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Dominant Role of Antigen Dose in CD4!Foxp3! Regulatory T
Cell Induction and Expansion1

Michael S. Turner, Lawrence P. Kane, and Penelope A. Morel2

The definitions of tolerogenic vs immunogenic dendritic cells (DC) remain controversial. Immature DC have been shown to induce
T regulatory cells (Treg) specific for foreign and allogeneic Ags. However, we have previously reported that mature DC (mDC)
prevented the onset of autoimmune diabetes, whereas immature DC (iDC) were therapeutically ineffective. In this study, islet-
specific CD4! T cells from BDC2.5 TCR-transgenic mice were stimulated in the absence of exogenous cytokine with iDC or mDC
pulsed with high- or low-affinity antigenic peptides and examined for Treg induction. Both iDC and mDC presenting low peptide
doses induced weak TCR signaling via the Akt/mammalian target of rapamycin (mTOR) pathway, resulting in significant ex-
pansion of Foxp3! Treg. Furthermore, unpulsed mDC, but not iDC, also induced Treg. High peptide doses induced strong
Akt/mTOR signaling and favored the expansion of Foxp3neg Th cells. The inverse correlation of Foxp3 and Akt/mTOR signaling
was also observed in DO11.10 and OT-II TCR-transgenic T cells and was recapitulated with anti-CD3/CD28 stimulation in the
absence of DC. IL-6 production in these cultures correlated positively with Ag dose and inversely with Treg expansion. Studies
with T cells or DC from IL-6"/" mice revealed that IL-6 production by T cells was more important in the inhibition of Treg
induction at low Ag doses. These studies indicate that the strength of Akt/mTOR signaling, a critical T cell-intrinsic determinant
for Treg vs Th induction, can be controlled by adjusting the dose of antigenic peptide. Furthermore, this operates in a dominant
fashion over DC phenotype and cytokine production. The Journal of Immunology, 2009, 183: 4895–4903.

T ype 1 diabetes is an autoimmune disease characterized by
the destruction of insulin-producing ! cells of the islets of
Langerhans (1). The nonobese diabetic (NOD)3 mouse

provides a useful model for human type 1 diabetes, since it shares
many of the genetic and immunological features of the human
disease (2). Recent studies in NOD mice have revealed an age-
related progressive decrease in the number and/or function of
CD4!Foxp3! regulatory T cells (Treg) that is associated with the
onset of diabetes (3, 4). Treg play an important role in the main-
tenance of self-tolerance and therapeutic strategies aimed at in-
creasing the number and/or function of Treg have proven effective
in preventing autoimmune disease (5–7). The induction and main-
tenance of Treg in vivo is dependent on a variety of factors that
include costimulatory molecules such as CD80 and CD86 (8–11)
and cytokines such as TGF-! (6) and IL-2 (12).

Dendritic cells (DC) play an important role both in initiating
immunity and in maintaining self-tolerance. DC subsets specifi-
cally stimulate the activation and differentiation of Treg types (9,
10, 13, 14). Recent reports have suggested that immature DC can

induce the development of functional suppressor cells that express
CD4 and CD25 (13) and it has been proposed that immature DC
might be a useful therapeutic option in the case of autoimmunity
(9, 10). However, the requirement for high levels of costimulatory
molecules for the differentiation of Th2 cells (15) as well as sup-
pressor CD4!CD25! T cells (8) suggests that immature DC might
not effectively generate these populations of Treg in vivo. Indeed,
we have previously shown that immature DC, grown in GM-CSF
alone (GMDC), are ineffective at preventing diabetes in NOD mice
(16), whereas mature DC, grown in GM-CSF plus IL-4 (G4DC),
can reproducibly protect these mice (16–18). In addition, we have
observed that G4DC therapy causes an increase in CD4!CD25! T
cells (19). More recently, it was shown that mature DC populations
phenotypically similar to therapeutic G4DC were able to induce
expansion of sorted CD4!CD25! T cells from NOD and BDC2.5
TCR-transgenic (Tg) mice (20, 21). These DC-expanded CD4!

CD25! T cells expressed Foxp3 and were able to prevent diabetes
development in vivo.

In this report, we have further examined this phenomenon in
the BDC2.5 TCR-Tg system using GMDC and G4DC. We
found that both DC populations induced the expansion of
CD4!Foxp3! Treg in the absence of exogenous TGF-! and
that this expansion was Ag dose dependent. Low doses of cog-
nate Ag preferentially expanded Treg and this was observed for
two different peptide mimetopes known to stimulate BDC2.5 T
cells (22). Furthermore, we provide evidence that G4DC may
naturally present low doses of self-Ags to self-reactive T cells
in a manner that favors Treg development. The induction of
Treg in this in vitro culture system was inversely correlated
with the level of signaling via the Akt/mammalian target of
rapamycin (mTOR) pathway. Analysis of the cytokine require-
ment of this phenomenon revealed that IL-6 production by T
cells, but not DC, inhibited the induction of Treg at low Ag
doses. These results suggest that it is possible to enhance Treg
development and function in vivo by manipulating both the
dose of specific Ag and the type of DC that is targeted.
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when stimulated with autologous DC presenting their cognate pep-
tide Ags (OVA323). As seen with BDC2.5 T cells, DO11.10 T cells
responded in an Ag dose-dependent fashion, with Treg prolifera-
tion being favored at low Ag doses (Fig. 1C). This suggests that
proliferation of Treg in response to low level stimulation is a gen-
eral feature of CD4! T cells, regardless of their specificity for self-
or non-self Ags.

