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Abstract

CD48 (SLAMF2) is an adhesion and costimulatory molecule constitutively expressed on 

hematopoietic cells. Polymorphisms in CD48 have been linked to susceptibility to multiple 

sclerosis (MS), and altered expression of the structurally related protein CD58 (LFA-3) is 

associated with disease remission in MS. We examined CD48 expression and function in 

experimental autoimmune encephalomyelitis (EAE), a mouse model of MS. We found that a 

subpopulation of CD4+ T cells highly upregulated CD48 expression during EAE and were 

enriched for pathogenic CD4+ T cells. These CD48++ CD4+ T cells were predominantly CD44+ 

and Ki67+, included producers of IL-17A, GM-CSF and IFN-γ, and were the majority of CD4+ T 

cells in the CNS. Administration of anti-CD48 mAb during EAE attenuated clinical disease, 

limited accumulation of lymphocytes in the CNS, and reduced the number of pathogenic cytokine-

secreting CD4+ T cells in the spleen at early time points. These therapeutic effects required CD48 

expression on CD4+ T cells but not on antigen presenting cells. In addition, the effects of anti-

CD48 were partially dependent on FcγRs, as anti-CD48 did not ameliorate EAE nor reduce the 

number of cytokine-producing effector CD4+ T cells in Fcεr1γ−/− mice or in wild type mice 

receiving anti-CD16/CD32 mAb. Our data suggest that anti-CD48 mAb exerts it therapeutic 

effects by both limiting CD4+ T cell proliferation and preferentially eliminating pathogenic 

CD48++ CD4+ T cells during EAE. Our findings indicate that high CD48 expression is a feature 

of pathogenic CD4+ T cells during EAE and point to CD48 as a potential target for 

immunotherapy.
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INTRODUCTION

CD48 (SLAMF2, BLAST-1) and the related gene CD58 have been identified in genome-

wide association studies as susceptibility genes in multiple sclerosis (MS)2 (1, 2), a 

demyelinating disease of the CNS that results in progressive loss of motor and sensory 

function (3). Functional studies associated a protective allele of CD58 with increased CD58 

mRNA expression in PBMCs (1, 4), and CD58 expression in PBMCs was found to increase 

during remissions in MS patients (4, 5). While this work implicates CD48 and CD58 in MS, 

little is known about their roles in CNS autoimmunity. However, studies in mice indicate that 

CD48 can regulate T cell activation and tolerance.

CD48 is a GPI-linked molecule, constitutively expressed on the surface of all hematopoietic 

cell types and involved in cell adhesion and costimulation through interactions with its 

ligands CD2 (6) and CD244 (7). On antigen presenting cells (APCs), CD48 promotes 

immune synapse organization (8) and T cell costimulation (9) through binding to CD2 on T 

cells. CD48 on T cells enhances TCR signaling through cis interactions with CD2, LAT and 

Lck (10, 11). CD58 is also a ligand for CD2, but is expressed only in humans (12). 

Interactions between CD48 and CD244 regulate target cell lysis by NK cells and CTLs, as 

well as effector and memory T cell responses (13). In addition, binding of bacterial FimH to 

CD48 on granulocytes and monocytes contributes to innate immune responses to bacteria 

(14). CD48 expression increases on cells exposed to inflammatory stimuli. CD48 is 

upregulated on EBV-infected B cells, human PBMCS exposed to interferons, monocytes and 

lymphocytes from patients with viral and bacterial infections (15), eosinophils from patients 

with atopic asthma or mice after allergen challenge (14), and mouse T cells during LCMV 

infection (16) or peptide immunization (17).

CD48 is involved in regulating T cell activation and tolerance in mice. CD48 deficiency 

exacerbated lupus-like disease in mice on an autoimmune-prone genetic background (18, 

19), while CD48 deficiency on T cells and macrophages mitigated disease in a model of 

inflammatory colitis (20). In addition, treatment with an anti-CD48 blocking mAb 

attenuated T cell-mediated inflammation in models of colitis (20), delayed-type 

hypersensitivity (21), and transplantation (22). These immunoregulatory roles, together with 

human genetic studies implicating CD48 in MS, led us to hypothesize that CD48 may 

regulate CNS autoimmunity.

We used experimental autoimmune encephalomyelitis (EAE), which replicates many of the 

features of MS (23), to evaluate the role of CD48 in CNS autoimmunity. We found that 

CD48 expression increased on antigen-specific CD4+ T cells in mice with EAE. Treatment 

of mice with an anti-CD48 mAb delayed EAE onset, and reduced incidence and severity. 

Cellular analyses revealed fewer pathogenic CD4+ T cells both in the periphery and the 

CNS of anti-CD48 treated mice. Clinical and cellular effects of anti-CD48 were highly 

dependent on CD48 expression on CD4+ T cells and on FcγRs. Our results indicate that 

2Abbreviations used: MS, multiple sclerosis; APC, antigen presenting cell; EAE, experimental autoimmune encephalomyelitis; WT, 
wild type; MOG35-55, myelin oligodendrocyte glycoprotein 35-55 peptide; EdU, 5-ethynyl-2’-deoxyuridine; LN, lymph node; iLN, 
inguinal LN; Treg, T regulatory cell; Tconv, T conventional cell; Teff, T effector cell.
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CD48 upregulation is a feature of pathogenic CD4+ T cells during EAE, and point to CD48 

as a potential target for immunotherapy.

MATERIALS AND METHODS

Mice

8-12 week old mice, age and sex matched, were used for all experiments. Wild type (WT) 

C57BL/6, Thy1.1 (B6.PL-Thy1a/CyJ), Rag1−/− (B6.129S7-Rag1tm1Mom/J), TCRα−/− 

(B6.129S2-Tcratm1Mom/J) and OTII (B6.Cg-Tg(TcraTcrb)425Cbn/J) mice were purchased 

from The Jackson Laboratory (Bar Harbor, ME). NK-deficient Rag−/− (B10;B6-Rag2tm1Fwa 

Il2rgtm1Wjl) and Fcεr1γ−/− (B6.129P2-Fcer1gtm1Rav N12) mice were purchased from 

Taconic Biosciences (Hudson, NY). 2D2 TCR Tg Foxp3-IRES-GFP were generated by 

crossing 2D2 TCR Tg mice (24) with Foxp3-IRES-GFP knockin mice (25), and maintained 

our facility. CD48−/− 2D2 TCR Tg, CD48−/− Rag1−/−, and CD48−/− TCRα−/− were 

generated by crossing CD48−/− mice generated in our laboratory (B6 background, 

manuscript in preparation) with 2D2 TCR Tg, Rag1−/−, or TCRα−/− mice, respectively. 

Mice were housed in a specific pathogen-free animal facility, and used according to the 

Harvard Medical School Standing Committee on Animals and National Institutes of Health 

Guidelines.

MOG35-55/CFA immunizations and EAE

Mice were immunized s.c. with 50μg myelin oligodendrocyte glycoprotein 35-55 peptide 

(MOG35-55; MEVGWYRSPFSRVVHLYRNGK; UCLA Biopolymers Facility) in 100μl 

PBS emulsified in 100μl CFA with 400μg Mycobacterium tuberculosis H37RA (Difco 

Laboratories). For EAE, 100ng (or 200ng for Fcεr1γ−/− mice) pertussis toxin (List 

Biological Laboratories) was given i.p on days 0 and 2 after immunization. Mice were 

monitored daily and clinical disease scored as: 0, no disease; 1, limp tail; 2, hind limb 

weakness; 3, hind limb paralysis; 4 hind and fore limb paralysis; and 5, moribund. Average 

clinical scores for each group include animals that did not develop EAE.

