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T cell large granular lymphocyte (T-LGL) leukemia features a clonal
expansion of antigen-primed, competent, cytotoxic T lymphocytes
(CTL). To systematically understand signaling components that
determine the survival of CTL in T-LGL leukemia, we constructed a
T-LGL survival signaling network by integrating the signaling
pathways involved in normal CTL activation and the known de-
regulations of survival signaling in leukemic T-LGL. This network
was subsequently translated into a predictive, discrete, dynamic
model. Our model suggests that the persistence of IL-15 and PDGF
is sufficient to reproduce all known deregulations in leukemic
T-LGL. This finding leads to the following predictions: (i) Inhibiting
PDGF signaling induces apoptosis in leukemic T-LGL. (ii) Sphin-
gosine kinase 1 and NF�B are essential for the long-term survival
of CTL in T-LGL leukemia. (iii) NF�B functions downstream of PI3K
and prevents apoptosis through maintaining the expression of
myeloid cell leukemia sequence 1. (iv) T box expressed in T cells
(T-bet) should be constitutively activated concurrently with NF�B
activation to reproduce the leukemic T-LGL phenotype. We vali-
dated these predictions experimentally. Our study provides a
model describing the signaling network involved in maintaining
the long-term survival of competent CTL in humans. The model will
be useful in identifying potential therapeutic targets for T-LGL
leukemia and generating long-term competent CTL necessary for
tumor and cancer vaccine development.

discrete dynamic model � nuclear factor kappa-B �
signal transduction network � T box expressed in T cells �
T cell large granular lymphocyte leukemia

Cytotoxic T lymphocyte (CTL) activation normally involves
an initial expansion of antigen-specific CTL clones and their

acquisition of cytotoxic activity. Subsequently, the activated CTL
population undergoes activation-induced cell death (AICD),
resulting in final stabilization of a small antigen-experienced
CTL population (1). This process requires a delicate balance
between proliferation, survival, and apoptosis. T cell large
granular lymphocyte (T-LGL) leukemia is characterized by
abnormal clonal expansion of antigen-primed mature CTL that
successfully escaped AICD and remain long-term competent
(2). Similar to normal activated CTL, leukemic T-LGL exhibit
activation of multiple survival signaling pathways (3–5). How-
ever, unlike normal activated CTL, leukemic T-LGL are not
sensitive to Fas-induced apoptosis (6), a process essential for
AICD (7). Recent molecular profiling data suggest that normal
CTL activation and AICD are uncoupled in leukemic T-LGL
(8), providing a unique opportunity to decipher the key medi-
ators of CTL activation and AICD in humans.

Network modeling has been increasingly used to better un-
derstand complex and interactive biological systems (9, 10).
Experimentally obtained signaling pathway information can be
translated into a graph (network) by representing proteins,
transcripts, and small molecules as network nodes and denoting
the interactions between nodes as edges (9). The direction of
edges follows the direction of the mass or information flow, from

the upstream (source) node to the downstream (product or
target) node. In addition, the edges are characterized by signs,
where a positive sign indicates activation, and a negative sign
indicates inhibition. Discrete dynamic modeling is widely used in
modeling regulatory and signaling networks because of its
straightforwardness, robustness, and compatibility with qualita-
tive data (9–11). The simplest discrete models, called Boolean
models, assume two possible states for each node in the network:
ON (above threshold) and OFF (below threshold). The biolog-
ical functions by which upstream regulators act on a downstream
node can be readily translated into logical statements by using
Boolean operators.

In this study, we aimed to systematically understand the
long-term survival of competent CTL in T-LGL leukemia by
constructing a T-LGL survival signaling network and a Boolean
model of the network’s dynamics. We found the constitutive
presence of IL-15 and PDGF to be sufficient to reproduce all of
the other signaling abnormalities. In addition, we studied the
predicted key mediators of long-term CTL survival and their
related signaling pathways.

