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C O M P U T A T I O N A L B I O L O G Y

Integration of Activating and Inhibitory Receptor
Signaling by Regulated Phosphorylation of Vav1
in Immune Cells
Sven Mesecke,1,2* Doris Urlaub,2* Hauke Busch,1† Roland Eils,1,3‡ Carsten Watzl2‡§

Natural killer (NK) cells are effector cells of the immune system whose activation is carefully regulated by
the interplay of signals from activating and inhibitory receptors. Signals from activating receptors induce
phosphorylation of the guanine nucleotide exchange factor Vav1, whereas those from inhibitory recep-
tors lead to the dephosphorylation of Vav1 by the Src homology 2 domain–containing protein tyrosine
phosphatase 1 (SHP-1). Here, we used mathematical modeling and experiments with NK cells to gain
insight into this integration of positive and negative signals at a molecular level. Our data showed a
switch-like regulation of Vav1 phosphorylation, the extent of which correlated with the cytotoxic activity
of NK cells. Comparison of our experimental results with the predictions that we derived from an ensem-
ble of 72 mathematical models showed that a physical association between Src family kinases and acti-
vating receptors on NK cells was essential to generate the cytotoxic response. Our data support a central
role for Vav1 in determining the cytotoxic activity of NK cells and provide insight into themolecular mech-
anism of the integration of positive and negative signals during lymphocyte activation.

INTRODUCTION

The initiation and regulation of an immune response are crucially
dependent on positive and negative signals that are transmitted by cell
surface receptors (1). Activating receptors of immune cells include anti-
gen receptors on T and B lymphocytes and stimulatory receptors on
natural killer (NK) cells, such as CD16, NKG2D (CD314), NKp30
(CD337), NKp46 (CD335), DNAM-1 (DNAX accessory molecule-1,
CD226), and 2B4 (CD244) (2). Engagement of NKG2D on NK cells
by ligands on tumor cells induces the tyrosine phosphorylation of the as-
sociated signaling partner chain DNAX-activating protein of 10 kD
(DAP10) by Src family kinases (SFKs) (3, 4). Phosphorylated DAP10
(pDAP10) recruits phosphoinositide 3-kinase (PI3K) and the adaptor pro-
tein growth factor receptor–bound protein 2 (Grb2), which results in the
recruitment of the guanine nucleotide exchange factor (GEF) Vav1,
which is then phosphorylated by SFKs (5). Phosphorylated Vav1 (pVav1)
triggers a reorganization of the actin cytoskeleton (6), which is essential
for the clustering of activating receptors, their recruitment into membrane
microdomains (7, 8), and the formation of the immunological synapse
(IS) (9).

The cytotoxic activity of NK cells is inhibited by receptors that recog-
nize major histocompatibility complex type I (MHC-I), such as human
killer cell immunoglobulin (Ig)–like receptors (KIRs), mouse inhibitory
Ly49 receptors, and the CD94-NKG2A receptor complex, which recog-
nizes the human MHC-I molecule human leukocyte antigen E (HLA-E)
(10). The activities of these receptors depend on the recruitment of Src
homology 2 (SH2) domain–containing protein tyrosine phosphatase

1 (SHP-1) and SHP-2 to phosphorylated immunoreceptor tyrosine-based
inhibition motifs (ITIMs) on the receptors. Inhibitory receptors regulate
the activities of various activating receptors that couple to diverse
signaling pathways. Therefore, the question that arises is whether inhib-
itory receptors use different mechanisms for different receptor signaling
pathways or whether they interfere with a central signaling event that is
common to all activating receptors. Vav1 has been identified as a direct
target for dephosphorylation by SHP-1 when SHP-1 is recruited to the
ITIM of an inhibitory NK cell receptor (11, 12). This may represent
the first step at which activating and inhibitory signals converge. By tar-
geting Vav1 for dephosphorylation, inhibitory receptors would effectively
interfere with actin reorganization, clustering of activating receptors, and
formation of the IS, the contact area between an NK cell and its target,
thereby blocking the activation of NK cells at a very early step.

Given the importance of regulating immune cell responses by a ba-
lance of positive and negative signals, a better understanding of the inte-
gration of these opposing signals at a molecular level would be useful.
Here, we used mathematical modeling of the complex interaction of in-
hibitory and activating signaling pathways in combination with experi-
mental validation of model predictions to understand the nonlinear
integration of opposing signals. Biochemical reactions are constrained by
the laws of chemical reactions. This enables study of the behavior of
complex signal transduction networks by mathematical models based on
chemical reaction laws (13). However, the results from numerical simula-
tions of these mathematical models are highly dependent on the kinetic
parameters that are chosen for model simulations. Here, we investigated
the integration logic of positive and negative signals in NK cells, and we
present an approach that enables users to generate functional insights into
systems even in the case of partially unknown reaction parameters.

