this process is optimally fast only for an intermediate range of off-rate values (see Figure 10B). For low off-291

rates (high affinity ligands), uptake is not efficient since the recovery of CTLA4 from internalized CTLA4:ligand complex292

and their subsequent recycling is not efficient. For high off-rates (low affinity ligands), CTLA4:ligand complexes on293

the cell surface are not stable and complex internalization is limited by complex concentration, which results in an294

inefficient ligand uptake. We conclude that ligand removal from the medium is monotonic in dependence on on-rates295

but exhibits a maximum in dependence on off-rates.296

To evaluate the capacity of modeled ligands to occupy free CTLA4 molecules on the plasma membrane and in the297

cytoplasm, the maximum reduction of free CTLA4 is obtained during the process of ligand uptake (see Figure 10C-298

D). The degree of CTLA4 occupancy on the plasma membrane depends on both, extracellular ligand concentration299

and ligand binding affinity (see Figure 10C). In the cytoplasm, it only depends on the ligand binding affinity when300

sufficient extracellular ligands are provided (see Figure 10D).301

Natural ligands CD80/CD86 (dotted vertical lines in Figure 10C-D) strongly impact on CTLA4 occupancy on302

the cell surface, but have only a minor influence in the cytoplasm. This allows the cytoplasmic free CTLA4 pool to303

keep the flow of the free CTLA4 to the cell surface, and consequently the ligand uptake process close to its maximum304

value.305

Reduction of CTLA4 level by alterations in CTLA4 recycling and degradation306

Lipopolysaccharide-responsive and beige-like anchor protein (LRBA) is an intracellular protein, which colocalizes with307

CTLA4 in endosomal vesicles. Patients with LRBA mutations exhibit a significant reduction in CTLA4 expression [31].308

It has been suggested that the interaction with LRBA in the endosomes rescues CTLA4 from lysosomal degradation,309

such that LRBA deficiency results in higher degradation and lower recycling of CTLA4 [31,32]. To test this idea with310

the mathematical model, we checked the existence of new rates for recycling (kr,LRBA) and lysosomal degradation311

(δl,LRBA) that represent CTLA4 trafficking in LRBA deficient cells, such that the experimentally observed reduction in312

CTLA4 expression can be reproduced.313
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Normal and LRBA-deficient human Tregs were stimulated for 16 hours with CD3/CD28 beads, with and without314

lysosomal inhibitor Bafilomycin A (BafA), and CTLA4 expression was measured (Table 2). We considered three315

different constraints for finding kr,LRBA and δl,LRBA, namely the ratio of total CTLA4 of LRBA-deficient cells to control316

cells in the presence and absence of BafA, and fold increase of CTLA4 in LRBA-deficient cells after treatment with317

BafA.318

For given recycling rates kr,LRBA, the data-set in Table 2 determined the LRBA-specific lysosomal degradataion319

rate δl,LRBA (see Figure 11A). An increased lysosomal degradation (by ≈ 1.7-fold) can explain the two-fold reduction320

observed in the total CTLA4 level of LRBA-deficient cells. A complete block of the recycling process alone can reduce321

the total CTLA4 level by only 7% (not shown). Therefore, the total CTLA4 level is not sensitive to the recycling322

impairment (reduction in the rate). However, the recycling process directly influences the number of surface CTLA4,323

and the degree of its impairment influences the kinetics for the uptake of ligands by the cells (see Figure 11B).324

These results suggest that a decrease in recycling alone cannot account for the total CTLA4 reduction observed325

in LRBA-deficient cells, but it can affect the kinetics of ligand uptake and by that, impair the cell-extrinsic inhibitory326

function of CTLA4.327

Discussion328

In the cell-extrinsic regulatory function of CTLA4, an efficient depletion of costimulatory ligands (CD80/CD86) via329

transendocytosis relies on the trafficking features of CTLA4. In this study, an intracellular trafficking model is con-330

structed by taking into account the essential sub-processes involved in the constitutive trafficking of transmembrane331

proteins. Additional complexities are added to the model in order to capture the experimental protocols for charac-332

terizing the kinetics of CTLA4 molecules. We derived analytic solutions of the model for the different experimental333

protocols, which enabled us to estimate all CTLA4 trafficking parameters (see Table 1). The analytic solutions334

derived from the mathematical models revealed the explicit dependencies of experimental measurements on each of335

the trafficking parameters. For example, these explicit solutions verified that the distribution (equation (2)) and the336

observed kinetics of CTLA4 (equations (20), (24), (28), (36) and (37)) are independent of the absolute value for337

the rate of protein synthesis. Therefore, cells with different steady state levels of CTLA4 synthesis would still exhibit338

similar CTLA4 kinetics.339

CTLA4 molecules show an unusual distribution in the cell, with a higher fraction of total CTLA4 being stored340

in the cytoplasm in the flow equilibrium. The estimated parameters confirmed the expectation that this distribution341

results from very fast trafficking rates. The ratio of internalization to recycling rates is in the range of ≈ 14.342

