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Abstract

The membrane co-factor protein CD46 is the cellular receptor for a number of pathogens 

including the human herpesvirus 6 (HHV-6). In addition to its function as an inhibitory 

complement receptor, engagement of CD46 in the context of T-cell receptor (TCR) signaling 

influences T-cell activation. Simultaneous cross-linking of the CD3/ CD46 molecules led to 

differentiation of a unique population of CD4+ T-cell subset characterized by enhanced 

expressions of IFN-γ, IL-10, granzyme B, adhesion molecule MAdCAM-1 (alpha-4-beta-7), 

surface-bound cytokine LIGHT, and chemokine receptor CCR9. Multiple sclerosis is a chronic 

inflammatory neurodegenerative disorder of the central nervous system (CNS) with unknown 

etiology. The HHV-6 is a candidate pathogen in MS and uses the CD46 molecule as its receptor. 

We hypothesize that binding of the HHV-6 glycoprotein to CD46 may trigger a pro-inflammatory 

response that could contribute to CNS tissue damage. To address this question, we examined 

immunological parameters such as proliferation, cytokine production and cytotoxic functions in 

CD4+ T cells of healthy individuals and MS patients following CD3/CD46 co-engagement by 

using anti-CD3 and anti-CD46 monoclonal antibodies as surrogates to mimic T-cell receptor and 

CD46 signaling. Our results demonstrated that CD3/CD46 cross-linking induced expression of 

IL-1β and IL-17A in multiple sclerosis patient T cells. Additionally, increase in transient surface 

expression of lysosomal associated protein CD107a suggested enhanced CD4+ T-cell cytotoxic 

functions following CD3/CD46 co-stimulation. Collectively, this study demonstrated evidence to 

suggest a potential mechanism of virus-induced neuroinflammation that may be involved in MS 

disease pathogenesis.
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Introduction

The CD46 protein is a ubiquitously expressed cell-surface molecule that has been identified 

as the binding receptor of at least seven different pathogenic bacteria and viruses including 

the Edmonston strain of measles virus, human herpesvirus 6 (HHV-6), and type IV pili of 

pathogenic Neisseria (Cattaneo 2004). Furthermore, CD46 is also involved in regulating a 

number processes in both the innate and adaptive immune responses in human (Astier et al. 

2000; Zaffran et al. 2001; Marie et al. 2002; Kemper et al. 2003; Grossman et al. 2004; 

Russell 2004; Barchet et al. 2006; Alford et al. 2008). As a member of the regulator of 

complement activation proteins family, CD46 prevents spontaneous complement attack on 

host tissues in vivo by binding to complement components C3b and C4b (Riley-Vargas et al. 

2004; Russell 2004). In the adaptive immunity, CD46 engagement has been shown to 

influence inflammation by functioning as a co-stimulatory molecule in CD4+ T-lymphocyte 

activation (Astier et al. 2000). Several additional studies also demonstrated that cross-

linking of the CD3 and CD46 molecules on healthy individual T lymphocytes with 

monoclonal antibodies led to the differentiation of a unique population of T-regulatory cells 

characterized by enhanced IL-10 production as well as high granzyme B expression 

(Kemper et al. 2003; Grossman et al. 2004; Barchet et al. 2006). Furthermore, CD3/CD46-

activated CD4+ lymphocytes up-regulated the expressions of adhesion molecule 

MAdCAM-1 (alpha-4-beta-7), surface-bound cytokine LIGHT—a herpes virus entry 

mediator on lymphocytes, and chemokine receptor CCR9. Increase in expression of cell 

migration molecules was suggested to alter the ability of these effector T cells to home to 

specific tissue sites during an inflammatory response (Alford et al. 2008). However, in MS 

patient CD4+ T cells, over-expression of the intracellular cytoplasmic tail-2 of the CD46 

molecule was associated with diminished IL-10 production, suggesting a possible 

dysregulation in the CD46 receptor mediated signal transduction pathway in MS patients 

(Astier et al. 2006). Additionally, engagement of the CD46 molecule on myeloid-derived 

dendritic cells obtained from multiple sclerosis (MS) patients induced pronounced secretion 

of the IL-23 cytokine (Vaknin-Dembinsky et al. 2008). IL-23 is a cytokine produced by 

antigen presenting cells (APC) that has recently been determined to play a critical role in 

differentiation and maintenance of the highly pro-inflammatory TH-17 CD4+ T lymphocytes 

that are hypothesized to drive development of autoimmunity (Park et al. 2005; Chen et al. 