RESULTS

Modeling the signal transduction network of NK cells
We constructed a mathematical model that describes the membrane-
proximal signaling events that follow the triggering of the activating
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receptor NKG2D, the inhibitory receptor CD94-NKG2A, or both (Fig. 1A).
The phosphorylation of the signaling molecule Vav1 is the first point at
which activating and inhibitory signals might converge; therefore, we used
receptor-induced regulation of the phosphorylation of Vav1 as the readout
of our model. The model is based on the kinetics of biochemical reactions;
that is, we used bimolecular reaction kinetics for associations between
molecules, unimolecular reaction kinetics for dissociation reactions, and
Michaelis-Menten kinetics for enzymatic reactions (see the Supplemen-
tary Materials for more details). Our model assumes that the “cytoplasm,”
“membrane,” and “IS” form three distinct compartments. Although NKG2D
(which is symbolized in Fig. 1A by its associated signaling chain DAP10)
is localized in the membrane, it makes contact with its ligand MICA
[major histocompatibility complex class I (MHC-I) chain–related protein
A] only when the receptor is in the IS. Similar to Vav1, the NKG2D-DAP10
complex is tyrosine-phosphorylated by membrane-associated SFKs,
which we modeled with a rapidly equilibrating intramolecular conforma-
tional change from an open (active) to a closed (autoinhibited) conforma-
tion, and vice versa (see the Supplementary Materials). Phosphorylated
NKG2D-DAP10 recruits Vav1 through the adaptor molecule Grb2. To
simplify the mathematical model, we excluded Grb2 from the system,
which is justified for rapidly equilibrating pDAP10-Grb2 and Grb2-
Vav1 binding reactions. The inhibitory receptor CD94-NKG2A interacts
with its ligand MHC-I in the IS, which results in the phosphorylation of
CD94-NKG2A by SFKs and the recruitment of the phosphatase SHP-1.
We modeled SHP-1 in a manner similar to that of SFKs as being in either
an open or a closed conformation, whereby only the open conformation of
the molecule could interact with phosphorylated CD94-NKG2A. The phos-
phatase CD45 was included in the model and was assumed to dephospho-
rylate all phosphorylated states if those molecules were accessible, that is, if
they were not bound to another protein. The activating and inhibitory recep-
tor signaling cascades communicate through SHP-1–mediated dephospho-
rylation of Vav1 (11).

To address various concepts important to immune receptor signaling,
we created a modular library of mechanistically different models, an ap-
proach known as ensemble modeling (14) (Fig. 1B). The first module,
module (a), describes actin reorganization triggered by pVav1 (6), which

leads to increased recruitment or entrapment of activating receptors in the
IS. The second module, module (b), describes the exclusion of the bulky
phosphatase CD45 from the IS, as described by the kinetic-segregation
hypothesis (15). Modules (c) and (g) describe the putative association of
SFKs in their open conformation with the phosphorylated activating recep-
tor complex NKG2D-DAP10 (c) or the inhibitory receptor CD94-NKG2A
(g) (kinase aggregation). Module (d) describes how SFKs mediate inter-
molecular autophosphorylation of other SFKs, which results in their
enhanced activity (16). This can be counteracted by SHP-1–mediated de-
phosphorylation of SFKs as described by module (e) (17). Module (f) as-
sumes that SHP-1 may be phosphorylated by active SFKs to increase its
enzymatic activity (18). Given the combination of the core model with all
of the putative modules, further considering that module (e) requires the
presence of module (d), and eliminating the nonphysiological assumption
that SFKs associate with inhibitory, but not activating, receptors [module
(g) in the absence of (c)], we generated 72 putative models of the proximal
signal transduction network of NK cells. (See the Supplementary Materials
for the SBML and MATLAB m-files of the model.)

The models were parameterized with kinetic rates that we derived
from the published literature (table S1). We performed quantitative West-
ern blotting and flow cytometric analyses to determine the initial concen-
trations of the intracellular signaling molecules and surface receptors (fig.
S1 and table S2). To characterize the input-output behavior of each model
for literature-derived kinetic parameters, we computed the steady-state
concentration of pVav1 for varying amounts of inhibitory and activating
ligands. The 72 different models generated four qualitatively different re-
sponse behaviors (Fig. 2 and fig. S2). Models that contained only the
modules (a), (b), (d), (e), and (f) showed a “valley” response behavior,
in which increased amounts of activating and inhibitory ligands decreased
the concentration of pVav1 below that found in unstimulated situations
(Fig. 2A). Module (c), which assumes the association of SFKs with
the activating receptor complex NKG2D-DAP10, changed the behavior
of the model; engagement of NKG2D-DAP10 resulted in increased phos-
phorylation of Vav1, whereas co-engagement of the inhibitory receptor
only minimally reduced the extent of phosphorylation of Vav1 (Fig. 2,
B and C). Inclusion of module (g), which assumes an association between

Fig. 1.Modeling the proximal signal transduction network in NK cells. (A)
Graphical representation of the mathematical core model. Activating re-
ceptors and ligands are shown in blue; inhibitory receptors and ligands
are shown in red. Unidirectional arrows represent phosphorylation
events; bidirectional arrows represent association and dissociation

events. Dephosphorylation events are represented by blunt-ended ar-
rows. The three compartments of the model (the IS, cytoplasm, and
membrane) are omitted for clarity. (B) Optional modules used to expand
the core model. The labels (a) through (g) indicate optional modules that
can be added to the core model, as described in the Results.
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SFKs and the inhibitory receptor CD94-NKG2A, resulted in induction of
the phosphorylation of Vav1 upon engagement of activating and inhibi-
tory receptors (Fig. 2D).