A large storage of CTLA4 in the cytoplasm in combination with fast recycling provides a temporary compensation343

for surface CTLA4 loss when protein synthesis is interrupted (see surface unlabeled CTLA4 in Figure 3C and Figure344

4). The rate of CTLA4 molecules newly expressed on the cell surface depends on both the CTLA4 synthesis and the345
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amount of the recycled free CTLA4 (see equation (1) and (6)). Together with the speed of internalization (ln2/ki =346

2.4 minutes), these processes determine how rapid antibodies/ligands are removed from the extracellular medium or347

the opposing cell.348

According to the model, the flow of free CTLA4 molecules to the plasma membrane is highest at the time of exposure349

to antibodies and decreases within 2.5 hours (see Figure 8B). During this period of time, the pool of cytoplasmic free350

CTLA4 molecules is exhausted and replaced by an antibody labeled pool (see Figure 2). Consequently, the rate of351

antibody removal from the medium is decreased and limited by the binding to newly synthesized CTLA4 molecules.352

Viewed in the context of the transendocytosis model, this result suggests that efficient ligand capture may be achieved353

when CTLA4 expressing T cells remain bound to a single APC for a short duration (less than 2.5 hours). The T354

cell experiences a refractory time during which the depleted cytoplasmic free CTLA4 is restored and the internalized355

ligands are degraded. This limits the efficiency of CTLA4 expressing T cells in removing target molecules from multiple356

subsequent APCs. In a two-photon imaging study, it was shown that regulatory T cells (Treg), which constitutively357

express CTLA4 [33, 34], make transient interactions with lymph node resident dendritic cells (DC) with an average358

duration of 3.3 minutes, and up to 40 minutes with migratory activated DCs [35].359

According to model (1), these contact durations correspond to a reduction of 8%-65% of the cytoplasmic free360

CTLA4 (see equation (17a)). It takes 11.5 hours for a CTLA4 depleted cell to increase the cytoplasmic free CTLA4361

to 95% of its maximum value (data not shown). This duration decreases to approximately 10, 7 and 4.5 hours if the362

cytoplasmic CTLA4 pool is depleted by 65%, 25% and 8%, respectively. Therefore, upon a shorter exposure of CTLA4363

expressing cells to ligands, a shorter refractory time is expected. This suggests that a full depletion is not achieved364

within a single interaction but that even short interactions of a few minutes would require a refractory time of a few365

hours before a CTLA4-expressing Treg would be expected to regain full power.366

The functional limitation induced by the depletion of the cytoplasmic free CTLA4 and the required refractory time367

can be overcome if CTLA4 molecules return to the recycling pool following ligand binding (CTLA4 recovery). In368

this scenario, CTLA4 molecules bound to their target would dissociate from the target right after internalization and369

reenter the pool of free cytosolic CTLA4 available for recycling (see Figure 12). The CTLA4-target off-rate would370

control the rate of CTLA4 recovery. On the one hand, a low off-rate would limit CTLA4 recovery. On the other hand,371

a low off-rate increases the life time of each CTLA4:ligand complex on the cell surface and, by this, the probability372

of transendocytosis. Therefore, a subtle balance between ligand binding reaction and CTLA4 trafficking is needed for373

maintenance of efficient transendocytosis in a stable CTLA4+ T-APC interaction. The model predicts how the kinetics374

of ligand uptake is altered by binding affinities (Figure 10), and trafficking parameters (Figure 11).375

CTLA4 occupancy on the cell surface depends on both, concentration and affinity to the ligand (see Figure 10C).376

However, in the cytoplasm, the dependency on ligand concentration saturates above a critical concentration (Figure377

10D). This has implications for therapies that block CTLA4 with therapeutic ligands (CTLA4 antibodies): It is not378

possible to increase the efficiency of CTLA4 blockade by higher concentration of the ligand. In contrast, modulations379

13

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted February 8, 2017. ; https://doi.org/10.1101/106898doi: bioRxiv preprint 

https://doi.org/10.1101/106898


of the ligand off-rate may change the efficiency of the drug. Additionally, it has to be taken into account that ligand380

uptake is optimally fast for a range of off-rate values, and decreasing off-rate values may coincide with a facilitated381

ligand removal and shorter drug effect (compare Figures 10B and D).382

For modeled ligands with off-rates in the range of CD80/CD86 off-rates, cytoplasmic free CTLA4 is not reduced,383

irrespective of the ligand concentration (see vertical dotted-lines in Figures 10D). This suggests that the flow of384

free CTLA4 to the surface is not affected by complex formation with the natural ligand and complex internalization,385

and, consequently, ligand uptake keeps working at maximum capacity. However, the maximum capacity of keeping386

endocytosed ligands and intracellular degradation of ligands may be limited, which are not considered in our model.387