Histopathology

Mice were perfused with PBS, brains and spinal cords fixed in 10% formalin, and paraffin-

embedded sections stained with hematoxylin and eosin or Luxol fast blue/periodic acid-

Schiff by the Dana Farber/Harvard Cancer Center Rodent Histopathology Core. 

Inflammatory foci in meninges and parenchyma were counted as described previously (26).

In vivo antibody administration

200μg of antibodies were given i.p. in 200μl PBS, as indicated in figure legends. Anti-NK1.1 

(PK136), mouse IgG2a (C1.18), rat IgG2a (2A3), anti-CD48 (HM48-1), and polyclonal 

Armenian hamster IgG were purchased from BioXCell. Anti-CD16/CD32 (clone 93), anti-

CD48 (HM48-1), and hamster isotype control (HTK888) were purchased from BioLegend.
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EdU administration and staining

600-800μg of 5-ethynyl-2’-deoxyuridine (EdU, 2mg/mL, Life Technologies) in PBS was 

injected i.p. 12-16 hours before euthanasia, and EdU incorporation detected with the Click-

iT EdU Flow Cytometry Assay Kit (Life Technologies) according to the manufacturer's 

instructions.

Analysis of mononuclear cells in the blood, lymphoid organs and CNS

Spleen and lymph nodes (LN) were mechanically dissociated through nylon cell strainers 

(70μm), blood collected by cardiac puncture, and RBC lysed with ACK lysing buffer 

(Lonza). Mice were perfused with PBS before CNS tissue collection, brains and spinal cords 

mechanically dissociated through a nylon cell strainer, and mononuclear cells isolated by 

centrifugation through a Percoll gradient (37% and 70%). Cells were resuspended in culture 

medium (RPMI 1640 [Gibco] with 10% FBS, 10mM HEPES [Gibco], 100U/mL Penicillin/

Streptomycin [Gibco], and 100μM 2-ME [Sigma]).

Flow cytometry

Cells from lymphoid organs, blood, CNS, or in vitro cultures were resuspended in staining 

buffer (PBS with 1% FBS and 2mM EDTA) and stained with directly-conjugated antibodies 

for: CD3 (145-2C11), CD4 (RM4-5), CD8α (53-67), CD11b (M1/70), CD11c (N418), 

CD44 (IM7), CD45 (30-F11), CD48 (HM48-1), CD49b (DX5), CD49d (R1-2), CD62L 

(MEL-14), CD69 (H1.2F3), CD90.1 (OX-7), CD90.2 (30-H12), B220 (RA3-6B2), I-A/I-E 

(M5/114.15.2), and NK1.1 (PK136). For intracellular staining, cells were fixed and 

permeabilized with the Foxp3/Transcription Factor Staining kit (eBioscience) and stained 

for: Foxp3 (FJK-16s), GM-CSF (MP1-22E9), IFN-γ (XMG1.2), IL-2 (JES6-5H4), IL-10 

(JES5-16E3), IL-17A (TC11-18H10.1), and Ki67 (B56). Antibodies were from BioLegend, 

BD Biosciences, or eBioscience. Flow cytometry data were acquired on a FACSCalibur 

(BD) or LSRII (BD) using FACSDiva software (BD), and analyzed with FlowJo software 

(FlowJo LLC).

2D2 CD4+ T cell adoptive transfers to Rag−/− and WT mice

CD4+ T cells were isolated from spleen and LN of donor mice (Thy1.1 2D2 TCR Tg, 

Foxp3.GFP.2D2 TCR Tg, or Thy1.1/1.2 2D2 TCR Tg CD48−/−) using CD4 Micro-Beads 

(Miltenyi Biotec), or purified by cell sorting to yield total CD4+ T cells (CD4+ CD8α- 

B220- CD11c-), and 3-10×106 CD4+ T cells injected i.v. or i.p. Recipients were immunized 

two weeks (Rag−/− strains) or one day (WT) after cell transfer.

2D2 Th1 CD4+ T cell in vitro and adoptive transfer studies

CD4+ T cells from 2D2 TCR Tg or CD48−/− 2D2 TCR Tg mice were cultured at 2×106/mL 

with 107/mL irradiated feeder cells (WT splenocytes depleted of CD4+ T cells with CD4+ 

microbeads), IL-12 (10ng/mL, PeproTech), anti-IL-4 (20μg/mL, 11B11, BioXCell), and 

anti-CD3 (2.5-3μg/mL, 2C11, BioXCell), and supplemented with 100U/mL rhIL-2 (R&D 

Systems) every 2 days. On day 6 live cells were collected using Lymphocyte Separation 

Media (Mediatech, Inc). For in vitro studies, cells were labeled with CellTrace Violet (5μM, 

Life Technologies), cultured at 2×106/mL with 107/mL TCRα−/− or CD48−/− TCRα−/− 
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splenocytes plus MOG35-55 (0-100μg/mL) and cIgG or anti-CD48 (10μg/mL) for 3 days, 

then analyzed by flow cytometry for CellTrace Violet dilution. For adoptive transfers, cells 

were restimulated on anti-CD3/anti-CD28 (37.51, BioXCell) coated plates (3μg/mL) for 

16-24 hours, and 2-6×106 CD4+ T cells injected i.v. or i.p. Animals were monitored for 

EAE or sacrificed before disease onset for cellular analysis.

In vitro CD4+ T cell stimulation to assess CD48 expression

Microbead-purified CD4+ T cells from 2D2 and OTII TCR Tg mice were cultured at 

2×106/mL with 107/mL TCRα−/− splenocytes plus MOG35-55 (0-100μg/mL), OVA323-339 

(ISQAVHAAHAEINEAGR; New England Peptide; 0-50μg/mL), or anti-CD3 (3μg/mL). 

Naïve CD4+CD62L+CD44-Foxp3.GFP-T cells were purified by cell sorting (98% purity), 

and 5x104 CD4+ T cells/well cultured in a 96-well tissue culture plate (Falcon) pre-coated 

with 0, 1, 2, 4, or 8μg/mL each of anti-CD3 and anti-CD28. Cells were analyzed by flow 

cytometry for CD48 expression 1 or 2 days later.

Cytokine measurements

Total cells from lymphoid organs or CNS, or CD48++ and CD48+ 2D2 cells 

(Thy1.2+Thy1.1-CD4+CD44+Foxp3.GFP-) purified by cell sorting from Thy1.1 WT 

recipients on day 10 after MOG/CFA immunization and mixed at a 1:5 ratio with TCRα−/− 

splenocytes, were restimulated in vitro with 0-100μg/mL MOG35-55 for 3 days. Supernatants 

were analyzed by Cytokine Bead Array (BD). For intracellular cytokine staining, cells were 

restimulated in vitro with 50ng/mL PMA and 500ng/mL ionomycin (Sigma-Aldrich) plus 

GolgiStop (1:1500 dilution, BD) at 37°C for 3-5 hours.

