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Abstract

R-Ras is a member of the Ras superfamily of small GTPases, which are regulators of various

cellular processes including adhesion, survival, proliferation, trafficking and cytokine production.

R-Ras is expressed by immune cells and has been shown to modulate DC function in vitro and has

been associated with liver autoimmunity. We used Rras-deficient mice to study the mechanism

whereby R-Ras contributes to autoimmunity using experimental autoimmune encephalomyelitis

(EAE), a mouse model of the CNS autoimmune disease multiple sclerosis (MS). We found that a

lack of R-Ras in peripheral immune cells resulted in attenuated EAE disease. Further investigation

revealed that during EAE, absence of R-Ras promoted the formation of MHC IIlo DC concomitant

with a significant increase in proliferation of natural T regulatory cells (nTreg) resulting in an

increase in their cell numbers in the periphery. Our study suggests a novel role for R-Ras in

promoting autoimmunity through negative regulation of nTreg numbers by inhibiting the

development of MHCIIlo DC with tolerogenic potential.

Introduction

The Ras superfamily is composed of small GTPases that act as molecular switches to

activate downstream signaling pathways regulating numerous cellular responses including

survival, proliferation, trafficking, retention, and cytokine production (1-5). In the off state

GTPases are bound to guanosine-diphosphate (GDP) and they become activated by guanine-

nucleotide-exchange-factors (GEF), which exchange guanosine-triphosphate (GTP) for GDP

facilitating a change in conformation and the ability to interact with downstream effectors

(2). Ras family proteins are also indispensable for proper functioning of the immune system
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including regulating dendritic cell (DC) migration and adhesion (6). They have also been

implicated in autoimmunity (3, 7). Involvement of altered Ras signaling in autoimmune

diseases such as systemic lupus erythematosus and rheumatoid arthritis has recently been

shown (3, 8, 9). One member of the Ras family, R-Ras, is associated with cholangitis an

autoimmune disease of the liver, with high expression correlating with increased incidence

(7). R-Ras is expressed by immune cells including T cells, B cells and DC (10) and has been

shown to enhance the phagocytic activity of macrophages (11). Recently, we identified a

unique role for R-Ras in the maturation and function of DC in vitro. Rras-deficiency

resulted in impaired immunologic synapse formation between DC and T cells and led to

reduced T cell proliferation in response to allogenic stimulation in vitro (10).

DC are an important immune sentinel and are essential for innate immune responses and

adaptive immunity via antigen presentation and co-stimulation. Although DC are essential

for conferring protection against pathogens, they can also initiate self-reactive immune

responses leading to autoimmunity. In contrast, DC play important roles in controlling

autoimmune responses by maintaining tolerance (12-14). DC endowed with negative

immune-regulatory functions are termed tolerogenic DC and have been reported to express

lower surface expression of co-stimulatory and major histocompatibility complex class II

(MHCII) molecules (15-18). Tolerogenic DC are thought to inhibit T cell responses at least

in part by maintaining T regulatory cell (Treg) homeostasis (17, 19-23). Natural (n) Treg

develop in the thymus and express the transcription factor Foxp3 (24, 25). Treg can also be

induced in the periphery (iTreg) in the presence of TGF-β and IL-2 (26, 27). Treg are

essential for the maintenance of tolerance to self-tissues and in their absence both humans

and mice quickly acquire autoimmune syndromes (24, 28-30).

Experimental autoimmune encephalomyelitis (EAE) is a well-established animal model for

the central nervous system (CNS) autoimmune disease multiple sclerosis (MS). Both MS

and EAE are thought to be mediated by CD4 T cells and are characterized by inflammatory

lesions, demyelination and neuronal damage within the CNS (31, 32). A role for DC in both

the induction and control of EAE has been demonstrated (21). In addition, Treg have been

found to be a critical inhibitor of both EAE onset and disease progression (33-37).

In this study, we investigated the mechanisms whereby R-Ras regulated T cell immune

responses in vivo during EAE. We found that mice deficient in R-Ras exhibited attenuated

EAE, which was dependent upon R-Ras expression in peripheral immune cells, but not the

CNS. The reduced EAE severity was accompanied by a significant reduction in the absolute

number of immune cells in the CNS including CD4+ T cells producing IFN-γ or IL-17. The

reduced disease was not due to altered T cell priming, but was associated with a significant

increase in the number of both MHCIIlo DC and Tregs in the draining lymph node and

spleen. Treg from Rras−/− mice also exhibited a higher rate of proliferation as compared to

WT. In addition, using both in vitro and in vivo assays, we demonstrated that MHCIIlo DC

from rRas−/−, as compared to WT mice, significantly induced greater Treg expansion. These

data suggest that R-Ras expression negatively regulates the formation of DC with a MHCIIlo

tolerogenic phenotype thereby promoting adaptive immune responses by limiting Treg

expansion.
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Materials and Methods

Mice

The generation of Rras-deficient mice (Rras−/−) on the C57BL/6 background has been

described previously (10). Rras+/+ mice were generated from littermates (WT) and Rras−/−

mice were housed and bred in the Translational Biomedical Research Center of the Medical

College of Wisconsin. B6.SJL-Ptprca Pep3b/BoyJ (WT C57BL/6 CD45.1+) mice were

purchased from The Jackson Laboratory (Bar Harbor, ME). B6.Cg-FoxP3tm2Tch/J mice

(Foxp3EGFP) were provided by Dr. Calvin Williams (Medical College of Wisconsin) (38).