Functional suppression by low-dose expanded Treg

It was important to show that the Foxp3!CD4! T cells expanded
in these cultures were functionally suppressive. To this end, CD4!

T cells from BDC2.5 Foxp3GFP reporter mice were stimulated for
7 days with G4DC plus low-dose AV10 peptide and the expanded
CD25highFoxp3! Treg were FACSorted and tested in an in vitro
suppression assay. The in vitro-expanded CD4!CD25highFoxp3!

Treg had suppressor activity that was equivalent to, if not better
than, that of CD4!CD25highFoxp3! Treg sorted from fresh spleen
(Fig. 1D). As expected, control CD4!CD25"Foxp3" T cells, ei-
ther in vitro-cultured or freshly isolated, did not suppress re-
sponder T cell proliferation (data not shown).

Conversion of naive T cells into Treg

It was possible that DC presenting low Ag doses may have 1)
expanded preexisting Treg present in the starting CD4! population
and/or 2) induced de novo Foxp3 expression in naive CD4! T
cells. To address these possibilities, naive CD4!CD25neg

CD62L!CD45RBhigh T cells were sorted to #99.5% purity from
BDC2.5 splenocytes and stimulated by G4DC loaded with varying
doses of AV10 peptide, as described above. After 7 days of stim-
ulation by G4DC and low-dose peptide (0.8 nM AV10), Foxp3
expression was induced in 14.7% of the sorted naive CD4! T cells,
compared with 20.4% Foxp3! expression when total CD4! T
cells were similarly stimulated (Fig. 1E). Thus, DC presenting low
levels of Ag can induce de novo expression of Foxp3 in naive CD4
T cells.

Expansion of autoreactive Treg by unloaded G4DC, but not
GMDC

During the course of these experiments, we noticed that NOD
G4DC were able to induce expansion of BDC2.5 Treg in the ab-
sence of any exogenous peptide (Fig. 2A). This phenomenon was
more prominent when stimulating whole compared with naive
CD4! BDC2.5 T cells (data not shown) and was also observed
when using unloaded C57BL/6 DC (supplemental Fig. 2), which
can also present the AV10 peptide and stimulate BDC2.5 Th pro-
liferation. In contrast, OVA-specific CD4! T cells from DO11.10
or OT-II mice failed to proliferate in response to unloaded BALB/c
or C57BL/6 G4DC, respectively (Fig. 2A and supplemental Fig.
2). Unloaded GMDC did not induce significant proliferation of
either BDC2.5 or DO11.10 CD4! T cells (Fig. 2A). These results
suggest that autoreactive BDC2.5 T cells can recognize low levels
of endogenous autoantigens presented by mature G4DC, whereas

FIGURE 1. DC presenting low doses of Ag induce and expand suppressive Foxp3! Treg. A, CFSE-labeled BDC2.5 CD4! T cells were stimulated for
7 days with G4DC or GMDC plus low-affinity (KV11) or high-affinity (AV10) antigenic peptides at the indicated doses, then stained for CD4 and Foxp3.
FACS plots show CFSE and Foxp3 in gated CD4! T cells. B, Percentage of Foxp3!CD4! T cells induced by AV10 and KV11 peptides presented by
G4DC. Graph shows mean and SD from three independent experiments. C, CFSE-labeled DO11.10 CD4! T cells were stimulated for 7 days with G4DC
plus OVA323 peptide at the indicated doses, then stained for CD4 and Foxp3. D, PKH26-labeled BDC2.5 CD4! responder T cells were cocultured for 5
days with CD4!CD25!Foxp3GFP! BDC2.5 Treg at the indicated ratios. Treg were either freshly isolated or expanded in vitro with G4DC plus low-dose
AV10. Proliferation of responders was measured by recording PKH26 dilution. The y-axis shows proliferation of gated CD4!GFPneg responders represented
as 1/MFI PKH26. E, Total or naive CD4! BDC2.5 T cells were stimulated for 7 days with G4DC plus AV10 peptide at the indicated doses, then stained
for CD4, CD25, and Foxp3. All FACS plots show Foxp3, CD25, and/or CFSE content in gated CD4! T cells. Data are representative of more than three
independent experiments.
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when stimulated with autologous DC presenting their cognate pep-
tide Ags (OVA323). As seen with BDC2.5 T cells, DO11.10 T cells
responded in an Ag dose-dependent fashion, with Treg prolifera-
tion being favored at low Ag doses (Fig. 1C). This suggests that
proliferation of Treg in response to low level stimulation is a gen-
eral feature of CD4! T cells, regardless of their specificity for self-
or non-self Ags.

Functional suppression by low-dose expanded Treg

It was important to show that the Foxp3!CD4! T cells expanded
in these cultures were functionally suppressive. To this end, CD4!

