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Abstract

TCR-mediated activation of the Ras signaling pathway is critical for T cell development in the
thymus and function in the periphery. However, which members of a family of Ras GTPase-
activating proteins (RasGAPs) negatively-regulate Ras activation in T cells is unknown. In this
study we examined a potential function for the neurofibromin 1 (NF1) RasGAP in the T cell
lineage with the use of T cell-specific NF1-deficient mice. Surprisingly, on an MHC class I-
restricted TCR transgenic background, NF1 was found to promote thymocyte positive selection.
By contrast, NF1 neither promoted nor inhibited the negative selection of thymocytes. In the
periphery, NF1 was found to be necessary for the maintenance of normal numbers of naive CD4*
and CD8* T cells but was dispensable as a regulator of TCR-induced Ras activation, cytokine
synthesis, proliferation and differentiation and death. These findings point to a novel unexpected
role for NF1 in T cell development as well as a regulator of T cell homeostasis.

Keywords
T cells; Signal transduction; Ras GTPase-activating proteins; Neurofibromin

1. Introduction

TCR-mediated activation of the Ras signaling pathway is essential for most T cell responses.
In the thymus, Ras signaling is required for pre-TCR-induced maturation of thymocytes
from the CD4~, CD8™ double-negative (DN)? to the CD4*, CD8* double-positive (DP)
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stage of development (Crompton et al., 1996; Fischer et al., 2005). Furthermore, Ras
signaling is necessary for thymocyte positive selection during which DP cells receive
survival signals and differentiate into single positive (SP) CD4* or CD8* T cells depending
upon the specificity of their TCR for MHC class Il or I respectively (Alberola-1la et al.,
1995; Alberola-Ila and Hernandez-Hoyos, 2003; Fischer et al., 2005; Swan et al., 1995). In
the peripheral immune system, Ras is required for T cell cytokine secretion, proliferation
and differentiation into effector cells (Dong et al., 2002; Rincon et al., 2001).

Ras is an inner membrane-tethered small GTP-binding protein that in quiescent cells exists
predominantly in an inactive GDP-bound state (Wennerberg et al., 2005). The TCR
promotes activation of Ras through its ability to recruit to membranes and activate
mammalian son of sevenless (mMSOS) and Ras guanine nucleotide releasing protein 1
(RasGRP1) molecules (Das et al., 2009; Ebinu et al., 2000; Kortum et al., 2012; Lapinski
and King, 2012; Priatel et al., 2002; Roose et al., 2005; Roose et al., 2007). Both proteins
function as Ras guanine nucleotide exchange factors that eject GDP from the Ras guanine
nucleotide-binding pocket thereby allowing to Ras to bind to GTP resulting in its activation.
In its GTP-bound state Ras triggers different downstream signaling events that include the
activation of MAPK that drive T cell responses (Chang and Karin, 2001; Genot and
Cantrell, 2000).

While much is understood of the mechanisms involved in the activation of Ras in T cells,
less is known of how Ras is inactivated in this cell type. Efficient Ras inactivation requires
physical interaction with Ras GTPase activating proteins (RasGAPS) that increase the ability
of Ras to hydrolyse GTP by several orders of magnitude (Donovan et al., 2002; King et al.,
2013). RasGAPs contain a catalytically active GAP domain together with one or more
modular binding domains that allow RasGAP targeting to membranes and juxtaposition to
Ras (Bernards, 2003; Donovan et al., 2002; King et al., 2013). Ten different RasGAPs have
now been reported and most are expressed in T cells. Therefore, which RasGAPs are
required for inactivation of Ras in T cells is currently uncertain.

Two prototypical members of the RasGAP family are p120 RasGAP (RASA1) and
neurofibromin 1 (NF1). To address the importance of RASAL in T cells we recently
generated T cell-specific RASA1-deficient mice (Lapinski et al., 2011). On a non-TCR
transgenic (Tg) background, pre-TCR selection and positive selection were not affected by
the loss of RASA1. However, on an MHC class Il-restricted TCR (Tg) background,
enhanced positive selection was observed that was associated with increased activation of
the Ras-MAPK pathway in DP thymocytes. In addition, in the periphery of non-TCR Tg and
TCR Tg mice, reduced numbers of naive CD4* and CD8* T cells were observed in RASA1-
deficient mice that could be explained by impaired naive T cell survival. However, RASA1
was found to be dispensable for peripheral T cell activation and function induced by full
agonist MHC-peptide complexes. Thus, while RASA1 appears to be important for T cell
development and homeostasis, other RasGAPs are likely to participate in these processes
and to control T cell activation in the periphery.

In humans, germline mutations in AV/FZ cause the autosomal dominant disorder
neurofibromatosis 1 that is characterized by the development of benign dermal
neurofibromas, skin pigmentation abnormalities, skeletal defects and learning disabilities
(Cawthon et al., 1990; Viskochil et al., 1990; Wallace et al., 1990). In addition,
neurofibromatosis 1 patients show increased susceptibility to a variety of other benign and
malignant tumors including myeloid leukemia (Hope and Mulvihill, 1981). Mice that are