All animal procedures were approved by the Institutional Animal Care and Use Committee.

Peptide and antibodies

Myelin oligodendrocyte glycoprotein 35-55 (MOG35-55) peptide

(MEVGWYRSPFSRVVHLYRNGK) was generated by the Protein Core laboratory of the

Blood Research Institute, BloodCenter of Wisconsin. The 2.4G2 hybridoma was obtained

from the American Tissue Culture Collection. Anti-mouse CD4-APC-eFluor 780, CD25-

Alexa Fluor 700, CD11b-PE, CD11b-biotin, IL-17-Alexa Fluor 647, CD11c-Biotin, B220-

Biotin, CD8-Biotin, CD11b-Biotin, Foxp3-PE and streptavidin-PE Cy5.5 were purchased

from eBioscience (San Diego, CA). Anti-mouse B220-PE-Texas Red, IFN-γ-PE, anti-active

caspase 3-FITC and anti-human Ki67-FITC were purchased from BD Biosciences (San

Diego, CA). Anti-mouse Ly-6C-APC and Ly-6G-APC-Cy7 were purchased from Biolegend

(San Diego, CA). Anti-mouse/rat Neuropilin-1-APC was obtained from R&D Systems

(Minneapolis, MN). Monoclonal antibodies SMI-32 (anti-nonphosphorylated neurofilament-

H) and SMI-99 (anti-myelin basic protein (MBP)) were purchased from Covance

(Emeryville, CA). Strepavidin Alexa 405 and goat anti-mouse Alexa 546 (H + L) were

purchased from Life Sciences Advanced Technologies (St. Petersburg, FL). Anti-Biotin

microbeads were purchased from MiltenyiBiotec (Auburn, CA).

EAE induction

Mice were subcutaneously immunized with 200 μg MOG35-55 peptide emulsified in a equal

volume of complete Freund’s adjuvant (CFA) (Chondrex, Redmond, WA) containing 4

mg/ml mycobacterium followed by two i.p. injections of 200 ng pertussis toxin (List

Biological Laboratories, Campbell, CA) 48 h apart. Clinical symptoms of EAE were scored

daily as follows: 0, no disease; 1, limp tail; 1.5, hind limb ataxia; 2, hind limb paresis; 2.5,

partial hind limb paralysis; 3, total hind limb paralysis; 4, hind and fore limb paralysis; and

5, death.

Cell isolation and flow cytometry

CNS infiltrating mononuclear cells were obtained as described previously (34) and single

cell suspensions were prepared from the spleen and the draining brachial lymph node

(BLN). Cells were stained with fluorochrome-conjugated antibodies and were acquired on a

LSRII flow cytometer (BD Biosciences, San Diego, CA). Data were analyzed using FlowJo

software (Tree Star, Inc., Ashland, OR). Intracellular Foxp3, Ki67, and active caspase 3

staining was performed using the Foxp3/Transcription Factor Staining Buffer Set
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(eBioscience, San Diego, CA) as per manufacturer’s recommended protocol. For the

detection of intracellular cytokines, mononuclear cells isolated from the CNS were

stimulated in vitro with PMA (50 ng/ml) and ionomycin (500 ng/ml) (Sigma-Aldrich, St.

Louis, MO) for 4 h in the presence of BD GolgiStop™ (BD Biosciences, San Diego, CA).

Intracellular IFN-γ and IL-17 staining was performed using the Cytofix/Cytoperm Kit (BD

Biosciences, San Diego, CA).

Histological analysis

Anesthetized mice were sequentially perfused with PBS and fixative and brain and spinal

cords were collected, fixed and frozen as previously described (39). Spinal cord sections (10

μm) were stained with anti-mouse CD11b-biotin and anti-mouse MBP or with SMI-32

followed by staining with streptavidin Alexa 405 and goat anti-mouse Alexa 546. Laser

scanning confocal microscopy was performed using the Olympus Fluoview FV1000 MPE

Multiphoton Laser Scanning microscope as described (40).

Bone marrow (BM) chimeras

For the generation of BM chimeras, 5 × 106 donor BM cells from WT or Rras−/− mice were

transplanted into lethally irradiated (two sequential doses of 575 rad each, 6 h apart, totaling

1150 rad) WT or Rras−/− recipient mice. To generate mixed BM chimeric mice, WT

(CD45.1+) and Rras−/− (CD45.2+) donor BM cells were mixed in a 1:1 ratio and a total of 5

× 106 cells were transplanted into lethally irradiated (1150 rad) WT (CD45.2+) mice, and

allowed to reconstitute for 8-10 weeks before induction of EAE.

T cell recall response

On day 7 after EAE induction, CD4+ cells from the BLN of WT and Rras−/− mice were

sorted by negative selection using magnetic columns and labeled with 3 μM

carboxyfluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes, Invitrogen). 1 ×

105 labeled cells were cultured in the presence of 1 × 105 irradiated (3000 rad) T cell-

depleted syngeneic splenocytes and varying concentrations (0.1- 50 μg/ml) of MOG35-55

peptide. The percentage of proliferating CD4+ cells was determined by CFSE dye dilution

by flow cytometry.