Statistical analysis and software

Analysis was performed using Prism (GraphPad), statistical significance calculated using 

Student's t test, and data plotted as mean ±SEM unless otherwise noted. EAE clinical scores 

were analyzed by Mann-Whitney test. P values less than 0.05 were considered statistically 

significant. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.

RESULTS

CD48 expression increases on activated CD4+ T cells during EAE

We examined CD48 expression on CD4+ T cells during MOG35-55/CFA-induced EAE, and 

found that a subpopulation of CD4+ T cells expressed high levels of CD48 (CD48++), and 

were increased during EAE (Figure 1A-B). At the peak of disease, ~60% of CD4+ T cells in 

the CNS were CD48++ compared to 13% in the spleen, and 4% in spleen of naïve mice 

(Figure 1A, 1B left). However, the absolute number of CD48++ CD4+ T cells was greatest 

in the inguinal LN (iLN) and spleen (Figure 1B, right). Foxp3+ regulatory T cells (Treg) in 

the spleen had slightly higher CD48 expression than Foxp3− CD4+ T cells (Tconv) in naïve 

mice, and CD48 expression increased on both populations during EAE (Figure 1C). All 

splenic CD48++ Tconv were also CD44+, and included many Ki67+ and α4 integrinhi cells 

(Figure 1D), consistent with previous descriptions of CD48 upregulation on activated T 

cells (16, 17). CD48 expression increased slightly on CD11c+MHCII+ dendritic cells but 

decreased on CD11b+MHCII+ macrophages and did not differ on B cells, CD8+ T cells, or 
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NK cells in the spleens of mice with EAE compared to naïve mice (Figure S1A). These data 

suggest that CD48 upregulation during MOG35-55/CFA-induced EAE is a feature of 

activated CD4+ T cells.

Similarly, stimulation of naïve CD4+ T cells with anti-CD3 and anti-CD28 in vitro led to 

upregulation of CD48 in a dose-dependent manner (Figure S1B). In mixed cultures of 

MOG-specific 2D2 TCR transgenic CD4+ T cells and OVA-specific OTII TCR transgenic 

CD4+ T cells, 2D2 CD4+ T cells upregulated CD48 in cultures stimulated with MOG35-55 

or anti-CD3, but not with OVA peptide (Figure S1C). To investigate antigen-specific CD48 

upregulation in vivo, we transferred 2D2 CD4+ T cells to WT mice and immunized 

recipients with MOG35-55/CFA. In unimmunized recipients, CD48 expression was similar 

on 2D2 and recipient CD4+ T cells in the spleen (Figure S1D, left), whereas in immunized 

mice the percentage of splenic CD48++ 2D2 cells was increased compared to recipient 

CD4+ T cells, and correlated with increased percentages of CD44+ and Ki67+ 2D2 CD4+ T 

cells (Figure S1D, right). These findings suggest that elevated CD48 expression is a feature 

of antigen-activated CD4+ effector T cells (Teff) in vitro and in vivo.

To investigate functional differences between CD48+ and CD48++ CD4+ T cells, we 

assessed their cytokine production at the peak of EAE. Among Tconv cells in the spleen, 

GM-CSF+, IFN-γ+, IL-17A+ and IL-10+ CD4+ T cells were predominantly CD48++, while 

IL-2+ cells were primarily CD48+ (Figure 1E-F). In the CNS, GM-CSF+, IFN-γ+, IL-17A

+ and IL-2+ cells were predominantly CD48++, although some IL-2+ cells had intermediate 

CD48 expression and IL-10+ cells were a mix of CD48+ and CD48++. We also transferred 

2D2 CD4+ T cells into congenic mice, immunized with MOG35-55/CFA, and ten days later 

sorted CD48++ and CD48+ 2D2 cells from recipients (Figure 1G) and restimulated these 

populations with MOG35-55 in vitro. CD48++ 2D2 produced IL-17A, IFN-γ, GM-CSF, 

TNF-α, and IL-6, whereas CD48+ 2D2 produced IL-2 (Figure 1H). There were no 

significant differences in IL-10 or IL-4 production, or in numbers of 2D2 CD4+ T cells at 

day 3 of culture. Thus, high CD48 expression identified a distinct functional CD4+ T cell 

population producing high levels of pathogenic cytokines during EAE.

Anti-CD48 mAb attenuates EAE

The increased expression of CD48 on activated CD4+ T cells producing pathogenic 

cytokines at peak EAE, together with the costimulatory function of CD48, led us to 

investigate the consequences of modulating CD48 during EAE using an anti-CD48 mAb. 

Consistent with prior reports (21, 27), anti-CD48 mAb did not deplete lymphocytes in naïve 

WT mice (Figure S2A-B), but resulted in downregulation of CD48 surface expression (data 
not shown) and changes in lymphocyte distribution (Figure S2C-E), including a 33% 

reduction in splenic CD8+ T cells and a 60% reduction in splenic NK cells but no changes in 

splenic CD4+ T cells. Anti-CD48 treatment initiated before EAE induction had no 

significant effect on clinical disease (Figure S3A). In contrast, EAE was dramatically 

attenuated in mice that received anti-CD48 after EAE induction but prior to disease onset 

(Figure 2A). These mice had reduced incidence (Table I), delayed onset (Figure 2B), and 

diminished severity of EAE (Figure 2C). Histological analyses at the onset and peak of 

disease (days 12 and 15 post-immunization, respectively) revealed few lesions in the CNS of 
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anti-CD48 treated mice, while control mice had numerous lesions in both the brain and 

spinal cord (Table II, Figure S3B). Cellular analysis showed that anti-CD48 treated mice 

had fewer CD45hi cells in the CNS compared to control mice at peak of disease (Figure 
2D), and a 90% reduction in CD4+ T cells in the CNS (Figure 2E). The percentages of 

Tregs among CD4+ T cells were similar in the spleen, but lower in the CNS of anti-CD48 

treated mice compared to controls (Figure 2F).

We also examined whether anti-CD48 could attenuate EAE therapeutically. Antibody 

administration starting on the day of EAE onset reduced clinical scores throughout the 

course of treatment (Figure 2G, H). When anti-CD48 treatment was initiated later during 

EAE when all mice had clinical scores of 2 or greater, resolution of disease was modestly 

increased compared to controls (Figure S3C-D). Collectively, these data indicate that anti-

CD48 can significantly attenuate EAE in WT mice, with the extent of clinical benefit 

depending on the timing of treatment.

B cells, CD8 T cells, and NK cells are not required for anti-CD48-mediated attenuation of 
EAE

B cells and CD8 T cells are not critical for EAE, but can modulate disease (28-30). To 

determine whether these cells were required for the ability of anti-CD48 to attenuate EAE, 

we transferred purified 2D2 CD4+ T cells into Rag1−/− mice and induced EAE by 

MOG35-55/CFA immunization. Anti-CD48 treatment delayed EAE onset and reduced 

disease severity in recipients (Figure 2I, J), with the protective effects diminishing after the 

end of treatment. NK cells can modulate EAE (31, 32) and CD48 can regulate NK cell 

function. However, NK cell depletion in WT mice did not alter the therapeutic effects of 

anti-CD48 on EAE (Figure S4A-D). When we transferred 2D2 CD4+ T cells into Il2rγc−/

−Rag2−/− mice (which lack NK, T and B cells) and induced EAE with MOG35-55/CFA, 

anti-CD48 treatment delayed EAE onset and limited 2D2 CD4+ T cell accumulation in the 

CNS but did not significantly reduce peak clinical scores (Figure S4E-H). Collectively, 

these data indicate that B cells, CD8 T cells and NK cells are not essential for the ability of 

anti-CD48 to attenuate EAE.