In order to observe CTLA4 molecules in experiments, anti-CTLA4 antibodies were used. These molecules distribute388

in the medium, which allows them to bind to CTLA4 at any location of the cell surface. This three-dimensional access to389

CTLA4 by free antibodies in the medium is different from membrane-bound ligands expressed by APCs. In the context390

of T-APC interactions, upon cytoskeletal polarization of T cells towards APCs, cytoplasmic CTLA4 is translocated391

to the immunological synapse, which may facilitate CTLA4 exocytosis and increase CTLA4 surface density in the392

two-dimensional interaction face [17,36]. This could result in a significantly higher binding rate of ligands and CTLA4393

than in solution. In this regard, antibodies should have much higher affinities than the natural ligands in order to394

compensate for the enhanced binding in a synapse. Furthermore, continued endocytosis of CTLA4 into clathrin-coated395

pits at the immunological synapse could result in a faster rate of internalization. However, since T-APC interactions396

are discrete events, which depend on the chemokine environment, cell density and motility, transendocytosis does not397

occur continuously. In contrast, anti-CTLA4 antibodies in the medium can be constantly removed and degraded via398

CTLA4 (Figure 12), which may balance the more efficient binding within synapses to some degree.399

The presented and experimentally validated modeling framework provides new insights into the control of immune400

responses by transendocytosis. Having established such a model, important biological questions related to immune401

regulation and autoimmune disease can be addressed. For example there are two natural ligands CD80 and CD86402

with different binding affinities for CTLA4. The impact of different binding parameters and hypothetical changes in403

CTLA4 behavior resulting from this can be further explored. Moreover, it is already evident that mutations in CTLA4404

[37] and most likely in its ligands will occur in the context of diseases. Such mutations may affect the binding affinity405

with unknown consequences. Accordingly, as we refine our model with experimental data it would become possible to406

predict the impact of such changes on immune function.407

Materials and methods408

CTLA4 internalisation assay409

Chinese Hamster (Cricetulus griseus) Ovary (CHO) cells, expressing the virally transduced (MP-71 retroviral vector410

containing) human CTLA4 (UniProtKB accession: CTLA4 HUMAN) were placed in FACS tubes [SARSTEDT] at411
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1.5×106 cell/mL density (150 µL) before being placed on ice. The cells were washed in 200 µL PBS- buffer (PBS pH412

7.4 [Life Technologies] and 2% w/v Albumine Bovine Serum (BSA) [ACROS Organics]) by spinning cells at 500 g for 5413

minutes. The surface CTLA4 was stained using Phycoerythrin (PE) fluorophore-conjugated mouse anti-human CTLA4414

antibody (PE-CTLA4) [BD Pharmingen] at 1:100 dilution for 20 minutes on ice. After removing the excess antibody415

and washing the cells with ice cold PBS- buffer, the cells were placed at 37 ◦C water bath for various duration, allowing416

CTLA4 internalisation from the CHO cell surface, before being placed on ice and fixed with 3% (v/v) paraformaldehyde417

(PFA) [Agar Scientific] for 15 minutes. The cells were washed and the surface CTLA4 was stained with the Alexa Fluor418

647 conjugated chicken anti-mouse secondary antibody [ThermoFisher Scientific] at 1:1000 dilution for 30 minutes419

on ice before being washed and run through BD LSRFortessa (5L SORP) flow cytometer using yellow-green 561nm420

(586/15 band pass filter) and red 640nm (670/14 band pass filter) lasers for PE and Alexa Fluor 647 fluorophores,421

respectively. The data were recorded using BD FACSDiva Software (Version 6.2) and the emission spectra compensated422

mean fluorescence intensity (MFI) of each fluorophore was obtained using FlowJo 10.0.8r1 software.423

CTLA4 molecular counting424

Quantum Simply Cellular anti-Mouse IgG kit [Bangs Laboratories, Inc.] were used according to the manufacturer’s425

instructions in order to quantify the number of virally transduced human CTLA4 expressed in CHO cells. Briefly, beads426

1-4, which are of known size and antibody binding capacity, were stained with varying amounts of PE-CTLA4 for 30427

minutes on ice. The beads were washed in media (DMEM [Life Technologies], 10% FBS [Labtech], 2 mM L-Glutamine428

[Life Technologies], 1x Penicillin-Streptomycin [Life Technologies]) by spinning at 1060 g for 5 minutes before their429

median fluorescence intensity (MFI) were obtained using BD LSRFortessa flow cytometer using the yellow-green 561nm430