In vitro coculture of dendritic cells and Treg

Splenic MHCIIlo and MHCIIhi CD11c+ cells were sorted from WT and Rras−/− mice on day

17 after EAE induction. CD4+EGFP+ Treg from Foxp3EGFP mice were sorted and labeled

with 3 μM Cell Proliferation Dye eFluor® 670 (eBioscience, San Diego, CA). Treg (0.5 ×

105) were cocultured with sorted DC (1 × 105) in the presence of anti-CD3 (2 μg/ml). Post

96 h culture, the cells were stained with CD4 and proliferation of CD4+EGFP+ cells was

determined by dye dilution using flow cytometry.

In vivo maintenance and proliferation of nTreg

Splenic EGFP+ Tregs were sorted from WT Foxp3EGFP mice and labeled with 3 μM Cell

Proliferation Dye eFluor® 670 (eBioscience, San Diego, CA). Tregs (0.2 × 106) were i.v.

transferred into WT and Rras−/− mice on day 11 after EAE induction. Seven days later, the
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absolute numbers and proliferation level of the transferred CD4+EGFP+ Treg in the spleen

was determined.

Statistical analysis

Data were analyzed using GraphPad prism software (GraphPad Software, Inc., La Jolla, CA)

and were presented as mean ± SEM. Statistical significance was determined using the

nonparametric Mann-Whitney test. p-values <0.05 were considered significant.

Results

Rras−/− mice exhibit an attenuated EAE disease course

To determine whether a deficiency in R-Ras would alter T cell effector functions associated

with autoimmunity in vivo, we induced EAE in WT and Rras−/− mice by immunization with

MOG35-55 peptide. In this model of EAE, disease onset is dependent upon T cell priming in

the LN and their subsequent migration into the CNS. WT and Rras−/− mice exhibited a

similar disease onset which progressed comparably until day 15 at which time the WT mice

continued to progress while disease in the Rras−/− mice peaked followed by a quick

recovery (Fig. 1A). The EAE disease score in WT mice peaked on day 20, which was

significantly higher than the disease score of the Rras−/− mice, which peaked on day 15 (Fig.

1B). WT mice exhibited a more severe disease course as compared to Rras−/− mice as

indicated by their significantly higher disease score on day 30 (Fig. 1C) and cumulative

disease score (Fig. 1D). To determine whether Rras-deficiency alters lesion formation, we

generated frozen sections and localized inflammatory infiltrates by staining for CD11b,

which identifies macrophages and microglial cells. We found that both WT and Rras−/−

mice exhibited lesion formation accompanied with demyelination (Fig. 1E). Because R-ras

could potentially alter neuronal function (41, 42), we also examined neuronal damage in

areas of infiltration (CD11b+) (Fig. 1F). As shown in Fig. 1F, neuronal damage was present

in both groups of mice as detected by staining with the SMI-32 antibody, which recognizes

nonphosphorylated neurofilament-H and is considered a marker of neuronal damage (39,

43-45). These cumulative data demonstrate that R-Ras plays a role in promoting immune

responses that lead to autoimmunity.

Attenuated EAE disease in Rras-deficient mice is associated with a reduction in immune
cell infiltrates and IL-17- and IFN-γ-producing T cells in the CNS

In the MOG model of EAE, myeloid and CD4+ T cells from the periphery migrate into the

CNS and the pathogenic CD4 cells produce the pro-inflammatory cytokines IL-17 and IFN-

γ leading to inflammation resulting in disease pathology (34, 46, 47). Therefore, the reduced

EAE disease course in Rras−/− mice could be due to decreased immune cell infiltration and

impaired pro-inflammatory cytokine production by T cells in the CNS. To test this

possibility, we quantitated absolute cell numbers of CNS infiltrating myeloid cells (CD11b+)

and CD4 cells during EAE by flow cytometry (Fig. 2). We chose day 17 post-immunization

because this is the timepoint at which the WT and Rras−/− EAE curves diverged (Fig. 1A).

In the CNS of Rras−/− mice, the absolute number of CD11b+ cells and inflammatory

monocytes (CD11b+Ly6ChiCCR2+), thought to contribute to EAE pathology (46), were

significantly reduced (Fig. 2A). Furthermore, the total number of pathogenic T cells
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(CD4+Foxp3−) (Fig. 2B) and those producing IFN-γ and IL-17 (Fig. 2C) were also

significantly reduced in the CNS of Rras−/− mice compared to WT. In addition, the absolute

number of Tregs (CD4+Foxp3+) in the CNS were also significantly reduced (Fig 2D).