LApbreviations: BM, bone marrow; DN, double negative; DP, double positive; LN, lymph node; NF1, neurofibromin 1; PCC, pigeon
cytochrome c peptide; RASA1L, p120 RasGAP; RasGAP, Ras GTPase-activating protein; SP, single positive; Tg, transgenic.
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homozygous for an N2 null mutation show impaired cardiac development and die /n utero
at E14 whereas heterozygote NF1-deficient mice show age-related susceptibility to a variety
of tumors (Brannan et al., 1994; Jacks et al., 1994). To examine a potential role for NF1 in
the development and function of T cells, Ingram et al, transferred bone marrow (BM) from
NF1-deficient mice into immunocompromised RAG2-deficient mice (Ingram et al., 2002).
Recipients exhibited thymic and splenic hyperplasia as a result of an increase in the number
of all thymic and splenic T cell subsets. Thymocytes showed elevated levels of Ras-GTP
and proliferated spontaneously /n vitro. However, both thymocytes and splenic T cells
proliferated less in response to TCR stimulation or to the combination of TCR plus IL-2
stimulation compared to wild type T cells. These findings are consistent with a negative
regulatory role for NF1 in T cell development and a potential positive regulatory role for this
RasGAP in peripheral T cells. However, it is unclear if the T cell developmental and
functional defects observed in these experiments result from loss of NF1 in T cells or are
secondary to loss of NF1 in a non-T cell hematopoietic compartment. This is particularly
important in the context that mice that receive NF1-deficient hematopoietic precursors also
develop myeloproliferative disorders (Bollag et al., 1996; Largaespada et al., 1996).

To address the question of a T cell intrinsic role for NF1 we have used a conditional NF1
allele to generate T cell-specific NF1-deficient mice (Zhu et al., 2002; Zhu et al., 2001).
Contrary to previous findings, expansion of the T cell compartment was not observed in
these mice. Instead, similar to T cell-specific RASA1-deficient mice, diminished numbers of
peripheral naive T cells were found in T cell-specific NF1-deficient mice. Furthermore, T
cell activation and differentiation proceeded normally in these mice. However, on an MHC
class I-restricted TCR Tg background, an important function for NF1 in thymocyte positive
selection was revealed. These studies clarify and provide further insight into the role of NF1
within the T cell compartment.

2. Materials and Methods

2.1 Mice

NI mice have been described (Zhu et al., 2001). Mice were crossed with plck-cre Tg
mice (Taconic) to generate N1/ pick-cre mice and littermate NFI™/ controls. Nf1™/
plck-cre mice were crossed with AND and HY TCR Tg mice (JAX and Taconic
respectively) to generate AND and HY TCR Tg NfI™ pick-cre mice and littermate AND
and HY TCR Tg NfI controls. Genotype of mice was determined by PCR of tail genomic
DNA using PCR primers described previously (Zhu et al., 2001). All NF1 mutant mice used
in this study are on a mixed 129S6/Sv x C57BL/6 (H-2P) background and were 2-3 mo of
age at the time of experiments. C57BL/6 (H-2P) and B10.BR (H-2K) mice were purchased
from JAX. All experiments were performed in compliance with University of Michigan
guidelines and were approved by the University Committee on the Use and Care of Animals.

2.2 Flow cytometry

Subpopulations of thymocytes, splenocytes and lymph node (LN) cells were enumerated by
cell counting and flow cytometry using fluorochrome-conjugated HY TCR, TCR Va 11 and
Va 3, CD4, CD8, CD44, CD24, CD25, CD90.2 and CD69 mAb (Becton Dickinson). Cell
viability was determined by staining with fluorochrome-coupled annexin V and 7-amino-
actinomycin D (7AAD) (Becton Dickinson). To examine MAPK activation in female HY
TCR Tg DP thymocytes, 1.5 x 106 total thymocytes were mixed with an equal number of
splenic adherent cells (APC) from female C57BL/6 mice that had been pre-pulsed with HY
peptide (10 uM) for 1 h. Cells were co-pelleted and incubated at 37°C for different times
before fixation and permeabilization and analysis of MAPK activation by flow cytometry
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using a fluorochrome-coupled phospho-ERK MAPK mAb (Cell Signaling) as described
(Lapinski et al., 2011). All cell staining was analyzed on a FACSCanto (Becton Dickinson).

For flow cytometric sorting of thymocytes for quantitative PCR analysis, cells were stained
with CD4, CD8, CD44, CD24, CD25 and CD90.2 mAb. DN1 (CD90.2*, CD24M, CD4-,
CD8", CD44*, CD257), DN2 (CD90.2*, CD24", CD4~, CD8", CD44*, CD25%), DN3
(CD90.2*, CD24N CD4~, CD8~, CD44/°, CD25%), DN4 (CD90.2*, CD24NM CD4~, CD8",
CD44-, CD257), DP (CD90.2*, CD4*, CD8*), CD4 SP (CD90.2*, CD4*, CD8~) and CD8
SP (CD90.2*, CD4~, CD8") were sorted on an iCyt Synergy FACS machine (Sony
Biotechnology).

2.3 Cell isolation

Thymocytes from female HY TCR Tg mice were depleted of CD8 SP cells by positive
selection using CD4 mAb-coated immunobeads (Miltenyi). Peripheral pan-T cells, CD4*
and CD8* T cells from non-TCR Tg mice, CD8" T cells from female HY TCR Tg mice and
naive CD4+CD44- T cells from AND TCR Tg mice were isolated from spleen and LN by
negative selection using immunobeads (Miltenyi or StemCell Technologies). To generate
CDA4+ T cell blasts, CD4+ T cells from non-TCR Tg mice were stimulated in complete
medium (RPMI 1640 containing FCS and antibiotics) in 24 well plates that had been pre-
coated with CD3 mAb (1 ug/ml; eBioScience). Soluble CD28 mAb (1 pg/ml; eBioScience)
plus IL-2 (100 ng/ml; R&D Systems) were included in the culture medium. After 6 d, cells
were washed and recultured in IL-2 (100 ng/ml) in complete medium for a further 2 d. Cells
were washed and cultured overnight in complete medium before use in assays.