Effect of antagonistic signals on Vav1 phosphorylation
To compare the modeling results to the phosphorylation of Vav1 in NK
cells, we used the human NK cell line NKL and stimulated the activating
receptor NKG2D-DAP10, the inhibitory receptor CD94-NKG2A, or both
with different concentrations of specific monoclonal antibodies followed
by cross-linking with secondary antibodies to induce receptor clustering.
We then determined the extent of Vav1 phosphorylation by quantitative
Western blotting analysis (Fig. 3A). Increased engagement of NKG2D-
DAP10 stimulated a strong, switch-like induction of Vav1 phosphorylation,
which was effectively counteracted by co-engaging CD94-NKG2A. We
obtained similar results in experiments with primary NK cells from a do-
nor in which most NK cells expressed the inhibitory receptor KIR2DL2/3
(Fig. 3B). This experimentally observed behavior of Vav1 phosphoryla-
tion was different from our initial model predictions but vaguely re-
sembled our simulation results (Fig. 2B), which crucially depended on
signaling module (c), which describes the association of a kinase with
the activating receptor.

Essential role of kinase association with
activating receptors
The behaviors of in silico models are highly dependent on the kinetic rate
values; however, the respective parameter values that we extracted from
the literature (table S1) varied more than two orders of magnitude, and
the experimental methods that were used for the measurement of these
rates differed markedly from the situation in vivo. To reduce the
dependence of our results on poorly identified parameter values, we con-
ducted an extended exploration of the parameter space. We drew the ki-
netic rates of all of the reactions from a logarithmic uniform distribution
that extended four orders of magnitude around the geometric mean of the
literature-derived parameters (table S4), and we then computed the
steady-state response of each model. For each model, we tested 5000 dif-
ferent parameter sets. The resulting 360,000 dose-response profiles were

Fig. 2. Dose-response profiles of pVav1 for different model variants. With
kinetic parameters derived from the literature (tables S1 and S4), we
calculated the steady-state phosphorylation of Vav1 (z axis, pVav1) after
target cell contact for different concentrations of activating ligand (blue ar-
row, y axis, MICA0) and inhibitory ligand (red arrow, x axis, HLA0), which
are plotted in reverse for better visibility of the results. The ligand concen-
trations used as an input to the models refer to the concentrations in the
target cell subcompartment directly in contact with the NK cell. The letter
codes above each panel indicate the modules that were included in the
model. (A) Example for models without module (c). (B and C) Examples for
models with module (c). (D) Example for a model additionally including
module (g). For better visibility, the amount of pVav1 is plotted with a heat
map ranging from low (blue) to high (red) concentrations. The results for all
72 models are shown in fig. S2.