Anti-CD48 limits antigen-specific cytokine production in the spleen

Because CD4+ T cells are critical for EAE, and were reduced in the CNS of anti-CD48 

treated mice, we hypothesized that anti-CD48 reduced the generation and/or function of 

pathogenic MOG-specific CD4+ T cells. To test this, we immunized mice with 

MOG35-55/CFA and gave anti-CD48 or cIgG 6 and 9 days later, and examined cytokine 

production by CD4+ T cells from the spleen and iLN on day 12 after EAE induction, by 

restimulating spleen and LN cells with MOG35-55 in vitro. There were no differences in 

cytokines in the iLN, but splenocytes from anti-CD48 treated mice produced less IFN-γ, 

TNF-α and IL-17A compared to controls (Figure 3A), despite similar percentages of CD4+ 

T cells (Figure 3B) and Tregs (Figure 3C) in the starting cultures.

To determine if this was due to fewer antigen-specific cytokine-producing cells or reduced 

cytokine production on a per cell basis, we transferred 2D2 CD4+ T cells to wild type mice, 

immunized with MOG35-55/CFA, administered anti-CD48 or cIgG on days 4 and 7 and 
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examined cytokine production by intracellular staining on day 8 post-immunization. There 

were no differences in the MFIs of cytokine-producing 2D2 cells (Figure 3D), but anti-

CD48 treated mice had lower percentages of IFN-γ+, IL-17A+ and GM-CSF+ 2D2 CD4+ T 

cells in the spleen, compared to controls (Figure 3D, E). There were very few splenic 

IL-10+ 2D2 CD4+ T cells, and no differences between control and anti-CD48 treated mice 

in percentages of IL-2+ 2D2 cells (data not shown) or cytokine-producing 2D2 cells in the 

iLNs (Figure 3E). Cytokine production by recipient CD4+ T cells in control and anti-CD48 

treated mice were largely unchanged (Figure 3F). These findings suggest that anti-CD48 

treatment during EAE reduces the percentage of antigen-specific cytokine-producing CD4+ 

T cells in the spleen before disease onset, but does not affect cytokine production at the site 

of T cell priming in the iLN.

Anti-CD48 attenuates EAE during the effector phase of disease

To distinguish effects of anti-CD48 on T cell differentiation and effector function, we next 

asked if anti-CD48 could limit EAE induced by adoptively transferred Th1-polarized 2D2 

cells (33). This approach circumvents potential effects of anti-CD48 on CD4+ T cell 

differentiation. Anti-CD48 administration after adoptive transfer but prior to disease onset 

resulted in significantly attenuated EAE (Figure 4A), decreased peak clinical scores (Figure 
4B), and reduced 2D2 CD4+ T cell accumulation in the CNS at the peak of disease (Figure 
4C, left), compared to controls. To exclude failed adoptive transfers, we investigated 

whether 2D2 CD4+ T cells were detectable in the spleens of all recipients, and found that 

2D2 CD4+ T cells were abundant in the spleens of anti-CD48 treated mice (Figure 4C, 
right). The overall cellularity of spleens was higher in disease-free mice compared to mice 

with clinical EAE (data not shown), consistent with our prior experience. The proportion of 

splenic Tregs was not altered in anti-CD48-treated mice (Figure 4D), but the percentage of 

Tregs among CD4+ T cells in the CNS was lower in anti-CD48 treated mice compared to 

controls (Figure 4D), although very few CD4+ T cells could be recovered from the CNS of 

disease-free mice. These data indicate that anti-CD48 can attenuate EAE induced by 

adoptive transfer of myelin-reactive CD4+ Teff.

Anti-CD48 limits CD4+ Teff numbers and proliferation in vivo

Because cellular differences at the peak of EAE could be confounded by the inherent 

differences between sick and healthy mice, we next examined a time point prior to disease 

onset to investigate how anti-CD48 affects 2D2 CD4+ Teff cells. We gave anti-CD48 on day 

3 and analyzed cells on day 5 after adoptive transfer of 2D2 Th1 cells into wild type 

recipients (Figure 4E). Splenic 2D2 CD4+ Teff were predominantly CD48++, CD44+ and 

Ki67+, consistent with their activated phenotype (Figure 4F). There were no differences in 

the percentages of IFN-γ+ 2D2 CD4+ Teff in control and anti-CD48 treated mice (Figure 
4G). However, anti-CD48 treated mice had significantly fewer 2D2 CD4+ T cells in the 

spleen, blood and LNs (Figure 4H), resulting in greatly reduced numbers of IFN-γ-

producing 2D2 CD4+ Teff compared to controls at this early time point (Figure 4I). The 

percentages of Ki67+ (Figure 4J) and EdU+ (Figure 4K) 2D2 CD4+ Teff also were 

decreased in anti-CD48 treated mice, suggesting that anti-CD48 limited proliferation of Teff 

in vivo. These changes were antigen-specific, as the numbers of recipient CD4+ T cells were 
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not altered (Figure 4L). The percentages of Tregs were similar in mice given anti-CD48 or 

cIgG (Figure 4M), resulting in increased Treg:2D2 ratios in anti-CD48 treated mice (data 
not shown). We examined whether increased cell death might contribute to reduced cell 

numbers, but there was not increased apoptosis in anti-CD48 treated mice as assessed by 

Annexin V staining in 2D2 CD4+ T cells, and only a trend towards increased FITCZ-VAD-

FMK (a measure of active caspases), compared to controls (data not shown). Thus, 2D2 

CD4+ Teff numbers and proliferation are reduced in anti-CD48 treated mice prior to onset of 

EAE, resulting in fewer IFN-γ-producing myelin-reactive CD4+ Teff. This suggests that 

anti-CD48 attenuates EAE by limiting the number of pathogenic CD4+ Teff at early phases 

such that clinical disease is mild or not detectable.

CD48 expression on CD4+ T cells is required for anti-CD48-mediated attenuation of EAE

To determine the cell types responsible for the effects of anti-CD48 on limiting 2D2 CD4+ 

Teff proliferation, we next evaluated the effects of anti-CD48 on WT and CD48−/− 2D2 Th1 

CD4+ T cells restimulated in vitro with MOG35-55 and either WT or CD48−/− APCs. Anti-

CD48 reduced proliferation of both WT and CD48−/− 2D2 CD4+ Teff restimulated with 

WT APCs, as assessed by dilution of CellTrace Violet (Figure 5A-B). However, anti-CD48 

had a minimal effect on proliferation of WT 2D2 CD4+ Teff restimulated with CD48−/− 

APCs, and only at low MOG35-55 concentrations (Figure 5A). This suggests that anti-CD48 

limits proliferation primarily by blocking CD48 on APCs, and to a lesser extent by blocking 

CD48 on T cells. This is consistent with a costimulatory role for CD48 (9), and indicates 

that anti-CD48 can decrease expansion of myelin-specific CD4+ Teff in vitro.