2.4 Quantitative PCR

Genomic DNA was prepared from sorted thymocyte populations using a Qiagen Blood and
Tissue DNA kit. Efficiency of NfZ gene deletion was determined by gPCR using a primer/
probe set located at the A7 intron 31-exon 32 border (Applied Biosystems). A transferrin
receptor primer/probe set was used as an internal control for all samples (Applied
Biosystems). For each thymocyte population, the relative amount of N7 target in NFz#/1
plck-cre mice compared to NVF17/ mice was calculated, as described (Oliver et al., 2012;
Schmittgen and Livak, 2008).

2.5 Western blotting

CD8 SP-depleted female HY TCR Tg thymocytes were stimulated with HY peptide-pulsed
APC as indicated in flow cytometry. CD4* and CD8" T cells and CD4* T cell blasts from
non-TCR Tg mice were stimulated with CD3 and CD28 mAb in U-bottomed 96 well plates
without I1L-2 (1 x 10%/well) as above. After different times of stimulation cells were lysed
and activation of the Ras-MAPK pathway was determined by Western blotting using a
phospho-ERK antibody (Cell Signaling).

2.6 Apoptosis assays

Thymocytes were cultured in 96 well flat-bottomed plates at 2 x 10° cells/well in complete
medium in the presence of the indicated concentrations of CD3 and CD28 mADb,
dexamethasone or staurosporine (Sigma). After 20 h culture, cells were harvested and
viability was assessed by flow cytometry.

Activation induced death (AICD) of peripheral T cells was assessed as before (Lapinski et
al., 2008). Briefly, purified splenic CD4* T cells were stimulated with CD3/CD28 mAb plus
IL-2 for 72 h, washed and recultured in IL-2 in complete medium for 48 h as above. After a
further wash, cells were cultured in IL-2 in complete medium or in complete medium alone
for an additional 48 h at which point cell viability was assessed by flow cytometry.
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2.7 T cell proliferation

Pan T cells were labeled with CFSE (10 pg/ml) and stimulated in 96 well U-bottomed plates
with CD3 and CD28 mAb in complete medium as indicated in Western blotting. Dilution of
CFSE fluorescence was determined by flow cytometry after 3 d of culture.

2.8 T cell cytokine synthesis

Peripheral CD8* T cells from female HY TCR Tg mice and CD4*, CD44~ T cells from
AND TCR Tg mice were incubated with HY peptide-pulsed APC from female C57BL/6
mice or with PCC peptide-pulsed APC from B10.BR mice respectively in complete medium
in 96 well U-bottomed plates (2 x 10° responders and 1 x 10 APC/well). Concentrations of
IL-2 and IFN-v in culture supernatants were determined by ELISA after 48 h of culture
(R&D Systems).

2.9 T cell polarization

T cell polarization was performed as described (Bauler et al., 2008). Briefly, CD44~, CD4*
T cells from non-TCR Tg mice were stimulated with CD3 and CD28 mAb in complete
medium with 1L-2 (100 ng/ml) as indicated in Western blotting. For Th1 skewing, IL-12 (10
ng/ml; R&D Systems) and IL-4 neutralizing mAb (10 pg/ml; BD Pharmingen) were added
to the culture medium. For Th2 skewing, IL-4 (10 ng/ml; R&D Systems) and IFN-y
neutralizing mAb (10 pug/ml; BD Biosciences) were added to the culture medium. After 3 d,
cells were transferred to 48 well plates and cultures were supplemented with IL-2 (100 ng/
ml). After a further 2 d, cells were washed and 1 x 10° cells were restimulated in complete
medium in 96 well U-bottomed plates that had been pre-coated with CD3 mAb (1 pg/ml).
Concentrations of IFN-y and IL-4 in supernatants were determined by ELISA.

3. Results

3.1 T cell development in T cell-specific NF1-deficient mice

To generate T cell-specific NF1-deficient mice we crossed N7/ mice with Tg mice that
express the cre recombinase under control of the proximal /ck promoter (p/ck-cre). In these
mice, cre is expressed from the DN3 (CD44!°, CD25*) stage of T cell development onward,
i.e. is first expressed prior to the TCRp selection checkpoint (Hennet et al., 1995). PCR
analysis of genomic DNA using previously published primer sets indicated that
recombination at the /7 locus, which results in a null N1 allele, occurred in the vast
majority of thymocytes and peripheral T cells from N2 plck-cre mice (Fig. 1A and B)
(Zhu et al., 2001). To confirm this finding and to determine the extent of NF1 deletion in
different thymocyte subsets, we performed gPCR upon genomic DNA prepared from FACS-
purified subpopulations using a primer/probe set located at the A7 intron 31-exon 32
boundary that is deleted upon cre-mediated recombination (Fig. LA and C). These analyses
revealed little deletion of A/7Zin DN1 (CD44N, CD257), DN2 (CD44NM CD257) or DN3
thymocytes from NfI plck-cre mice compared to NifZ mice. Some deletion was
observed in DN4 (CD44~, CD257) thymocytes, albeit this was not statistically significant
over repeat experiments. By contrast, substantial deletion of AfZ (80-90%) was observed in
DP and SP thymocytes from Nf 1™/ pjck-cre mice (Fig. 10).