2006; Bettelli et al. 2007; Awasthi et al. 2009). Studies on experimental autoimmune 

encephalomyelitis (EAE; an animal model of MS) have identified this TH-17 CD4+ T cell 

subset to be encephalitogenic, causing CNS demyelination in mice (Ogura et al. 2008; 

Stromnes et al. 2008). In addition, evidence supporting the role of IL-17 in MS pathogenesis 

has also been described. Immunohistochemistry and in situ analysis of MS patient brain 

tissues demonstrated increased IL-17 mRNA and protein expressions in infiltrating 

perivascular lymphocytes within areas of MS plaques compared with unaffected normal 

appearing white matters (Tzartos et al. 2008). Furthermore, enhanced IL-17 mRNA 

expression was observed in cerebrospinal fluid from MS patients (Graber et al. 2008). 
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Collectively, these studies suggest that CD46-mediated signaling is involved in the 

regulation of a wide spectrum of immunological functions. Therefore, it is possible that 

interactions of CD46 with the various in vivo binding ligands such as complement 

molecules (C3b and C4b), bacterial and viral glycoproteins, in part, could contribute to 

development of the complex inflammatory activities in MS pathophysiology.

A neurodegenerative demyelinating inflammatory disorder of the CNS, MS is often 

associated with infections of ubiquitous viral agents that are suggested to act as triggers in 

disease development (Cermelli and Jacobson 2000). Among a diverse repertoire of 

pathogens that have been linked to MS, measles virus and the HHV-6 virus are two distinct 

agents that have been implicated in the disease and are also known to use the CD46 

molecule as their cell-surface binding receptor (Cattaneo 2004; Astier 2008). In particular, 

HHV-6 has been identified in brains of subjects with MS including within plaques (Cermelli 

and Jacobson 2000; Challoner et al. 1995). Binding of these pathogen glycoproteins with 

CD46 triggered down-modulation of its cell-surface expression (Santoro et al. 1999; 

Crimeen-Irwin et al. 2003). Concurrently, aberrant T cell immunities against viral antigens 

of these two infectious agents have also been demonstrated in MS patients. Exposure of MS 

patient T cells to antigens of the Edmonston strain of the measles virus resulted in functional 

suppression of cyto-toxic CD4+ lymphocytes (Jacobson et al. 1985). In contrast, infected 

HHV-6 strain U1102 cell lysate preparation induced proliferation and IFN-γ production in T 

cells of a subset of the MS patients (Soldan et al. 2000). Interestingly, Oliaro and colleagues 

demonstrated that while cross-linking of CD46 on cytotoxic T lymphocytes separately from 

CD3 stimulation-inhibited TCR signaling, co-ligation of naïve T cells with antibodies to 

CD3 and CD46 caused an increase in T cell activation and IFN-γ production. Additionally, 

it was further demonstrated that ligation with measles hemagglutinin protein expressed on 

LH cells without CD3 stimulation led to a decrease in IFN-γ production suggesting a 

mechanism of T cell function subversion by the virus (Oliaro et al. 2006). On the contrary, 

binding of another pathogen glycoprotein from Streptococcus pyogene to CD46 in the 

presence of CD3 was shown to induce lymphocyte activation marked by high level of IL-10 

production and increased expression of cytotoxic granzyme B granules that correlated with 

cytotoxic function (Barchet et al. 2006). These studies indicate that interactions of CD46 

with the various biological binding ligands in conjunction with activation of T cells through 

CD3-mediated signaling cascade could contribute to divergent immune responses.

