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Computational Model for Effects of Ligand/Receptor Binding
Properties on Interleukin-2 Trafficking Dynamics and T Cell

Proliferation Response
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Multisubunit cytokine receptors such as the heterotrimeric receptor for interleukin-2
(IL-2) are ubiquitous in hematopoeitic cell types of importance in biotechnology and
are crucial regulators of cell proliferation and differentiation behavior. Dynamics of
cytokine/receptor endocytic trafficking can significantly impact cell responses through
effects of receptor down-regulation and ligand depletion, and in turn are governed by
ligand/receptor binding properties. We describe here a computational model for
trafficking dynamics of the IL-2 receptor (IL-2R) system, which is able to predict T
cell proliferation responses to IL-2. This model comprises kinetic equations describing
binding, internalization, and postendocytic sorting of IL-2 and IL-2R, including an
experimentally derived dependence of cell proliferation rate on these properties.
Computational results from this model predict that IL-2 depletion can be reduced by
decreasing its binding affinity for the IL-2R Sy subunit relative to the o subunit at
endosomal pH, as a result of enhanced ligand sorting to recycling vis-a-vis degradation,
and that an IL-2 analogue with such altered binding properties should exhibit increased
potency for stimulating the T cell proliferation response. These results are in agreement
with our recent experimental findings for the IL-2 analogue termed 2D1 [Fallon, E.
M. et al. J. Biol. Chem. 2000, 275, 6790—6797]. Thus, this type of model may enable
prediction of beneficial cytokine/receptor binding properties to aid development of
molecular design criteria for improvements in applications such as in vivo cytokine
therapies and in vitro hematopoietic cell bioreactors.

Introduction

A complex network of molecular and cellular events
underlies the diverse responses of the mammalian im-
mune system. Cytokines play an essential role in this
system by tightly regulating communication among cells
and have thus been explored as a means of therapeutic
intervention (1). These proteins exhibit their functionality
by binding to specific cell-surface receptors with very high
affinity (2). Therefore, optimum response requires deliv-
ery of cytokines to target cells at very low concentrations
(ca. 107%—107"*2 M). These low levels are difficult to
sustain because of rapid clearance via physiological
mechanisms in the kidney, liver, and/or lung. In addition,
negative feedback is often provided via specific endocy-
tosis of ligand upon binding to its cognate receptor (3).
This down-regulatory mechanism can be a significant
cause of systemic cytokine depletion, as has been dem-
onstrated with GCSF (4). This creates the need to deliver
dangerously high doses in order to maintain reasonable
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in vivo cytokine concentrations (5, 6). These doses often
produce toxic, sometimes lethal, side effects (7, 8).

Interleukin-2 (IL-2) was one of the earliest isolated
cytokines, and its function is crucial in governing the
expansion and differentiation of several hematopoietic
cell types (9, 10). It was originally termed T cell growth
factor (TCGF) on the basis of its critical role as a
proliferative signal for CD4" T-lymphocytes and has been
involved in numerous clinical studies in the treatment
of AIDS (11-15). IL-2 has also been utilized as an
adjuvant for cancer therapy on the basis of its stimulation
of CD8" or cytotoxic T cells (16—19). Unfortunately,
systemic toxicity has been a major setback in broadening
FDA approval of IL-2. The pleiotropic effects of IL-2 on
multiple hematopoeitic cell types can create undesired
stimulation of cell types other than T cells, since various
cells express different isoforms of I1L-2 receptor subunits.
Cell receptor-level pharmacodynamic issues may, there-
fore, be important for understanding the effects of IL-2
in vivo and in expanding its therapeutic applicability (20,
21). In addition, cell-level pharmacokinetic analysis
requires consideration of receptor-mediated endocytic
degradation of cytokine molecules that, over time, can
lead to depletion of ligand from the extracellular medium
(22).

The IL-2 receptor on activated T-lymphocytes consists
of a, 8, and y subunits, the latter two of which are shared
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among several other interleukins (23, 24). The a subunit
is exclusive to IL-2, and its expression levels are 10- to
100-fold greater than those of 3 or y on antigen-activated
T cells (9). The o subunit enhances the affinity of the
IL-2R complex for soluble IL-2 (25—27) and is signaling-
deficient, as it possesses only 13 residues in its cytoplas-
mic domain (28). The 3 and y subunits have both been
implicated in specific intracellular signaling pathways
that are activated upon IL-2 binding (29, 30). The
heterotrimeric IL-2 receptor binds its ligand with high
affinity (Kp = 10 pM) and then undergoes rapid inter-
nalization and specific degradation of both IL-2 and the
f and y subunits (31—33). The § and y subunits undergo
specific lysosomal degradation along with bound IL-2,
while the o subunit is constitutively recycled following
postendocytic sorting (34). Therefore, receptor/ligand
trafficking dynamics should influence the potency of IL-2
to at least as significant a degree as receptor binding
affinity, as has been illustrated in the EGF ligand—
receptor system (35, 36).

The effects of postendocytic trafficking dynamics on
potency can be counterintuitive with respect to the
binding affinity of ligand—receptor interactions. For
example, an EGF mutant was shown to be a more potent
mitogen than wild-type EGF despite possessing a 50-fold
lower binding affinity to the EGF receptor (36). This
result stemmed from a decreased internalization rate and
increased recycling rate for both ligand and receptor,
opposing the signal-attenuating effects of ligand depletion
and receptor downregulation. An IL-2 variant with
increased affinity for the o chain but reduced affinity for
the gy-complex demonstrated greater potency based on
similar effects in a different system (37). This result is
also counterintuitive because the mutation increased the
ligand’s affinity for the subunit not directly involved in
signal transduction while decreasing the affinity for the
chains that generate a mitogenic signal.