T cells from BDC2.5 Foxp3GFP reporter mice were stimulated for
7 days with G4DC plus low-dose AV10 peptide and the expanded
CD25highFoxp3! Treg were FACSorted and tested in an in vitro
suppression assay. The in vitro-expanded CD4!CD25highFoxp3!

Treg had suppressor activity that was equivalent to, if not better
than, that of CD4!CD25highFoxp3! Treg sorted from fresh spleen
(Fig. 1D). As expected, control CD4!CD25"Foxp3" T cells, ei-
ther in vitro-cultured or freshly isolated, did not suppress re-
sponder T cell proliferation (data not shown).

Conversion of naive T cells into Treg

It was possible that DC presenting low Ag doses may have 1)
expanded preexisting Treg present in the starting CD4! population
and/or 2) induced de novo Foxp3 expression in naive CD4! T
cells. To address these possibilities, naive CD4!CD25neg

CD62L!CD45RBhigh T cells were sorted to #99.5% purity from
BDC2.5 splenocytes and stimulated by G4DC loaded with varying
doses of AV10 peptide, as described above. After 7 days of stim-
ulation by G4DC and low-dose peptide (0.8 nM AV10), Foxp3
expression was induced in 14.7% of the sorted naive CD4! T cells,
compared with 20.4% Foxp3! expression when total CD4! T
cells were similarly stimulated (Fig. 1E). Thus, DC presenting low
levels of Ag can induce de novo expression of Foxp3 in naive CD4
T cells.

Expansion of autoreactive Treg by unloaded G4DC, but not
GMDC

During the course of these experiments, we noticed that NOD
G4DC were able to induce expansion of BDC2.5 Treg in the ab-
sence of any exogenous peptide (Fig. 2A). This phenomenon was
more prominent when stimulating whole compared with naive
CD4! BDC2.5 T cells (data not shown) and was also observed
when using unloaded C57BL/6 DC (supplemental Fig. 2), which
can also present the AV10 peptide and stimulate BDC2.5 Th pro-
liferation. In contrast, OVA-specific CD4! T cells from DO11.10
or OT-II mice failed to proliferate in response to unloaded BALB/c
or C57BL/6 G4DC, respectively (Fig. 2A and supplemental Fig.
2). Unloaded GMDC did not induce significant proliferation of
either BDC2.5 or DO11.10 CD4! T cells (Fig. 2A). These results
suggest that autoreactive BDC2.5 T cells can recognize low levels
of endogenous autoantigens presented by mature G4DC, whereas

FIGURE 1. DC presenting low doses of Ag induce and expand suppressive Foxp3! Treg. A, CFSE-labeled BDC2.5 CD4! T cells were stimulated for
7 days with G4DC or GMDC plus low-affinity (KV11) or high-affinity (AV10) antigenic peptides at the indicated doses, then stained for CD4 and Foxp3.
FACS plots show CFSE and Foxp3 in gated CD4! T cells. B, Percentage of Foxp3!CD4! T cells induced by AV10 and KV11 peptides presented by
G4DC. Graph shows mean and SD from three independent experiments. C, CFSE-labeled DO11.10 CD4! T cells were stimulated for 7 days with G4DC
plus OVA323 peptide at the indicated doses, then stained for CD4 and Foxp3. D, PKH26-labeled BDC2.5 CD4! responder T cells were cocultured for 5
days with CD4!CD25!Foxp3GFP! BDC2.5 Treg at the indicated ratios. Treg were either freshly isolated or expanded in vitro with G4DC plus low-dose
AV10. Proliferation of responders was measured by recording PKH26 dilution. The y-axis shows proliferation of gated CD4!GFPneg responders represented
as 1/MFI PKH26. E, Total or naive CD4! BDC2.5 T cells were stimulated for 7 days with G4DC plus AV10 peptide at the indicated doses, then stained
for CD4, CD25, and Foxp3. All FACS plots show Foxp3, CD25, and/or CFSE content in gated CD4! T cells. Data are representative of more than three
independent experiments.
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Naïve T cells s5mulated with low Ag doses produce a high percentage of 
regulatory cells, which falls off as dose is increased. 



Dominant Role of Antigen Dose in CD4!Foxp3! Regulatory T
Cell Induction and Expansion1