Contrary to previous findings in bone marrow chimeras (Ingram et al., 2002), thymic
cellularity was not increased in the absence of NF1 in this model. In fact, numbers of DP
and SP thymocytes were moderately decreased in Nf17/f plck-cre mice compared to
littermate controls (Fig. 24). Numbers of DN thymocytes were not affected in N1 pjck-
cre mice, consistent with the poor deletion of the A/7Z, gene in DN3 and DN4 subsets (Fig.
2B). Ratios of CD4 SP or CD8 SP to DP thymocytes in Nf1™/f pjck-cre thymi were not
altered compared to controls suggesting that positive selection is unaffected by loss of NF1
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(Fig. 2A). To explore this further, we performed TCRp versus CD69 staining to determine
numbers of pre-positive selection DP thymocytes (DP1; TCRB *CD69) and immediate
post-positive selection DP thymocytes (DP2; TCRB *CD69") (Fig. 2C) (Hernandez-Hoyos
et al., 2003; Lauritsen et al., 2008). The DP2/DP1 ratio was slightly higher in NiF1% pick-
crethymi suggestive of increased positive selection. However, this increase could be
explained entirely by a decrease in the number of DP1 cells and no increase in the number of
DP2 cells was evident. This finding, therefore, argues against increased positive selection in
this model.

3.2 Arole for NF1 in positive selection in HY TCR Tg mice

We also examined a role for NF1 in positive selection in TCR Tg mice. The rationale was
that any alterations in positive selection might be more readily revealed in a TCR
monoclonal setting. To this end, we generated AND TCR and HY TCR Tg Nf 1™ pjck-cre
mice and N7 controls. The AND TCR recognizes PCC peptide 88—104 in the context of
the MHC class Il molecule, I-EX. In C57BL/6 x 129 S/v H-2P mice, DP thymocytes that
express the AND TCR are positively selected on I-AP and mature into CD4 SP cells (Kaye
et al., 1989). The HY TCR recognizes the male specific HY peptide in the context of the
MHC class | molecule, H-2DP. In female C57BL/6x129 S/v H-2P mice, DP thymocytes that
express the HY TCR are positively selected on H-2DP and mature into CD8 SP cells
(Kisielow et al., 1988). Therefore, use of these two models affords the opportunity to
examine positive selection of MHC class Il and I-restricted T cells at a clonal level.

In AND TCR Tg mice, absence of NF1 resulted in substantially reduced numbers of DP and
CD4 SP cells as observed in non-TCR Tg mice (Fig. 3A4). Loss of RASA1 similarly resulted
in a substantial decrease in the number of DP cells in AND TCR Tg thymi and was
attributed to increased death of DP cells as evidenced by increased annexin V cell surface
staining (Lapinski et al., 2011). Likewise, DP and SP cells in AND TCR Tg NF1-deficient
thymi showed increased annexin V cell surface staining (data not shown). However, despite
the decreased survival of DP and SP cells, the CD4 SP/DP ratio was not changed in NF1-
deficient AND TCR Tg thymi (Fig. 3A). This indicates that NF1 does not participate in the
positive selection of AND TCR Tg T cells.

In HY TCR Tg mice a different effect of NF1 deletion was observed. Loss of NF1 in these
Tg mice did not affect overall thymic cellularity. However, a significant increase in the
number of DP cells was observed together with a corresponding decrease in the number of
CD8 SP cells (Fig. 3B). Consequently, the CD8 SP/DP ratio decreased three-fold in HY
TCR Tg NFfI™ plck-cre mice thymi compared to N71%f control thymi (Fig. 38). This
change cannot be explained by a non-specific effect of the p/ck-cre transgene upon positive
selection in the HY TCR Tg model since no alteration in the efficiency of positive selection
was observed in Rasal™" plck-cre mice previously (Lapinski et al., 2011). Thus, NF1 is
required for efficient positive selection of HY TCR Tg T cells.

3.3 NF1lis not required for negative selection

In male HY TCR Tg mice expression of the HY antigen on thymic stromal cells results in
negative selection of HY TCR Tg thymocytes (Kisielow et al., 1988). Therefore, we
examined thymocyte development in male N1 plck-cre HY TCR Tg mice to determine if
NF1 is also required for negative selection in this model. As expected, much fewer HY TCR
Tg T cells were found in control N7 male compared to Nf17/f female HY TCR Tg
thymi, which is explained by negative selection of HY TCR Tg T cells at the DP stage (Fig.
4A). A similarly small number of total and DP HY TCR Tg T cells were found in thymi of
male NFI™f pjck-cre HY TCR Tg mice. Thus, NF1 is not required for negative selection of
HY TCR Tg thymocytes.
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In contrast to positive selection, negative selection is independent of MAPK (McGargill et
al., 2009). Therefore, lack of a role for NF1 in negative selection of HY TCR Tg thymocytes
might not necessarily reflect an inability of NF1 to regulate Ras-MAPK activation in DP
cells in response to strong agonist stimuli. Furthermore, although negative selection does not
require MAPK, excessive MAPK activation could potentially augment negative selection.
However, any increased negative selection resulting from loss of an inhibitory function of
NF1 toward Ras would be obscured in the male HY TCR Tg model since the negative
selection that occurs already causes almost complete depletion of DP cells. Therefore, we
examined directly if NF1 regulates the Ras-MAPK pathway in HY TCR Tg DP thymocytes
in response to a negatively selecting MHC-HY peptide stimulus. For this purpose, whole
thymocytes from female HY TCR Tg Nf1 pjck-cre and Nf1™/ mice were stimulated in
vitrowith HY peptide-pulsed H-2P APC and the extent of activation of the Ras-MAPK
pathway in DP cells was assessed by flow cytometry using a phospho-ERK mAb (Fig. 45B).
As shown, the Ras-MAPK pathway was activated to the same degree in NF1-deficient and
control DP cells by HY peptide. To confirm these findings, we also examined activation of
the Ras-MAPK pathway in HY TCR Tg DP cells by Western blotting. In these experiments,
HY TCR Tg thymi were first depleted of CD8 SP T cells and then stimulated with HY
peptide-pulsed H-2P APC before lysis and examination of ERK activation by Western
blotting (Fig. 4C). In agreement with data from flow cytometric analyses, ERK was
activated to the same degree and with similar kinetics in NF1-deficient DP thymocytes
compared to control DP thymocytes in these experiments. Thus, NF1 does not regulate
activation of the Ras-MAPK pathway in HY TCR Tg DP cells stimulated with full MHC-
HY peptide agonist.