Results
Constructing the T-LGL Survival Signaling Network. We performed
an extensive literature search and constructed the T-LGL sur-
vival signaling network (shown in Fig. 1) by adapting and
simplifying a network describing the normal CTL activation–
AICD process. The detailed method of network construction is
described in supporting information (SI) Text. The information
used to construct the network, summarized by giving the source
node, target node, two qualifiers of the relationship, and refer-
ences, is given in Table S1. The nomenclature of all of the nodes
of the network before and after simplification is provided in
Tables S2 and S3. The T-LGL survival signaling network incor-
porates the most unique interactions through which all known
deregulations in leukemic T-LGL are connected, in the context
of normal CTL activation and AICD signaling. Proteins, mRNAs,
and small molecules (such as lipids) were represented as nodes.
‘‘Cytoskeleton signaling’’, ‘‘Proliferation’’ and ‘‘Apoptosis’’ were
also included as nodes to summarize the biological effects of a
group of components in the signaling pathways and serve as the
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indicators of cell fate. Because of the unknown etiology of
T-LGL leukemia (2), we used ‘‘Stimuli’’ as a node to indicate
antigen stimulation (12). This network contains 58 nodes and 123
edges. The biological description of the T-LGL survival signaling
network is given in SI Text.

Translating the T-LGL Survival Signaling Network into a Predictive,
Discrete, Dynamic Model. To understand the dynamics of signaling
abnormalities in T-LGL leukemia, we translated the T-LGL
survival signaling network into a Boolean model. Each network
node was described by one of two possible states: ON or OFF.
The ON state means the production of a small molecule, the
production and translation of a transcript, or the activation of a
protein/process whereas the OFF state means the absence of a
small molecule or transcript or the inhibition of a protein/
process. The regulation of each component in the network was
described by using the Boolean logical operators OR, AND, and
NOT (see Table S4). OR represents the combined effect of
independent upstream regulators on a downstream node
whereas AND indicates the conditional dependency of upstream
regulators to achieve a downstream effect. NOT represents the
effect of inhibitory regulators and can be combined with acti-
vating regulations by using either OR or AND. The rules were
derived from the regulatory relationships reflected in the net-
work and from the literature. The detailed justification of the
logical rules for all nodes in the network is provided in SI Text.
As in the biological system, there is a time lag between the state
change of the regulators and the state change of the targets. The
kinetics of signal propagation is rarely known from experiments.
Thus, we used an asynchronous updating algorithm (10, 11) that
samples differences in the speed of signal propagation. The
detailed algorithm is described in SI Text.

To reproduce how a population of cells responds to the same
signal and to simulate cell-to-cell variability, we performed
multiple simulations with the same initial conditions but differ-
ent updating orders (i.e., different timing). The model was
allowed to update for multiple rounds until the node Apoptosis
became ON in all simulations (recapitulating the death of all
CTL) or stabilized in the OFF state in a fraction of simulations
(recapitulating the stabilization of the long-term surviving CTL
population). The state of Stimuli was set to ON at the beginning
of every simulation, recapitulating the activation of CTL by
antigen. The states of the other nodes were set according to their

states in resting T cells, as described in the SI Text. At the end
of the simulation, if the state of a node stabilized at ON even
though it was OFF at the beginning of the simulation, we
consider it as constitutively active. If the state of a node
stabilized at OFF even though it was in the ON state at the
beginning of the simulation, or it was experimentally shown to
be active after normal CTL activation, we consider it as down-
regulated/inhibited. During simulations, the state of a node can
be fixed to reproduce signaling perturbations.

Constitutive Presence of IL-15 and PDGF Is Predicted to Be Sufficient
to Induce All of the Known Signaling Abnormalities in Leukemic T-LGL.
Zambello et al. (13) has demonstrated the presence of mem-
brane-bound IL-15 on leukemic LGL, suggesting a role of IL-15
in the pathogenesis of this disease. In the course of studying
constitutive cytokine production in LGL leukemia (14), we used
a protein array as an experimental method. Using this array, we
had found high levels of PDGF in LGL leukemia sera (unpub-
lished observation). PDGF exists in the form of homodimers or
heterodimers of two polypeptides: PDGF-A and PDGF-B (15).
In the current study, we examined the level of PDGF-BB level
in the sera of 22 T-LGL leukemia patients and 39 healthy donors
and found that PDGF-BB was significantly higher in patient
serum compared with normal (P � 0.005) (Fig. 2A). We
subsequently incorporated this deregulation into the network
model.