A quantitative relationship between IL-2/IL-2R binding
and T cell proliferation was initially proposed by Robb
(38). Smith and co-workers later showed that only three
elements were crucial for cell cycle progression in T
cells: IL-2 concentration, IL-2R density, and the duration
of the ligand/receptor interaction (39—41). This suggested
that the dynamics of the IL-2/IL-2R interaction were
crucial determinants of cellular function, and numerous
studies have been undertaken to elucidate the nature of
binding, internalization, and trafficking in this system
(3133, 42—47). Detailed mathematical models describ-
ing alternative mechanisms of IL-2 binding and endocy-
tosis have been proposed, as have separate models for
cytokine-induced T cell proliferation (48—52). Much of the
experimental and computational work to date, however,
has considered IL-2 trafficking independent from quan-
titative growth studies.

Our goal is to develop a quantitative framework for
relating molecular-level binding and trafficking events
to cell-level function as part of an integrated dynamic
system. This approach has yielded insight into the events
underlying mitogenic responses of fibroblasts to the EGF
family of ligands, thus aiding in the molecular manipula-
tion of cellular responses (35, 36, 53—55). We extend
similar analyses to the more therapeutically relevant IL-2
system and include the added level of complexity associ-
ated with its multisubunit receptor. The model follows
from experimental work wherein detailed binding, traf-
ficking, and mitogenesis studies were performed within
a single cell system. This work demonstrated that a
double mutant of IL-2, Leul8Met/Leul9Ser (termed
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Figure 1. Model schematic. This model follows the path of an
extracellular ligand, beginning with the kinetics of binding to
the IL-2 receptor (ks and k¢) and receptor-mediated internaliza-
tion (k) into sorting endosomes (volume Ve). The off-rate (Kre)
increases at this point as a result of the pH sensitivity of
binding, and the on-rate (ks) is recalculated using the Kp for
binding to the relevant IL-2RSy complex. Receptor-associated
ligand is routed to lysosomal degradation (kn), while free ligand
or that bound to IL-2Ra is recycled (ky). Steady-state receptor
levels in the absence of ligand are described by constitutive
internalization (k¢) and biosynthesis (Vs) rates. Ligand—receptor
complexes stimulate new receptor synthesis (ksyn) and cell
proliferation () during their lifetime on the cell surface.

LYSOSOME

2D1), displayed reduced endocytic degradation when
compared to wild-type IL-2 (WT) and that this effect was
due to enhanced ligand recycling. The continuous flow
of ligands through intracellular sorting pathways thus
led to greater sustenance of 2D1 concentrations in cell
culture and increased T-lymphocyte proliferation (37).
The objective of our modeling work is not to mimic these
experimental results in specific detail but rather to
elucidate insights concerning key molecular properties
that should be considered in a ligand-based protein
engineering approach to altering cell function. The
insights derived from this model can aid in interpreting
our experimental ligand/receptor trafficking and cell
proliferation results, while highlighting receptor/ligand-
binding parameters that may play a major role in
governing ligand potency for applications of hematopoi-
etic cells in biotechnology.

Methods

Computational Model. Our ligand trafficking model
describes the fate of an IL-2 ligand upon binding,
internalization, and postendocytic sorting via the het-
erotrimeric IL-2 receptor (Figure 1). A central goal of the
model is to dynamically integrate IL-2-mediated molec-
ular and cellular events that occur on multiple time
scales. These include ligand—receptor binding events that
transpire on the scale of seconds/minutes, endocytosis
and sorting that develops over minutes/hours, and the
proliferative response of cells to cell-surface IL-2/IL-2R
complexes that manifests over hours/days in the presence
of extracellular ligand (39). The model therefore il-
lustrates the balance between cell receptor-mediated
degradation of extracellular IL-2 and the cell's mitogenic
response to intact ligand in the surrounding medium.

In a largely comprehensive form, the model could
include individual kinetic rate processes for each of the
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receptor subunits (o, 3, and y) as well as all possible
combinations of these and corresponding ligand-bound
species. However, since only a small portion of these
processes has been quantitatively characterized, this
approach would introduce an unacceptable number of
unknown model parameters. Therefore, we will simplify
the model to the essential features for our objectives. As
will be discussed below, IL-2 trafficking dynamics are
essentially governed by the degree of binding to the oSy
receptor complex at the cell surface and by the degrees
of binding to the a subunit and the gy complex in the
endosomal compartment. At the cell surface, endocytic
internalization of IL-2 predominantly occurs via oc-
cupancy of the full heterotrimeric receptor complex. In
the endosomal compartment, sorting of the ligand to
recycling and lysosomal degradation are governed by
occupancy of the a subunit and the gy complex, respec-
tively. Accordingly, we can satisfactorily account for IL-2
trafficking dynamics by considering the receptor to
simply be the a8y complex at the cell surface and the Sy
complex in the endosomal compartment. Since the a
subunit is found to sort differently from the Sy complex
in the endosome, it must become uncoupled there (34);
this could arise from a pH sensitivity of the receptor
subunit coupling affinities. Thus, endosomal routing of
IL-2 to lysosomal degradation will be proportional to the
amount remaining bound to the Sy receptor complex
while routing to recycling will be proportional to the
amount dissociating from that complex with the «
subunit.