We also examined apoptosis of non-TCR Tg DP cells /n vitroin response to CD3 mAb
(directed to the TCR complex) and mAb against the CD28 costimulatory receptor (Fig. 4D).
Apoptotic responses were the same for NF1-sufficient and NF1-deficient DP cells over a
range of CD3/CD28 mAb concentrations. Likewise, apoptosis in response to the recognized
apoptosis-inducing agents dexamethasone and staurosporine was not impaired in NF1-
deficient DP cells. Therefore, loss of NF1 in thymocytes neither inhibits nor promotes
negative selection.

3.4 Diminished numbers of naive T cells in T cell specific NF1-deficient mice

In NF1-deficient bone marrow chimeras increased numbers of CD4* and CD8* T cells were
observed in spleen as well as thymus (Ingram et al., 2002). Therefore, we examined
carefully numbers of T cells in peripheral lymphoid organs of T cell-specific NF1-deficient
mice. In contrast to findings in bone marrow chimeras, total numbers of CD4* and CD8* T
cells in spleen and LN were significantly reduced in T cell-specific NF1-deficient mice (Fig.
5A).

We also examined numbers of naive and memory T cells by staining for the CD44 memory
marker. The percentage representation of CD44* cells amongst CD4* or CD8* T cells was
consistently higher in T cell-specific NF1-deficient mice compared to controls (Fig. 58). For
both T cell subsets this was attributed to a specific diminution in the number of naive T
cells. By contrast, numbers of memory T cells were unaffected by NF1 loss (Fig. 55).
Numbers of TCRpB T cells, NKT cells and Treg were normal in T cell-specific NF1-deficient
mice (data not shown).

We also examined numbers of T cells in the periphery of TCR Tg T cell-specific NF1-
deficient mice (Fig. 6). In female HY TCR Tg mice, numbers of naive and memory HY
TCR* CD8* T cells were not affected by the loss of NF1. It has been shown previously that
peripheral T cells in female HY Tg mice are unable to undergo homeostatic proliferation,
which is consistent with the fact that few CD44* HY TCR Tg T cells are present in these
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animals (Ernst et al., 1999; Rocha and von Boehmer, 1991). Therefore, that loss of NF1 did
not affect peripheral T cell numbers in the female HY TCR Tg model suggests that impaired
homeostatic proliferation of peripheral T cells may be the cause of reduced T cell numbers
in NF1-deficient non-TCR Tg mice. This is supported by the finding that loss of NF1 did
result in reduced numbers of total and naive T cells in AND TCR Tg mice (Fig. 6).

In male HY TCR Tg mice, some HY TCR* T cells escape negative selection and enter the
periphery where they are able to recognize and respond to HY peptide presented by H-2P
APC (Suzuki et al., 2001). Therefore, a much higher percentage of memory HY TCR* CD8"*
T cells are observed in the periphery of male compared to female HY TCR Tg NF1-
sufficient mice, which is presumably reflective of full agonist MHC-peptide stimulation /n
vivo (Fig. 6). Notably, loss of NF1 did not affect numbers of naive or memory HY TCR* T
cells in male mice (Fig. 6). This indicates that NF1 does regulate T cell activation in
response to full agonist MHC-peptide stimulation (see below).

3.5 Normal peripheral T cell function in T cell-specific NF1-deficient mice

T cells from NF1-deficient BM chimeras showed reduced proliferation in response to CD3
and CD28 mAb stimulation /in7 vitro (Ingram et al., 2002). Therefore, we examined if T cells
from T cell-specific NF1-deficient mice also showed reduced proliferation in response to the
same stimulus. Proliferation of non-TCR Tg T cells was assessed by dilution of CFSE
fluorescence (Fig. 7A). No significant differences in the proliferative capacity of CD4* or
CD8™ T cells between NF1-deficient and control mice was observed. In parallel, we
examined T cell AICD (Fig. 7C). For this purpose, CD4+ T cell blasts were generated and
cultured in the presence or absence of IL-2, which provides anti-apoptotic survival signals to
T cell blasts under these conditions (Lapinski et al., 2008). However, the extent of T cell
apoptosis in response to IL-2 withdrawal was not affected by the loss of NF1.

We also examined cytokine synthesis by naive NF1-deficient T cells (Fig. 75). No
significant differences in the ability of female HY TCR Tg T cells to secrete IFN-vy in
response to HY peptide-pulsed H-2° APC or in the ability of AND TCR Tg T cells to
secrete IL-2 in response to PCC peptide-pulsed H-2X APC were apparent. Similarly, no
significant differences in the ability of non-TCR Tg naive or memory CD4* or CD8* T cells
to secrete cytokines in response to CD3 or CD28 mAb stimulation were noted (data not
shown).