Using an immunoaffinity column comprised of mono-clonal antibodies to CD46, Fogdell-

Hahn and colleagues demonstrated that HHV-6 viral particles were co-purified with a 

soluble form of CD46 in 4 of 42 MS sera but not from healthy individuals' sera (Ahlqvist et 

al. 2005). This study provided evidence to suggest a physical association between HHV-6 

and the CD46 receptor that could occur in vivo in a subset of MS patients. We had 

previously demonstrated that CNS glial cells are susceptible to HHV-6 infection (Ahlqvist et 

al. 2005; Donati et al. 2005; Yao et al. 2006), and evidence of HHV-6 reactivation 

specifically confined to the CNS compartments was observed in inflammatory neurologic 

conditions including encephalitis and MS patients (Suen et al. 2008; Yao et al. 2009). Here, 

we hypothesize that interaction of HHV-6 glycoproteins expressed on infected CNS cells 

with CD46 expressed on responding CD4+ T lymphocytes could potentially trigger an 
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aberrant pro-inflammatory response directed against CNS tissues. Given these divergent 

immunological functions CD46 participates in (Russell 2004), and the frequent association 

of MS with HHV-6, understanding the cellular and functional consequences following 

CD46 binding with HHV-6 envelope glycoprotein may shed light on possible mechanisms 

of virus-induced CNS inflammation. To address this issue, we used the J4.48 anti-CD46 

monoclonal antibody that was shown to abrogate HHV-6 infection (Donati et al. 2005) as a 

surrogate to simulate the binding between the CD46 receptor and HHV-6 glycoprotein on 

lymphocytes in order to investigate changes in lymphocyte proliferation, cytokine 

production and cytotoxicity function in CD4+ T cells from relapsing-remitting MS (RRMS) 

patients and healthy controls.

Results and discussion

CD46 provides T-cell co-stimulation

The activation of naïve T cells requires signals from the TCR and a second, co-stimulatory 

signal. The engagement of a co-stimulatory molecule such as CD28 prevents energy in naïve 

T cells following TCR stimulation, and supports T-cell proliferation and the production of 

cytokines. Studies have shown that other molecules such as CD46 and OX40 are also 

capable of providing T-cell co-stimulatory signals (Zaffran et al. 2001; Nakae et al. 2003). 

Cross-linking of CD46 molecules in the context of TCR stimulation results in signaling that 

supports T-cell activation, as evidenced by phosphorylation of linker for activation of T cells 

and extracellular-signal related kinase/mitogen-activated protein kinase (Astier et al. 2000; 

Zaffran et al. 2001).

CD46 co-stimulation can elicit proliferative response in T cells comparable to CD28 co-

stimulation. Purified CD4+ T cells from healthy donors stimulated with anti-CD3 and anti-

CD46 antibodies showed proliferative responses comparable to that of anti-CD3 and anti-

CD28 stimulation (Fig. 1). In subjects with MS, although the proliferative response to CD46 

co-stimulation appeared more restricted compared with CD28 co-stimulation, the difference 

was not statistically significant (Fig. 1). Thus, proliferative response to CD46 co-stimulation 

did not distinguish healthy donors and subjects with MS.

Differential cytokine profile induced by CD46 co-stimulation

Response to CD46 co-stimulation may differ from CD28 co-stimulation with respect to 

cytokine production. Cytokines reportedly induced by CD46 co-stimulation include IL-10. 

Kemper and colleagues showed that co-stimulation through CD3 and CD46 induced a T-

regulatory 1 (Tr1)-specific cytokine profile in CD4+ T cells distinguished by high level of 

IL-10 production (Kemper et al. 2003). However, increased IL-10 production in the setting 

of CD46 co-stimulation was not consistently observed, and may be influenced by underlying 

disease, as subjects with renal failure did not show increased IL-10 production with CD46 

co-stimulation (Brinkkoetter et al. 2005).