We hypothesized that the ability of anti-CD48 to attenuate EAE would similarly rely on 

CD48 expression on APCs. We have found that CD48−/− mice can develop EAE (data not 
shown). Therefore, to test our hypothesis we transferred WT 2D2 CD4+ T cells into 

CD48−/− Rag1−/− mice, immunized with MOG35-55/CFA, and treated with anti-CD48 prior 

to disease onset. Surprisingly, anti-CD48 was able to completely prevent EAE in these mice 

(Figure 5C), limiting the number of 2D2 CD4+ T cells in both the CNS and spleen when 

compared to controls (Figure 5D). In contrast, when we transferred CD48−/− 2D2 CD4+ T 

cells to Rag1−/− mice and immunized with MOG35-55/CFA, anti-CD48 did not attenuate 

EAE (Figure 5E), nor limit CD4+ T cell accumulation in the CNS (Figure 5F). Similarly, 

anti-CD48 attenuated 2D2 Th1 adoptive transfer EAE in CD48−/− recipients, but not 

CD48−/− 2D2 Th1 adoptive transfer EAE in WT recipients (data not shown). Collectively, 

these findings demonstrate that CD48 expression on CD4+ T cells is required for anti-

CD48-mediated attenuation of EAE, and implicate a mechanism of action other than 

limiting proliferation.

An FcγR blocking mAb limits the effects of anti-CD48 on 2D2 CD4+ Teff numbers in vivo

Although the anti-CD48 mAb that we used is not reported to be depleting, we considered 

that FcγR-mediated effects of anti-CD48 might be involved in limiting the number of Teff in 

vivo. To investigate this possibility, we gave an anti-FcγRII/FcγRIII blocking antibody 

(anti-FcγR) along with anti-CD48 to WT recipients of 2D2 Th1 CD4+ Teff, and examined 

cells in the spleen on day 5 after transfer (Figure 6A). Anti-CD48 did not reduce the 

numbers of total 2D2 (Figure 6B) or IFN-γ+ 2D2 CD4+ Teff (Figure 6C) in mice given 

McArdel et al. Page 9

J Immunol. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



anti-FcγR, in contrast to controls, suggesting that anti-CD48 decreases 2D2 CD4+ Teff 

numbers in an FcγR-dependent fashion. However, mice treated with anti-CD48 plus anti-

FcγR had reduced percentages of Ki67+ (Figure 6D) and EdU+ (data not shown) 2D2 

CD4+ Teff, compared to mice that received anti-FcγR only, suggesting the effects of anti-

CD48 on proliferation are FcγR-independent. 2D2 CD4+ Teff in anti-CD48-treated mice 

had decreased percentages of α4 integrinhi (Figure 6E) and increased percentages of CD69+ 

(Figure 6F) cells compared to controls, irrespective of anti-FcγR treatment. Taken together, 

these results suggest that reduced Teff numbers in the spleens of anti-CD48-treated mice are 

due at least in part to an FcγR-dependent mechanism, but that anti-CD48 also has FcγR-

independent effects on T cells.

FcγRs contribute to anti-CD48-mediated attenuation of EAE

To assess the role of FcγRs in anti-CD48-mediated EAE amelioration, we co-administered 

anti-FcγR and anti-CD48 to mice during EAE. While mice given only anti-CD48 did not 

develop EAE, clinical EAE was somewhat attenuated in mice treated with anti-CD48 plus 

anti-FcγR (Figure 7A), compared to mice given only anti-FcγR. However, there were no 

significant differences in the day of onset (Figure 7B), peak clinical scores (Figure 7C), 

number of CD4+ T cells in the CNS (Figure 7D), or percentage of Tregs among CD4+ T 

cells in the CNS or spleen (Figure 7E) in mice given anti-CD48 plus anti-FcγR compared 

to mice given only anti-FcγR.

As a second means to evaluate the role of FcγRs in anti-CD48-mediated EAE attenuation, 

we administered anti-CD48 to Fcεr1γ−/− mice, which lack the common gamma chain for 

FcγRs and therefore lack surface expression of FcγR I, III and IV. Although Fcεr1γ−/− 

mice have delayed onset and severity of MOG35-55/CFA-induced EAE compared to WT 

mice (34, 35), anti-CD48 failed to attenuate EAE in this strain (Figure 7F). The day of onset 

was slightly delayed (Figure 7G) and peak scores were slightly lower (Figure 7H) in anti-

CD48 treated Fcεr1γ−/− mice compared to controls, but these changes were not significant. 

Furthermore, the number of CD4+ T cells in the CNS was not reduced in anti-CD48 treated 

Fcεr1γ−/− mice (Figure 7I), nor were there differences in the percentages of Tregs among 

CD4+ T cells in the CNS, spleen or iLN (Figure 7J). These results suggest that FcγRs are 

critical for anti-CD48 mAb to attenuate EAE.

DISCUSSION

The association of CD48 and CD58 loci with risk for MS, combined with the known roles 

for CD48 in T cell activation and tolerance in mice, led us to examine the role of CD48 in 

EAE. We identified a subpopulation of CD4+ T cells that highly express CD48 (CD48++) 

during EAE, with features of pathogenic myelin-reactive T cells. CD48++ CD4+ T cells 

were enriched in the CNS at the peak of EAE, and included IFN-γ+, GM-CSF+ and IL-17A

+ cells. Treatment with anti-CD48 mAb during EAE attenuated disease, limited CD4+ T cell 

accumulation in the CNS, and reduced the number of MOG-specific cytokine-producing 

CD4+ Teff in the spleen prior to disease onset. The ability of anti-CD48 to attenuate EAE 

was critically dependent on CD48 expression on CD4+ T cells, and was abrogated in Fcεr1γ
−/− mice and in WT mice treated with anti-CD16/CD32. While CD48 is widely expressed 
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on immune cells, these observations collectively suggest that anti-CD48 exerts its effects on 

EAE primarily by an FcγR-dependent mechanism, resulting in reduced pathogenic CD4+ T 

cell numbers mainly through interactions of anti-CD48 with CD48 on CD4+ T cells. Our 

results also show that high CD48 expression can serve as a biomarker of pathogenic CD4+ T 

cells during EAE and point to CD48 as a potential target for immunotherapy for T cell-

mediated autoimmune diseases.

While little is known about CD48 in human disease, mouse studies have indicated important 

immunoregulatory functions for this receptor. CD48 on both the T cell and APC contributes 

to T cell activation (9, 36), and CD48 deficiency on T cells or APCs significantly attenuated 

disease in a mouse model of colitis (20). In models of allergy and asthma, CD48 expression 

on eosinophils and mast cells promoted the inflammatory response, and anti-CD48 treatment 

limited eosinophil accumulation in the lung after antigen rechallenge (27). Furthermore, as 

the ligand for CD244, CD48 is involved in controlling NK and CD8 T cell cytotoxicity (13), 

and anti-CD48 treatment can limit transplant rejection in mice (22). Consistent with these 

roles for CD48, we found that anti-CD48 mAb limited proliferation of CD4+ Teff cells in 

vivo and in vitro. Anti-CD48 limited proliferation of CD4+ T cells primarily by blocking 

CD48 on APCs, as indicated by the ability of anti-CD48 to limit proliferation of CD48−/− 

CD4+ T cells stimulated with WT APCs in vitro, while having minimal effect on 

proliferation of WT CD4+ T cells stimulated with CD48−/− APCs (Figure 5A). Anti-CD48 

attenuated EAE when administered during early phases of disease and reduced CD4+ Teff 

numbers in an FcγR-dependent fashion.