To investigate signaling abnormalities underlying long-term
survival of leukemic T-LGL, we first tested whether our model
could reproduce the uncoupling of CTL activation and AICD by
using all known deregulations (summarized in Table S5). We did
not observe the activation of the node Apoptosis in any simu-
lation. Second, we probed whether all of the deregulations have
to be individually initiated or whether a subset of them can cause
the others. The effect of a single signaling perturbation can be
identified by keeping the state of the corresponding node
according to its deregulation and tracking the states of other
nodes until a stable (time-independent) state is obtained. IL-15,
PDGF, and Stimuli are three nodes that have been suggested to
be abnormal in T-LGL leukemia without known upstream
regulators in the T-LGL survival-signaling network. To recapit-
ulate the effect of their deregulations without masking the effect
of the perturbation tested, the states of IL-15, PDGF, and
Stimuli were randomly set at ON or OFF at every round of

Fig. 1. The T-LGL survival signaling network. Node and edge color represents the current knowledge of the signaling abnormalities in T-LGL leukemia.
Up-regulated or constitutively active nodes are in red, down-regulated or inhibited nodes are in green, nodes that have been suggested to be deregulated (either
up-regulation or down-regulation) are in blue, and the states of white nodes are unknown or unchanged compared with normal. Blue edge indicates activation
and red edge indicates inhibition. The shape of the nodes indicates the cellular location: rectangular indicates intracellular components, ellipse indicates
extracellular components, and diamond indicates receptors. Conceptual nodes (Stimuli, Cytoskeleton signaling, Proliferation, and Apoptosis) are labeled orange.
The full names of the node labels are provided in Table S3.
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updating, i.e., in a random state, except when probing for the
effect of their own deregulations.

Through this analysis, we discovered a hidden hierarchy
among the known deregulations in leukemic T-LGL, with up-
stream deregulations as the potential cause of downstream
deregulations. We present these regulatory relationships as a
hierarchical network in Fig. 2B. Details of the hierarchy analysis
are provided in SI Text. Surprisingly, we found that keeping the
state of IL-15 at ON was sufficient to reproduce all known
deregulations in leukemic T-LGL when setting a random state

for PDGF and Stimuli (Fig. S1). To understand the effect of
PDGF and Stimuli individually upon the constant presence of
IL-15, we probed all of the possible states of PDGF and Stimuli.
We determined that the presence of PDGF is needed for the
long-term survival of leukemic T-LGL. In contrast, the consti-
tutive presence of Stimuli is not required after its initial activa-
tion (Fig. 2C). We concluded that based on the available
signaling information regarding T cell activation and AICD, the
minimal condition required for our model to reproduce all
known signaling abnormalities in T-LGL leukemia (i.e., a T-
LGL-like state) is IL-15 constantly ON, PDGF intermittently
ON, and Stimuli ON in the initial condition.

To test the unexpected prediction that PDGF signaling,
together with IL-15, maintains leukemic T-LGL survival, we
inhibited PDGF receptor by using its specific inhibitor AG 1296.
As shown in Fig. 2D, AG 1296 induced apoptosis specifically in
T-LGL leukemia peripheral blood mononuclear cells (PBMCs)
but not in normal PBMCs (n � 3–4, P � 0.03).

Sphingosine kinase 1 (SPHK1) Is Important for the Survival of Leuke-
mic T-LGL. The next question we asked was: Can we identify the
key mediators that determine the uncoupling of CTL activation
and AICD in T-LGL leukemia? In our experimental system, the
indication that a protein (small molecule or complex) is a key
mediator in the finding that altering its amount or function can
induce apoptosis in leukemic T-LGL. Accordingly, a corre-
sponding network node is a key mediator if its state stabilizes
once a T-LGL-like state is achieved, and altering its state
increases the frequency of the ON state of Apoptosis. The
detailed method to identify key mediators is provided in SI Text.
As summarized in Table S6, experiments already suggested nine
key mediators. We first tested whether our model could identify
the corresponding nodes as key mediators. A rapid increase of
apoptosis frequency was observed after resetting and maintain-
ing the states of all of the known key mediators individually to
their opposite states (from ON to OFF or from OFF to ON) after
reproducing a T-LGL-like state. Examples of simulation results
are provided in Fig. S2.