One explanation for the reduced number of CD4 cells in the CNS of Rras−/− mice could be

due to decreased proliferation. Using Ki67, a marker expressed by cycling cells, we found

no difference in proliferation between the CNS infiltrating CD4 cells from WT and Rras−/−

mice at day 17 of EAE (Fig. S1A). We also determined that the reduced numbers of CNS-

infiltrating CD4 cells in Rras-deficient mice was not due to enhanced apoptosis as measured

by the expression of active caspase 3 (Fig. S1B). Another possibility could be an intrinsic

migration defect of Rras-deficient CD4 T cells, since a role for R-Ras in cellular migration

has been shown (4, 48). To address this question, we generated mixed BM chimera mice by

transplanting an equal mix of WT (CD45.1) and Rras−/− (CD45.2) BM into lethally

irradiated recipient mice. In the resultant chimera mice, the peripheral immune cells were an

equal mix of WT and Rras−/− cells (Fig. S2). In these mixed BM chimera mice, we observed

comparable numbers of WT and Rras−/− CD4 cells in the CNS at the peak of EAE disease

(Fig. 2E), ruling out any intrinsic defect of Rras-deficient CD4 cells in migrating to the CNS

during EAE. These data demonstrate that Rras-deficiency limits the number of peripheral

immune cells in the CNS during EAE without affecting their proliferation, survival or

migration into the CNS and suggests that R-Ras contributes to the regulation of pathogenic

CD4 cells during EAE.

Rras-deficiency in peripheral immune cells results in reduced EAE severity

In addition to peripheral immune cells, R-Ras is expressed in the CNS by microglial cells,

astrocytes and neurons, in which it is involved in axon formation and guidance (10, 41, 42,

49). Thus to determine whether R-Ras regulated EAE severity was mediated by

radioresistant CNS resident cell populations, we generated BM chimera mice by

transplanting WT BM mice into lethally irradiated Rras−/− mice (WT→Rras−/−) with

WT→WT serving as the controls. In these chimeras, we found that the EAE disease curves

were essentially identical (Fig. 3A). We then performed the reciprocal experiment to

determine if R-Ras regulation was mediated by radiosensitive hematopoietic cells and found

that when BM from Rras−/− mice was transplanted into WT mice (Rras−/−→WT), EAE was

less severe as compared to controls with a similar disease profile as the global Rras−/−

mouse (Fig. 3B versus Fig. 1A). These data suggest that R-Ras expression in the

radiosensitive peripheral immune system, but not the radioresistant CNS, is required to drive

pathogenic immune responses.

We have previously shown that R-Ras is required for efficient synapse formation between

DC and T cells in vitro (10), thus it is possible that the absence of R-Ras in peripheral

immune cells could result in ineffective priming of encephalitogenic T cells resulting in

reduced disease severity. To address whether there was a CD4 T cell priming defect in

Rras−/− mice, we performed a recall response using CD4 T cells purified from the draining

LN at day seven post-immunization. However, we found no apparent defect in CD4 T cell

priming in Rras−/− mice as determined by their similar ability to proliferate in a dose-

dependent manner in an in vitro recall response compared to WT (Fig. 3C).
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Increased numbers of MHCIIlo DC are present in the periphery of Rras-deficient mice
during EAE

The similar T cell recall response between WT and Rras−/− mice indicates that R-Ras does

not influence cognate interactions between naïve T cells and DC in the draining LN.

However, R-Ras could regulate the maturation and differentiation of regulatory DC

populations. To test this possibility, we phenotyped BLN and splenic CD11c+ DC for the

MHCIIlo marker reported to be expressed by tolerogenic DC (15-17). We choose day 17

after EAE induction because at this timepoint EAE in the WT mice was still progressing

while Rras−/− mice were undergoing recovery (Fig. 1A). When we compared the percentage

of MHCIIloCD11c+ DC in the draining LN there was no difference between WT and Rras−/−

mice (Fig. 4A). In contrast, a significant increase in the percentage of MHCIIlo DC was

observed in the spleen of Rras−/− mice (Fig. 4A). When we quantitated the absolute number

of MHCIIlo DC they were significantly increased in both the BLN and the spleen in Rras−/−

mice (Fig. 4B). These data suggest that R-ras promotes an ongoing immune response by

inhibiting the generation of MHCIIlo DC in the draining LN and spleen.

Enhanced proliferation of nTreg results in their increased numbers in the LN and spleen of
Rras−/− mice during EAE

Because MHCIIlo DC are thought to be tolerogenic via the maintenance of Tregs (20), we

quantitated the absolute number of CD4+Foxp3+ Treg in the BLN and the spleen at the same

EAE timepoint. We first confirmed that Rras-deficiency did not alter the steady state levels

of Treg in naïve mice in the BLN and spleen (Fig. 5A). We also determined that Treg from

WT and Rras−/− mice were similarly suppressive in vitro (Fig. S3). When we quantitated

Treg numbers during EAE, we observed a significant increase in the absolute number of

Treg in the BLN and the spleen of Rras−/− mice (Fig. 5B). We next asked whether the

increase in Treg was due to the generation of iTregs. To address this question, we

differentiated nTreg and iTreg by Neuropilin-1 expression, which is highly expressed on

nTregs in the thymus, but at a lower level on in vitro induced Treg (Fig. S4) (50, 51). In

naïve mice, we found no difference in the percentage or absolute number of Foxp3+ Treg

expressing high levels of Neuropilin-1 between WT and Rras−/− mice (Fig. 5C). In contrast

during EAE, there was a significant increase the absolute number of Neuropilinhi nTregs in

both the BLN and the spleen of Rras−/− mice (Fig. 5D). These data suggest that the increase

in the number of Tregs in Rras−/− mice during EAE is not due to the generation of iTreg and

likely due to the expansion of nTreg. To test this possibility, we determined the proliferation

rate of Treg on day 17 of EAE and found that their proliferation was significantly increased

in both the BLN and spleen of Rras−/− mice (Fig. 5E). Because this increase in proliferation

could be due to abnormal homeostasis of nTreg, we determined that the steady state level of

nTreg proliferation was not altered in naive Rras−/− mice in the BLN or the spleen as

compared to WT mice (Fig. 5F). In contrast during EAE, Neuropilinhi nTregs in Rras−/−

mice were undergoing a significantly higher rate of proliferation in both the BLN and spleen