Our data support several mechanisms by which anti-CD48 attenuates EAE. CD48 

expression on CD4+ T cells was necessary for the ability of anti-CD48 mAb to attenuate 

EAE, and CD48 expression on other cell types was not required, as demonstrated by the 

ability of anti-CD48 to attenuate EAE mediated by WT CD4+ T cells in CD48−/− mice, but 

not in WT mice given CD48−/− 2D2 CD4+ T cells. These findings suggest that the anti-

proliferative effects of CD48 blockade on APCs are not sufficient to attenuate EAE. FcγRs 

were critical for EAE amelioration by anti-CD48. At early time points after adoptive transfer 

of 2D2 CD4+ T cells into WT recipients, anti-CD48 treatment resulted in reduced numbers 

of 2D2 CD4+ Teff cells, while anti-CD48 combined with anti-CD16/CD32 treatment did 

not. Furthermore, anti-CD48 failed to attenuate EAE in WT mice given anti-CD16/CD32 or 

in Fcεr1γ−/− mice. Collectively, these data suggest that anti-CD48 exerts its beneficial 

effects on EAE by preventing the number of pathogenic CD4+ T cells from exceeding a 

critical threshold, by interacting with CD48 on CD4+ T cells and with FcγRs.

Intriguingly, the effects of anti-CD48 on CD4+ T cell numbers were most pronounced on 

pathogenic cytokine-producing CD4+ T cells, and were greater on cells in the spleen and 

blood than the LNs. We speculate that this could be due to a combination of factors. First, 

elevated CD48 expression on activated CD4+ T cells may render these cells more 

susceptible to effects of the mAb. Second, trafficking or tissue localization specific to 

activated CD4+ T cells may lead to increased encounters with FcγR-expressing cells, as 

suggested by our observation of reduced cytokine production by cells from the spleen but 

not the iLN in anti-CD48 treated MOG35-55/CFA-immunized mice (Figure 3A, 3E). CD48+

+ CD4+ T cells appear to be most susceptible to anti-CD48-mediated elimination after 

McArdel et al. Page 11

J Immunol. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leaving the LN, likely related to encounters with FcγR-expressing cells such as Kupffer 

cells in the liver or macrophages in the spleen. The lack of a second anti-CD48 mAb clone, 

together with the downregulation of CD48 after anti-CD48 treatment, prevented us from 

quantifying the number and localization of CD48++ cells in anti-CD48 treated mice after 

MOG35-55/CFA immunization. However, when we used cytokine production as a surrogate 

marker for CD48++, we observed that cytokine-producing 2D2 CD4+ T cells were reduced 

in the spleen and blood, but not in the iLN, of anti-CD48 treated mice (Figure 3D). 

Similarly, 2D2 Th1 CD4+ Teff cells (which are uniformly CD48++ cells) (Figure 5C), were 

diminished in anti-CD48 treated mice on day 5 after adoptive transfer (85% reduction in the 

blood, 77% reduction in the spleen, and 64% reduction in LNs (Figure 4H), compared to 

controls), but there was no change in the number of host Treg (Figure 4M) or Tconv cells 

(Figure 4L). Collectively, these data support a model whereby anti-CD48 exerts its greatest 

FcγR-dependent effects on circulating cells with high CD48 expression.

The enhanced effect on CD48++ cell numbers in the blood is reminiscent of the effects of 

other depleting antibodies. Recently, Montalvao et al. reported that Kupffer cells in the liver 

contribute to B cell elimination by the anti-CD20 mAb rituxan, resulting in accelerated and 

enhanced depletion of B cells from the blood and liver compared to spleen and LNs (37). 

Although further studies are needed to identify key cell populations involved in anti-CD48-

mediated reduction of CD4+ Teff cells in EAE, such a mechanism for anti-CD48-mediated 

depletion is consistent with our observations. Notably, anti-CD2 mAb treatment in the Lewis 

rat model of EAE attenuated disease and reduced the number of circulating T cells (38), and 

these effects were thought to be due to depletion of T cells (39) and/or suppression of 

activation (40). This parallels our studies of anti-CD48 in EAE in mice, and suggests that 

targeting this pathway in MS with depleting and/or blocking mAb merits further 

investigation.

We were surprised to find that an antibody targeting a widely expressed surface antigen 

could lead to selective cell reduction, especially considering that other groups had found that 

this anti-CD48 mAb does not cause depletion of lymphocytes. However, other antibodies are 

described to eliminate cells with high antigen expression preferentially. For example, the 

anti-CD25 mAb (clone PC61) eliminates Tregs, which highly express CD25, more than 

Tconv (41). Further studies evaluating the effect of anti-CD48 on all cell types, in additional 

disease models, will be critical to evaluate the therapeutic applications of anti-CD48 

antibodies. Although we found that B cells and CD8+ T cells were not required for anti-

CD48 to attenuate EAE, and that anti-CD48 had its most profound effect during EAE on 

CD48++ CD4+ T cells, anti-CD48 is known to affect other cell subsets in other contexts.

Importantly, depleting and blocking effects of anti-CD48 are not mutually exclusive, and 

both may contribute to EAE attenuation. Although anti-CD48 could attenuate EAE 

independent of T cell priming, this does not exclude a role for anti-CD48 in priming of 

CD4+ T cells in the MOG35-55/CFA immunization model of EAE. We observed changes in 

α4 integrin and CD69 expression on 2D2 Th1 CD4+ Teff after combined anti-CD48 and 

anti-CD16/CD32 treatment (Figure 6E-F), suggesting that anti-CD48 may alter Teff cell 

activation independent of FcγRs. In addition, when we gave a single dose of anti-CD48 at 

the peak of EAE, we observed a reduction in Ki67+ cells among CD4+ T cells in the CNS 
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two days later (data not shown), suggesting that anti-CD48 also might limit proliferation in 

the CNS directly, and/or reduce entry of activated Ki67+ CD4+ T cells into the inflamed 

CNS, even though the clinical effects of treatment during peak disease were mild (Figure 
S3). Thus, it appears that anti-CD48 may act at multiple locations and at multiple time 

points during EAE. The generation of non-depleting anti-CD48 blocking mAbs is needed to 

enable temporal dissection of CD48 function in EAE without the confounding factor of 

FcγR-mediated effects.