(586/15 band pass filter) laser at a set voltage. Bead saturation levels with PE-CTLA4 antibody were assessed using431

the FlowJo 10.0.8r1 software and the best MFI for each bead was plotted in order to establish a calibration curve. In432

parallel to the above, various number of CHO cells expressing human CTLA4 were fixed with 3% (v/v) PFA [Agar433

Scientific] for 15 minutes on ice before being washed in media and permeabilised with 0.1% (v/v) saponin in media.434

The cells were then stained in an identical manner to the beads and ran through BD LSRFortessa flow cytometer using435

identical settings and voltages as the beads. The obtained CHO cell MFIs were then compared against the calibration436

curve in order to obtain the number of CTLA4 molecules per CHO cell.437

CTLA4 staining model438

A typical staining protocol of a protein with natural trafficking could be represented by a nonlinear model schematically439

illustrated in Figure 13. In this model, it is assumed that free CTLA4 molecules are synthesized by a constant rate440

σi and directly exocytosed to the plasma membrane (Rp(t)). The free surface CTLA4 molecules can bind to labeling441

antibodies (Lp(t)) and form CTLA4:antibody complex (R∗p(t)) which can be detected by flow cytometry or confocal442

microscopy. The extracellular staining reaction (Rp +Lp � R∗p) occurs with a constant binding rate kL and unbinding443
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rate k̂L. Free and labeled CTLA4 molecules on the plasma membrane (Rp(t) and R∗p(t), respectively) are internalized444

with constant rates ki and k∗i , respectively. Once the labeled CTLA4 molecules are in the cytoplasm (R∗c(t)), free445

labeling antibodies (Lc(t)) appear in the cytoplasm via unbinding of the complex to the reactants, which can further446

bind to free cytoplasmic CTLA4 molecules Rc(t) (R∗c �Rc+Lc). The cytoplasmic free and labeled CTLA4 molecules are447

recycled to the plasma membrane with constant rates kr and k∗r , respectively. Note that in this model, internalization448

is assumed to be the only pathway by which labeling antibodies could enter the cell cytoplasm from the extracellular449

environment. Given these assumptions, the CTLA4 staining model can be described by the following set of ODEs450

L̇p(t) = kLRp(t)Lp(t)− k̂LR∗p(t) (8a)

Ṙc(t) =−(δc + kr + kLLc(t))Rc(t)+ kiRp(t)+ k̂LR∗c(t) (8b)

Ṙp(t) = krRc(t)− (kLLp(t)+ ki)Rp(t)+ k̂LR∗p(t)+σi (8c)

Ṙ∗p(t) = kLLp(t)Rp(t)−
(

k̂L + k∗i
)

R∗p(t)+ k∗r R∗c(t) (8d)

Ṙ∗c(t) = kLLc(t)Rc(t)+ k∗i R∗p(t)−
(

k̂L + k∗r +δ
∗
c

)
R∗c(t) (8e)

L̇c(t) =−kLLc(t)Rc(t)+ k̂LR∗c(t)−δLLc(t) (8f)

The nonlinearity of this model arises from the forward reaction of extracellular and intracellular CTLA4 labeling.451

Reduction of the CTLA4 staining model452

We use the following assumptions to reduce the staining model (8): (A) Lp is constant and sufficiently large, (B) kL is453

sufficiently larger than other reaction rates, (C) k̂L is smaller than the other rates and is approximated to zero for the454

duration of the experiment, and (D) δ ∗c = δc, k∗r = kr and k∗i = ki. Assumptions (A) and (B) imply that the labeling455

of the surface CTLA4 molecules (Rp(t)) is at quasi steady state. By setting Ṙp(t) = 0 in equation (8c), we have456

Rp =
krRc(t)+ k̂LR∗p(t)+σi

kLLp + ki
(9)

Since the cytoplasmic staining antibody Lc(t) appears during the unbinding process of internalized labeled CTLA4457

(R∗c(t)), its value at the starting time of the labeling process (Lc,0) is zero. Then, by employing assumption (C), we458

evaluate equation (8f) with k̂L = 0,459

L̇c(t) =−(kLRc(t)+δL)Lc(t). (10)
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Therefore, Lc(t) remains at its equilibrium point, i.e.460

Lc(t) = Lc,0 = 0. (11)

Next, we substitute (9) and (11) in (8b),461

Ṙc(t) =− (δc + kr)Rc(t)+
kikr

kLLp + ki
Rc(t)

+
kik̂L

kLLp + ki
R∗p(t)+

σiki

kLLp + ki
. (12)

According to assumptions (A) and (B), we extract kLLp� kikr, kLLp� kik̂L and kLLp� σiki. Therefore, the ratios in462

equation (12) can be approximated to zero, and equation (12) can be simplified to463