Michael S. Turner, Lawrence P. Kane, and Penelope A. Morel2

The definitions of tolerogenic vs immunogenic dendritic cells (DC) remain controversial. Immature DC have been shown to induce
T regulatory cells (Treg) specific for foreign and allogeneic Ags. However, we have previously reported that mature DC (mDC)
prevented the onset of autoimmune diabetes, whereas immature DC (iDC) were therapeutically ineffective. In this study, islet-
specific CD4! T cells from BDC2.5 TCR-transgenic mice were stimulated in the absence of exogenous cytokine with iDC or mDC
pulsed with high- or low-affinity antigenic peptides and examined for Treg induction. Both iDC and mDC presenting low peptide
doses induced weak TCR signaling via the Akt/mammalian target of rapamycin (mTOR) pathway, resulting in significant ex-
pansion of Foxp3! Treg. Furthermore, unpulsed mDC, but not iDC, also induced Treg. High peptide doses induced strong
Akt/mTOR signaling and favored the expansion of Foxp3neg Th cells. The inverse correlation of Foxp3 and Akt/mTOR signaling
was also observed in DO11.10 and OT-II TCR-transgenic T cells and was recapitulated with anti-CD3/CD28 stimulation in the
absence of DC. IL-6 production in these cultures correlated positively with Ag dose and inversely with Treg expansion. Studies
with T cells or DC from IL-6"/" mice revealed that IL-6 production by T cells was more important in the inhibition of Treg
induction at low Ag doses. These studies indicate that the strength of Akt/mTOR signaling, a critical T cell-intrinsic determinant
for Treg vs Th induction, can be controlled by adjusting the dose of antigenic peptide. Furthermore, this operates in a dominant
fashion over DC phenotype and cytokine production. The Journal of Immunology, 2009, 183: 4895–4903.

T ype 1 diabetes is an autoimmune disease characterized by
the destruction of insulin-producing ! cells of the islets of
Langerhans (1). The nonobese diabetic (NOD)3 mouse

provides a useful model for human type 1 diabetes, since it shares
many of the genetic and immunological features of the human
disease (2). Recent studies in NOD mice have revealed an age-
related progressive decrease in the number and/or function of
CD4!Foxp3! regulatory T cells (Treg) that is associated with the
onset of diabetes (3, 4). Treg play an important role in the main-
tenance of self-tolerance and therapeutic strategies aimed at in-
creasing the number and/or function of Treg have proven effective
in preventing autoimmune disease (5–7). The induction and main-
tenance of Treg in vivo is dependent on a variety of factors that
include costimulatory molecules such as CD80 and CD86 (8–11)
and cytokines such as TGF-! (6) and IL-2 (12).

Dendritic cells (DC) play an important role both in initiating
immunity and in maintaining self-tolerance. DC subsets specifi-
cally stimulate the activation and differentiation of Treg types (9,
10, 13, 14). Recent reports have suggested that immature DC can

induce the development of functional suppressor cells that express
CD4 and CD25 (13) and it has been proposed that immature DC
might be a useful therapeutic option in the case of autoimmunity
(9, 10). However, the requirement for high levels of costimulatory
molecules for the differentiation of Th2 cells (15) as well as sup-
pressor CD4!CD25! T cells (8) suggests that immature DC might
not effectively generate these populations of Treg in vivo. Indeed,
we have previously shown that immature DC, grown in GM-CSF
alone (GMDC), are ineffective at preventing diabetes in NOD mice
(16), whereas mature DC, grown in GM-CSF plus IL-4 (G4DC),
can reproducibly protect these mice (16–18). In addition, we have
observed that G4DC therapy causes an increase in CD4!CD25! T
cells (19). More recently, it was shown that mature DC populations
phenotypically similar to therapeutic G4DC were able to induce
expansion of sorted CD4!CD25! T cells from NOD and BDC2.5
TCR-transgenic (Tg) mice (20, 21). These DC-expanded CD4!

CD25! T cells expressed Foxp3 and were able to prevent diabetes
development in vivo.

In this report, we have further examined this phenomenon in
the BDC2.5 TCR-Tg system using GMDC and G4DC. We
found that both DC populations induced the expansion of
CD4!Foxp3! Treg in the absence of exogenous TGF-! and
that this expansion was Ag dose dependent. Low doses of cog-
nate Ag preferentially expanded Treg and this was observed for
two different peptide mimetopes known to stimulate BDC2.5 T
cells (22). Furthermore, we provide evidence that G4DC may
naturally present low doses of self-Ags to self-reactive T cells
in a manner that favors Treg development. The induction of
Treg in this in vitro culture system was inversely correlated
with the level of signaling via the Akt/mammalian target of
rapamycin (mTOR) pathway. Analysis of the cytokine require-
ment of this phenomenon revealed that IL-6 production by T
cells, but not DC, inhibited the induction of Treg at low Ag
doses. These results suggest that it is possible to enhance Treg
development and function in vivo by manipulating both the
dose of specific Ag and the type of DC that is targeted.
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Expansion of Treg with low-dose anti-CD3

From the results described above, the strength of signal 1 delivered
via the TCR appears to be critical for controlling the relative ex-
pansion of Treg and Th. To test whether Treg induction by weak
TCR stimulation could be recapitulated in the absence of APCs,
purified CD4! BDC2.5 T cells were stimulated in vitro with anti-
CD28 mAb and decreasing doses of anti-CD3. Similar to the Ag
dose response observed with the DC-stimulated T cells, expansion
of Foxp3!CD4! T cells was favored at low anti-CD3 doses,
whereas high concentrations of anti-CD3 led to robust Th prolif-
eration (Fig. 4D). At very low concentrations of anti-CD3, no stim-
ulation was observed. Consistent with our results using DC stim-
ulation (Fig. 3C), the dose of anti-CD3 stimulation correlated
positively with pS6 levels at 18 h and inversely with the frequency
and proliferation of Foxp3! Treg after 5 days of culture (Fig. 4E).
The results from these experiments indicate that the level of TCR
signaling via the Akt/mTOR pathway is a primary determinant of
Treg vs Th commitment.