We have found that IL-1β may also be preferentially induced by CD46 co-stimulation. We 

tested the culture supernatant of lymphocytes from healthy donors and subjects with MS 

patients stimulated with anti-CD3 and anti-CD28 or anti-CD3 and anti-CD46 antibodies for 

production of inflammatory cytokines including IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, IFN-
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γ, TNF-α, and MCP-1. CD46 co-stimulation resulted in increased IL-1β production in 

subjects with MS. IL-1β production was significantly higher in subjects with MS in the 

setting of CD46 co-stimulation compared to CD28. A trend towards increased IL-1β 

production with CD46 co-stimulation was also observed in healthy donors, but did not reach 

statistically significant difference. Compared to healthy donors, IL-1β production was 

several-fold higher in MS following CD46 co-stimulation (Fig. 2). IL-10 appeared increased 

with CD46 co-stimulation in MS, but the difference was not statistically significant. None of 

the other cytokines tested showed preferential production with CD46 co-stimulation.

The finding of elevated IL-1β in response to CD3/CD46 stimulation may have relevance in 

MS disease pathogenesis. IL-1β has recently been shown to play an important role in the 

differentiation of TH-17 cells, an important pro-inflammatory T helper cell subset implicated 

in development of various autoimmune diseases including MS, rheumatoid arthritis, and 

systematic lupus erythematosis (Nakae et al. 2003; Ben-Sasson et al. 2009). Additionally, in 

vitro culture of astrocytes in the presence of IL-1β induced the expression of genes favoring 

vessel plasticity, including HIF-1α and its target, vascular endothelial growth factor-A. 

Consequently, changes in expressions of these proteins could alter the blood–brain barrier 

permeability and set the stage for the tissue damage in neurodegenerative disorders (Argaw 

et al. 2006). In an animal model of arthritis, IL-1β induced expression of a co-stimulatory 

molecule OX-40 that promoted differentiation of TH-17 cells (Nakae et al. 2003). Similarly, 

on human articular chondroctyes, exposure to IL-1β induced up-regulation of CD46 mRNA 

transcription (Hyc et al. 2003). Collectively, these studies support the role of IL-1β in 

influencing T cells activation by modulating expression levels of co-stimulatory molecules.

CD46 co-stimulation enhances IL-17A production in MS

The work of Kemper and colleagues showed that CD46 co-stimulation could bias T-cell 

lineage differentiation to favor the development of Tr1 cells in healthy donors (Kemper et al. 

2003). However, the cytokine production profile elicited by CD46 co-stimulation in MS 

showed a shift towards IL-1β over IL-10 production, suggesting a differential T-cell fate in 

MS compared to healthy volunteers in the setting of CD46 co-stimulation. Recently, a 

distinct subset of IL-17A producing T helper cells, TH-17, has been shown to contribute to 

autoimmune disorders including multiple sclerosis (Bettelli et al. 2007,2008). Although the 

conditions that drive differentiation of TH-17 cells are still being investigated, it has been 

shown that IL-1β, along with IL-21, IL-6, and TGF-β are essential cytokines that are 

required in differentiation of IL-17A producing cells (Nakae et al. 2003; Chen et al. 2006; 

Ogura et al. 2008; Yang et al. 2008). In addition, a recent study by Vaknin-Dembinsky and 

colleagues showed that the incubation of purified CD4+ T cells with culture supernatant of 

CD46 stimulated myeloid-derived dendritic cells led to heightened IL-17A expression 

(Vaknin-Dembinsky et al. 2008). Given the increased IL-1β production in subjects with MS 

following CD46 co-stimulation, we asked whether CD3/CD46 co-stimulation of 

lymphocytes in MS could induce the development of TH-17 cells. We stimulated peripheral 

blood mononuclear cells from healthy donors and subjects with MS with either CD46 or 

CD28 co-stimulation and assessed the development of TH-17 cells by detection of 

intracellular IL-17A production in CD4+-gated T cells. We found that whereas CD28 co-

stimulation had negligible effect on IL-17A production, CD46 co-stimulation led to 
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significantly greater frequency of IL-17A producing cells in MS. In contrast, CD46 co-

stimulation had little effect on healthy donor peripheral blood mononuclear cells (PBMC) 

with respect to the differentiation of TH-17 cells (Fig. 3). These results suggest that a 

distinguishing feature of the response to CD46 co-stimulation in MS is the shift towards the 

development of TH-17 cells.