To examine T helper cell differentiation, naive CD4* T cells from non-TCR Tg mice were
stimulated under Th1 or Th2 polarizing conditions. T cells were then restimulated with CD3
mADb and synthesis of IFN-y or IL-4 was examined (Fig. 7). No difference in the amounts
of IFN-+y or IL-4 secreted under Th1 or Th2 polarizing conditions respectively were noted
between NF1-deficient and control T cells. Therefore, NF1 is not required for Th1l or Th2
cell differentiation.

Consistent with the lack of a role for NF1 in T cell proliferation, survival, cytokine synthesis
and differentiation, CD3/CD28 mAb-induced activation of ERK in non-TCR Tg CD4* and
CD8™ T cells as well as in CD4" T cell blasts was normal in the absence of NF1 (Fig. 7£).
Similarly, activation of ERK in HY and AND TCR Tg T cells in response to peptide-pulsed
APC was unaffected by the loss of NF1 (data not shown).

4. Discussion

Knowledge of which RasGAPs regulate Ras in the T cell lineage is incomplete. Our
previous studies of T cell-specific RASA1-deficient mice indicated that this RasGAP
functions as a negative regulator of Ras during positive selection but neither regulates pre-
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TCR signaling nor controls Ras activation in peripheral T cells activated by full agonist
MHC-peptide complexes (Lapinski et al., 2011). Therefore, other RasGAPs are likely to
participate in the control of Ras activation in T cells. One a priori candidate is NF1.
Thymocytes in mice transplanted with NF1-deficient BM showed elevated basal levels of
Ras-GTP and both thymocyte and peripheral T cell numbers were increased in these animals
(Ingram et al., 2002). In addition, and paradoxically, NF1-deficient peripheral T cells
showed reduced proliferation in response to CD3 plus CD28 mAb-induced stimulation
(Ingram et al., 2002). However, since other hematopoietic cells would also lack NF1
expression in these BM chimeras, it is unclear from these studies whether the apparent
influence of NF1 deficiency on T cell function is T cell intrinsic or not. Moreover, the
influence of NF1 loss on events such as thymocyte positive and negative selection and
peripheral T cell differentiation was not examined in these studies. Therefore, in the current
studies, we used T cell-specific NF1-deficient mice to address definitively the function of
NF1in T cells.

Findings in T cell-specific NF1-deficient mice were strikingly different from those reported
in NF1-deficient BM chimeras. First, thymocyte numbers were not elevated in T cell
specific NF1-deficient mice and, in fact, on non-TCR Tg and AND TCR Tg backgrounds
thymocyte number was significantly reduced. Second, the number of peripheral T cellsin T
cell-specific NF1-deficient mice was diminished and this was accounted for by a specific
decrease in the number of naive CD4* and CD8" T cells. Third, no evidence was obtained
from the study of T cell-specific NF1-deficient mice that NF1 was a significant regulator of
peripheral T cell proliferation, survival, cytokine secretion, differentiation or Ras activation
triggered in response to full agonists. These differences, therefore, are most likely explained
by additional loss of NF1 in hematopoietic cells other than T cells in NF1-deficient BM
chimeras. A cell extrinsic role for NF1 as a contributing factor in the development of NF1-
deficiency related phenotypes has been demonstrated beforehand. For example, plexiform
neurofibroma formation resulting from biallelic loss of A/fZin Schwann cells additionally
requires at least heterozygous loss of A/fZin BM-derived mast cells (Yang et al., 2008; Zhu
et al., 2002). An alternative explanation for the differences in phenotype relates to the stage
of T cell development at which NF1 loss first occurs. In BM chimeras, NF1 would be absent
throughout T cell development whereas in T cell-specific NF1-deficient mice, NF1 would
not be lost until later stages of DN development. Theoretically, therefore, earlier deletion of
NF1 in BM chimeras could account for the observed differences.

In non-TCR Tg and AND TCR Tg mice loss of NF1 had little influence upon thymocyte
positive selection. By contrast, in female HY TCR Tg mice, loss of NF1 resulted in reduced
positive selection indicating that NF1 is required for efficient positive selection in this
model. As a potential negative-regulator of Ras this finding was unexpected since increased
TCR-mediated Ras activation would be predicted to promote positive selection. Whether
NF1 regulates Ras activation during positive selection in female HY TCR Tg mice cannot
be readily determined at present since the identity of the peptide that mediates positive
selection in this model is not known. Notably, however, NF1 does not function as a negative
regulator of Ras during negative selection or, as noted above, during activation of peripheral
T cells with CD3 and CD28 mAb or full agonist MHC-peptide complexes. Furthermore, it is
important to point out that if NF1 did regulate Ras during positive selection then, based
upon the observed phenotype, it is predicted that it would promote rather than inhibit Ras
activation, which would be unprecedented. For this reason, we favor the idea that NF1
performs a Ras independent role during positive selection. The possibility that NF1 has Ras
independent functions in cellular signal transduction has been raised beforehand. A large
number of disease-causing mutations in the human NFZ gene have been identified that are
not predicted to affect GAP function or NF1 protein stability (Abernathy et al., 1997;
Fahsold et al., 2000). Furthermore, whilst the isolated GAP domain of NF1 was able to
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rescue cardiovascular development in non-conditional NF1-deficient mice, this domain did
not rescue overgrowth of neural crest-derived tissues in these mice (Ismat et al., 2006). By
whichever mechanism NF1 does promote positive selection, presumably this mechanism is
either not operative or is not required for thymocyte negative selection which is not
decreased or increased by the loss of NF1.