Cytokine production in DC/T cell cocultures

Recent reports have suggested that inflammatory cytokines,
such as IL-6, produced by DC can inhibit TGF-!-mediated Treg
induction (29 –31). However, our culture system did not include
exogenous TGF-! and it could not be detected in the cultures by
ELISA (data not shown). Nonetheless, cytokines such as IL-2
and IL-6 are known to affect Akt signaling (32–34), which
could potentially modulate low-dose Treg induction. CD4!

BDC2.5 T cells were stimulated by G4DC or GMDC in the pres-
ence of AV10 peptide, and the levels of various cytokines in the

supernatants were examined after 48 h by multiplex Luminex as-
say. Consistent with our previously published results (16, 23),
G4DC induced higher levels of type 2 cytokines than GM DC
(data not shown). IL-2, IL-6, IL-10, IL-17 (Fig. 5A), IL-13, IFN-",
and TNF-# (data not shown) increased in an Ag dose-dependent
fashion. IL-2, IL-6, IL-13, and IL-17 concentrations were higher in
cultures with the more mature G4DC, compared with the less ma-
ture GMDC, whereas IL-10, TNF-#, and IFN-" production levels
were similar regardless of the maturation state of the DC used in
these cultures (Fig. 5A and data not shown). IL-2, IL-6, and TNF-#
were the only cytokines observed in cultures of naive T cells stim-
ulated with G4DC and the AV10 peptide, and the pattern of se-
cretion was similar to that seen with cultures of total CD4! T cells
(Fig. 5B and data not shown). In contrast, no IL-13, IL-17, IL-10,
or IFN-" was detected in cultures of naive T cells (Fig. 5B and data
not shown). Because we observed a dose-dependent induction of
Foxp3! T cells in cultures of naive T cells (Fig. 1E), we conclude
that IL-13, IL-17, IFN-", and IL-10 do not influence the induction
of Treg by low Ag doses.

Previous studies have suggested that IL-6 production by DC in
response to TLR ligands inhibits Treg induction (30, 31). We ob-
served an inverse correlation between IL-6 production and the in-
duction of Foxp3! T cells (Fig. 5C, right panel), and IL-6 levels
were highly sensitive to the maturation level of the DC and the
dose of peptide, with the highest levels being produced in cultures
with G4DC and AV10 peptide (Fig. 5C, left panel). Therefore, we
sought to rule out the possibility of LPS contamination in our
system. Examination of cytokine production in DC/T cell cocul-
tures revealed that no IL-1#, IL-1!, IL-12p40, or IL-12p70 was

FIGURE 3. Expansion of Foxp3! Treg correlates inversely with TCR signaling via Akt/mTOR/S6. A, upper panels, CD4! BDC2.5 T cells were stained
for expression of phosphorylated S6 ribosomal protein (pS6) after 18 h of stimulation with G4DC plus the indicated dose of AV10 peptide. A, lower panels,
pS6 and Foxp3 in CD4! DO11.10 T cells at 18-h stimulation with G4DC plus OVA323. B, pS6 MFI (left) and percent CD4!Foxp3! T cells (right),
measured by flow cytometry, in BDC2.5 T cells after 18 h, 3 days, and 7 days of stimulation with AV10-loaded G4DC. A and B are representative of $3
similar experiments. C, pS6 at 18 h and Foxp3 at 7 days in BDC2.5 T cells stimulated with G4DC and varying doses of AV10. Graph shows the mean
and SD from three independent experiments. D, Inverse relationship of 18-h pS6 and 7-day Foxp3. C and D, Data points derive from three separate
experiments. Eighteen-hour pS6 levels were normalized within each experiment to unstimulated control T cells.
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Inverse correla5on between Foxp3+ Treg expansion and TCR 
signaling via Akt/mTOR/pS6. 



Key Findings 

•  Treg induc5on is determined by Ag dose 
•  Mechanism is T cell intrinsic 
– Observed with both iDC and mDC 

– Observed with plate‐bound an5‐CD3/CD28 
•  Inverse correla5on between mTOR ac5va5on 
at 18h and Foxp3+ Treg at 7 days 

•  No exogenous TGF‐β 



Modeling Goals 

•  Determine whether known mechanisms are 
sufficient to explain experimental 
observa5ons. 

•  Suggest addi.onal experiments to iden5fy 
missing mechanisms and clarifying areas of 
uncertainty. 

•  Iden5fy other early markers of the response. 
•  Incorporate signals through other receptors 
predic.ve model. 
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and SH3 domains of Gads also bind CD28 (125,126); however, phosphorylation of CD28

is necessary for the interaction, and no phosphorylation of CD28 was observed in the first

minute of our experiments.