The role TH-17 cells in various autoimmune disorders such as RA, SLE, and MS are 

currently being investigated (Bettelli et al. 2007). Based on a series of studies with patient 

samples and various animal models, TH-17 cells are believed to be potentially pathogenic. 

TH-17 lymphocytes are thought to mediate inflammation by up-regulating expression of pro-

inflammatory cytokines and chemokines demonstrated that TH-17 cells were also capable of 

eliciting cytotoxicity against human neuronal cultures in vitro through a granzyme B 

mediated mechanism (Kebir et al. 2007). Consistent with the proposed putative role of 

TH-17 cells in MS pathogenesis, IL-17-deficient animals exhibited delayed disease onset 

with diminished severity in the study of EAE, an animal model of MS (Komiyama et al. 

2006). Taken together, these studies suggest a possible strategy of virus-triggered 

inflammation subsequent to cross-linking of the CD46 molecule with CD3 stimulation on 

CD4+ T lymphocytes.

Distinct binding domain of CD46 functions to mediate enhanced IL-17A production

The CD46 molecule is comprised of four extracellular short-consensus-repeat domains 

(SCR, sushi domains), a heavily glycosylated region and the cytoplasmic domains (Fig. 4). 

Different pathogens are known to engage distinct domains on CD46. Greenstone and 

colleagues used a cell-fusion system to show that measles virus glycoprotein bound SCR 1 

and 2, while blocking the SCR 2 and 3 domains with the J4.48 anti-CD46 monoclonal 

antibody abrogated HHV-6 infectivity. Type IV pili of the pathogenic Neisseria, on the 

other hand, likely interface with the heavily glycosylated region of CD46 (Kallstrom et al. 

1997; Gill et al. 2003). Furthermore, the bound CD46 molecule is subject to different fates 

depending on the binding domain. In measles and HHV-6 infection, CD46 is down-

modulated from the membrane surface by receptor internalization (Santoro et al. 1999; 

Crimeen-Irwin et al. 2003). By contrast, the CD46 molecule is lost by receptor shedding 

during infection with Neisseria gonorrhea (Gill et al. 2003).

Although different pathogens are known to bind distinct domains on CD46, it is unknown 

whether the engagement of distinct domains mediates differential T-cell responses. To 

address this question, we stimulated healthy donor PBMC with two different commercially 

available anti-CD46 antibodies that are known to interact with separate regions of the 

molecule and assessed the resulting IL-17A expression by intracellular cytokine staining 

(Fig. 5). The monoclonal antibody clone J4.48 binds SCR 2 and 3, while the antibody clone 

MEM binds the glycosylated region of the CD46 molecule. As shown in Fig. 5, a dose-

dependent increase in percent CD4+ T cell expressing IL-17A was observed in CD4+ T 

cells activated with the J4.48 clone of anti-CD46 antibody. By contrast, engagement with 

the MEM clone of anti-CD46 antibody had no effect on IL-17A expression in the CD4+ T 

cell subset (Fig. 5). These results indicate that the induction of IL-17A expressing cells was 

mediated by binding to the SCR 2 and 3, but not the glycosylated domain, and support to the 
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prediction that engagement of CD46 by the viral glycoproteins (measles or HHV-6) is more 

likely than type IV pili of Neisseria to result in induction of TH17 responses.