Based on this result, we systematically simulated the effect of
individually altering the states of all nodes that stabilize when a
T-LGL-like state is achieved. A list of these nodes is provided in
Table S7. In addition to PDGF and its receptor, the model
predicted seven additional key mediators: SPHK1, NF�B, S1P,
SOCS, GAP, BID, and IL2RB, all exhibiting a similar dynamics
of inducing apoptosis in the model. Fig. 3A shows the effect of
inhibiting SPHK1 as an example. Recently, we found that the
sphingolipid signaling is deregulated in leukemic LGL (8). Thus,
we tested the effect of SPHK1 inhibition on leukemic T-LGL
survival experimentally by using its chemical inhibitors, SPHK1
inhibitor-I and -II (SKI-I and SKI-II) (16, 17). As shown in Figs.
3 B and C, both SKI-I and SKI-II significantly induced apoptosis
in T-LGL leukemia PBMCs in a dose-dependent manner but not
in normal PBMCs (n � 4–6, P � 0.03).

NF�B Maintains the Survival of Leukemic T-LGL Through STAT3-
Independent Regulation of myeloid cell leukemia sequence 1 (Mcl-1).
Our model predicts that NF�B is constitutively active and is a key
mediator of the survival of leukemic T-LGL (Fig. 4A). Consid-
ering its importance in regulating T cell proliferation, cytotox-
icity, and survival (18), we studied the activity and function of
NF�B in T-LGL leukemia. As shown in Fig. 4B, nuclear extracts
of normal PBMCs rarely exhibited NF�B activity as assessed by
EMSA whereas NF�B activity was detected in most of the
nuclear extracts of T-LGL leukemia PBMCs.

Next, we examined the effect of inhibiting NF�B by using its
specific inhibitor BAY 11–7082 (19, 20). As shown in Fig. 4C,
BAY 11–7082 inhibited the constitutive activity of NF�B in
T-LGL leukemia PBMCs in a dose-dependent manner as as-

Fig. 2. The Boolean model of the T-LGL survival signaling network predicts
that constitutive presence of IL-15, and PDGF is sufficient to induce all of the
known deregulations in T-LGL leukemia. (A) PDGF-BB is elevated in T-LGL
leukemia patient sera compared with normal. Serum level of PDGF-BB from 39
healthy donors (gray triangles) and 22 T-LGL leukemia patients (white dia-
monds) was assessed by using ELISA. The figure shows a 1.4-fold increase of
mean serum level of PDGF-BB (black bar) in T-LGL leukemia patients compared
with normal (*, P � 0.005). (B) Hierarchy among known signaling deregula-
tions in T-LGL leukemia. Color code for nodes and edges is the same as in Fig.
1. (C) The effects of IL15, PDGF, and Stimuli on the frequency of apoptosis
during simulation. Keeping PDGF ON does not prevent the onset of apoptosis
(white triangles). While keeping IL-15 ON, keeping PDGF OFF from the first
round of updating delays but cannot prevent the onset of apoptosis (white
squares). Setting Stimuli ON at the beginning of the simulation and then
keeping it OFF (‘‘ONCE’’) does not alter the inhibition of apoptosis upon
keeping IL-15 ON in the presence of PDGF (white circles). Results were ob-
tained from 400 simulations of each initial condition. (D) 10 �M AG 1296
specifically induced apoptosis in T-LGL leukemia PBMCs (white circles, n � 4)
after 24 h but not in normal PBMCs (gray circles, n � 3, *, P � 0.03). Each circle
represents data from one patient or healthy donor. The markers (black bars)
indicate the mean apoptosis percentage.
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sessed by EMSA. BAY 11–7082 (1 �M) significantly induced
apoptosis in T-LGL leukemia PBMCs but not in normal PBMCs
(n � 6, P � 0.009) (Fig. 4D).