The dynamic model simulates the fate of ligands and
receptors upon introduction of a bolus concentration of
ligand into the extracellular medium at time zero. In the
absence of ligand, the number of cell-surface and internal
receptors represents a balance between constitutive
internalization (ki) and new receptor synthesis (Vs) (56).
The presence of ligand causes both specific endocytosis
of ligand—receptor complexes (k) and up-regulation of
receptor synthesis via intracellular signaling cascades
(Ksyn). Both of these processes have been observed and
quantified in IL-2/T cell systems (57, 58). The binding of
IL-2 to the high-affinity (ay) receptor complex has been
well characterized, and resultant association (kf) and
dissociation (k;) rate constants are indicated in Figure 1
(59, 60).

We take advantage of the experimentally established
common sorting behavior of the g and y subunits by
designating receptors (R) as the IL-2Rj3y complex through-
out the model. This assumption does not confound the
analysis of ligand (L) binding with cell-surface receptors
to form ligand/receptor complexes (C), despite the fact
that IL-2Ra is expressed in excess of the 5 and y chains.
The a, 8, and y chains have been shown to co-localize
even in the absence of IL-2 on the KIT-225 human T cell
line (61), consistent with a model in which subunit dimers
or even trimers may be preformed to a significant extent
(62). Although IL-2Ra can bind IL-2 with a Kp ~ 10 nM,
at the ligand concentrations considered (<200 pM) the
vast majority of these receptors are unbound. In addition,
IL-2Ra is internalized only as part of high-affinity (a8y)
receptors in the presence of IL-2 and cannot internalize
IL-2 by itself (34, 63, 64). Thus, our model designation
of the receptor variable, R, as the IL-2Rj3y complex is
clearly a simplifying assumption, but one that captures
the essential features of ligand trafficking in this system—
high affinity binding at the cell surface, and in the
endosome sorting to recycling when dissociated and
sorting to degradation when remaining bound.
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Nonspecific or fluid-phase uptake of ligand is neglected,
as this effect is typically apparent only at ligand concen-
trations greater than 10 nM (65). Thus, internalization
of IL-2 occurs solely via receptor-mediated endocytosis
(66, 67). Although this process is saturable at high ligand
concentrations, the low density of high affinity IL-2
receptors on T cells makes saturation an unlikely phe-
nomenon (68, 69), consistent with experimental studies
(37). As noted above, experimental evidence indicates
that the components of the IL-2/IL-2R complex undergo
differential sorting wherein IL-2Ra is recycled to the cell
surface while IL-2, IL-2Rf, and IL-2Ry all remain as-
sociated en route to lysosomes (34). Specific regions have
recently been identified in the cytoplasmic tails of both
the IL-2Rf and y chains that mediate specific sorting of
these subunits to degradation (31—33). No such signals
exist in the short 13-residue intracellular tail of IL-2Ra,
allowing it to follow the default-recycling pathway upon
dissociation from the IL-2/IL-2R complex (28). These
results implicate potential accessory proteins that may
be involved in endosomal retention and subsequent
lysosomal sorting of ligand-bound IL-2RSy complexes, as
has been postulated in the EGF system (70, 71). Although
this EGF pathway has been shown to be saturable at
high intracellular ligand concentrations, the relatively
low expression levels of IL-2R3y on T cells makes it
unlikely that the IL-2 system would exhibit such satura-
tion behavior (72, 73). Interleukin-2 sorting outcomes are
thus derived solely from association (ks) and dissociation
(kre) rate constants that depict ligand binding to the IL-
2RpBy complex in the endosome. Consideration of the
kinetics of these interactions may be important since
ligand enters endosomes as a component of bound ligand/
receptor complexes but can thus dissociate from and
rebind to receptors under endosomal conditions (74). The
binding of IL-2 to both the IL-2RafSy complex and the
IL-2RpSy heterodimer has been well characterized at cell-
surface pH, as each is expressed on distinct hematopoeitic
cell types (59, 75).

Upon localization to endosomes, the IL-2Ra subunit
uncouples from the IL-2/IL-2Rpy complex (34). Free By
heterodimer (termed R;) and IL-2 bound to this het-
erodimer (C;) are assumed to undergo degradation at a
rate described by k. The rate of generation of degraded
ligand (Lg) is then calculated in order to determine
recycling fractions or the percentage of ligand entering
the cell that is released intact following endosomal
sorting. Free intracellular IL-2 (L;) is considered to be
subject to the same fate as intracellular IL-2Ra, namely,
recycling with a first-order rate constant (k). Thus, the
sorting outcome of an internalized IL-2 molecule is
described entirely by the kinetics of binding to IL-2Rjy
and the competing rates of recycling and degradation.
Recycling and degradation rate constants represent the
experimentally accessible lumped parameters that de-
scribe the translocation of molecules from sorting endo-
somes to late (recycling) endosomes or lysosomal com-
partments, respectively. The detailed molecular events
underlying endosomal sorting have been modeled else-
where and are not the focus of the present work (71, 76).
Rather, this model seeks to relate the causal effects of
endocytic ligand turnover on the functional response of
T cells to physiologic concentrations of IL-2, as these cells
are known to rapidly deplete IL-2 via this mechanism
(59, 77).