(Fig. 5G).
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MHCIIlo DC induce the proliferation of natural Tregs and promote enhanced maintenance
of Tregs in vivo

To determine whether MHCIIlo DC were efficient inducers of Treg proliferation, we FACS

purified MHCIIlo and MHCIIhi DC from the spleens of WT and Rras−/− mice on day 17

after EAE induction and co-cultured them with FACS purified WT EGFP+ Tregs. When we

measured Treg proliferation, we found that MHCIIlo DC from both WT and Rras−/− mice

induced higher levels of Treg proliferation as compared to MHCIIhi DC (Fig. 6A). In

addition, both MHCIIlo and MHCIIhi DC from Rras−/− mice induced higher levels of Treg

proliferation than the WT controls (Fig. 6A). Next, to determine whether DC-Treg

interactions occur in vivo, we adoptively transferred sorted EGFP+ Tregs into WT and

Rras−/− mice on day 11 after EAE induction and seven days later measured Treg recovery

and proliferation. As compared to WT, 3-fold more splenic EGFP+ Tregs were recovered

from Rras−/− mice (Fig. 6B). In addition, significantly more Rras−/− Treg had undergone

proliferation as compared to WT (Fig. 6C). These data suggest that the increase in Treg

numbers in Rras−/− mice during EAE is mediated by MHCIIlo DC via increased

proliferation of nTreg increasing their numbers and cumulative suppressive capacity

resulting in attenuated EAE.

Discussion

In this study, we extended our in vitro findings that Rras-deficient DC have a maturation

defect and a reduced capacity to interact with and induce the proliferation of T cells (10) to

an in vivo disease model that is dependent upon T cell:DC interactions. Using EAE, we

found that mice deficient in R-Ras exhibited an attenuated disease course that was

associated with reduced disease parameters. Interestingly, the reduced disease severity was

not due to a deficiency in peripheral T cell priming. Upon further investigation, we found

that Rras−/− mice with EAE harbored increased numbers of both MHCIIlo DC and nTreg in

the draining LN and spleen. The increase in nTreg in Rras−/− mice was shown to be due to

their higher rate of proliferation. Collectively, these data demonstrate a novel role for R-Ras

in promoting adaptive immune responses by constraining the maturation/function of

MHCIIlo DC with tolerogenic potential thereby limiting the expansion of Treg.

To further study the role of R-Ras in DC function, we chose the EAE model because we

have previously shown that the adoptive transfer of self-antigen loaded DC was sufficient to

drive the priming of antigen-specific T cells leading to EAE (52). In addition, using in vitro

assays, we previously demonstrated that Rras−/− DC had an impaired ability to induce the

proliferation of allogeneic T cells and formed fewer cognate interactions with antigen-

specific T cells (10). Based on these findings, we predicted that the attenuated EAE disease

severity in Rras−/− mice (Fig. 1A) would be due to a deficiency in the priming of MOG-

specific encephalitogenic T cells. To our surprise, we found no defect in the priming of

Rras−/− CD4+ T cells (Fig. 3C). The essentially identical proliferation rates of WT and

Rras−/− T cells to increasing doses of MOG35-55 peptide indicates that R-Ras does not

regulate T cell proliferation. This finding is important because R-Ras as been implicated in

inducing the proliferation of several nonhematopoietic cell types (11, 53).
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Although DC are generally thought to play a role in the priming of encephalitogenic T cells,

they were shown to be dispensable for the induction of EAE in a study whereby DC were

conditionally depleted prior to immunization with MOG peptide (21, 54). Thus it is remains

unclear whether R-Ras plays a role in DC priming of naïve T cells in EAE. In addition to T

cell priming in the draining LN, encephalitogenic T cells must reencounter antigen within

the CNS for the initiation of EAE, a process that is likely mediated by DC (55). Thus the

reduction in EAE disease severity in R-Ras mice could be due to inefficient presentation of

self-antigen by DC resulting in reduced activation of MOG-specific encephalitogenic T cells

thereby attenuating their proliferation and effector function within the CNS. Consistent with

that possibility, there were reduced numbers of myeloid cells and IFN-γ- and Th17-

producing CD4 T cells in the CNS of Rras−/− mice with EAE (Fig. 2). However, when we

measured proliferation and apoptosis rates in WT versus Rras−/− T cells within the CNS, we

observed no difference (Fig. S1). From these cumulative data, we concluded that R-Ras

deficiency does not alter DC-mediated T cell activation in vivo during EAE. However, we

cannot rule out a role for R-Ras in DC antigen presentation in other disease models.