Despite constitutive expression of CD48 on hematopoietic cells, our studies reinforce that 

CD48 expression is dynamically modulated on T cells and suggest that elevated CD48 

expression may serve as a biomarker for functional differences in Teff. We found that 

CD48++ CD4+ T cells were a subset of CD44+ cells during EAE, and that this CD48++ 

population contained the majority of inflammatory cytokine-producing cells, suggesting that 

CD48++ CD4+ T cells are a unique subset of activated T cells. Increased CD48 expression 

also has been described on T cells during LCMV infection (16) and on CD4+ T cells 

undergoing proliferation in vivo and in vitro (17), but functional differences between CD48+

+ and CD48+ cells were not examined. We have begun to compare transcriptional 

differences between CD48++ and CD48+ CD4+ T cells and found that CD48 is upregulated 

at a transcriptional level in CD48++ cells, along with genes associated with pathogenic T 

cell responses in EAE including Bhlhe40 (42), Rorα (43), and Id2 (44). These 

transcriptional analyses confirm our observations that CD48++ CD4+ T cells are highly 

activated, but do not correlate specifically with Th1 or Th17 transcriptional signatures 

(McArdel, unpublished data). Consistent with these findings, CD48 surface expression did 

not differ between Th1 and Th17 CD4+ T cells differentiated in vitro (data not shown). 

While CD48 upregulation can be induced in vitro with antigen or anti-CD3 plus anti-CD28 

stimulation (Figure S1), further work is needed to understand how CD48 expression is 

regulated in vivo. It is not yet clear if or how elevated CD48 expression itself influences T 

cell function. CD48 reduces the threshold for T cell activation in a cell intrinsic manner, via 

its association with LAT and CD2 (9-11), so it is plausible that increased CD48 surface 

expression modulates the threshold for re-activation of Teff cells. Understanding the 

regulation and function of elevated CD48 expression may aid in understanding the 

characteristics of CD48++ CD4+ T cells.

While CD48 function has not been examined in human autoimmune diseases, studies of 

CD2 and CD58 suggest that the CD48:CD2:CD58 pathway is important in autoimmunity. In 

humans, CD58 is widely expressed on both hematopoietic and epithelial cells (12), and is a 

risk allele in MS. Further work is needed to understand how CD58 is linked to immune 

dysregulation. CD2 is a therapeutic target for immunosuppression. The CD58-Ig fusion 

protein, alefacept, was found to specifically reduce effector memory T cells in the blood and 

reduced disease symptoms in patients with psoriasis (45) and type 1 diabetes (46). Our 

findings give impetus to the investigation of CD48 in MS.

In summary, our studies demonstrate that CD48 is highly expressed on pathogenic CD4+ T 

cells during EAE and point to CD48 as a potential therapeutic target for autoimmune 

diseases. During EAE, CD48 cell surface expression increased on both encephalitogenic 

CD4+ T cells and Tregs. However, treatment with anti-CD48 during EAE selectively 
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reduced CD4+ Teff, but not Tregs, and dramatically attenuated disease. Our studies, together 

with the associations of CD48 and CD58 with susceptibility to MS, support further 

investigation of the CD48:CD2:CD58 pathway in MS and autoimmunity.

Supplementary Material
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Figure 1. CD48 expression increases on activated CD4+ T cells during EAE
A-F WT mice were immunized with MOG35-55/CFA to induce EAE. Spleen, LN and CNS 

(brain and spinal cord) were collected at the peak of disease, and analyzed by flow 

cytometry. WT or CD48−/− spleens from naïve mice were used as controls. A. CD48 

expression on CD3+CD4+ cells from the spleen of naïve CD48−/− and WT mice, and spleen 

and CNS of WT mice with EAE. B. Percent (left) and number (right) of CD48++ of 

CD4+CD3+. C. Representative staining (left) and percentages (right) of CD48++ Foxp3− 

and Foxp3+ T cells in the spleen. D. CD48 co-expression with CD44, Ki67 and α4 integrin. 

E. Representative CD48 and intracellular cytokine expression in CD3+CD4+Foxp3- cells 

isolated from CNS and spleen at peak EAE and restimulated with PMA/ionomycin. F. 
Percentages of cytokine-producing cells among CD48++ and CD48+ cells, based on gates in 

E. G-H. WT Thy1.1 mice were given 2D2 Thy1.2+ CD4+ T cells i.v., immunized with 

MOG35-55/CFA, and 10 days later CD48++ and CD48+ 2D2 were purified by cell sorting. 

G. Representative gating for cell sorting. H. Number of CD4+ T cells (left) and cytokines in 

supernatants (right) after restimulation in vitro with MOG35-55 for 3 days. Representative of 

3 independent experiments with 4-6 immunized mice and one naïve control (A-D), 3 

independent experiments with 4-5 mice (E-F), and 4 independent experiments with 4-5 

biological replicates (G-H).
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Figure 2. Anti-CD48 mAb attenuates MOG35-55-induced EAE
A-F WT mice were immunized with MOG35-55/CFA, and treated with anti-CD48 or isotype 

control (cIgG) on days 6, 9 and 12 after immunization. A. Mean clinical scores, ±SEM. B. 

Day of EAE onset for mice that developed EAE. C. Peak clinical scores for all mice; bar 

represents median. D-F. CNS and spleen were collected for flow cytometric analysis at the 

peak of disease. Numbers of CD45+ cells (D) and CD3+CD4+ T cells (E) in the CNS. F. 

Percentages of Foxp3+ of CD4+CD3+ T cells in CNS and spleen. G-H. WT mice were 

immunized with MOG35-55/CFA, and anti-CD48 or cIgG treatment was started on the day of 

EAE onset in each mouse. G. Mean clinical scores, ±SEM, relative to day of disease onset. 

H. Peak clinical scores; bar represents median. I-J. 2D2 CD4+ T cells were purified by cell 

sorting and transferred into Rag1−/− mice. Recipients were immunized with MOG35-55/

CFA, and given anti-CD48 or cIgG on days 4, 7 and 10. I. Mean clinical scores ±SEM. J. 
Day of EAE onset. Representative of 6 independent experiments with 4-6 mice per group 

(A-C), 3 independent experiments with 4-5 mice per group and one naïve control (D-F), 3 

independent experiments with 4-8 mice per group (G-H), or 3 independent experiments with 

4-6 mice per group (I-J). Gray arrows in A, G and I indicate antibody treatments (Tx). Dots 

in B, C, H and J represent individual mice.
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Figure 3. Anti-CD48 reduces antigen-specific cytokine production in the spleen but not the 
draining LN
A-C WT mice were immunized with MOG35-55/CFA, and given anti-CD48 or cIgG 6 and 9 

days later. Spleen and iLN were collected on day 12. A. Cytokines in supernatants from 

spleen (top) or iLN (bottom) cells restimulated with the indicated concentrations of 

MOG35-55 for 3 days. Percentages of CD4+ of total cells (B) and Foxp3+ of CD4+ (C) in 

the iLN and spleen ex vivo. D-F. WT mice were given 2D2 Thy1.1+ CD4+ T cells i.v., 

immunized with MOG35-55/CFA, and treated with anti-CD48 or cIgG 4 and 6 days later. 

Spleen, iLN and peripheral blood were collected on day 8 and restimulated with PMA/

ionomycin. D. Representative intracellular cytokine staining in splenic 2D2 Thy1.1+ CD4+ 

T cells. E. Percentages of cytokine-positive cells among 2D2 cells in the spleen, iLN and 

blood, gated as in D. F. Percentages of cytokine-positive cells among recipient Thy1.1− 

CD4+ cells. Representative of 2 independent experiments with 5 mice per group (A-C), and 

4 independent experiments with 3-7 mice per group (D-F).