Based on the Boolean logical rule for NF�B (see Table S4), it can be activated by PI3K or tumor progression locus 2
(TPL2)/cancer Osaka thyroid. During simulations, however, we
noticed that the ON state of NF�B was only determined by the
constitutive activity of PI3K because resetting the state of PI3K
from ON to OFF was necessary and sufficient to induce the rapid
inhibition of NF�B whereas altering the state of TPL2 did not
affect NF�B activity (Fig. 5A). We then subjected the T-LGL
leukemia PBMCs to PI3K specific inhibitor LY 294002 and
tested the effect on NF�B activity. LY 294002 (25 �M) signif-
icantly inhibited the activity of NF�B as assessed by EMSA (Fig.
5B) and induced apoptosis in T-LGL leukemia PBMCs (data not
shown) as reported (4). BAY 11–7082 did not inhibit the activity
(phosphorylation) of v-akt murine thymoma viral oncogen ho-
molog (AKT), an immediate downstream target of PI3K in T-LGL
leukemia PBMCs, as assessed by Western blot assay (Fig. 5C).

We found that for simulations in which we reset the state of
NF�B from ON to OFF, the onset of apoptosis correlated tightly
with the rapid down-regulation of Mcl-1 (Fig. 4A). It has been
shown that STAT3 transcriptionally regulates Mcl-1 in leukemic
T-LGL (3). Interestingly, our model predicted that the initial
Mcl-1 down-regulation after NF�B inhibition was independent
of STAT3 activity (Fig. 4A). Our experimental results confirmed
this prediction. As shown in Fig. 5C, the amount of Mcl-1 after
BAY 11–7082 treatment did indeed decrease correspondingly to
the decreased NF�B activity whereas STAT3 activity remained
unchanged after NF�B inhibition, as assessed by EMSA, even at
the highest dose of BAY 11–7082.

T box expressed in T cells (T-bet) Is Constitutively Active in Leukemic
T-LGL. It has been shown that leukemic T-LGL are incapable of
producing IL-2 even upon in vitro stimulation (21). It has also
been shown that NF�B promotes IL2 transcription (18). In our
model, this apparent conflict can be resolved if T-bet is consti-

Fig. 3. SPHK1 is a key mediator for the survival of leukemic T-LGL. (A) The
effect of SPHK1 inhibition on Apoptosis frequency in the model. The state of
SPHK1 was reset to OFF after 15 rounds of updating (white squares), or left
unchanged (white diamonds) after a T-LGL-like state was achieved. A rapid
increase of apoptosis was observed after SPHK1 inhibition (200 simulations).
(B) 20 �M and 40 �M SKI-I selectively induced apoptosis in T-LGL leukemia
PBMCs (n � 6) after 48 h but not in normal PBMCs (n � 5, *, P � 0.03 and **,
P � 0.01). Each circle represents data from one patient or healthy donor. The
markers (black bars) indicate the mean apoptosis percentage. (C) 5 �M and 10
�M SKI-II selectively induced apoptosis in T-LGL leukemia PBMCs after 48 h
(white circles, n � 5) but not in normal PBMCs (gray circles, n � 4, *, P � 0.02,
and **, P � 0.001). Each circle represents data from one patient or healthy
donor. The markers (black bars) indicate the mean apoptosis percentage.