21. PLCγ1

Gene names: PLCG1, PLC1

Uniprot accession number: P19174

Molecule type definiton: PLCG1(SH2 N,SH2 C,Y771∼u∼p,Y775∼u∼p,Y783∼u∼p)

Domain structure:

In the map of molecular interactions, PLCγ1 is represented with the following graph:

PLC!1

SH2-C

pY783
pY775pY771

SH2-N

Phospholipase Cγ1 is an enzyme essential for T cell activation (127). It cleaves phos-

phatidylinositol 4,5-bisphosphate, generating the second messengers diacyl glycerol (DAG)

and inositol 1,4,5-trisphosphate (IP3) (128). IP3 binds to receptors on the endoplasmic

reticulum, leading to release of Ca 2+ (129). Itk phosphorylates PLCγ1 on Y783, which

is important for activation (51,130,131). PLCγ1 binds to phosphorylated LAT (111). The

23

Wiring diagram  Object‐oriented model of protein 

Hu, Chylek, and Hlavacek, in prepara5on. 
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BIONETGEN / NFSIM 

Reaction VolumeReaction Volume

Molecule Types: A b
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begin molecule types
  A(b,c)
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end molecule types

begin reaction rules
  A(b) + B(a) -> A(b!1).B(a!1)  k1
  A(b!1).B(a!1) -> A(b) + B(a)  k2
  A(c) + C(a) -> A(c!1).C(a!1)  k3
  ...
end reaction rules
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Issues 
•  Models are very Kme‐consuming to construct. 
•  Limited knowledge about wiring. 
•  Lack of high‐resoluKon data. 
•  Lack of measured parameters. 
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Issues 
•  Models are very Kme‐consuming to construct. 
•  Limited knowledge about wiring. 
•  Lack of high‐resoluKon data. 
•  Lack of measured parameters. 

We did not “stand and fight” this Kme.   

Wisdom or cowardice? 



A Simpler Approach 
Boolean Networks 

•  The state of an element in the signaling network 
can be described by a Boolean variable, expressing 
that it is: 
– Ac5ve or present (on or ‘1’)  
–  Inac5ve or absent (off or ‘0’) 

•  Boolean funcKons: 
–  Represent interac5ons between elements 
–  The state of an element is calculated from states of 
other elements 

•  The resul5ng network is a Boolean network 
•  Long history of applica5ons to biology. 



Logical Modeling Approach 

•  Generaliza5on of Boolean – variables may have more than 2 
values. 

•  Systema5c study of the dynamics of large systems: 
–  Depends largely on the interconnec5on structure 

•  Does not require numerical parameters. 
•  Discrete networks provide informa5on about: 

–  Mul5‐sta5onarity 
–  Stability 
–  Oscillatory behavior 

•  Highly relevant for obtaining qualitaKve measures 
–  Perturba5ons 
–  Environment 
–  Alterna5ve wiring of the network 



Boolean Network Modeling Example 

Biological network 

p1 

p2 

p3 

Proteins: p1, p2, p3 



Boolean Network Modeling Example 

p1*= p2 OR p3 
p2*= NOT p1 AND p3 
p3*= p1  AND NOT p3 

Biological network  Boolean network 

p1 

p3 
p2 

p1 

p2 

p3 

Proteins: p1, p2, p3 



Biochemical Examples 

PDK1  mTORC2 

Akt 

Akt’ = PDK1 AND mTORC2 

PI3K  PTEN 

PIP3 

PIP3’ = PI3K AND NOT PTEN 

Note that PTEN overrides PI3K here. 



Boolean Models Are Logic Circuits 

X1 

X3 
X2 

x1(t+1) = x2(t) or x3(t) 
x2(t+1) = not x1(t) and x3(t) 
x3(t+1) = x1 (t) and not x3(t) 

x1 

x2 

x3 

S1 

S2 

S6 

S8 

S7 

S3 

S5 

S4 

State transiKon diagram Boolean network  Logic circuit network 



Dynamics of a Boolean Model 

S1 

S2 

S6 

S8 

S7 

S3 

S5 

S4 

AUractors 

Point aUractor 

Dynamic aUractor 

state  x1x2x3 
s1  000 
s2  001 
s3  010 
s4  011 
s5  100 
s6  101 
s7  110 
s8  111 

p1 

p2 

p3 



Different Methods for Simula5ng 
Network Dynamics 
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Network Dynamics 
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Model Construc5on Process 
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The Model 
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The Model 

!"#$%&'$()*+

,$-.&(/+-(.+

0&*12**&3(+

4-)56-7+83.$9+

:3%'29-;3(+-(.+

<((3)-;3(+

=3/&1-9+83.$9+

0$%&>-;3(+

?2)*&.$+

$"#$%)*+

=3/&1-9+83.$9+

@&'29-;3(+

83.$9+A-9&.-;3(+

4%$.&1;3(*+

~25 variables / 50 edges  

!"#$%&'%!"#"$%&'()*(""

!"#!"#"$%&'+,-"./"$%&'()*("

#()!"#"0$%&"123"%4567"./"0&89"123")+5':;"123")+5&7"

*#+!"#"&89"

,-)!"#":&<"

./+!"#"&89"

.0/!"#"=><"

(12!"#"?,9"123"=@>"

"(!"#"$%&"

1+"!%*!(!"#"$%&'()*("./"0$%&'+,-"123"%456"123"

A$,&%57"

/,+(11(3!"#"B<%$(:$8"./"8<$"

/,(!!"#"%8"