Ṙc(t) =−(δc + kr)Rc(t). (13)

Next, we evaluate equation (8d) according to equations (9) and (11) and assumptions (C) and (D),464

Ṙ∗p(t) =
kLLp

kLLp + ki
(krRc(t)+σi)− kiR∗p(t)+ krR∗c(t). (14)

From assumptions (A) and (B), we extract kLLp � ki. Therefore, kLLp/(kLLp + ki) ≈ 1, and equation (14) can be465

simplified to466

Ṙ∗p(t) = krRc(t)+σi− kiR∗p(t)+ krR∗c(t). (15)

Finally, we evaluate (8e) according to (9), (11) and assumptions (C) and (D), and obtain467

Ṙ∗c(t) = kiR∗p(t)− (kr +δc)R∗c(t). (16)

The reduced model is given in equation (3), and is shown schematically in Figure 1.468
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With initial conditions Rc,0 = Rc,ss, R∗p,0 = Rp,ss (see equation (2)) and R∗c,0 = 0, the solution of the model (3) is469

Rc(t) =
σi

δc
e−(kr+δc)t , (17a)

R∗p(t) = R∗p,0 =
σi(kr +δc)

kiδc
, (17b)

R∗c(t) =
σi

δc

(
1− e−(kr+δc)t

)
=

σi

δc
−Rc(t). (17c)

470

CTLA4 internalization model471

The theoretical amount of initially labeled CTLA4 molecules on the cell surface (R∗p,0) is the same as equation (2), i.e.472

R∗p,0 = Rp,ss. After washing, the kinetics of labeled CTLA4 molecules on the plasma membrane follows equation (4).473

From the ODEs in (3c) and (4), the number of labeled CTLA4 molecules can be obtained as474

R∗p(t) =−
ki +λ2

λ1−λ2
R∗p,0eλ1t +

ki +λ1

λ1−λ2
R∗p,0eλ2t , (18a)

R∗c(t) =
ki

λ1−λ2
R∗p,0eλ1t − ki

λ1−λ2
R∗p,0eλ2t , (18b)

where λ1,2 belongs to the set of eigenvalues of the CTLA4 staining model (3),475

λ1,2 =
1
2

(
−(ki + kr +δc)∓

√
(ki + kr +δc)2−4kiδc

)
. (19)

For biologically relevant parameters (with positive values), λ1,2 are negative.476

For the purpose of parameters estimation, the fraction Yint of initially labeled CTLA4 molecules that remained on477

or recycled to the cell surface is of interest (see Figure 3A), which is equivalent to478

Yint(t) = Sint
R∗p(t)
R∗p,0

(20)

where Sint is an unknown scaling factor that allows estimation of the initial data point, and is fitted during parameters479

estimation.480
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Block of CTLA4 synthesis model481

Consider the model (1) with imposing σi = 0 during the presence of CHX. At the moment of adding CHX (t = 0),482

the amount of CTLA4 molecules (Rp,0 and Rc,0) is equal to the steady states of the model (1), given in equation (2).483

With these initial conditions, the CTLA4 levels in the presence of CHX vary according to the following functions484

Rp(t) =C1eλ1t +C2eλ2t , (21a)

Rc(t) =C1
ki +λ1

kr
eλ1t +C2

ki +λ2

kr
eλ2t , (21b)

where485

C1 =
σi[λ1λ2 +(kr +δc)λ2]

λ1λ2(λ2−λ1)
, (22)

C2 =−
σi[λ1λ2 +(kr +δc)λ1]

λ1λ2(λ2−λ1)
(23)

are the constant coefficients and λ1,2 are given in equation (19).486

The theoretical value that corresponds to the experimental measurement is487

YCHX(t) =
Rp(t)+Rc(t)

Rp,0 +Rc,0
. (24)

Note that in equation (24), the rate of protein synthesis (σi) does not appear.488

Block of lysosomal degradation489

From the solution of the CTLA4 staining model (3) given in equation (17), we obtain the amount of labeled CTLA4490

molecules after 60 minutes on the plasma membrane (R∗p,60) and in the cytoplasm (R∗c,60). Note that in this stage of491

the experiment, we have δc = δl + δn. After washing cells, labeled CTLA4 molecules change over time according to492

equations (3c) and (4) with the following solutions493

R∗p(t) =C1eλ1t +C2eλ2t , (25a)

R∗c(t) =C1
ki +λ1

kr
eλ1t +C2

ki +λ2

kr
eλ2t , (25b)

where494
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C1 =−R∗c,60
kr

λ2−λ1
+R∗p,60

ki +λ2

λ2−λ1
, (26)