McArdel et al. Page 20

J Immunol. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Anti-CD48 attenuates EAE and limits Teff cell numbers during the effector phase of 
disease
A-D 2D2 Th1 CD4+ Teff (Thy1.1) cells were transferred i.p. to WT recipients, and anti-

CD48 or cIgG was given on days 4, 7 and 10. CNS and spleen were collected on day 13 for 

analysis by flow cytometry. A. Mean clinical scores, ±SEM. B. Peak clinical scores for all 

mice; bar represents median. C. Number of 2D2 CD4+Thy1.1+ T cells in the CNS (left) and 

spleen (right). D. Percentages of Foxp3+ of recipient CD4+Thy1.1− T cells in CNS and 

spleen. E-M. 2D2 Th1 CD4+ Teff (Thy1.1) were transferred i.v. into WT recipients that 

received anti-CD48 or cIgG on day 3 and EdU on day 4. Spleen, iLN and blood were 

collected on day 5 for analysis by flow cytometry. 2D2 and recipient CD4+ T cells were 

gated as Thy1.1+ CD4+ and Thy1.1− CD4+, respectively. E. Experimental setup. F. 

Representative CD48, CD44 and Ki67 expression on 2D2 and recipient CD4+ T cells in 

control mice. G. Cells were restimulated in vitro with PMA/ionomycin. Representative IFN-

γ staining (left) and percentages of IFN-γ+ (right) of 2D2 CD4+ cells. Number of 2D2 (H) 

and IFN-γ+ 2D2 (I) CD4+ T cells. J. Representative Ki67 expression (left) and percentages 

of Ki67+ (right) 2D2 CD4+ cells. K. Representative EdU staining (left) and percentages of 

EdU+ (right) 2D2 CD4+ cells. L. Numbers of recipient CD4+ T cells. M. Percentages of 

Foxp3+ of recipient CD4+ T cells. Representative of 3 independent experiments with 5-7 

mice per group. Gray arrows in A indicate antibody treatments (Tx). Dots in B, C and L 

represent individual mice. NA, not applicable.
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Figure 5. Anti-CD48 mAb limits proliferation and attenuates EAE through interactions with 
CD48 on distinct cell populations
A-B. Representative CellTrace Violet dilution in Th1-polarized 2D2 (A) or CD48−/− 2D2 

(B) CD4+ T cells restimulated in vitro with TCRα−/− (top rows) or CD48−/− TCRα−/− 

(bottom rows) splenocytes and MOG35-55 plus 10μg/mL cIgG or anti-CD48 for 3 days. C-F. 

2D2 (C-D) or CD48−/− 2D2 (E-F) CD4+ T cells were purified by cell sorting and 

transferred to CD48−/− Rag−/− or Rag−/− recipients, respectively. Recipients were 

immunized with MOG35-55/CFA, and treated with anti-CD48 or cIgG on days 4, 7 and 10. 

C, E Mean clinical scores, ±SEM. E, F Number of 2D2 CD4+Thy1.1+ T cells in the CNS 

(left) and spleen (right). Representative of 5 independent experiments (A), 2 independent 

experiments (B), 4 independent experiments with 3-5 mice per group (C-D), 5 independent 

experiments with 4-6 mice per group (E-F). Gray arrows in C and E indicate antibody 

treatments (Tx). Dots in D and F represent individual mice.
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Figure 6. An FcγR blocking antibody limits the effect of anti-CD48 on 2D2 Th1 CD4+ Teff cells 
in vivo
2D2 Th1 CD4+ Teff (Thy1.1+) cells were transferred i.v. into WT recipients that received 

anti-CD48 or cIgG plus anti-CD16/CD32 or isotype control on day 3. Spleen was collected 

on day 5 for analysis by flow cytometry as in Figure 5. A. Experimental setup. B. Numbers 

of 2D2 CD4+ in the spleen. C. Numbers of IFN-γ+ 2D2 cells after restimulation with PMA/

ionomycin. Percentages of Ki67+ (D), α4-integrinhi (E) and CD69+ (F) of 2D2 CD4+ T 

cells. Representative of 4 independent experiments with 4-5 mice per group. Dots in B 

represent individual mice.
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Figure 7. Fcγ receptors contribute to anti-CD48-mediated attenuation of EAE
A-E WT mice were immunized with MOG35-55/CFA and given anti-CD48 or cIgG plus 

anti-CD16/CD32 or isotype control on days 8, 11 and 14 after immunization. Spleen and 

CNS were collected on day 17 for analysis by flow cytometry. A. Mean clinical scores, 

±SEM. B. Day of EAE onset for mice that developed EAE. C. Peak clinical scores for all 

mice; bar represents median. D. Number of CD4+ T cells in the CNS. E. Percentages of 

Foxp3+ of CD4+ T cells. F-J. Fcεr1γ−/− mice were immunized with MOG35-55/CFA, and 

given anti-CD48 or cIgG on days 7, 10 and 13 after immunization. On day 16, CNS, spleen 

and iLN were collected for analysis by flow cytometry. F. Mean clinical scores, ±SEM. G. 

Day of EAE onset. H. Peak clinical scores; bar represents median. I. Numbers of CD4+ T 

cells in the CNS. J. Percentages of Foxp3+ of CD4+ T cells. Representative of 5 

independent experiments with 4-5 mice per group (A-E), and 6 independent experiments 

with 3-7 mice per group (F-J). Gray arrows in A and F indicate antibody treatments (Tx). 

Dots in B, C, D, G, H and I represent individual mice.
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Table I

Anti-CD48 mAb limits incidence and severity of EAE in WT mice

Treatment cIgG Anti-CD48

During 15 day observation period

Incidence 9/10
0/10

***

Median peak score 2 NA

Mean day of onset 12.6 ± 0.4 NA

During 21 day observation period

Incidence 15/15
8/15

**

Median peak score 3
1.5

**

Mean day of onset 12.4 ± 0.2
17.6 ± 0.6

****

WT mice were immunized for EAE as described, and treated with cIgG or anti-CD48 on days 6, 9 and 12 after immunization. Clinical disease was 
monitored for 15 or 21 days. Data are pooled from 5 independent experiments with 5 mice per group per experiment. Median peak scores and mean 
day of onset are for sick mice only. NA, not applicable.

* = p<0.05

**
p<0.01

***
p<0.001

****
p<0.0001.
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Table II

Anti-CD48 mAb limits histologic EAE

Treatment: cIgG anti-CD48

Number of lesions in brain

    Parenchyma 39.8 ± 14.2
2.4 ± 1.0 

*

    Meninges 41.6 ± 9.1
2.8 ± 1.1 

**

Number of lesions in spinal cord

    Parenchyma 80.4 ± 18.9
0 ± 0 

**

    Meninges 89.9 ± 14.0
0.8 ± 0.5 

***

Clinical incidence 5/5
0/5 

**

Day of onset 13.4 ± 0.2 NA

Maximum clinical score 2 NA

WT mice were immunized for EAE as described, and treated with cIgG or anti-CD48 on days 6, 9 and 12 after immunization. Mice were sacrificed 
on day 15, and brain and spinal cord were collected for histology. Data are mean ±SEM, except clinical score is median. NA, not applicable.

*
p<0.05

**
p<0.01

***
p<0.001.
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