CD46 co-stimulation leads to enhanced CD4+ T-cell cytotoxicity

A striking pathology characteristic of MS lesions is destruction of the myelin producing 

oligodendrocytes that surround axonal projections (Lassmann et al. 2007). Cross-linking of 

CD46 on healthy donor CD4+ T cells with CD3 simulation resulted in elevated expression 

of the cytotoxic granzyme B molecule (Grossman et al. 2004). In addition, binding of the 

pathogen Streptococcus pyogenes M protein together with CD3 activation led to 

differentiation of CD4+ T cells with cytotoxic function against both allogeneic and 

autologous target cells (Barchet et al. 2006). Furthermore, in vitro study of MS patient 

lymphocytes suggested that TH-17 cells may contribute to neural tissue damage through 

exocytosis of cytotoxic granules (Kebir et al. 2007), and IL-17 was shown to be involved in 

destruction of bone cartilage in arthritic patients (Moseley et al. 2003). Given these 

observations, it was of interest to investigate the cytotoxic effector function of CD4+ T cells 

between healthy individuals and MS patients following CD3/CD46 co-engagement. To 

address this issue, we measured the expression of CD107a, a molecule that is transiently 

expressed on the surface of T cells after release of cytotoxic granules from the lysosomal 

compartments (Betts et al. 2004; Casazza et al. 2006). FACS analysis of purified healthy 

donor CD4+ T cells stimulated with CD3/CD46 was associated with augmented expression 

of CD107a. More importantly, in comparison to levels detected in healthy controls, CD107a 

levels were significantly higher in purified MS patient CD4+ T cells stimulated with CD3/

CD28 and CD3/CD46. Although the difference between CD107a expression in MS patient 

CD4+ T cells stimulated with CD3/CD28 or CD3/CD46 was not statistically significant, a 

trend of enhanced CD107a expressed was observed in CD3/ CD46 activated cells (Fig. 6).

The precise mechanism for the augmented cytotoxicity function in MS patients CD4+ T 

cells is unclear. Kemper and colleagues demonstrated that this unique population of CD4+ T 

cells retains its phenotypic and functional characteristic following cross-linking of CD3/

CD46 in primary activation. Moreover, proliferation and IL-10 production was even more 

pronounced upon secondary stimulations even in the absence of co-stimulation signal 

(Kemper et al. 2003). Based on a large body of associative studies that suggest MS disease 

development is often linked to infection by HHV-6 that utilize CD46 as the cellular receptor 

(Cermelli and Jacobson 2000; Cattaneo 2004; Russell 2004), it is possible that periodic 

reactivation of latent HHV-6 in vivo and may contribute to differentiation and maintenance 

of this unique subset of cytotoxic CD4+ T cells. Collectively, this study indicated that 

engagement of CD3/CD46 on MS patient T cells gave rise to a population of pro-

inflammatory cytotoxic CD4+ T cells. Future experiments that examine the immunological 

consequences associated with binding of native or recombinant HHV-6 viral glycoprotein 

with CD46 may help clarify the precise relationship of HHV-6 infection with development 

of neuroinflammation.
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Methods

Proliferation assay

CD4+ T cells from either healthy donors or untreated RRMS patients with expanded 

disability status scale scores less than 2 were isolated from cryoperserved PBMC by 

negative selection with magnetic beads according to instructions provided by the human 

CD4+ T Cell Isolation Kit II (Miltenyi Biotec, CA). Based on stimulation conditions 

described in previous studies (Kemper et al. 2003; Astier et al. 2006), purified CD4+ T cells 

(1×106 cells/ml) were activated for 72 h with 1 μg/ml of anti-CD3 (Hit3a; BD Biosciences, 

CA) and 2 μg/ml of anti-CD28 (CD28.2, BD Biosciences) or 1 μg/ml of anti-CD3 (Hit3a) 

and 2 μg/ml of anti-CD46 (J4.48; US Biologics) plate-bound antibodies in 96-well format 

round bottom tissue culture plates. Cells were maintained in a 37°C incubator with 5% CO2 

in complete RPMI containing 10% fetal bovine serum (FBS), 1% antibiotics and 1% 

glutamine. During the last 6 h of the experiment, activated cells were pulsed with 50 μl 

of 3[H]-thymidine. A cell harvester (Wallac Instruments, OH) was used to transfer cultured 

cells onto a fiberglass filter for enumeration of radioactivity incorporation by activated cells 

with a β-scintillation counter (Wallac Instruments, OH).