Ligand—receptor complexes on the cell surface are
assumed to stimulate both new receptor synthesis (Ksyn)
and mitogenesis, as both have been quantified experi-
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Figure 2. Dependence of T cell proliferation rate on IL-2/IL-
2R complex number (37). The change in cell number density
was measured for various concentrations of wild-type IL-2 (®)
and the 2D1 analogue (O) over 24-h intervals throughout 5-day
proliferation experiments. Cell-surface complex numbers were
calculated from simultaneous measurements of intact ligand
concentration and receptor levels during the growth experi-
ments, using the measured ligand/receptor binding affinity (see
Table 1); data here are from reference 37.

mentally in IL-2/T cell systems (77, 78). Up-regulated
expression of IL-2Ra subunits in response to exogenous
IL-2 has been measured in activated peripheral blood
lymphocytes, and the model includes a first-order rate
constant to describe this process (58). The increase in a
subunits can lead to some increase in the number of a5y
receptor complexes, depending on the stoichiometric and
equlibrium properties of subunit interactions (75). The
mitogenic response of T cells to IL-2 is less straightfor-
ward to model from first principles, because cell cycle
events occur over much longer time scales than the
ligand—receptor binding interactions that initiate intra-
cellular signaling cascades. Thus, we will incorporate an
empirical relationship here, derived from our own ex-
perimental studies (37). We have found from simulta-
neous measurements of proliferation and ligand/receptor
binding of a T cell line in response to IL-2 a dependence
whereby the specific cell growth rate is minimal below a
threshold number of IL-2/IL-2R complexes per cell and
then rapidly increases to a relatively constant value
above this threshold complex number (Figure 2). This
type of relationship was envisioned from theoretical
arguments by Cantrell and Smith (39, 40) and has also
been observed in studies relating the mitogenic response
of fibroblasts to EGF (35, 54). Our model uses a quantita-
tive expression describing this dependence to relate the
change in cell density (Y) to cell-surface complex number
(Cs), as shown in eq 8 below. One can imagine simply
using a piece-wise constant threshold expression instead,
and likely there would be negligible difference in the
computational results. Actually, the major predictions of
the model are not critically sensitive to details of the cell
proliferation Kinetics, because the ligand depletion dy-
namics are not substantially influenced by the observed
cell density changes, which are less than a factor of 10
over the experimental time course.

Corresponding to the concepts outlined above, the
following equations govern the dynamic processes dia-
grammed in Figure 1. All symbols have been defined
above, with the subscripts s and i referring to the
cell surface and intracellular compartments, respec-
tively.
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Parameter Evaluation and Computational Pro-
cedure. Base values for the parameters used in the
model are listed in Table 1. All values are derived from
previously reported literature data or from the experi-
mental work related to the development of this model.
Although these parameter estimates are heterogeneous
in the sense that they derive from diverse lymphocytic
cell types, as will be seen in the computational results
the trends are insensitive to reasonable parameter value
variations. No major qualitative behavioral differences
are predicted as parameter values are changed over the
range of a few orders of magnitude, and significant
quantitative changes in calculated outcomes require at
least an order-of-magnitude change in any particular
paramater estimate.

We consider the IL-2 analogue 2D1 in parallel with
wild-type IL-2 in order to explore potential effects of
ligand-based alterations in receptor binding affinities on
postendocytic trafficking outcomes. Dissociation con-
stants describing the binding of this variant to the high-
affinity (ofBy) IL-2 receptor have been reported (79).
Kinetics of wild-type IL-2/IL-2R binding were measured
using radioreceptor assays on cell membrane prepara-
tions, and the resultant dissociation rate constant is used
as the base value at cell-surface pH (60). Association rate
constants for IL-2 and 2D1 binding to the IL-2Rapjy
complex are estimated by dividing this base value of the
dissociation rate constant by the respective value of Kp
for each ligand. In the analysis that follows, dissociation
rate constants are varied from 0.00138 to 0.138 min~*!
independent of the value of Kp in order to distinguish
effects of binding kinetics from equilibria.

The pH in sorting endosomes is decreased relative to
the cell surface (~6.0 vs 7.2), and this pH drop has been
shown to decrease the affinity of IL-2 ligands for both
the a and 8 IL-2R subunits (37). Receptor/ligand binding
kinetic rate constants in endosomes for IL-2 and 2D1 are
thus each estimated by multiplying the dissociation rate
constant at pH 7.2 by the ratio of the experimentally
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Table 1. Model Parameters

909

parameter definition reference base value(s)

ke dissociation rate constant 60 0.0138 min—1t

k¢ association rate constant 79 k/11.1 pM~1min~1 (IL-2)
k8.2 pM~Imin~1 (2D1)

Kre dissociation rate constant, endosome 37 8 ky min~1 (IL-2)
5 ke min~1 (2D1)

Kre association rate constant, endosome 37 Kre/2000 pM~1 min~1 (IL-2)
Kre/3000 pM~1min~1 (2D1)

Kt constitutive internalization rate constant 80 0.007 min—t

Vs constitutive receptor synthesis rate a7 11 min~1

Ksyn induced receptor synthesis rate 58 0.0011 min=t

ke internalization rate constant 37 0.04 min—t

kx recycling rate constant 84 0.15 min—t

Kn degradation rate constant 47 0.035 min—1

Ve total endosomal volume 73 1074 L/cell

measured IL-2Rp subunit binding affinity at pH 6 to that
at pH 7.2. The 8 subunit value is used because it is the
primary determinant of the interaction between ligand
and By complex as the a subunit decouples.

A dynamic balance between biosynthesis and constitu-
tive endocytosis defines the total receptor number at
steady state, even in the absence of ligand. The constitu-
tive internalization rate constant for IL-2 receptorson T
cells has been determined from receptor decay from the
cell surface while protein synthesis was chemically
inhibited (80). In similar experiments, the reappearance
of receptors was probed with radiolabeled IL-2 im-
mediately following treatment of cells with trypsin (47).
This reappearance was quantified over time to yield a
constitutive receptor biosynthesis rate. In the presence
of IL-2, overall receptor turnover is influenced by these
constitutive rates and specific events that occur upon IL-2
binding to its receptor. IL-2 has been shown to induce
synthesis of IL-2Ra, while the overall rate of IL-2RoSy
receptor endocytosis is enhanced upon binding. This
allows the cell to attenuate its response to the signaling
competent IL-2RSy complex while retaining the capacity
to bind IL-2. The result of these competing effects is the
maintenance of a relatively constant population of high-
affinity receptors on the cell surface, though the greater
number of IL-2Ra subunits creates a net increase in the
number of measurable receptors on the cell surface (59,
81, 82). Simultaneous measurement of receptor synthesis
and endocytosis using receptor subunit specific antibodies
permits calculation of a net induced receptor synthesis
rate (58).