C2 = R∗c,60
kr

λ2−λ1
−R∗p,60

ki +λ1

λ2−λ1
, (27)

are the constant coefficients and the values for λ1,2 have the same form as in equation (19), but with different rates of495

cytoplasmic degradation (δc) reflecting the different experimental condition; in the presence of NH4Cl in the medium,496

we have δc = δn whereas in the control experiment δc = δl +δn holds.497

Experimentally measured MFI values for the lysosomal-block experiment (YNH4Cl(t)) and the control experiment498

(YCTR(t)) are correlated with the subcellular labeled CTLA4 molecules499

YNH4Cl(t) = SNH4Cl
R∗p(t)+R∗c(t)
R∗p,60 +R∗c,60

, (28a)

YCTR(t) = SCTR
R∗p(t)+R∗c(t)
R∗p,60 +R∗c,60

. (28b)

Note that in these observers, the rate of lysosomal degradation is different.500

CTLA4 recycling model501

Following the recycling experiment, the corresponding model is constructed in two steps. This model is illustrated502

schematically in Figure 14A-B. During the first step of staining with green primary antibodies, a subset of CTLA4503

molecules was labeled at the cell surface and subsequently internalized. The labeled CTLA4 on the plasma membrane504

and in cytoplasm are represented by Rg
p(t) and Rg

c(t), respectively. From the staining model (3) and steady state505

solutions in equations (17b) and (17c), we obtain the amount of green labeled CTLA4 molecules (Rg
p,60).506

Then in experiment, green-labeled CTLA4 molecules on the cell surface (RgB
p ) are blocked on ice, which imposes507

an initial value of RgB
p,0 = Rg

p,60 equal to the amount of surface green labeled CTLA4 molecules after the first staining508

step. The cytoplasmic blocked pool RgB
c changes from its initial value RgB

c,0 = 0 only after raising the temprature to509

37 ◦C.510

Next, after washing and raising the temperature, the amounts of red-green labeled CTLA4 molecules on the plasma511

membrane (Rgr
p ) and in the cytoplasm (Rgr

c ) change from their initial values Rgr
p,0 = Rgr

c,0 = 0. During this second staining512
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step, the amount of different CTLA4 pools relies on the following dynamical model513

ṘgB
p (t) =−kiRgB

p (t)+ krRgB
c (t), (29a)

ṘgB
c (t) = kiRgB

p (t)− (kr +δc)RgB
c (t), (29b)

Ṙg
c(t) =−(kr +δc)Rg

c(t), (29c)

Ṙgr
p (t) = krRg

c(t)− kiRgr
p (t)+ krRgr

c (t), (29d)

Ṙgr
c (t) = kiRgr

p (t)− (kr +δc)Rgr
c (t). (29e)

514

The dynamics of unlabeled CTLA4 molecules is the same as in model (1). The submodel consisting of equations515

(29a) and (29b) is equivalent to the internalization experiment, and the submodel consisting of equations (29c-e) is516

equivalent to the homogeneous version of the staining model (3). The solution of model (29) with the given initial517

conditions is the following518

RgB
p (t) = RgB

p,0

(
− ki +λ2

λ1−λ2
eλ1t +

ki +λ1

λ1−λ2
eλ2t
)
, (30a)

RgB
c (t) = RgB

p,0

(
ki

λ1−λ2
eλ1t − ki

λ1−λ2
eλ2t
)
, (30b)

Rg
c(t) = Rg

c,60eλ3t , (30c)

Rgr
p (t) = Rg

c,60

(
kr

λ1−λ2
eλ1t − kr

λ1−λ2
eλ2t
)
, (30d)

Rgr
c (t) =−Rg

c(t)+Rg
c,60

(
ki +λ1

λ1−λ2
eλ1t − ki +λ2

λ1−λ2
eλ2t
)
, (30e)

where λ1,2,3 are are the eigenvalues of staining model (3). The values for λ1,2 are given in equation (19) and519

λ3 =−(kr +δc).520

All the green- and red-labeled CTLA4 molecules were quantified by confocal microscopy. Note that by confocal521

microscopy, only a focus plane is visible, and only a fraction of CTLA4 molecules is observable. Therefore, this fraction522

has to be considered in the theoretical values. In general, by considering a visible area Avis and a visible volume Vvis of a523

spherical cell with area A and volume V , the following fractions of labeled CTLA4 molecules on the plasma membrane524

(R∗p(t)) and in the cytoplasm (R∗c(t)) can be observed:525
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R∗p,vis(t) =
Avis

A
R∗p(t) =

zs

2R
R∗p(t), (31)

R∗c,vis(t) =
Vvis

V
R∗c(t) =

zs(6R2
s + z2

s )

8R3 R∗c(t) (32)

where R is the radius of the spherical cell, zs is the thickness of the cell slice that is visible by the confocal microscopy526

and Rs =
√

R2− z2
s/4 is the radius of top focal plane (see Figure 14C). Theoretical numbers of green- and red-labeled527