Fig. 4. NF�B is constitutively active in T-LGL leukemia and mediates survival
of leukemic T-LGL. (A) Model prediction of the effects of NF�B inhibition (200
simulations). The state of NF�B was reset from ON to OFF after 15 rounds of
updating, while keeping IL-15 and PDGF ON. Apoptosis (black squares) was
rapidly induced after inhibiting NF�B (black diamonds). The induction of
apoptosis was tightly coupled with the down-regulation of Mcl-1 (�). In
contrast, the state of STAT3 (white triangles) remained unchanged until the
simulation was terminated. (B) NF�B activity in nuclear extracts of PBMCs from
healthy donors and T-LGL leukemia patients. EMSA results are representative
of 16 healthy donors and 8 T-LGL leukemia patients tested. White space has
been inserted to indicate realigned gel lanes. (C) BAY 11–7082 inhibits NF�B
activity in T-LGL leukemia PBMCs. T-LGL leukemia PBMCs were treated with
vehicle DMSO or 1 �M, 2 �M, or 5 �M BAY 11–7082 for 3 h, and the activity of
NF�B was assessed by EMSA. Result is representative of experiments in three
patients. (D) Compared with normal PBMCs (black circles, n � 6), 1 �M BAY
11–7082 selectively induced apoptosis in T-LGL leukemia PBMCs (white circles,
n � 6) after 12h treatment (*, P � 0.02). Each circle represents data from one
patient or healthy donor. The markers (black bars) indicate the mean of each
sample group.
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Fig. 5. NF�B-mediated survival pathway in T-LGL leukemia involves PI3K and
Mcl-1. (A) Analysis of the potential cause(s) of the constitutive activation of
NF�B. As in Table S4, the Boolean logical rule governing the state of NF�B is
‘‘NFKB* � [(TPL2 or PI3K) or (FLIP and TRADD and IAP)] and not Apoptosis’’.
When a T-LGL-like state is achieved, the state of TRADD stabilizes at OFF (see
Table S7). Thus, the node that activates NF�B can only be TPL2 or PI3K, which
are known to be constitutively active in T-LGL leukemia (see Table S5). Rapid
inhibition of NF�B (white squares) was observed after inhibiting PI3K (X) but
not after inhibiting TPL2 (gray triangles) (200 simulations). (B) PI3K inhibition
induced NF�B inhibition in T-LGL leukemia. T-LGL leukemia PBMCs were
treated with vehicle DMSO or 25 �M LY 294002 for 4 h. The amount of total
and phospho-AKT was assessed by Western blot assay; NF�B activity was
assessed by EMSA. Result is representative of experiments in three patients. (C)
NF�B inhibition down-regulates Mcl-1 but does not influence STAT3 activity
and the PI3K pathway. T-LGL leukemia PBMCs were treated with vehicle
DMSO or 1 �M, 2 �M or 5 �M BAY 11–7082 for 3 h, and the amount of Mcl-1,
total- and phospho-AKT was assessed by Western blot assay. STAT3 activity
was assessed by EMSA. Result is representative of experiments in three pa-
tients. GAPDH was used as a loading control for all of the Western blot assays.
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tutively active. As shown in Fig. 6A, when a T-LGL-like state was
achieved, the state of T-bet stabilized at ON, and there was a
rapid increase of IL-2 production when the state of T-bet was
reset to OFF. In agreement with the model’s prediction, T-bet
was significantly elevated in T-LGL leukemia PBMCs compared
with normal PBMCs at both mRNA and protein levels, as
assessed by real-time PCR and Western blot assay (Figs. 6 B and
C). In addition, T-LGL leukemia PBMCs exhibited high T-bet
activity as assessed by EMSA whereas the T-bet activity was
almost undetectable in normal PBMCs (Fig. 6D).

Discussion
The long-term survival of competent CTL in T-LGL leukemia
offers a unique opportunity to reveal the key mediators of CTL
activation and AICD in humans. In this study, we curated the
signaling pathways involved in normal CTL activation, AICD,
and the deregulations in leukemic T-LGL and compiled them
into a T-LGL survival signaling network. By formulating a
Boolean dynamic model of this network, we were able to identify
the potential causes and key regulators of this abnormal survival.

Signaling pathways are complex and dynamic. However, ex-
perimental results are usually focused on limited interactions of
the components in one pathway and neglecting the broader
effects in the same or other pathways. Integrating existing
pathway information to infer cross-talk among pathways is
desirable, especially for studies in T-LGL leukemia where ex-
perimental data are limited. Using network theory as a tool, we
identified the most unique interactions among known deregu-
lated components in leukemic T-LGL in the context of CTL
activation and AICD and summarized these signaling events in
the form of a network. This served as an innovative platform to
understand the abnormal CTL survival in T-LGL leukemia.