Other than immune cells, R-Ras is also expressed in neurons and plays an important role in

neuronal growth cone collapse and formation of neuronal networks (41, 42). Since neuronal

damage is a prominent feature of EAE (39, 56-58), R-Ras could be playing a direct role in

neurons facilitating their demise. Although hematopoietic in origin, microglial cells are

resident to the CNS and while their exact functions in EAE pathogenesis are not well

understood they are thought to phagocytize degenerated myelin and play a critical role in

CNS inflammation (59-61). Previously, it has been reported that blockade of Ras resulted in

the inhibition of phagocytosis by microglia; however, R-Ras was not specifically studied

(62). A specific role for R-Ras in phagocytosis was demonstrated by the microinjection of

R-Ras into a macrophage cell line leading to the activation of the αMβ2 integrin and

increased phagocytosis of RBC (11). Thus to determine whether CNS R-Ras was

responsible for the attenuated EAE observed, we utilized a BM chimera approach whereby

Rras-deficiency was restricted to the CNS and peripheral radioresistant cells. In these

chimeras no difference in the onset or severity of EAE was observed (Fig. 3A). These data

indicate that R-Ras plays little or no role within the CNS in the inflammatory processes

leading to CNS tissue damage in EAE, including neuronal dysfunction.

Contrary to the above result, localization of the R-Ras deficiency to peripheral immune

cells, using the same BM chimera approach, resulted in a recapitulation of the attenuated

disease observed in the global Rras-deficient mice (Fig. 3B). This finding indicates that R-

Ras impacts EAE severity outside of the CNS. A number of studies have demonstrated a

role for R-Ras in cell adhesion and migration, largely through the modulation of integrin

activation (5, 48, 63, 64). Since T cells require the integrin α4β1 to migrate into the CNS (65,

66), the decreased numbers of Rras−/− encephalitogenic T cells in the CNS during EAE (Fig.

2B,C) could reflect a reduction in their ability to migrate into the CNS. To test whether

Rras-deficient T cells exhibit a migration defect during EAE, we generated mixed BM

chimera whereby WT mice were transplanted with an equal mix of WT: Rras−/− BM cells.

During EAE, we found comparable numbers of WT and Rras−/− CD4 T cells in the CNS

(Fig. 2E). These data suggest that although R-Ras plays an important role in cellular
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migration, it is dispensable for the trafficking of CD4 T cells to the CNS during EAE. Thus

R-Ras inhibitors could be used to attenuate CNS autoimmunity without affecting the

migration of cells required for immune surveillance in the CNS and thus avoid the

development of JC virus-mediated fatal progressive multifocal leukoencephalopathy as

observed with integrin blocking therapy in MS (67, 68).

Since we didn’t observe a defect in T cell priming, proliferation or migration of Rras−/− T

cells, we reasoned that the attenuated EAE was due to peripheral tolerance mechanisms.

Given the important role of DC in peripheral tolerance mechanisms that restrain

autoimmunity (17, 21), we phenotyped DC cell populations in the draining LN and the

spleen of mice following EAE induction. Specifically, we found that in Rras−/− mice there

was a significant increase in the absolute number of DC (CD11c+) expressing low levels of

MHC class II (Fig. 4B). This phenotype is consistent with a tolerogenic phenotype (15-17).

A primary mechanism whereby tolerogenic DC contribute to peripheral tolerance is by

facilitating the homeostasis of peripheral Treg (17, 19-23). When we quantitated Treg

numbers in the BLN and the spleen of unmanipulated WT and Rras−/− mice we found no

difference (Fig. 5A), indicating that R-Ras is not required for Treg homeostasis in the steady

state. In contrast, Treg cell numbers were significantly increased in both the spleen and BLN

of Rras−/− mice with EAE (Fig. 5B), which is consistent with a similar increase in MHCIIlo

DC (Fig. 4B). Furthermore, MHCIIlo DC from Rras−/− EAE mice induced increased

proliferation of Tregs in vitro (Fig. 6A), and 3-fold more EGFP+ transferred Tregs,

displaying significantly increased cell cycle progression, were recovered from Rras−/− mice

compared to WT (Fig. 6B). In addition to Treg homeostasis, DC are also potent inducers of

peripheral iTreg (69, 70). Recently, the expression of Neuropilin-1 has been used to

distinguish between nTreg and iTreg, with nTreg expressing high and iTreg low levels of

Neuropilin-1 (Fig. S4) (50, 51). When we characterized Neuropilin-1 expression on Treg

during EAE, the number of Neuropilinhi nTreg were significantly increased in Rras−/− mice

(Fig. 5D). Consistent with a role for DC in Treg expansion, there was a significant increase

in the percentage of nTreg undergoing proliferation in Rras-deficient mice (Fig. 5G).

Recently, it was shown that the stability and function of Treg is maintained by Neuropilin-1-

semaphorin-4A interactions (71). In the nervous system, semaphoring-4A represses R-Ras

leading to growth cone collapse (41, 42). Thus Neuropilin-1-semaphorin-4A signaling may

require the removal of R-Ras in order to promote survival. Our data demonstrating that

Tregs lacking R-Ras undergo greater proliferation during EAE is consistent with R-Ras

exerting a negative effect on Treg. In other words, when R-Ras is absent in Treg the brake

preventing Neuropilin-1 signaling via interaction with semaphorin-4 on DC is absent and the

cells undergo greater levels of proliferation.