CTLA4 molecules that are visible by confocal microscopy, denoted by G(t) and R(t) respectively, are528

G(t) =
Vvis

V

[
RgB

c (t)+Rg
c(t)+Rgr

c (t)
]

+
Avis

A

[
RgB

p (t)+Rgr
p (t)

]
, (33)

R(t) =
Vvis

V
Rgr

c (t)+
Avis

A
Rgr

p (t). (34)

These theoretical values are assumed to be proportional to the measured MFI values. For parameter estimation, the529

same type of normalization as applied to the experimental data has to be considered for the theoretical values. These530

normalizations are531

Ḡ(t) =
G(t)

G(t = 0)
, (35)

Yrc,R(t) = R̄(t) =
R(t)

max(R(t))
. (36)

Note that in (35), the theoretical and experimental values for t = 0 are equal to 1. Therefore, normalization imposes532

a zero estimation error for the initial data point of the green-labeled pool. To avoid this, we impose a scaling factor Src533

which allows an estimation of the initial data point. Furthermore, nonzero value of red fluorescent intensity in Figure534

6A at t = 0 indicates a delay between the starting time of the recycling process and the measurement. Therefore, we535

define a shifting time (∆trc) in the model. With these considerations, the theoretical value for the green fluorescent536

measurement to be used for parameter estimation reads537

Yrc,G(t) = Ḡ(t) = Src
G(t)

G(∆trc)
. (37)

Since we considered the time shift in the experimental values and the red fluorescent measurements are normalized538

to the maximum value but not to the initial data point, the theoretical value (35) does not need any modification and539
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is suitable for parameter estimation. Note that in equations (36) and (37), the rate of protein synthesis (σi) does not540

appear. The fitting result is shown in Figure 6A.541

Parameter estimation542

The ligand-independent CTLA4 trafficking model in its simplest form in equation (1) has 5 unknown parameters.543

There are 5 additional parameters that are concerned with the types of experimental protocols, and aimed to handle544

uncertainties. The list of parameters and associated dimensions are given in Table 1. In order to find an optimal545

parameters set that fits the modeling results to the experimental observations, the following cost (objective) function546

E(θ) is minimized547

E(θ) =
1
m

m

∑
k=1

 1
dk

dk

∑
l=1

(
Ŷkl−Yk(θ , tl)

Ŷk,max

)2
 , (38)

where Ŷkl is the observed value from k-th experiment at time t = tl and Yk(θ , tl) is corresponding theoretical value548

(observer) obtained from the model with parameter set θ . dk is the number of data points in k-th experiment, Ŷk,max549

is the maximum observed experimental value in k-th experiment, and m is the number of independent experiments.550

We used a differential evolution algorithm to minimize the cost function in equation (38). The estimated parameter551

values are given in Table 1.552
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Figure 1: Ligand-independent model of CTLA4 trafficking. (A) Natural trafficking of CTLA4 molecules. (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 Materials and Methods and shown in figure 13.
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Figure 2: CTLA4 staining simulation. Equation (3) was solved analytically and the solution, given in equation (17), was plotted.
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Figure 3: 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 1). (B) The kinetics of all

different CTLA4 pools in the model. Unlabeled CTLA4 follows equation (1). 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 72% of its steady state value in normal

cells.
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Figure 4: Block of CTLA4 synthesis. (A) In silico versus in vitro. A single experimental data point was used in the parameter

estimation process in order to fit the theoretical value in equation (24) to the measurement. Each curve is normalized to its own

initial value. 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 equation (1). In the absence of cytoplasmic CTLA4 or of the recycling process,

the surface CTLA4 clears quickly. When the recycling process is blocked, clearing of the surface CTLA4 is affected only by

internalization process with the half-life of 2.38 minutes.
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Figure 5: Block of lysosomal-degradation. (A) In silico versus in vitro results in two different conditions. Experimental data

points are scaled with factors 1/SNH4Cl and 1/SCTR for blocked lysosomal degradation and control experiments, respectively (see

Table 1). (B) In silico prediction of different CTLA4 pools for blocked lysosomal degradation and (C) normal condition.
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Figure 6: Simulation of the recycling experiment. (A) In vitro and in silico amount of green- and red-labeled CTLA4 molecules.

(B) Model prediction of different CTLA4 pools during the staining procedures. The vertical line at t=60 minutes indicates

the block of green-labeled CTLA4 and the starting time of the second staining step. (C) In silico recycling experiment with

additional block of CTLA4 degradation (δc = 0) in the second staining step. The clearance of cytoplasmic green-labeled (not

blocked) CTLA4 (dash-dotted green curve) in the second staining step is only affected by the recycling process with a half-life

of ≈32 minutes.
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Increasing synthesis

Figure 7: CTLA4 subcellular distribution changes transiently upon variation in 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 are obtained. After a transient change, the fraction converges to its original value after longer

times.
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Figure 8: Antibody degradation and free CTLA4 flow. (A) The amount of degraded antibodies is obtained from equation (5).