Cytokine analysis in cultured supernatant

Cryopreserved PBMC from healthy donors and RRMS patients were quick thawed in a 

37°C water bath and DMSO was removed by centrifugation. PBMC at a concentration of 

2×106 cells/ml were stimulated with 1 μg/ml of anti-CD3 and 2 μg/ml of anti-CD28 or 1 

μg/ml of anti-CD3 and 2 μg/ml of anti-CD46 plate-bound antibodies in 96-well format round 

bottom tissue culture plates and maintained in a 37°C incubator with 5% CO2 for 72 h. 

Stimulations with isotype antibodies were included as negative controls. At the end of 72 h, 

100 μl of culture supernatant was collected and cytokine levels were analyzed with Raybio 

pro-inflammatory array (Raybio, CA) according to recommended protocol by the 

manufacture.

Briefly, cultured supernatant was diluted 1:4 with sample diluent provided and incubated 

with pre-coated captured antibodies on the array for 2 h in room temperature. Samples were 

then decanted and the array was washed 5 times with wash buffer and a cocktail of 

fluorescently labeled detection antibodies were added and incubated again at room 

temperature for 2 h. The array was washed at the end of incubation and dried by 

centrifugation. An Axon 4000B microarray scanner was used to measure signal intensity and 

Genepix analysis software was used to quantify cytokine levels.

FACS analysis of IL-17A expression

CD4+ T cells were purified by negative selection with magnetic beads as described above 

from freshly isolated PBMC from apheresis of 3 independent healthy donors. Healthy donor 

CD4+ T (1×106 cells/ml) cells and PBMC (2×106 cells/ml) were stimulated with 1 μg/ml of 

anti-CD3 antibodies and increasing concentrations of anti-CD46 antibodies (1 μg/ml, 2 

μg/ml, 4 μg/ml and 8 μg/ml; J4.48 or MEM, US Biologics). Negative control was activated 

with 1 μg/ml of anti-CD3 antibodies and 4 μg/ml of isotype controls. Stimulations with 1 
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μg/ml of anti-CD3 antibodies and 4 μg/ml of anti-CD28 antibodies were also included for 

comparison. Cells were activated in 96-well round bottom plates for 72 h.

For FACS analysis, cells were harvested and suspended in 30 μl of FACS buffer (0.01% 

sodium azide and 2% FBS in PBS) and incubated with 2 μl of anti-human CD4-APC (BD 

Biosciences) or isotype control for 30 min protected from light at 4°C. Prior to intracellular 

IL-17A staining, cells were washed two times with FACS buffer followed by fixation and 

permeabilization with BD Fix/Perm kit (BD Biosciences, CA). In 50 μl of permeabilization 

solution, 2 μl of anti-human IL-17A-PE antibodies or isotype control was added and 

incubated for an additional 30 min at 4°C. After incubation, cells were washed twice with 

permeabilization buffer and suspended in FACS buffer prior to analysis with the BD FACS 

Calibur.

Stimulation of cryopreserved healthy donor and RRMS patient PBMC

Cryopreserved PBMC (2×106 cells/ml) from healthy donors and RRMS patients were 

activated for 72 h with 1 μg/ml of anti-CD3 antibodies and 4 μg/ml of isotype controls, 1 

μg/ml of anti-CD3 antibodies and 4 μg/ml of anti-CD46 antibodies, and 1 μg/ml of anti-CD3 

antibodies and 4 μg/ml of anti-CD28 antibodies for 72 h in 96-well round bottom plates. 

IL-17A staining and analysis was performed as described above.