Fig. 3. Phosphorylation of Vav1 in NK cells in response to the triggering of
activating and inhibitory receptors. (A) NKL cells were incubated with the
indicated concentrations of mouse antibodies against the activating re-
ceptor complex NKG2D-DAP10 (a-NKG2D) and the inhibitory receptor
complex CD94-NKG2A (a-NKG2A). After cross-linking with secondary
goat antibodies against the primary mouse antibodies, the cells were in-
cubated at 37°C for 5 min. The extent of Vav1 phosphorylation (amount of
pVav1 protein) was determined by Western blotting analysis of cell lysates
with an antibody specific for pVav1, followed by an antibody against total
Vav1 as a loading control. Blots were analyzed by densitometric scanning,
and the extent of Vav1 phosphorylation was calculated by dividing the sig-
nal for pVav by that for total Vav. A graphical representation of the results
is shown on the left using the same heat map for pVav1 as described for
Fig. 2. Data are representative of three independent experiments. arb., ar-
bitrary. (B) NKG2D-mediated phosphorylation of Vav1 was determined
as described in (A) with primary human NK cells from one donor in
which more than 85% of the NK cells expressed the inhibitory receptor
KIR2DL2/3.
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Fig. 4. Testing the param-
eter dependency of the mod-
el. (A) Parameter scan: The
kinetic parameters for all 72
different models (the module
codes are indicated on the
right) were randomly varied
over four orders of magnitude
around the geometric means
of the literature-derived pa-
rameters. For each model,
5000 different parameter sets
were tested. The steady-state
pVav1 response of eachmod-
el was computed and com-
pared to the nine different
response curves shown on
top. The classification of the
5000 results for each model
is shown as the relative fre-
quency of each response
curve with the color code in-
dicated for the nine different
response curves on top. (B)
Parameter fit: Starting with
a parameter set from (A)
that generated a pVav dose-
response profile with the
minimal least-squares resid-
ual with respect to the exper-
imental data (Fig. 3), we fit
the kinetic parameters of
the indicated models to the
experimental pVav1 dose-
response behavior (see table
S4 for fitted parameters). Data
are plotted as described for
Fig. 2. Models without mod-
ule (c) (left panel) were not
able to generate a physio-
logic pVav1 output, where-
as any model containing
module (c) could be fitted
to produce a physiologic
pVav1 output.
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classified into nine different “response shapes” (Fig. 4A and table S3).
Testing for a larger number of parameter combinations did not change
the results qualitatively. The basic core model was not able to produce
a physiologic Vav1 phosphorylation output (represented by the dark
red region of shape 9) with any of the 5000 random parameter sets
(Fig. 4A). Similarly, adding the module (a) (actin reorganization), (b)
(kinase-phosphatase segregation), (d) (kinase autophosphorylation), (e)
(SHP-1–mediated dephosphorylation of autophosphorylated kinases), or
(f) (phosphorylation fo SHP-1) to the model either alone or in combina-
tion did not improve the results. Only those models that contained module
(c), which describes the association of an SFK with the activating receptor,
produced a physiologic Vav1 response for up to 9% of the random
parameter sets. About 30% of the parameter sets in models that contained
module (c) produced a response (Fig. 4A, shape 6, yellow) in which en-
gagement of the activating receptor increased the extent of Vav1 phospho-
rylation, but co-engagement of the inhibitory receptor did not alter this
response. When we analyzed the differences between the parameter sets
that created such a response and the parameter sets that created a physi-
ologic Vav1 phosphorylation response, we found that parameters that
favored the phosphorylation of the inhibitory receptor CD94-NKG2A,
the binding of SHP-1 to CD94-NKG2A, and the dephosphorylation of
Vav1 by SHP-1 were required to enable CD94-NKG2A–mediated inhibi-
tion of Vav1 phosphorylation (fig. S3A).

When we combined module (g) (association of an SFK with the inhib-
itory receptor) with models containing module (c), we found that fewer
parameter sets could recreate a physiological Vav1 response, and about
40% of the random parameters created a response in which engagement
of activating and inhibitory receptors resulted in increased Vav1 phospho-
rylation (Fig. 4A, shape 7). This suggested that the association of SFKs
with inhibitory receptors converted them into activating receptors. When
we analyzed the differences between the parameter sets that generated this
response and the parameters that generated a physiologic Vav1 phospho-
rylation response, we found that parameters that favored the association of
SHP-1, but not SFKs, with CD94-NKG2A and the increased de-
phosphorylation of Vav1 by SHP-1 were required to transform CD94-
NKG2A from an activating receptor into an inhibitory one (fig. S3B).

To further investigate the role of the association of SFKs with activat-
ing receptors for the creation of a physiologic pVav1 response, we per-
formed a parameter fit. In this approach, we fit the kinetic parameters of
each model to the experimental data (fig. S4 and table S4). We started
with a parameter set from the parameter scan that generated a pVav dose-
response profile with the minimal least-squares residual with respect to
the experimental data (Fig. 3). With this approach, the core model showed
a local increase in the abundance of pVav in the IS compartment, which
was induced by stimulation of the activating receptor. However, this in-
crease in amount of pVav in the IS was accompanied by an equivalent
decrease in the amounts of pVav in the membrane and cytoplasmic com-
partments. Thus, in contrast to our experimental data, no increase in the
total amount of pVav was induced. Similarly, other models lacking
module (c) failed to approximate the experimental results (Fig. 4B); how-
ever, inclusion of module (c) was sufficient to create a physiologic Vav1
response. These data show that our model, which incorporated only the
very early events after the engagement of NKG2D-DAP10, CD94-NKG2A,
or both, could accurately predict a physiological Vav1 phosphorylation
response, and they demonstrate an essential role for the association of
SFKs with the activating receptor.

Quantification of the extent of Vav1 phosphorylation
To quantify the number of phosphorylation events, we stimulated NK
cells through the engagement of the activating receptor NKG2D-

DAP10 or the inhibitory complex CD94-NKG2A and determined the ex-
tent of phosphorylation of SFKs and Vav1. To obtain quantitative data,
we used cells pretreated with either the SFK inhibitor PP1, to establish the
minimal extent of phosphorylation, or pervanadate, which induced max-
imal phosphorylation (fig. S5). Maximal engagement of NKG2D-DAP10
by antibody-mediated cross-linking increased the amount of pVav1 from
0.4% of the total Vav1 to ~11% (Fig. 5A); however, this stimulation failed
to induce substantial phosphorylation of SFKs. Engagement of the inhib-
itory CD94-NKG2A complex did not result in substantial changes in the
extent of phosphorylation of Vav1 or SFKs. These results confirmed that
SFK autophosphorylation, as described by module (d), did not play a
substantial role in our experimental system. The data further showed that
engagement of NKG2D-DAP10 resulted in concentrations of pVav1 in
NK cells of up to 19 nM. Similar concentrations of pVav1 (~16 nM) were
predicted in our modeling approach (Fig. 4B), demonstrating the reliabil-
ity of our model.

