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Abstract

Plasma cells and the autoreactive Abs they produce are suspected to contribute to the pathogenesis 

of multiple sclerosis, but recent attempts to target these components of humoral immunity have 

failed. MEDI551, an anti-CD19 Ab that depletes mature B cells including plasma cells may offer a 

compelling alternative that reduces pathogenic adaptive immune responses while sparing 

regulatory mechanisms. Indeed, our data demonstrate that a single dose of MEDI551, given before 

or during ongoing experimental autoimmune encephalomyelitis, disrupts development of the 

disease. Leukocyte infiltration into the spinal cord is significantly reduced, as well as short-lived 

and long-lived autoreactive CD138+ plasma cells in the spleen and bone marrow, respectively. In 

addition, potentially protective CD1dhiCD5+ regulatory B cells show resistance to depletion, and 

myelin-specific Foxp3+ regulatory T cells are expanded. Taken together, these results demonstrate 

that MEDI551 disrupts experimental autoimmune encephalomyelitis by inhibiting multiple 

proinflammatory components whereas preserving regulatory populations.

Multiple sclerosis (MS) is an autoimmune, demyelinating disease of the CNS that affects 

millions of people worldwide (1). Certainly the mechanism of this disease requires T cell 

involvement, but a pathological role for B cells and Abs in this devastating disease was 

recently established and substantiated by both human and animal studies in which B cell 
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depletion using anti-CD20 mAbs demonstrated efficacy (2–8). However, pan CD20 

depletion spares CD202 plasma cells, which contribute to immunopathology largely through 

generation of autoreactive Abs (9). In addition, anti-CD20 therapies potentially abolish 

regulatory mechanisms of B cells (10). Atacicept was proposed to demonstrate benefit by 

targeting Ab-secreting cells (ASCs) through sequestration of B cell survival factors BAFF 

and APRIL, but instead it led to a counterintuitive worsening of MS in clinical trials (11, 

12). Several explanations have been described, all of which include sparing of memory B 

cells and targeting regulatory B cells (Bregs) (4, 11, 13). In this context, it is apparent that 

not all B cell targeting biologics will offer benefit in MS, and it leaves the community with 

an urgent need to find a safe way to deplete a broad spectrum of pathogenic B cell subsets 

including plasma cells without adversely affecting potential regulatory mechanisms in MS 

patients.

One such promising candidate is MEDI551, an affinity-optimized and humanized mAb 

originated from the mouse HB12 anti-human CD19 mAb (14, 15), that depletes mature B 

cells including plasmablasts and plasma cells with the added benefit of reducing serum Ab 

levels as shown in our study. In addition, a single dose of MEDI551 is sufficient to render 

these effects because this anti-CD19 biologic has an enhanced Ab-dependent, cellular 

cytotoxicity-mediated, B cell–depleting activity compared with rituximab (15).

Because MEDI551 is currently being tested in a phase I trial in relapsing-remitting MS 

(ClinicalTrials.gov: NCT01585766), our goal for this study was to investigate the 

mechanism of action of MEDI551 in a B cell–dependent model of experimental 

autoimmune encephalomyelitis (EAE). We found that a single dose of MEDI551 given 

before or after EAE induction preferentially inhibits leukocyte infiltration into the spinal 

cord and disrupts EAE development. Specifically, MEDI551 efficiently depletes both short-

lived and long-lived plasma cells, which results in a significant reduction of total and Ag-

specific Abs in both the periphery and the CNS. Interestingly, Ag-specific regulatory T cells 

(Tregs) were promoted by MEDI551 treatment, and potentially protective CD1dhiCD5+ 

Bregs showed resistance to MEDI551 depletion. These results indicate that MEDI551 

effectively disrupts EAE by reducing adaptive immune responses known to participate in the 

disease pathogenesis while sparing regulatory mechanisms shown to suppress the disease.

Materials and Methods

Mice

Human CD19 transgenic (hCD19Tg) male mice, 6–8 wk of age, were used for MEDI551 

(anti-human CD19)-mediated B cell depletion (14). Age-matched C57BL/6 male mice were 

purchased from Jackson Laboratories (Bar Harbor, ME). Animal protocols were approved 

by the Institutional Animal Care and Research Advisory Committee (University of Texas 

Southwestern Medical Center).

Induction of EAE

Recombinant human myelin oligodendrocyte glycoprotein (rhMOG) 1–125 (rhMOG1–125) 

was generated as previously described (5). EAE was induced by s.c. immunization at four 
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sites on the back with 100 mg rhMOG emulsified in CFA containing 5 mg/ml mycobacteria 

(BD Biosciences, San Diego, CA). On days 0 and 2, mice were injected i.p. with 300 ng 

pertussis toxin (List Biological Laboratories). Clinical disease was assessed as follows: 0, no 

disease; 1, loss of tail tone; 2, weakness of hind limbs; 3, partial hind-limb paralysis; 4, total 

hind-limb paralysis with or without front-limb paralysis; 5, moribund or death.