This amount is normalized to the steady state number of CTLA4 molecules (Rp,ss +Rc,ss) given in equation (2). Therefore,

it is independent of the value for the rate of CTLA4 synthesis. (B) The flow of free CTLA4 molecules to the cell surface is

obtained from equation (6). This flow converges to the rate of CTLA4 synthesis by clearing the pool of cytoplasmic free CTLA4

molecules. The analytic value of Rc(t) is given in equation (17a).
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Figure 9: Schematic of binding reaction and trafficking of CTLA4 and modeled ligand with limited extracellular concentration.
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Figure 10: Extracellular ligand uptake and CTLA4 occupancy. The kinetics of ligand uptake is obtained numerically from
model (7) for ligands with different binding affinities. Affinities are varied by changing either on-rate (kon), or off-rate (koff)
of CTLA4-ligand reaction. Duration of uptaking half ligand concentration versus (A) on-rate (kon) or (B) off-rate (koff) are
obtained for various initial extracellular ligand concentration. (C,D) The maximum reduction of free CTLA4 (or the degree
of CTLA4 occupancy) resulted from binding to ligand is obtained for different off-rates. This reduction is shown for (C) free
CTLA4 pool on the plasma membrane and (D) in the cytoplasm.
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Figure 11: Alterations in recycling and degradation processes. (A) The rate of recycling (kr,LRBA) is fixed to different values,

and the rate of lysosomal degradation (δl,LRBA) is estimated such that the data constraints of LRBA-deficient and control cells

in table 2 are satisfied. Fold change in the number of CTLA4 molecules (LRBA to control) is shown for total, cytoplasmic and

surface CTLA4 molecules (left y-axis). Fold change in the rate of lysosomal degradation (LRBA to control) is shown (right

y-axis). (B) The kinetics of ligand uptake for a modeled ligand is simulated for different recycling and lysosomal degradation

rates given in panel (A)-dotted line, representing the rates associated with LRBA-deficient cells. The results are obtained

numerically from model (7) for an in silico cell culture experiment with a cell count of 106 cells/ml, and with initial extracellular

ligand concentration of Lp,0 = 100 nM.
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Figure 12: Free versus membrane-bound binding to CTLA4. Binding of anti-CTLA4 antibodies in the medium can continually

occur because of three-dimensional access to surface free CTLA4 molecules. In contrast, binding of free CTLA4 and the

membrane-bound ligands are restricted to the interaction of T cells and APCs. Despite this restriction, upon formation of

the immunological synapse and cytoskeletal polarization of T cells toward APCs, a more efficient binding reaction in the two-

dimensional T-APC interaction surface would occur. Due to the directed exocytosis of newly synthesized CTLA4 molecules

towards the immunological synapse, and very tight and unique structure of the interaction surface, free anti-CTLA4 molecules

may not access to this area. However, the effect of such a restriction, if true, would highly depend on the duration of T-APC

interaction. A higher off-rate of natural ligands compared to anti-CTLA4 antibodies may allow the recovery of CTLA4 molecules,

which bring their target molecules in the cytoplasm. In such event, recycling of costimulatory ligands in the recipient cell would

not occur.
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Figure 13: CTLA4 staining model.
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Figure 14: 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 amount 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.
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Tables

Table 1: Ligand-independent CTLA4 trafficking parameters

Parameter Description Dimension Estimated value
σi Rate of CTLA4 synthesis # min−1 12830
ki Rate of CTLA4 internalization min−1 0.291
kr Rate of CTLA4 recycling min−1 0.021
δn Rate of non-lysosomal degradation min−1 0.0002
δl Rate of lysosomal degradation min−1 0.0044
δc Rate of cytoplasmic degradation min−1 δl +δn
Sint Scaling factor in internalization model; eq. (20) - 0.933
Src Scaling factor in recycling model; eq. (37) - 0.996

SNH4Cl Scaling factor in degradation model (+NH4Cl); eq. (28a) - 0.964
SCTR Scaling factor in degradation model (-NH4Cl); eq. (28b) - 1.009
∆trc Shifting time in recycling data; eq. (37) min 5.75
R Radius of CHO cell µm 7; fixed
zs Stack size of confocal microscope µm 1; fixed

Table 2: Measurements of total CTLA4 molecules (MFI) in human Tregs

Condition Control LRBA-deficient
Stimulation 30000 15000
Stimulation + BafA (16h) 60000 45000
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