&45!"#"08BC"123">?8$"123">?<8BB8D7"123"2.E"?,;BF"

&45#!"#"%45G"123"%4C55"123"%4CF5"

1&6+!"#"0$%&"123"%4567"./"0B)F<"123")+5':;"123")+5&7""

1&16!"#"B)F<"123"2.E"B$:>"

17+2!"#"B)BF"

(+!!"#"B4<C"123"A$,&%5""

!)"!"#"2.E"8<$"

#%*3!"#"2.E"$9%"

8!-#"2!"#"&(:D"123"B<%$(:$8"

8!-#"5!"#"B)F<"123"2.E"9H<C"

8!-#!"#"A$,&%C"123"A$,&%5"

)9+2!"#"A$,&%C"

1)9!"#"9H<C"

)8(76!"#"$*?D:$8"123"2.E"08<$"123"

A$,&%C7""

)!(!:!"#")+5&"123")+5':;"

,-;16!"#"02.E"A$,&"123"9$8$G7"./"

0>?8$"123"9A84F7"

"75:!"#"?,;BF"./"08BC"123">?8$"123"

>?<8BB8D7"./"9$8$G"

1!*/!"#"2.E"$%&'()*("

&45$*;!"#")+5"./")+5':;"

Model rules 



Receptors: 
T cell receptor (TCR)  
Co‐s5mula5on through CD28  
IL‐2 receptor (IL‐2R)  
TGFβ receptor (TGFβR) 

Transcrip5on factors: 
AP‐1, NFAT, NFκB, SMAD3, STAT5 

Genes: 
IL‐2, CD25, Foxp3 

Other important elements: 
PTEN, PI3K, PIP3, PDK1, 
Akt, mTORC1, mTORC2, 
TSC1‐TSC2, Rheb, S6K1, pS6 
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Influence sets 
Element  Influence set  Element  Influence set 

PI3K  TCR, CD28, IL‐2, IL‐2R  AP‐1  Fos, Jun 

Akt  PDK1, mTORC2  ERK  Ras 

mTORC1  Rheb, PKC‐θ  JNK  Ras 

mTORC2  PI3K, S6K1  Fos  ERK 

Foxp3  NFAT, AP‐1, STAT5, Smad3  Jun  JNK 

IL‐2  NFAT, AP‐1, NFκB, Foxp3  NFAT  Ca 

CD25  NFAT, AP‐1, NFκB, STAT5, Foxp3  Ca  TCR 

STAT5  IL‐2, IL‐2R  PDK1  PIP3 

NFκB  PKC‐θ, Akt  TSC1‐TSC2  Akt 

Smad3  TGFβ, Akt, mTORC1  Rheb  TSC1‐TSC2 

PIP3  PI3K, PTEN  S6K1  mTORC1 

Ras  TCR, CD28, IL‐2, IL‐2R  pS6  S6K1 
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Logical modeling approach 

Akt’ = PDK1 and mTORC2 



Influence sets 
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CD25  NFAT, AP‐1, NFκB, STAT5, Foxp3  Ca  TCR 
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NFκB  PKC‐θ, Akt  TSC1‐TSC2  Akt 
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PIP3  PI3K, PTEN  S6K1  mTORC1 
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Logical modeling approach 

PIP3’ = PI3K and not PTEN 



Logical modeling decisions 

•  Number of levels for element values 
– TCR variable represents level of an5gen s5m. 

•  No an5gen (TCR_LOW = 0, TCR_HIGH = 0) 
•  Low an5gen dose (TCR_LOW = 1, TCR_HIGH = 0) 
•  High an5gen dose  (TCR_LOW = 0, TCR_HIGH = 1) 



TCR_LOW vs. TCR_HIGH 

x 

TCR_LOW not strong enough to overcome inhibi.on by PTEN. 



Logical modeling decisions 

•  Choice between OR and AND: 
– Example:  

mTORC1’ = Rheb and (or?) PKC‐θ 
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mTORC1’ = Rheb and PKC‐θ 
‘and’ rule means both are necessary for ac5va5on 
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Logical modeling decisions 

•  Choice between AND and OR: 

     PKC‐θ 

Rheb 
0  1 

0  0  1 

1  1  1 

mTORC1’ = Rheb or PKC‐θ  
‘or’ rule means either one is sufficient for ac5va5on 



Simula5on setup 

•  Simula5on: 
–  For given ini5al condi5ons, computes system trajectory 
–  Usually 20‐40 steps to reach steady state 

•  Scenarios (ini5al condi5ons and rules) 
–  Simulated 300 5mes 
–  Results show the percentage of being equal ‘1’ across all runs  



Model Valida5on 

•  Three main scenarios: 
1.  High vs. Low an5gen dose 
2.  High an5gen dose, then removed 

3.  High an5gen dose, then Akt or mTOR inhibitors added 

Results are s.ll preliminary. 



An5gen Dose Dependence 

Logical model results Experimental data 

Source: Turner et al., The Journal of 
Immunology, 2009, 183, 4895‐4903. 



An5gen Dose Dependence 
Experimental data 

80nM
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Source: Turner et al., The Journal of 
Immunology, 2009, 183, 4895‐4903. 