Our cumulative data suggest that R-Ras plays a role in promoting adaptive immune

responses by curtailing the generation of MHCIIlo DC thereby limiting Treg expansion.

Specifically, we found the R-Ras regulates the expansion of nTreg and not the generation of

iTreg. Since R-Ras was globally knocked out in this study, we cannot rule out the possibility

of a DC-independent expansion of nTreg during EAE. We recently demonstrated that the

increased disease severity in B cell-deficient mice is due to an essential role for B cells in
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the homeostatic expansion of Treg (34). Thus it is highly possible that R-Ras also modulates

B cell regulatory activity.

Although it is not known how R-Ras alters the generation of MHCIIlo DC, one possibility is

DC stimulation through toll-like receptor (TLR) ligands present in CFA used for EAE

induction. Indeed, we previously found a defect in the maturation of Rras−/− DC in vitro in

response to LPS, a TLR4 ligand (10). During EAE, in the absence of R-Ras, TLR signaling

might lead to the generation of immature MHCIIlo DC that display a tolerogenic phenotype

leading to attenuated disease severity suggesting that R-Ras enhances TLR signaling and

DC maturation. How R-Ras signaling could promote DC maturation is unknown. Indeed

very little is known regarding R-Ras signaling pathways, which unlike Ras does not include

the activation of ERK, JNK or p38/Mpks MAP kinases (11, 72, 73), all considered to be

pro-inflammatory signaling molecules important for DC function. However, R-Ras does

bind phosphatidylinositol 3-kinase α (73), which regulates a number of cellular processes. In

addition to regulating DC maturation, it is also possible that an Rras-deficiency has a direct

affect on Treg expansion and function. We have largely ruled out this possibility by showing

that Treg numbers are not reduced in Rras−/− mice (Fig. 5A) and that Rras-deficient Treg

isolated from the spleens of mice with are equally suppressive to WT in vitro (Fig. S3).

Given that Ras and R-Ras, at least in part, utilize distinct signaling pathways it should be

possible to generate a specific inhibitor for R-Ras to facilitate the generation of MHCIIlo DC

and the expansion of Treg for the treatment of autoimmunity. Along this line, the

pharmacological Ras inhibitor Farnesythiosalicylic acid (FTS) has been shown to attenuate

experimental autoimmune diseases (74-79), including EAE (80, 81). However, the role of

individual Ras family members was not elucidated. Ras proteins undergo prenylation, either

farnesylation or geranylgeranylation, for anchoring to inner membranes and FTS functions

by inhibiting the prenylation of Ras disrupting membrane localization thereby enhancing

their degradation (82, 83). Although FTS blocks farnesylation and inhibits several members

of the Ras family including H-Ras, N-Ras and K-Ras, it does not affect R-Ras activity,

which unlike other Ras family proteins undergoes geranylgeranylation to anchor to

membrane proteins (84). This differential anchoring mechanism provides a target for the

development of specific R-Ras inhibitors.

In summary, we identified a novel role for R-Ras in promoting the adaptive immune

response leading to EAE. Of clinical relevance is our finding that lack of R-Ras resulted in

increased Treg proliferation. This finding has implications for the development of Treg

therapies aimed at enhancing Treg numbers for combating autoimmunity and the induction

of immune tolerance during transplantation. Furthermore, these studies identify a role of R-

Ras in the generation of MHCIIlo DC, which suggests that R-Ras could be specifically

targeted on DC to either to block its function or enhance its activity enhancing DC-based

treatments strategies for the treatment of autoimmune diseases and cancer.
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Figure 1. Rras−/− mice exhibit attenuated EAE disease severity
A-F, EAE was induced in WT or Rras−/− mice at 6-8 wk of age by s.c. immunization with

MOG35-55 peptide. A, Clinical signs of EAE were evaluated daily starting on day seven and

the data shown are the daily average of 15 WT and 15 Rras−/− mice. B, The mean ± SE peak

disease score is shown for WT mice on day 20 and day 15 for Rras−/− mice. C, The mean ±

SE disease score at the end of the experiment on day 30 is shown. D, The cumulative disease

score was calculated by adding the daily scores of each mouse from day 7-30 and shown as

the mean ± SE of all the mice in each group. E-F, longitudinal frozen sections from the

spinal cord of mice 17 days after EAE induction were generated from WT and Rras−/− mice.

The sections were stained with anti-CD11b (blue) (E,F), anti-MBP (red) (E) and with the

SMI-32 antibody (yellow) (F) and analyzed by immunofluorescence. Overlaid images of

CD11b and MBP (E) or SMI-32 (F) are shown. Data shown are representative of two mice

in each group. *p<0.05, ***p<0.001. Scale bar: 80 μm.
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Figure 2. The absolute number of CD11b+ cells, CD4+ T cells and those producing IFN-γ or
IL-17 are reduced in the CNS of Rras−/− mice during EAE
A-E, EAE was induced in WT and Rras−/− mice at 6-8 wk of age by immunization with

MOG35-55 peptide. A-D, CNS mononuclear cells were isolated 17 days after EAE induction

and the absolute number of total myeloid cells (CD11b+) (A), inflammatory monocytes

(CD11b+Ly6C+CCR2+) (A), effector CD4 T cells (CD4+Foxp3−) (B), IFN-γ and IL-17

producing CD4+ cells (C) and Treg (CD4+Foxp3+) (D) were determined by flow cytometry.