Stimulation-dependent association of SFKs with
NKG2D-DAP10
To experimentally test for the association of SFKs with phosphorylated
activating receptors, we stimulated NKG2D-DAP10 by antibody-
mediated cross-linking, lysed the cells in the mild detergent Brij-58,
and isolated the stimulated receptors with magnetic beads (Fig. 5B).
We observed an association of Vav1 and the SFKs Lck and Fyn specif-
ically with the stimulated NKG2D receptor. The extent of the associations
of Lck and Fyn with stimulated NKG2D represented increases, relative to
their association with the unstimulated receptor, by factors of ~11 and
~44, respectively (Fig. 5B). Engagement of NKG2D also induced the phos-
phorylation of Vav1, which was detectable at the receptor and in cell ly-
sates. Notably, the ratio of the amount of pVav1 to that of total Vav1 was
about 30 times higher in association with NKG2D than in the lysate (Fig.
5B), which suggests that activated NKG2D-DAP10 triggered the phos-
phorylation of Vav1. These data confirm the activation-dependent asso-
ciation between NKG2D-DAP10 and Fyn and Lck, as suggested by the
essential role of module (c) (kinase association) in our model.

Kinetics of Vav1 phosphorylation
To further test our model with the fitted parameters (Fig. 4B), we
used the core model containing module (c) and calculated the kinetic
change in Vav1 phosphorylation upon triggering of NKG2D-DAP10.
This calculation predicted a rapid increase in extent of Vav1 phospho-
rylation, which reached a plateau after ~250 s (Fig. 5C). Although
lowering the initial concentration of MICA reduced the amplitude of
Vav1 phosphorylation, the time needed to reach the plateau remained
unchanged. To validate these results experimentally, we stimulated
NKG2D-DAP10 on NK cells and determined the kinetics of Vav1 phos-
phorylation. In agreement with the simulation, we observed a rapid
increase in Vav1 phosphorylation, which reached its maximum after
~200 to 300 s. Reduced engagement of NKG2D resulted in a lower
amount of pVav1 with unchanged kinetics, consistent with the predictions
from our model. We also observed a reduction in Vav1 phosphorylation
between 5 and 10 min after receptor engagement, which suggested the
presence of inhibitory signaling pathways that were not incorporated in
our model.

A model simulation with decreased SFK activity predicted a delayed
increase in Vav1 phosphorylation and a decrease in the final concentra-
tion of pVav1 (Fig. 5D). To test these predictions experimentally, we
measured the phosphorylation of Vav1 in response to engaging
NKG2D-DAP10 in the presence of the SFK inhibitor PP1. In agreement
with the predictions, increasing the concentration of PP1 affected the
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kinetics, slope, and amplitude of Vav1 phosphorylation. PP1 also re-
duced the extent of Vav1 phosphorylation after 5 min of combined en-
gagement of NKG2D-DAP10 and NKG2A-CD94 while preserving the
overall shape of the response, which was also consistent with the pre-
dictions of our model (fig. S6).

Correlation between pVav1 and NK cell cytotoxicity
Our hypothesis was based on the assumption that the signals from acti-
vating and inhibitory receptors were integrated at the level of Vav1 phos-
phorylation. If this were the decision-making point for NK cell activation,
then the extent of Vav1 phosphorylation should correlate with the cyto-
toxic activity of the NK cell. We therefore determined the cytotoxic ac-
tivity of NK cells upon differential triggering of activating and inhibitory
receptors. We found that increasing the extent of NKG2D-DAP10 en-
gagement on NKL cells resulted in a rapid increase in NK cell cyto-
toxicity, which quickly reached a plateau (Fig. 6A). Co-engagement of
the inhibitory CD94-NKG2A receptor effectively blocked NK cell cyto-
toxicity. We observed a similar dose response in experiments with an NK
cell clone expanded from primary human NK cells (Fig. 6B). This cyto-
toxic response of NK cells paralleled the extent of Vav1 phosphorylation
that was predicted by our mathematical model (Fig. 6C), supporting the

hypothesis that the amount of pVav1 establishes a key checkpoint for NK
cell cytotoxic activity.