The intracellular trafficking rate constants (kx and k)
describe the rate of movement of components from
hypothetical postsorting recycling and degradation com-
partments, respectively. These transport rates have been
shown to be dependent only on the endocytic apparatus
and not on specific ligand—receptor systems (83). Thus,
the recycling rate constant reported for the constitutively
recycled transferrin receptor was used as an estimate of
ky (84). Since we are considering ky, as a lumped param-
eter that represents the outcome of potentially complex
sorting events, the specific degradation rate previously
reported for IL-2 receptors in T cells is employed in the
model (47). Consideration of the sorting events undergone
by soluble ligands in the endosome requires an estimate
of the endosomal volume within the cell. Compiled results
of several quantitative morphological studies are used
to obtain the estimate of 10714 L/cell used in our model
(72).

Model equations are solved numerically using Math-
ematica (version 4.0, Wolfram Research) with nonzero
initial conditions, including the extracellular ligand
concentration and cell density at the start of a hypotheti-

cal experiment. The initial cell-surface receptor number
is ~1500 per cell as defined by the estimates of Vs and k¢
shown in Table 1. This is representative of the number
of high affinity IL-2 receptors found on both activated
T-lymphocytes and on the KIT-225 cell line used in
previous experiments. The initial internal receptor num-
ber is similarly fixed at ~300 per cell by the estimates of
Vs and ky. Simulations are carried out for 5 days to mimic
a ligand depletion/cell proliferation experiment. Intact
ligand concentration (L), cell density (Y), and cell-surface
complex number (Cs) are calculated throughout the
simulation.

Sorting experiments are mimicked by performing
simulations over a range of input ligand concentrations
for 180 min, at which time sorting reaches steady-state
following the initial perturbation due to introduction of
extracellular ligand (72, 73). The values of R, R;, C;, and
L; are recorded and used as inputs into a second simula-
tion wherein these values serve as initial conditions along
with zero extracellular ligand concentration (37). De-
graded and intact ligand concentrations are recorded
throughout this 15-min simulation and used to calculate
recycling fractions, or the amount of ligand sorting to
recycling vs the amount sorted to degradation.

Results

Comparison of Base Model Predictions to Ex-
perimental Results with Wild-Type IL-2. The objec-
tive of this computational effort is to predict T cell
proliferation responses to IL-2 from ligand/receptor bind-
ing properties as they influence receptor-mediated ligand
trafficking dynamics. We have previously measured these
two events simultaneously using the IL-2-dependent KIT-
225 human T cell line (37). These cells rapidly degraded
IL-2 via receptor-mediated endocytic depletion, and this
effect was observed at both saturating and half-saturat-
ing concentrations with respect to the high-affinity IL-2
receptor. The kinetic parameters used in the model that
describe binding, trafficking, and signaling events were
accumulated from a variety of experimental sources.
Therefore, to test the ability of our model to accurately
predict the effects of molecular parameters on cell-
mediated ligand depletion, simulations were performed
using the trafficking parameters shown in Table 1,
including those specific for wild-type IL-2. The experi-
mentally observed depletion behavior is accurately pre-
dicted at both high and low ligand concentrations (Figure
3).

Results of 5-day proliferation experiments employing
10 pM and 100 pM IL-2 are shown along with model
predictions in Figure 4. The model incorporates a thresh-
old-type dependence of cell growth rate on cell-surface



910

100

20§

10M
OE ‘ 8. ) [ (3 [

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (min)

Intact Ligand Concentration (pM)
[4)]
o

Figure 3. Ligand depletion base model prediction and experi-
mental data. Intact concentrations of wild-type IL-2 in T cell
cultures of density 2.5 x 108 cells per liter. Experimental data
(filled symbols) and model predictions (curves) using the base
values for IL-2 (Table 1) are indicated. Simulations and experi-
ments were performed at two initial ligand concentrations, as
shown (data adapted, ref 37).
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Figure 4. Cell density base model prediction and experimental
data. T cell densities measured in the presence of 10 pM (@)
and 100 pM (m) wild-type IL-2 are shown along with model
predictions (curves) using the base parameter values shown in
Table 1 (data adapted, ref 37).

receptor/ligand complex number (see Figure 2). This
functionality predicts negligible growth below a fixed
value of Cg, and a relatively constant increase in cell
density as long as Cs remains above this value. This
behavior is shown clearly in Figure 4, as the higher
ligand concentration serves to maintain Cs at a value
above the growth response threshold while little prolif-
eration is observed following exposure to an initial IL-2
concentration of 10 pM. Prediction of proliferation be-
havior during the first 2 days is problematic because
during this period the cells are recovering from an
imposed quiescence; this means that their specific growth
growth rate is transitioning from zero to the empirical
“quasi-steady-state” model expression, eq 8, in a manner
we are not able to characterize. Thus, our model compu-
tations overpredict the cell growth effect during this
initial period, but the later ligand depletion effects are
not significantly influenced by this difference of less than
a factor of 2 in cell number density.