Pooled data from three (A-C) or four (D) independent experiments with nine (A,B), 8-9 (C)

or 12 (D) total mice in each group are shown. E, lethally irradiated WT mice were

transplanted with an equal mix of CD45.1+ WT and CD45.2+ Rras−/− BM cells to generate

mixed BM chimera mice. Ten weeks after BM reconstitution, EAE was induced by

immunization with MOG35-55 peptide. At the peak of EAE disease, the percentages of WT

(CD45.1+) and Rras−/− (CD45.2+) cells amongst CNS infiltrating effector T cells

(CD4+Foxp3−) was determined. Pooled data from 2 independent experiments with eight

mice in each group are shown. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Rras-deficiency in the periphery, but not in the CNS, results in attenuated EAE
severity
A,B, chimera mice in which either the CNS and peripheral radioresistant cells

(WT→Rras−/−) or the peripheral immune cells (Rras−/−→WT) were deficient in R-Ras were

generated by transplanting lethally irradiated Rras−/− (A) or WT (B) recipient mice with WT

(A) or Rras−/− (B) BM cells. Control chimeras were generated by transplanting WT BM into

WT mice (WT→WT) (A,B). Ten weeks after BM reconstitution, EAE was induced by

immunization with MOG35-55 peptide and EAE disease was scored daily starting on day 7.

Representative data of two independent experiments with five mice in each group (A) or

data from one experiment with six mice in the WT→WT and four mice in the Rras−/−→WT

group are shown (B). C, EAE was induced in WT or Rras−/− mice with MOG35-55 peptide

and seven days later purified CD4+ cells from the draining BLN were stimulated in vitro

with varying concentrations of MOG35-55 peptide and their proliferation was determined by

CFSE dye dilution by flow cytometry. Dead cells were excluded using DAPI. Percentages of

proliferating CD4+CD11b−DAPI− cells at different concentrations of MOG35-55 peptide are

shown. Pooled data from three independent experiments with six mice in each group are

shown. ***p<0.001.
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Figure 4. Increased numbers of MHCIIlo DC are present in the BLN and spleen of Rras−/− mice
during EAE
A,B, EAE was induced as for Fig. 1 and the presence of MHCIIlo DC was evaluated 17 days

later in WT and Rras−/− mice. A, The percentage of CD11c-gated MHCIIlo cells in the BLN

(left panel) and spleen (middle panel) is shown. One representative experiment showing

MHCII expression levels in the spleen is shown (right panel). B, The absolute number of

CD11c-gated MHCIIlo cells in the BLN (left panel) and spleen (middle panel) is shown.

Data shown are the mean ± SE of two independent experiments with six mice in each group.

*p<0.05, **p<0.01.
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Figure 5. Enhanced proliferation of leads to increased numbers of nTreg in the BLN and spleen
of Rras−/− mice during EAE
A,B, The absolute number of CD4+Foxp3+ cells in the BLN (left panel) and spleen (right

panel) of WT and Rras−/− mice when naïve (A) or 17 days after EAE induction (as for Fig.

1) (B) is shown. Data shown are the mean ± SE of pooled data from three to four

independent experiments with 8-12 mice in each group. C,D, The percentage (C, left panel)

and absolute number (C, right panel and D) of CD4+Foxp3+ cells expressing high levels of

Neuropilin-1 (Neuropilinhi) was determined in the spleen (C, left and right panel and D) and

the BLN (C, right panel and D) in WT and Rras−/− naïve mice (C) and 17 days after EAE

induction (D). Data shown are the mean ± SE of pooled data from two to three independent

experiments with 6-10 mice in each group. E,G) The proliferation of CD4+Foxp3+ (E) and

CD4+Foxp3+ Neuropilinhi (F,G) cells was determined by Ki67 expression in WT and

Rras−/− naïve mice (F) and 17 days after EAE induction (E,G). Data shown are the mean ±

SE of pooled data from two independent experiments with 6-7 mice in each group. *p<0.05,

**p<0.01, ***p<0.001.
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Figure 6. Rras−/− MHCIIlo DC promote increased maintenance and proliferation of natural
Tregs
A, Splenic Treg (CD4+EGFP+) were FACS purified and labeled with cell proliferation dye,

and cocultured with FACS purified splenic CD11c+MHCIIlo or CD11c+MHCIIhi cells from

WT or Rras−/− mice at day 17 after EAE induction in the presence of soluble anti-CD3. Four

days post culture, proliferation of CD4+EGFP+ Treg was determined by flow cytometry and

the percentage of cells that had undergone proliferation is shown. Representative data from

two independent experiments are shown. B, C, Sorted and labeled splenic Treg

(CD4+EGFP+) were i.v. transferred into WT or Rras−/− mice on day 11 after EAE induction.

Seven days later, the absolute number (mean ± SE) (B) and proliferation (C) of the

transferred EGFP+ Tregs in the spleen of the recipient mice was determined by flow

cytometry. Pooled data (B) from two independent experiments with six mice in each group

or representative (C (left panel)) and pooled (C (right panel)) data from one of two

experiments with three mice in each group are shown. *p<0.05, **p<0.01.
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