DISCUSSION

Effective immune responses are regulated by positive and negative
signals; it is therefore important to be able to understand the integration
of these opposing signals at a molecular level. Here, we characterized the
NK cell signal transduction network upstream of Vav1 and identified key
elements of this network through an ensemble modeling approach. Al-
though we used NKG2D-DAP10 and CD94-NKG2A in our model and
experimental verifications, our results are likely applicable to other acti-
vating and inhibitory NK receptors as well. In addition, the initial kinetic
parameters for the association of SFKs with the YINM motif of DAP10
were derived from the known association of SFKs with the immunore-
ceptor tyrosine-based activation motifs (ITAMs) of T cell receptors
(TCRs). Thus, our model may also be applicable to the stimulation of
NK cells through ITAM-based receptors, such as CD16, NKp30,
NKp44, and NKp46. Because of the large quantity of cells needed for
biochemical analysis, we used the human NK cell line NKL in many
experiments; however, our model gave similar results with the spatial

Fig. 5. Association of SFKs with NKG2D and kinetic analysis of the model.
(A) The amounts of pVav1 and phosphorylated SFK (pSFK) were
determined by quantitative Western blotting analysis, as described for
Fig. 3. Through the use of cells treated with PP1 (negative control) or per-
vanadate (positive control) as standards (Supplementary Materials and fig.
S5), we calculated the relative amounts of pVav1 and the indicated pSFKs
relative to those of total Vav1 and SFK. Data represent the mean of three
experiments. (B) NKL cells were treated with antibodies against NKG2D
and incubated at 37°C for 5 min (37°C w/o x) or were additionally incu-
bated with goat anti-mouse antibodies on ice (ice x) or at 37°C for 5 min
(37°C x). Cells were then lysed and NKG2D was immunoprecipitated. Im-
munoprecipitated samples (NKG2D-IP, shown in the blot on the left) and
lysates from the samples before immunoprecipitation (as loading controls)
were analyzed by Western blotting with the indicated antibodies. Cross-
linking of NKG2D at 37°C resulted in a slightly reduced recovery of the
receptor complex from the lysate. The ratio between the signal for pVav1
corrected for total Vav1 (pV/V) was quantified for the immunoprecipitation
of the stimulated NKG2D receptor (IP) and the stimulated lysate (top right
panel). The ratios between the amounts of Fyn and NKG2D (middle right
panel) and those of Lck and NKG2D (bottom right panel) were quantified
for the immunoprecipitated NKG2D samples. Data are representative of at
least three experiments. (C) Kinetic changes in Vav1 phosphorylation de-
pending on differential engagement of the activating receptor. The indi-
cated concentrations of the NKG2D ligand MICA were used in the
model to calculate the kinetic change in Vav1 phosphorylation (left panel).
The extent of Vav1 phosphorylation was then determined experimentally by
cross-linking NKG2D on NKL cells with the indicated concentrations of anti-
bodies against NKG2D (right panels), as described for Fig. 3. Means and
SDs from three experiments are shown. (D) Kinetic changes in Vav1 phos-
phorylation depending on SFK activity. The activities of SFKs were reduced
to 50 or 25% of their original activities of the model, and the kinetic changes
in Vav1 phosphorylation were calculated (left panel). The extent of Vav1
phosphorylation was then determined experimentally by antibody-
mediated (1 mg/ml) cross-linking of NKG2D on NKL cells pretreated for
30 min with the indicated concentrations of PP1 (right panels). Means
and SDs from three independent experiments are shown.
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dimensions and concentrations of signaling molecules of NKL cells and
primary human NK cells. In addition, the functional responses of these
cells to the triggering of inhibitory and activating receptors were compa-
rable (Figs. 3B and 6). Thus, our findings will likely be of general
relevance to the regulation of human NK cells.

Our data showed that we could obtain a physiologic output of our base
model including just the module that described the association of kinases
with activating receptors [module (c)]. Whereas this finding demonstrates
that this process was essential for the regulation of NK cells, it does not
exclude the possibility that the remaining optional modules may play a
role during the fine-tuning of NK cell responses. Kinase-phosphatase
segregation [module (b)] has been suggested as a mechanism for the ini-
tiation of TCR signaling (15). CD45 is not necessary for NK cell cyto-
toxicity (19–21), consistent with the dispensable role of module (b) in our
model. In the case of module (d), which described the autophosphoryla-
tion of SFKs, we experimentally excluded the possibility of SFK phos-
phorylation after NK cell activation, a finding that is consistent with the
lack of phosphorylation of SFKs upon T cell activation (22). Similarly, we
did not detect any phosphorylation of SHP-1 after triggering activating and
inhibitory receptors either alone or in combination, which argues against an
involvement of SHP-1 phosphorylation, as described by module (f), during
NK cell regulation. The stabilization of the active conformation of SHP-1 by
ITIM binding as implemented in our model would create a locally high
concentration of active SHP-1 at the site of engaged inhibitory receptors.
Similarly, the clustering of activating receptors at the IS creates a locally
high concentration of active SFKs. This may explain the switch-like reg-
ulation of Vav1 phosphorylation and potentially provides the basis for the
local regulation of NK cell activity (23), in which inhibitory receptors
block the activation of NK cells only when co-engaged with activating re-
ceptors. Only a fraction of the total Vav1 (~11%) was phosphorylated after
the triggering of NKG2D, which could be explained by the fact that the
local phosphorylation of Vav1 induced by contact with target cells was
sufficient for the full activation of NK cells.