Multiple perturbations of signaling pathways in a disease can
result from deregulation of only a subset of these pathways.
However, identifying such a subset is difficult experimentally. In
this study, we assessed this question in T-LGL leukemia by using
a Boolean dynamic model. Through network simulations, we
revealed the hierarchy among deregulated nodes in terms of
determining other signaling abnormalities in leukemic T-LGL.
The simultaneously constitutive presence of IL-15 and PDGF
was shown to be sufficient to induce all know deregulations after
initial T cell activation.

Leukemic T-LGL are suggested to be antigen-primed (12),
long-term competent CTL (22), similar to terminally differen-
tiated effector memory cells (TEMRA) (23). It is worth noting that
IL-15 has been shown to be important for CTL activation and
generation of long-lived CD8� memory cells (24, 25). Both the

CD8� cells in the IL15 transgenic mice (26) and the IL15
transduced primary human CD8� cells (27) indeed showed
similar phenotypes as leukemic T-LGL. However, IL-15 alone
cannot fully inhibit the onset of apoptosis in our model (Fig. 2C).
Increased PDGF production occurs under inflammatory condi-
tions (28), and it has been shown to exert an inhibitory effect
toward CTL activation (29). We had found that LGL leukemia
is characterized by production of proinflammatory cytokines
(14). Here, we showed an increased level of PDGF in T-LGL
patient sera. Our model and the following validation revealed
that both pro- and anti-T cell activation signals are needed
simultaneously to maintain the competency and survival of CTL
in T-LGL leukemia. Our finding also suggests that provision of
IL-15 and PDGF may be a strategy to generate long-lived CTL
necessary for the development of virus and cancer vaccines.

Focusing on the effect of nodes on apoptosis in leukemic
T-LGL, we revealed nodes that determine the uncoupling of
CTL activation and AICD. We experimentally validated two
predicted key mediators: SPHK1 and NF�B, the inhibition of
which induces apoptosis in leukemic T-LGL. It is worth noting
that although NF�B has been suggested to inhibit apoptosis in
CTL (30), its function in maintaining long-term CTL survival
remains elusive. We validated the prediction that NF�B is
downstream of PI3K and prevents the onset of apoptosis in
leukemic T-LGL through maintaining the expression of Mcl-1
independent of STAT3, another regulator of Mcl-1 in T-LGL
leukemia (3).

The confirmation of the constitutive NF�B activation led to
the validation of the constitutive T-bet activation in T-LGL
leukemia predicted by our model. T-bet plays an important role
in coupling the effector and memory CD8� T cell fate (31). It
also inhibits the production of IL-2, which is known to be absent
in leukemic T-LGL and in TEMRA (23, 32). T-bet has been
related to multiple autoimmune diseases in humans (33–36).
T-LGL leukemia has important overlaps with autoimmune
disorders, particularly rheumatoid arthritis (2). The overexpres-
sion and constitutive activity of T-bet in leukemic T-LGL may
help to reveal the common pathogenesis between T-LGL leu-
kemia and other autoimmune diseases.

With the exponential increase of signaling pathway information,
it is becoming more difficult to determine pathway interactions in
a particular experimental system. In this study, we used network
analysis and Boolean modeling to investigate the signaling abnor-
malities in T-LGL leukemia. This systems biology approach was
able to maximize the use of the available pathway information and
to identify the key mediators of CTL survival, highlighting their
importance as potential therapeutic targets for T-LGL leukemia
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P � 0.02) as assessed by real-time PCR. (C) T-bet pro-
tein expression in T-LGL leukemia and normal PBMCs.
Western blot assay result is representative of samples
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patients. White space has been inserted to indicate
realigned gel lanes. (D) T-bet is constitutively active in
T-LGL leukemia patients. Nuclear extract from PBMCs
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nors were tested for their T-bet activity by using EMSA. T-bet exhibited high activity in most T-LGL leukemia patients but not in normal.
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and offering insights into CTL manipulation. This study confirms
the possibility of integrating normal and disease pathway informa-
tion into a single model that is powerful enough to reproduce a
clinically relevant complex process, useful for therapeutic purpose,
yet is constructed with only qualitative information.