Effects of Ligand/Receptor Binding Kinetics. The
model describes a set of interrelated dynamic processes
beginning with the ligand—receptor binding interaction
at the cell surface. Alterations in the kinetics of binding
should thus be expected to influence both the posten-
docytic ligand turnover rate and the lifetime of cell-
surface complexes that signal for both new receptor
synthesis and cell proliferation. The effects of altered
binding kinetics on the receptor-mediated depletion of
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Figure 5. Effect of ligand—receptor binding kinetics on ligand
depletion at 10 pM ligand concentration. Intact ligand concen-
trations (A) and cell-surface complex numbers (B) are shown
for hypothetical IL-2 analogues with dissociation rate constants
(kr) of 0.138, 0.069, 0.0276, 0.0138, 0.0069, 0.00345, and 0.00138
min~1. The Kp is held constant at the wild-type value of 11.1
pM, and the association rate is adjusted accordingly for each
scenario.

ligand at an initial concentration of 10 pM are shown in
Figure 5A. Roughly half of the available cell-surface
receptors are initially bound at this concentration, since
the Kp of the ligand is fixed at 11.1 pM. A decrease in
the dissociation rate (and commensurate decrease in the
association rate) leads to enhanced stability to endocytic
degradation by cells at an initial density of 2.5 x 108 per
liter. This effect is explained by observing the levels of
cell-surface ligand—receptor complexes as illustrated in
Figure 5B. Since ligand can undergo depletion only upon
receptor binding, heightened levels of C; lead to greater
degradation. Concomitantly, the value of Cs declines more
rapidly for greater initial complex numbers. These effects
are apparent, though less pronounced when simulations
are performed with an initial ligand concentration of 100
pM. Decreased kinetic rate constants slightly improve
ligand stability in culture (Figure 6A). Cell-surface
complex numbers rapidly reach a steady state under
these conditions, and the heightened stability of ligand
again correlates with decreased C; levels (Figure 6B).
Available receptors are nearly saturated at this initial
concentration, thus the sensitivity of the system relative
to small decreases in ligand concentration is diminished.

The predicted growth response of T cells to IL-2
analogues with altered binding kinetics is shown for
initial ligand concentrations of 10 and 100 pM (Figure
7A and B, respectively). As cells deplete ligand, C; can
fall below the threshold level required to stimulate cell
division. This effect is realized under conditions of low
initial ligand concentration, as shown in Figure 7A. At
an initial 1L-2 concentration of 100 pM, Cs never falls
below the minimum value during the 5-day simulation,
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Figure 6. Effect of ligand—receptor binding kinetics on ligand
depletion at 100 pM ligand concentration. Intact ligand con-
centrations (A) and cell-surface complex numbers (B) are shown
for hypothetical IL-2 analogues with dissociation rate constants
(kr) of 0.138, 0.069, 0.0276, 0.0138, 0.0069, 0.00345, and 0.00138
min~t. The Kp is held constant at the wild-type value of 11.1
pM, and the association rate is adjusted accordingly for each
scenario.

and cell growth is thus maintained at a relatively
constant rate (Figure 7B). Although depressed binding
kinetics lead to enhanced ligand stability, the greater
half-life of intact IL-2 does not correspond to increased
proliferation in this case. This counterintuitive result
illustrates the dual role of cell-surface ligand—receptor
complexes: as vehicles for the down-regulation of extra-
cellular ligand and as components that stimulate the
cell's proliferative response.

Effects of Endosomal Ligand/Receptor Binding
Affinity. The characteristics of the heterotrimeric IL-2
receptor are unique in that its subunits are subject to
distinct postendocytic sorting outcomes. The o subunit
recycles to the cell surface, while the IL-2/IL-RSy complex
is routed to lysosomal degradation (34). Recycling is the
default pathway for membrane-bound components fol-
lowing internalization, implicating a specific endosomal
retention mechanism for the IL-2/IL-RS3y complex (33, 42,
71). Therefore, upon internalization of the IL-2/IL-2Ray
complex and subsequent dissociation of the o chain,
model predictions of ligand sorting outcomes incorporate
the binding affinity of IL-2 for the gy complex at endo-
somal pH. The Kp for binding to this complex has been
measured for both wild-type IL-2 and the 2D1 analogue
at cell-surface conditions, as has the pH-sensitivity of the
affinity of these ligands for the oo and g chains individu-
ally (37, 79). The effects of changes in this binding affinity
on receptor-mediated ligand depletion are shown for
initial ligand concentrations of 10 and 100 pM (Figure
8A and B, respectively). Cell-surface receptor—ligand
binding affinities are unchanged in these simulations.
Decreasing affinity for the lysosomally routed 3y complex
in endosomes leads predictably to improved stability of
ligand to cell-mediated degradation. The model is insen-
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Figure 7. Effect of ligand—receptor binding Kkinetics on cell
proliferation. T cell proliferation in response to hypothetical 1L-2
analogues with dissociation rate constants (k,) of 0.138, 0.069,
0.0276, 0.0138, 0.0069, 0.00345, and 0.00138 min~* is indicated
for initial ligand concentrations of 10 (A) and 100 (B) pM. The
Kp is held constant at the wild-type value of 11.1 pM, and the
association rate is adjusted accordingly for each scenario.

sitive to whether ligand is free in the endosome or bound
to IL-2Ra and assumes both entities are routed solely to
recycling.