In TCR Tg models, T cell-specific loss of RASAL had the opposite effect upon positive
selection as loss of NF1 (Lapinski et al., 2011). Thus, loss of RASAL had no influence upon
positive selection of HY TCR Tg cells but resulted in increased positive selection of AND
TCR Tg cells, the latter of which was associated with increased Ras-MAPK activation in DP
thymocytes. Together, these findings point to the complexity of RasGAP-mediated control
of thymocyte positive selection. It is possible that the participation of different RasGAPs in
the two studied TCR Tg models applies generally to the positive selection of MHC class |
versus MHC class Il-restricted T cells. However, additional TCR Tg models would need to
be studied in order to reach this conclusion.

Reduced numbers of naive CD4* and CD8* T cells were observed in T cell-specific non-
TCR Tg NF1-deficient mice. A similar phenotype was observed in T cell-specific RASA1-
deficient mice (Lapinski et al., 2011). In both situations, the reduced number of naive T cells
cannot be accounted for by altered T cell proliferation or AICD responses induced by full
agonist stimulation which are unchanged compared to control T cells. The basis for the
reduced naive T cell numbers in both types of mice remains unclear. However, reduced
numbers of naive T cells were not observed in the periphery of female HY TCR Tg T cell-
specific NF1-deficient mice. HY TCR Tg T cells are peculiarly unable to undergo
homeostatic proliferation in the periphery of females which suggests that impaired
homeostatic proliferation in non-TCR Tg NF1-deficient mice is responsible for their reduced
numbers (Ernst et al., 1999; Rocha and von Boehmer, 1991). Whether the reduced number
of T cells is caused by dysregulated Ras activation is also uncertain. Notably, however, mice
that are Tg for a constitutively active form of ERK-2 known as sevenmaker also contain
substantially reduced numbers of peripheral naive T cells (Sharp et al., 1997). This suggests
that over-stimulation of the Ras-MAPK pathway /n7 vivo may be the cause of the naive T
cell lymphopenia.