Materials and Methods
Patient Consent. All patients met the clinical criteria of T-LGL (CD3�) leukemia
with increased LGL counts and clonal T cell antigen receptor gene rearrange-
ment. None of the patients received treatment for LGL leukemia. Informed
consents were signed by all patients and age- and sex-matched healthy
individuals allowed the use of their cells for these experiments. Buffy coats
were obtained from Hershey Medical Center Blood Bank according to proto-
cols observed by Milton S. Hershey Medical Center, Hershey, PA.

Chemicals and Reagents. All chemical reagents and LY 294002 were purchased
from Sigma–Aldrich. AG 1296 and BAY 11–7082 was purchased from EMD
Bioscience. LightShift Chemiluminescent EMSA Kit was purchased from Pierce
Biotechnology. Human PDGF-BB Quantikine ELISA Kit was purchased from
R&D systems. Annexin V-PE Apoptosis Detection Kit-I and TransFactor Extrac-
tion Kit were purchased from BD Biosciences. Biotinylated and nonbiotin-
ylated DNA oligonucleotides were purchased from Integrated DNA Technol-
ogy. Anti-Mcl-1 and anti-T-bet antibodies were purchased from Santa Cruz
Biotechnology. Anti-AKT and anti-phospho-AKT (Ser-473) antibodies were
purchased from Cell Signaling Technology. Anti-GAPDH antibody was pur-
chased from Chemicon and Millipore. SPHK1 inhibitor I and II (SKI-I and SKI-II)
were kindly provided by Dr. Jong K. Yun.

ELISA. Sera from 22 T-LGL patients and 39 age- and sex-matched healthy
donors were prepared and analyzed according to manufacturer’s instruction,
as described (14).

Cell Culture and Apoptosis Assay. PBMCs were processed from blood samples
of patients and Buffy coats of normal donors, and apoptosis assays were
performed by using Annexin-V conjugated with phytoerythrocin (PE) and
7-amino-actinomycin-D staining as described (23). Each treatment was per-

formed and measured three times for one blood sample. Apoptosis was
calculated by using the following formula:

Percentage of specific apoptosis � [(Annexin-V-PE positive cells in treat-
ment � Annexin-V-PE positive cells in control) � 100]/(100 � Annexin-V-PE
positive cells in control)

Western Blot Assay. Cell lysates were prepared, protein concentration was
determined, and Western blot assay was performed as described (3).

EMSA. Nuclear and cytoplasmic extract from patient and normal PBMCs were
prepared by using TransFactor Extraction Kit according to manufacturer’s
instructions. Probes for NF�B (5�-GATCCGGCAGGGGAATCTCCCTCTC-3�) (20),
STAT3 (5�-CTTCATTTCCCGTAAATCCCTA) (3) and T-bet (5�-AAAACTTGT-
GAAAATACGTAATCCTCAG-3�) (34)were biotinylated at 5�. Corresponding
nonbiotinylated oligonucleotides were used as competition oligonucleotides.
EMSA was performed by using the LightShift Chemiluminescent EMSA Kit
according to manufacturer’s instructions.

Real-Time PCR. Total RNA was processed as described (8). Primers specific for
T-bet (forward: 5�-TGTGGTCCAAGTTTAATCAGCA-3�; reverse: 5�-TGACAG-
GAATGGGAACATCC-3�) and glyceraldehyde-3-phosphate dehydro-genase
(GAPDH, forward: 5�-GAGTCAACGGATTTGGTCGT-3�; reverse: 5�-TTGATTTTG-
GAGGGATCTCG-3�) were used for real-time PCR and expression was quanti-
fied as described (8).

Computational Methods. Network simplification was performed with NET-
SYNTHESIS, a signal transduction network inference and simplification tool
(37, 38). The dynamic model was implemented in custom python code.
Additional details regarding computational methods are given in the SI
Text.
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