Cell proliferation is greater in response to ligands
exhibiting decreased affinity to the IL-2R3y complex in
endosomes. The effects of ligand depletion on cell growth
are most apparent for initial ligand concentrations of 10
pM (Figure 9A). Proliferation in the presence of 100 pM
ligand is relatively insensitive to the changes in endo-
somal binding affinity, indicating that Cs never falls
below the threshold level required for growth in this
scenario. As observed in the simulations incorporating
altered cell-surface binding kinetics, responses are most
sensitive to changes in the levels of stimulatory ligand
when its concentration is near the Kp value character-
izing the ligand/receptor binding interaction.

The most important effect, therefore, is that of ligand/
receptor binding properties on the resulting ability of the
cell to maintain signaling ligand/receptor complexes at
levels above the threshold required for mitogenic re-
sponse (see Figure 2). This concept is directly illustrated
by plotting the specific growth rate of a cell population
versus the initial ligand concentration, as ligand/receptor
binding properties are varied. An example of this is
included in Figure 9, which demonstrates that decreasing
the binding affinity of IL-2 for the Sy receptor complex
in the endosomal compartment decreases the IL-2 con-
centration needed for half-maximal cell proliferation
response. Figure 9B illustrates the computational model
predictions, while Figure 9C shows experimental data
comparing the 2D1 analogue with wild-type IL-2.

Ligand Recycling. Endosomal sorting forms the
mechanistic basis for differences in receptor-mediated
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Figure 8. Effect of endosomal binding affinity on ligand
depletion. Intact concentrations of hypothetical IL-2 analogues
with endosomal dissociation constants (kre/ks) of 10, 102, 103, 3
x 103, 3 x 10% 3 x 105 and 3 x 108 pM are shown for initial
ligand concentrations of 10 (A) and 100 (B) pM. Cell-surface
binding affinities are unaltered in this analysis, and the initial
cell density is 2.5 x 108 per liter.

ligand depletion. The steady-state sorting behavior of a
given ligand can be described by its recycling fraction. A
recycling fraction is defined as the ratio of ligand that
undergoes postendocytic recycling to all the ligand that
leaves the sorting endosome and undergoes either deg-
radation or recycling (72). We have previously determined
endosomal sorting outcomes of IL-2 and 2D1 by directly
measuring the ratio of intact radiolabeled ligand in the
medium to the total radiolabeled ligand during 15-min
chase periods after the sorting process reaches steady
state (37).

We simulated these sorting experiments by computing
model predictions over a range of input ligand concentra-
tions for 180 min, at which time sorting reaches steady-
state following the initial perturbation due to introduc-
tion of extracellular ligand (72, 73). The values of R, R;,
Ci, and L; are recorded and used as inputs into a second
simulation wherein these values serve as initial condi-
tions along with zero extracellular ligand concentration
(37). Degraded and intact ligand concentrations are
recorded throughout this 15-min simulation and used to
calculate recycling fractions, or the amount of ligand
sorting to recycling vs the amount sorted to degrada-
tion. Although these simulations underestimate experi-
mentally observed recycling fractions, they accurately
predict increased recycling of 2D1 vs IL-2 at a given
intracellular ligand concentration. The model also pre-
dicts an increase in recycling as the intracellular ligand
concentration increases. This effect has been observed
in the EGF system wherein the endosomal retention
machinery can become saturated in cells overexpressing
the EGF receptor, leading to increased recycling fractions
(72, 76).
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Figure 9. Effect of endosomal binding affinity on cell prolifera-
tion and ligand potency. T cell proliferation in response to
hypothetical IL-2 analogues with endosomal dissociation con-
stants (kre/kse) Of 10, 102, 1083, 3 x 103, 3 x 10%, 3 x 105, and 3 x
106 pM are shown for initial ligand concentrations of 10 pM (A).
Cell-surface binding affinities are unaltered in this analysis. (B)
T cell specific growth rate computed during the period of 24—
72 h, for the same set of model parameters and conditions. (C)
Experimentally measured T cell specific growth rates for wild-
type (®) and 2D1 analogue (O) during the period of 24—72 hours
(37).

To more directly compare the experimental results
with model predictions, recycling fractions are plotted for
a fixed intracellular ligand concentration of 200 per cell
(Figure 10A). This illustrates the model’s underestima-
tion of the recycling fraction seen experimentally for the
2D1 analogue. The value of Kp for binding to the IL-2RSy
complex at endosomal pH has not been measured directly
for either wild-type IL-2 or the 2D1 mutein, and this
parameter should have tremendous influence on ligand
sorting outcomes. Endosomal Kp was varied over several
orders of magnitude, and simulated steady-state sorting
experiments were performed. Recycling fractions at a
fixed intracellular ligand concentration of 200 per cell are
shown in Figure 10B. These results suggest that an order
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Figure 10. Effect of endosomal Kp on sorting. Comparison of
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ligand concentration (bound + unbound) of 200 per cell are
shown for experimental determinations and base case model
predictions of the steady-state sorting behavior of wild-type IL-2
and 2D1. Endosomal Kp values of 1 (IL-2) and 1.6 (2D1) nM
were used in obtaining the indicated model predictions. (B)
Results are shown from simulations of steady-state sorting
experiments performed using indicated values of the endosomal
Kb (kre/kse). Recycling fractions corresponding to an intracellular
ligand concentration (bound + unbound) of 200 per cell are
shown.

of magnitude difference in endosomal binding affinity can
account for the relative sorting behavior of IL-2 and the
2D1 variant. This is indeed greater than the factor of 3
difference assumed in the base model. Differences in the
pH sensitivity of binding between members of the EGF
family of ligands have been shown to directly impact
trafficking outcomes in this system (73).