Our data showed a reduction in the extent of Vav1 phosphorylation,
which started about 5 min after triggering of NKG2D-DAP10, suggesting
the existence of inhibitory feedback loops. This negative feedback was
not predicted by our model, because our simulation showed only a slight
reduction in the extent of Vav1 phosphorylation at later time points (Fig.
5). The inclusion of any of the optional modules also did not recreate this
reduction in Vav1 phosphorylation. Therefore, although we cannot identi-

fy the nature of this inhibitory element, we
can exclude that any of our optional mod-
ules were sufficient for this response. It will
be important to identify this inhibitory ele-
ment in future experiments, because this
may be one of the mechanisms that enable
serial killing by NK cells (24).

We confirmed the association of SFKs
with the activating NKG2D-DAP10 recep-
tor in our experiments. These data might
be explained by a direct association between
SFKs and NKG2D-DAP10, similar to the
interaction between Lck and the YxxMmo-
tif of CD227 in T cells (25); however, en-
gagement of NKG2D-DAP10 results in the
recruitment of the receptor complex to spe-
cialized membrane microdomains (7) at
which SFKs are enriched (26). The associ-
ation between NKG2D-DAP10 and SFKs
may therefore also arise from the colocal-

ization of these molecules in the same membrane domain. We have made
similar observations for the activating receptor 2B4 (8), and a report has
shown that the confinement of activating receptors to membrane microdo-
mains is correlated with the functional competence of NK cells (27). This
suggests that the close proximity betweenactivating receptors andSFKsmight
be essential forNKcell activation. The resulting increased local concentration
of SFKs around activating receptors may be one way of transmitting a stim-
ulus across the plasma membrane. Our model shows that this mechanism is
sufficient to induce NK cell activation without the need for conformational
changes in the receptor, kinase autophosphorylation, or the exclusion of
phosphatases (15).

Module (g) assumes an association between SFKs and the phosphoryl-
ated inhibitory receptor. This was the only module that reduced the num-
ber of random parameter sets in our parameter scan that produced a
physiological output. Therefore, the association of SFKs with inhibitory
receptors may not be compatible with the inhibitory function of these re-
ceptors. This was confirmed by the fact that only parameters that favored
association of SHP-1 with CD94 rather than association of SFKs with
CD94 were compatible with a physiologic Vav1 phosphorylation re-
sponse. We previously showed that inhibitory receptors do not associate
with membrane microdomains (8), making colocalization of inhibitory
receptors and SFKs within the same membrane domain unlikely. These
data suggest that an association between inhibitory receptors and SFKs
may not be necessary for the regulation of NK cell activity. The associ-
ation of SFKs with inhibitory receptors could transform these receptors
into activating receptors whose engagement would promote Vav1 phos-
phorylation (Fig. 4A). During the development of NK cells, inhibitory
receptors play an important role in creating functionally competent NK
cells (28). It is thought that during this process, inhibitory receptors may
transmit a positive signal (29). Our data may provide a solution to this
contradiction by demonstrating that simple changes in the signaling envi-
ronment can transform an inhibitory receptor into a stimulating receptor.

Our model is based on the finding that Vav1 is a direct substrate of
SHP-1 when SHP-1 is bound to an inhibitory receptor (11). Peterson and
Long showed that c-Cbl can associate with Vav1 that is targeted for de-
phosphorylation by SHP-1 (12). Additionally, the adaptor protein Crk is
phosphorylated during inhibitory signaling, which prevents the formation
of a complex among c-Cbl, Crk, and the guanidine exchange factor C3G
(12). Although our data show that we can obtain a physiologic NK cell re-
sponse in our mathematical model without considering the phosphorylation

Fig. 6. The cytotoxic activity of NK cells correlates with the extent of Vav1 phosphorylation. (A and B)
NKL cells (A) and a primary human NK cell clone (B) expressing the inhibitory receptor CD94-NKG2A
were used in a 4-hour redirected 51Cr-release assay using the Fc receptor–expressing cell line P815 as
a target. NKG2D and CD94 were triggered with the indicated concentrations of specific monoclonal
antibodies; the resulting lysis of the target cells is indicated as the percent killing. Data are representative
of five (A) and two (B) independent experiments. (C) Calculated pVav1 response upon differentially trig-
gering activating and inhibitory receptors with model –c—.
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of Crk, this does not exclude the existence of such additional regulatory
pathways, which may be important for additional fine-tuning of this system.

Our data show a switch-like regulation of Vav1 phosphorylation,
which was rapidly induced to maximal extent upon small changes in
the engagement of activating receptors. Similarly, small changes in inhib-
itory receptor signaling were sufficient to almost completely abolish the
phosphorylation of Vav1. This behavior correlated with the cytotoxic ac-
tivity of NK cells. Therefore, we suggest that Vav1 phosphorylation is a
key checkpoint in NK cell activation and represents a necessary and es-
sential part of the decision-making system that integrates signals from ac-
tivating and inhibitory receptors to determine the activity of an NK cell.
Although NK cells are exclusively regulated through the balance of pos-
itive and negative signals, it is interesting to speculate that Vav1 might also
play a role in the interplay between activating and inhibitory receptors in
other immune cells.