Logical model results 



Foxp3 vs. pS6 
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An5gen Removal 

Remove TCR a|er 18 hrs 

Fo
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3 

Experimental data 
Source: Sauer et al., PNAS 105:7797, 2008. 
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Akt and mTOR inhibitors 
Experimental data 
Source: Sauer et al., PNAS 105:7797, 2008. 
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Akt and mTOR inhibitors 
Akt inhibitor          mTORC1 inhibitor       both together

Fo
xp
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Experimental data 
Source: Sauer et al., PNAS 105:7797, 2008. 
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Low An5gen Trajectory 



Low An5gen Trajectory 



Low An5gen Trajectory 



Low An5gen Trajectory 

Low dose steady 
state 



High An5gen Trajectory 



High An5gen Trajectory 

Suppression of PTEN 
allows signal to 
reach Akt/mTOR 
axis. 

Could PIP3 level be a 
good early predictor 
of cell fate?  



High An5gen Trajectory 

No.ce that mTORC1 
is ac.vated at same 
.me as STAT5. 

If STAT5 ac.va.on 
happens first, Foxp3 
expression can 
happen transiently 
before mTOR 
suppression occurs. 



STAT5 vs. mTOR 
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STAT5 vs. mTOR 
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Intermediate 
events may be 
very fast. 

Test effect of 
varying the 
“buffer” length. 



STAT5 vs. mTOR 
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Longer buffer 
means STAT5 
wins race less 
o|en. 
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Role of CD25‐>STAT5‐>Foxp3 

•  This pathway drives transient Foxp3 
expression at high Ag dose and sustained 
expression at low dose (in the model). 

•  Experiments suggest that both CD25 
expression and pSTAT5 remain low in Foxp3‐ 
cells. 



Role of CD25‐>STAT5‐>Foxp3 

•  This pathway drives transient Foxp3 
expression at high Ag dose and sustained 
expression at low dose (in the model). 

•  Experiments suggest that both CD25 
expression and pSTAT5 remain low in Foxp3‐ 
cells. 

•  Implies weak TCR s5mula5on may not be 
enough to drive CD25.  Could Foxp3 be driving 
CD25 instead? 



PTEN regula5on 

•  PTEN blocks mTOR ac5va5on 
at low dose resul5ng in 100% 
Treg – not observed. 

•  Kine5cs of PTEN / PIP3 could 
be very informa5ve. 

•  Interplay with kine5cs of 
CD25 / Foxp3 expression. 

•  PI3K ac5vity increased by IL2 
signaling and may par5ally 
overcome PTEN block. 



Complex Interac5on between mTORC1 
and mTORC2  

• mTORC2 ac5va5on s5ll 
unclear: 
– Possible ac5va5on by PI3K 
or PIP3  

– Nega5ve feedback from 
mTORC1 through S6K1 

• OscillaKons for high 
an5gen dose 
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Complex Interac5on between mTORC1 
and mTORC2  

• mTORC2 ac5va5on s5ll 
unclear: 
– Possible ac5va5on by PI3K or 
PIP3  
– Nega5ve feedback from 
mTORC1 through S6K1 

• OscillaKons for high 
an5gen dose 
•  Solved by using three 
levels for PI3K. 



mTOR role in Foxp3 expression 

•  Links between mTORC1 and mTORC2 and the Foxp3 
expression are not well understood 

–  Early mTORC1 signaling helps increase Foxp3 expression 
(through chroma5n remodeling) 

–  Prolonged mTORC1 signaling inhibits Foxp3 

–  mTORC2 ac5va5on takes longer than mTORC1 ac5va5on 

–  pS6 as a readout of mTORC1 ac5vity decreases a|er 18 hours 

–  Both mTORC1 and mTORC2 are necessary for Foxp3 inhibi5on 



mTOR role in Foxp3 expression 

•  Links between mTORC1 and mTORC2 and the Foxp3 
expression are not well understood 

–  Early mTORC1 signaling helps increase Foxp3 expression (through 
chroma5n remodeling) 

–  Prolonged mTORC1 signaling inhibits Foxp3 

–  mTORC2 ac5va5on takes longer than mTORC1 ac5va5on 

–  pS6 as a readout of mTORC1 ac5vity decreases a|er 18 hours 

–  Both mTORC1 and mTORC2 are necessary for Foxp3 inhibi5on 

•  Further Experiments: correla5on between levels of mTORC1 
and mTORC2 and the level of Foxp3 expression  



Conclusions 

•  Logical modeling approach allows collabora5ve 
model development. 

•  Preliminary model reproduces dependence of 
outcome on an5gen dose and dura5on. 

•  Model focuses a~en5on on several key elements 
–  Rela5ve kine5cs of CD25 / Foxp3 expression 
–  Role of differen5al PTEN regula5on 
–  Possible role of Smad3 
– Nega5ve feedback between mTORC1 and mTORC2 
– mTORC1/2 regula5on of Foxp3 



Future modeling steps 

•  Experimen5ng with three instead of two levels 
–  Increase in number of variables is not significant in 
terms of simula5on run5me 

•  Modeling of popula5on of cells 

•  Explora5on of the system’s sensi5vity  