Discussion

We have described a computational model that predicts
effects of modifications in IL-2/IL-2R binding parameters
on the proliferative response of T cells to IL-2, via
influence on trafficking dynamics that govern ligand
concentration in the extracellular medium and cor-
respondingly the number of ligand/receptor complexes
that signal for mitogenesis. The computational results
yield insights that resolve the recent counterintuitive
finding of the 2D1 IL-2 analogue, which exhibits height-
ened potency without displaying increased binding af-
finity to its signaling receptor (37). This behavior is
explained mechanistically by changes in the ligand’s
sorting behavior caused by differential binding affinity
to receptor subunits that are routed to either lysosomal
degradation or recycling. These results also imply that
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the cellular response to a stimulatory ligand cannot be
accurately predicted solely on the basis of knowledge of
the ligand’s receptor binding affinity at the cell surface.
Ligands with equivalent affinities but dissimilar Kinetics
of binding can exhibit differences in both potency and
stability to postendocytic degradation according to the
model. Furthermore, reduced ligand depletion does not
necessarily predict enhanced potency. Increases in cell-
surface complex number lead to both greater down-
regulation of extracellular ligand and increased prolif-
eration as shown in Figures 5 through 7. Assuming the
growth model in Figure 2 holds qualitatively, an optimal
ligand would be one that maintains the minimum “thresh-
old” number of signaling complexes required to generate
a proliferative response over time. A greater number of
complexes than this minimum value leads only to en-
hanced endocytic down-regulation without heightening
the growth response. Since the concentration of active
ligand decreases with time, a quantitative understanding
of the competing rates of cell growth and postendocytic
depletion can thus aid in predicting optimal ligand dosage
rates in an in vivo or ex vivo setting. For example, an
IL-2 analogue possessing a decreased affinity for the gy
receptor complex in the endosomal compartment is
predicted to be more potent for generating a T cell
proliferation response (Figure 9B,C), consistent with
recent experimental findings (37).

The model computational results illustrate the strong
influence of endocytic sorting outcomes on depletion of
ligand from the extracellular medium. Even a subtle
increase in recycling fraction of a growth factor mutant
greatly extends the analog’s half-life over several days
in culture, since the ligand is subjected to numerous
endocytic cycles during this time. Hence, consideration
of endosomal sorting behavior can provide an added level
of intervention for protein engineering efforts aimed at
improving the potency of regulatory ligands. Although
screening for re-engineered cytokine mutants exhibiting
altered sorting behavior might appear daunting, the
model suggests that “matrix” criteria related to multiple
ligand/receptor binding properties within distinct cellular
compartments can suffice in fully defining the system
(22). For instance, the only differences between IL-2 and
its 2D1 analogue are their relative affinities for IL-2R
subunits, and the sensitivity of these affinities to pH (see
Table 1). These differences cause 2D1 to exhibit a higher
recycling fraction than wild-type IL-2, as shown in Figure
10. Therefore, one could potentially screen for IL-2
variants with greater binding affinity for IL-2Ro or
reduced affinity for IL-2RSy at endosomal pH and expect
these variants to display increased recycling fractions
relative to wild-type IL-2.

Depletion of stimulatory ligands by cells in culture is
an important issue both in tissue engineering applica-
tions where the organization of multiple cell types is
tightly controlled by extracellular cues and in biotech-
nological arenas where optimal feeding conditions in
mammalian cell bioreactors are desired (85, 86). Ligand/
receptor binding affinities can be readily addressed
experimentally through protein engineering and screen-
ing technologies, which are becoming increasingly so-
phisticated in terms of capability for selection of desired
binding properties (87). Thus, the focus of parameter
sensitivity analyses in the present work is on these
binding interactions both at the cell surface and in
sorting endosomes. Although these molecular events can
be altered and quantified, it is the translation of these
changes into predictable cellular responses that is of
greatest interest to the biochemical or tissue engineer.
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Our objective in developing this model has been not to
guantitatively fit experimental data but rather to provide
a tool with which one can analyze, interpret, and possibly
even predict the dependence of cell-level functional
behavior on molecular-level properties. This idea has
been raised previously in studies of fibroblast prolifera-
tion responses to the EGF family of ligands (35, 36). Our
present work advances the impact of this concept in two
ways by applying it to the IL-2/IL-2R T cell system. First,
it tests the significance of ligand/receptor trafficking
effects in a system of strong therapeutic relevance.
Second, it extends details of the binding and trafficking
model to the class of heteromeric cytokine receptors,
which involves interesting additional issues concerning
the relationship of ligand/receptor binding processes to
endosomal sorting mechanisms with the different recep-
tor subunits. The insights gained here are likely to be
useful for understanding and controlling of other cyto-
kine-regulated cell systems, such as that of hematopoietic
stem cell proliferation and differentiation (88).

Notation
IL-2 recombinant interleukin-2
IL-2R interleukin-2 receptor
EGF epidermal growth factor
NK natural killer
WT wild-type IL-2.
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NOVEL VIRUS REMOVAL FILTER FOR CELL
CULTURE APPLICATIONS

Shengjiang Liu, Mark Carroll, Raquel Ilverson,
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2000, Volume 16, pages 425—434. Subsequent to the
publication of the original article, an error was discovered
in the label for the y-axis of Figure 13. The viable cell
density is correctly expressed as 105mL rather than
108/mL. The correct figure is shown below.
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Figure 13. Growth comparison on viable cell number basis for
inoculum and production stages. Three stages are shown, with
unfiltered stage 1 shown as @, unfiltered stage 2 shown as B,
unfiltered stage 3 shown as a, VBF filtered stage 1 shown as
O, VBF filtered stage 2 shown as O, and VBF filtered stage 3
shown as A.
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