CD107a mobilization assay

Magnetic beads purified CD4+ T cells from either healthy donors or RRMS patients were 

first stimulated with 1 μg/ml of anti-CD3 antibodies and 4 μg/ml of anti-CD46 antibodies, 

and 1 μg/ml of anti-CD3 antibodies and 4 μg/ml of anti-CD28 antibodies for 72 h in 96-well 

round bottom plates. For CD107a analysis, cells were re-stimulated with 0.5 μg/ml of anti-

CD3 antibodies for 12 h. Five-microliter aliquot of anti-human CD107a-FITC antibody (BD 

Biosciences) was added for the last 6 h of the experiment in the presence of brefeldin A (1 

μg/ml) and GolgiStop (0.7 μg/ml). CD107a mobilization was assessed with the BD FACS 

Calibur.
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Fig. 1. 
Comparison of proliferative responses between healthy controls and RRMS patients CD4+ T 

cells after 72 h of stimulation. CD4+ T cells purified by magnetic beads were stimulated 

with soluble IgG isotype control, anti-CD3 and anti-CD46, or anti-CD3 and anti-CD28 and 

pulsed with 3[H] thymidine for the last 6 h. Proliferation stimulation index=proliferation due 

to soluble anti-CD3 and anti-CD46 or anti-CD3 and anti-CD28/proliferation due to soluble 

IgG isotype alone. Statistical analysis was performed using ANOVA, and no significance 

was detected between groups
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Fig. 2. 
Differential expression of IL-1b and IL-10 in healthy control and RRM patient CD4+ T 

cells. Purified CD4+ T cells from healthy controls or RRMS patients were stimulated with 

IgG isotype control, anti-CD3 and anti-CD28, or anti-CD3 and anti-CD46 antibodies for 3 

days. Cytokine production in the culture supernatant was measured with the Raybio pro-

inflammatory array as described in “Methods” Levels of IL-1β produced by a healthy 

control; c RRMS patients. IL-10 production in b healthy controls; d RRMS patients. 

Statistical analysis was performed with Student's t test (**p<0.05; ***p<0.005)
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Fig. 3. 
Intracellular flow cytometric analysis of IL-17A expression. PBMC from healthy donors 

(HD) and relapsing-remitting multiple sclerosis (RRMS) patients were stimulated with 

soluble IgG isotype control alone, anti-CD3 and IgG isotype control, anti-CD3 and anti-

CD28 antibodies, or anti-CD3 and anti-CD46 for 72 h and analyzed by intracellular staining. 

a Representative FACS staining profile for healthy donor (top panels) and RRMS patient 

(bottom panels). b Quantification of percent IL-17A expressing CD4+ T cells in HD (n= 5) 

and RRMS patients (n=5) PBMC following the indicated in vitro stimulations. Statistical 

analysis was performed using 2-way ANOVA with Bonferroni correction (*p<0.001) during 

immune activation. Additionally, Kebir and colleagues
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Fig. 4. 
Structure of CD46 and known binding sites for pathogens. STP serine, threonine, and 

proline rich region. CYT1 cytoplasmic tail domain 1. CYT2 cytoplasmic tail domain 2. 

Asterisk indicates pathogens associated with autoimmune diseases

Yao et al. Page 16

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Binding of distinct CD46 domains triggered differential IL-17A production. PBMC from 

healthy controls were cultured with anti-CD3 and anti-CD46 (clone J4.48) or anti-CD3 and 

anti-CD46 (clone MEM) for 72 h and IL-17A expression in CD4+ T cells were assessed by 

FACS analysis. a PBMC co-stimulated with indicated concentrations of anti-CD46 (J4.48) 

elicited IL-17A expression in a dose-dependent manner. b Co-stimulation of CD46 receptor 

with anti-CD46 antibody (MEM) did not demonstrate significant level of IL-17A
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Fig. 6. 
Enhanced cytotoxicity following anti-CD3 and anti-CD46 stimulation. To evaluate the 

potential of cytotoxicity associated with CD46 co-stimulation, purified CD4+ T cells from 

healthy controls (n= 5) and RRMS patients (n=5) were co-cultured with anti-CD3 and anti-

CD46 antibodies or anti-CD3 and anti-CD28 antibodies for 72 h and CD107a degranulation 

was assessed by flow cytometric analysis. Statistical analysis was performed with Student's t 

test
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