MATERIALS AND METHODS

Reagents, cells, and antibodies
The murine mastocytoma cell line P815, the human NK cell line NKL,
and primary human NK cells and clones were purified and cultured as
previously described (30, 31). Antibodies used in this study included con-
trol mouse IgG1 (MOPC21, Sigma), goat antibodies against mouse IgG
(Dianova), horseradish peroxidase (HRP)–conjugated goat antibody
against rabbit IgG (Santa Cruz Biotechnology), and antibodies against
the following targets: NKG2D (149810, R&D Systems); NKG2A-
CD159a (Z199), CD94 (HP-3B1), KIR2DL1 (EB6), and KIR2DL2/3
(GL183) (all from Beckman Coulter); pVav1 (pY160, Biosource); Vav
(VAV-30, Abcam and Upstate); SHP-1 (BD Transduction Laboratories);
Lck (a rabbit polyclonal antibody that was a gift of A. Veillette, University
of Montreal, Canada); and Fyn (rabbit antibody), pSrc family (Tyr416),
and total, nonphosphorylated Src (7G9) (Tyr416) (all from Cell Signaling
Technology).

Redirected lysis assay
Standard 51Cr-release assays were performed as previously described (32).
Effector and P815 target cells were mixed at a constant ratio with the in-
dicated antibody concentrations. In some experiments, effector cells were
preincubated for 30 min at 37°C with PP1 (Biomol) or dimethyl sulfoxide
(DMSO) as a control.

Receptor cross-linking, immunoprecipitations, and
Western blotting analysis
Cells were resuspended at 2 × 107/ml in Iscove’s modified Dulbecco’s me-
dium containing 10% fetal calf serum and 1% penicillin and streptomycin
and, in some experiments, were preincubated for 30 min at 37°C with var-
ious concentrations of PP1 or DMSO. Cells were incubated with primary
antibodies for 10 min at room temperature. Cells were washed and then
incubated with goat antibody against mouse IgG (5 mg/ml) for 5 min at
37°C. Stimulation was stopped by immediately adding ice-cold medium
and putting the cells on ice. Lysis and Western blotting analysis were per-
formed as previously described (8). For immunoprecipitations, cells were
lysed in a buffer containing 1% Brij-58 (AppliChem) and DNase I (de-
oxyribonuclease I, 200 Kunitz units/ml, Sigma). Lysates of 1 × 107 cells
per sample were incubated with antibody against mouse IgG (5 mg/ml)
with gentle agitation for 20 min, after which Protein G Dynabeads
(12.5 ml, Invitrogen) were added for 2 hours at 4°C. Beads were washed
five times with lysis buffer, and proteins were eluted with 50 mM glycine
(pH 2.0) and then used for Western blotting analysis. Western blots were

quantified with a densitometer (Bio-Rad GS800) and Quantity One
software.

Mathematical modeling and analysis
The complete mathematical model representing all of the model variants
was formulated with SBML (Systems Biology Markup Language)–
shorthand (http://www.staff.ncl.ac.uk/d.j.wilkinson) and translated by the
accompanying python script into the SBML (http://www.sbml.org). The
72 alternative models were generated from the complete model by adapt-
ing the parameters accordingly. All subsequent simulations and analyses
were computed with the MATLAB (MathWorks) programming language;
the open-source MATLAB toolboxes SBMLToolbox (33), SBToolbox
(34), and SBaddon (35); and in-house algorithms (which are available
upon request). All computations were started from the unstimulated steady
state. Dose-response curves were computed by linearly varying ligand
concentrations and simulating the model until a new steady state was
reached. Kinetic parameters were fitted with the lsqnonlin function from
the MATLAB Optimization Toolbox. To scan and classify the parameter
space, we computed the dose-response profile of each model 5000 times with
random values chosen from 0.01 to 100 times the geometric mean of the
literature values. By numerically preselecting and visually inspecting 4800
dose-response profiles, we qualitatively classified the profiles into nine differ-
ent shapes (table S3). Analytical functions describing these nine shapes were
defined and fitted with the MATLAB lsqnonlin function to the 360,000 dose-
response profiles to provide the minimal least-squares residual.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/175/ra36/DC1
Methods
Fig. S1. Quantification of cytosolic proteins by Western blotting analysis.
Fig. S2. Initial simulation results.
Fig. S3. Interclass parameter ratios.
Fig. S4. Results of the parameter fit for all 72 models.
Fig. S5. Quantification of the total amounts of pVav1 and pSFK after stimulation of NK
cells.
Fig. S6. Comparison between predicted and experimentally observed pVav1 responses
after treatment with PP1.
Table S1. Kinetic parameters used for modeling.
Table S2. Protein numbers and concentrations for different NK cell types.
Table S3. Table of shape functions and their analytical equations used for the classification
of shapes generated in the parameter scan.
Table S4. Literature-derived and fitted kinetic rates.
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