In summary, we demonstrate here a role for NF1 at the positive selection stage of thymocyte
development. In addition, we show that NF1 functions as a regulator of naive peripheral T
cell numbers. Which RasGAP(s) regulate the activation of peripheral T cells stimulated with
full agonist MHC-peptide complexes has yet to be determined.
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T cell-specific deletion of NF1. A, Shown is part of the wild type (WT), floxed and
recombined NfZ locus and position of primers P1-P3 (arrows) and gPCR primers
(arrowheads) used to determine the extent of NF1 deletion in N1 pjck-cre mice. B,
Genomic DNA was extracted from whole thymus (T) and purified peripheral splenic and LN
T cells (P) from N1 and Nf1™f plck-cre mice and analyzed by PCR using primers P1-P3
in a single reaction. Shown are the results of a representative analysis performed with two
NFI plck-cre mice and a littermate NF77/ control. For comparison, the same PCR
reaction was performed upon tail genomic DNA from a A/f1fl/* mouse. C, Genomic DNA
was prepared from the indicated sorted thymocyte subpopulations from littermate Nf 177
and NFI™1 pjck-cre mice and relative N7 gene amounts were determined by gPCR using
primers shown in A. For each subpopulation, the percentage amount of NifZ in N1 pjck-
cre mice compared to A7/ mice was calculated. Experiments were performed with three
independent pairs of mice. Shown is the mean percentage of A/fZ expression + 1 SEM in
NI plck-cre mice compared to AF77 mice. Statistical significance was determined
using a Student one-sample ttest. **p <0.01, ***p <0.001.
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T cell development in T cell-specific NF1-deficient mice. All experiments were performed
with littermate N1/ and NFI7/7 plck-cre mice. A, At left are shown representative two-
color flow cytometry plots of CD4 versus CD8 staining of whole thymi (CD90.2* gate).
Numbers indicate the percent of cells in each quadrant. The bar graph at right shows the
mean number plus 1 SEM of the indicated thymocyte populations (N1 n=10; Nf1™/1
plck-cren=T7). B, At left are shown representative plots of CD44 versus CD25 staining of
gated DN thymocytes (CD90.2* and CD24N gates). The bar graph at right shows the mean
number plus 1 SEM of DN1 (CD44*, CD257), DN2 (CD44*, CD25%), DN3 (CD44l°,
CD25%) and DN4 (CD44-, CD257) thymocytes (N7 n=10; NfI™f pick-cren=7). C, At
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left are shown representative plots of CD69 versus TCRp staining of thymocytes (TCRp
gate). The bar graph at right shows the mean number plus 1 SEM of DP1 (TCRB *CD697),
DP2 (TCRB *CD69*), DP3 (TCRp M, CD69*) and SP (TCRB N, CD69) thymocytes
(NFIR n=10; NFI" plck-cre n=7). Statistical significance was determined using a Student
two-sample ftest. *p < 0.05, **p <0.01.
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Positive selection in T cell-specific NF1-deficient TCR Tg mice. A, All experiments were
performed with littermate NiF777 and N1/ plck-cre AND TCR Tg mice. At left are shown
representative two-color flow cytometry plots of CD4 versus CD8 staining of AND TCR™*
thymocytes (TCR Va 11%, Va 3*) in whole thymi. The bar graph at middle shows the mean
number plus 1 SEM of the indicated thymocyte populations (NF17%f n=5; NfI pick-cre
n=10). For each mouse the CD4 SP/DP ratio was calculated. The bar graph at right shows
the mean CD4 SP/DP ratio plus 1 SEM. B, All experiments were performed with littermate
female N1 and NF17/7 plck-cre HY TCR Tg mice. At left are shown representative two-
color flow cytometry plots of CD4 versus CD8 staining of HY TCR* thymocytes (reactive
with clonotypic HY TCR antibody) in whole thymi. Bar graphs show the mean number plus
1 SEM of the indicated thymocyte populations and the mean CD8 SP/DP ratio plus 1 SEM
calculated as in A (n=6 mice each genotype). Statistical significance was determined using a
Student two-sample ftest. *p < 0.05, **p <0.01.
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Negative selection in T cell-specific NF1-deficient mice. A, Experiments were performed
with littermate AiF77%f and NFI™/f pick-cre HY TCR Tg mice. Bar graph at left shows the
mean number of HY TCR* thymocytes plus 1 SEM in female compared to male mice (n=6
females and 5 males of each genotype). In middle is shown a representative CD4 versus
CD8 flow cytometry plot of male thymi gated upon HY TCR* cells. Bar graph at right
shows the mean number plus 1 SEM of the indicated HY TCR* populations in male thymi
(n=5 mice of each genotype). B, Whole thymocytes from female N72"" and Nf1™1 plck-cre
HY TCR Tg mice were stimulated with HY peptide-pulsed H-2° APC jn vitro for the
indicated times. Ras-MAPK activation within gated HY TCR* DP thymocytes was
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determined by flow cytometry using a phospho-ERK mAb. C, DP thymocytes were
stimulated with HY peptide-pulsed APC as in B. ERK activation was determined by
Western blotting using a phospho-ERK antibody. For Band C, similar results were obtained
in two repeat experiments. D, Thymocytes from littermate NiF77%f and NF1™/f pick-cre non-
TCR Tg mice were stimulated with CD3 and CD28 mAb, dexamthasone or staurosporine at
the indicated concentrations. After 20 h the percentage of live DP cells was determined by
flow cytometry. Results were normalized to the percentage of live DP cells that were
cultured in the absence of stimuli. Shown is the mean percentage of live DP cells + 1 SEM
(n=3 mice of each genotype). Statistical significance was determined using a Student two-
sample ftest. ***p <0.001.
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Peripheral T cells in T cell-specific NF1-deficient mice. All experiments were performed
with littermate NiF777 and NFI7/7 plck-cre mice. A, At left are shown representative two-
color flow cytometry plots of CD4 versus CD8 staining of splenocytes. The bar graph at
right shows the mean number plus 1 SEM of CD4* and CD8* cells in spleen and LN
(NFIA n=23; NFI"" plck-cre, n=24). B, At left are representative histograms of CD44
staining upon gated CD4* and CD8™ splenic T cells. Bar graphs at right show the mean
number plus 1 SEM of the indicated CD44'° and CD44" populations in spleen and LN
(NFI n=23; NI plck-cre, n=24). Statistical significance was determined using a
Student two-sample #test. ***p <0.001.
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Peripheral T cells in T cell-specific NF1-deficient TCR Tg mice. All experiments were
performed with littermate A/F17/fand NF1™7 pick-cre HY TCR Tg or AND TCR Tg mice.
Histograms show representative CD44 staining upon gated HY or AND TCR* T cells in
spleens. Bar graphs show the mean number plus 1 SEM of total, CD44!° and CD44M HY or
AND TCR* splenocytes. HY Tg female (N1 n=9; Nf1"f pick-cre, n=11), HY Tg male
(NFIR n=9; NFI"f plck-cre, n=10), AND Tg (NI n=3; Nf1"f pick-cre, n=3).
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Function of NF1-deficient T cells. All experiments were performed with littermate NFZf/f/
and NFI"1 pjck-cre non-TCR Tg, AND TCR Tg or HY TCR Tg mice. A, Purified pan T
cells (CD4* and CD8*) from non-TCR Tg mice were labeled with CFSE and stimulated
with CD3 and CD28 mAb. Flow cytometry plots at left show representative CFSE
fluoresence versus forward scatter upon gated CD4* and CD8™ T cells after 72 h culture.
Bar graphs at right show the mean percentage plus 1 SEM of CD4* or CD8* T cells at the
indicated number of divisions at 72 h (n=4 mice of each genotype). B, Purified CD8* HY
TCR Tg T cells from spleens of female HY TCR Tg mice (all naive CD44°) and purified
naiive CD44!° T cells from spleens of AND TCR Tg mice were stimulated with HY peptide-
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pulsed H-2° APC or PCC peptide-pulsed H-2X APC respectively. Concentrations of IFN-y
or IL-2 in culture supernatants were determined by ELISA after 48 h. Bar graphs show mean
concentration of cytokines plus 1 SEM (n=3 mice of each genotype). C, CD4* T cell blasts
from non-TCR Tg mice were cultured in complete medium with or without IL-2 for 48 h at
which point the percentage of viable cells was by determined by flow cytometry. Viability in
the absence of IL-2 was normalized to viability in the presence of IL-2. Shown is mean
percent viability + 1 SEM (n=3 mice of each genotype). D, Purified CD44~ naive CD4* T
cells from non-TCR Tg mice were stimulated for 5 d under Th1 or Th2 polarizing
conditions. Cells were harvested and restimulated with CD3 mAb for 24 h. Concentrations
of IFN-y and IL-4 in culture supernatants were determined by ELISA. Shown are mean
concentrations of cytokines plus 1 SEM for each polarizing condition (=3 mice each
genotype). £, CD4*, CD8* T cells or CD4* T cell blasts were stimulated with CD3 and
CD28 mAb for the indicated times. Activation of the Ras-MAPK pathway was determined
by Western blotting using a phospho-ERK antibody. Results are representative of three
repeat experiments.
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