Mouse B cell depletion

The anti-human CD19 Ab MEDI551 and a control Ab (16C4-TM) were produced at 

MedImmune. 16C4-TM is a variant Ab of MEDI551, which lacks the ability to elicit B cell 

depletion via Ab-dependent cellular cytotoxicity because of mutations at its FcgR binding 

site. B cells were depleted with a single dose of 250 mg MEDI551 via i.p. injection at 

indicated dates before or after EAE induction. Depletion was confirmed by staining 

circulating murine CD19+ B cells in peripheral blood taken 5–10 d after Ab administration.

Flow cytometry

Mice were perfused via the left ventricle with cold PBS supplemented with 10 U/ml heparin 

(Fisher Scientific, Pittsburgh, PA). Brains, spinal cords, draining lymph nodes (LNs; 

axillary, brachial, and inguinal), and spleens were harvested from the perfused animals. 

Bone marrow and peritoneal cells were isolated as described elsewhere (16). Tissues were 

pressed through a 70-mm cell strainer into RPMI 1640 (Corning, NY). Splenocytes were 

treated with RBC lysing buffer (Sigma-Aldrich, St. Louis, MO). Brain or spinal cord cells 

were pooled per two mice from each experimental group and processed as described. In 

brief, brain or spinal cord cells were pelleted by centrifugation at 390 3 g for 10 min at 4° C. 

The supernatants were collected and stored for the measurement of cytokine and Ab levels. 

The cell pellets were resuspended in the 30% Percoll, overlaid onto the 70% Percoll, and 

centrifuged at 390 3 g for 20 min at room temperature with brake-off. The interphase cells 

were collected, washed with RPMI 1640, resuspended in 1 ml EAE culture medium (RPMI 

1640 supplemented with 10% FBS, L-glutamine, penicillin, streptomycin, HEPES buffer, 

nonessential amino acids, sodium pyruvate, and 2-ME), and counted. For FACS staining 

with 10-color survey panel, the following anti-mouse mAbs were used: anti-CD45 (clone 

30-F11; Bio-legend, San Diego, CA), anti-CD3e (145-2C11), anti-TCRb (H57-597), anti-

CD4 (RM4-5), anti-B220 (RA3-6B2), anti-CD19 (1D3), anti-CD11b (ICRF44), anti-Gr1 

(RB6-8C5), and anti-NK1.1 (PK136). The LIVE/DEAD fixable yellow dead cell stain kit 

(Life Technologies, Grand Island, NY) was used to differentiate viable cells from dead cells. 

Other fluorescence-labeled mouse Abs used to define B cell subtypes were anti-IgD 

(11-26C), anti-CD138 (281-2), anti-CD1d (1B1), and anti-CD5 (OX-19). All the FACS Abs 

were purchased from eBioscience (San Diego, CA) or BD Biosciences (San Jose, CA) 

unless indicated. Cells for FACS staining were washed with PBS and resuspended in PBS at 

1 3 106/ml. A total of 1 ml LIVE/DEAD fixable yellow dead cell dye per 1 million cells was 

added to the cells and incubated at 4 °C for 30 min in the dark. Cells were washed once with 

1 ml PBS and resuspended in 200 ml FACS buffer (1% BSA, 1 mM EDTA, and 0.02% 

sodium azide in PBS) and blocked with anti-CD16/32 (clone 2.4G2; BD Biosciences) for 10 

min at 4 °C before staining with a mixture of staining Abs for 30 min at 4° C. Cells were 

washed, resuspended in FACS buffer, and fixed in 1% paraformaldehyde.
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For analyzing CD19 and CD20 expression on CD138+ plasma cells, splenocytes from EAE 

mice at the peak of disease were stained with a human CD19 Ab (BV421 mouse anti-human 

CD19, clone HIB19; BD Biosciences), an unconjugated mouse CD20 Ab (clone MB20-11, 

isotype mIgG2a; MedImmune) (14, 17), and other flow Abs to define plasma cells 

(IgD2CD32CD138+B2202) and IgD+ B cells (IgD+mCD19+B220+). A secondary Ab (PE 

anti-mouse IgG2a; Biolegend) was used to detect mCD20 Ab. Fluorescence Minus One 

controls were included for proper gating.

In some experiments, cells were stimulated for 4 h with 13 cell stimulation mixture (81 nM 

PMA and 1.34 mM Ionomycin; eBioscience) in the presence of 3 mg/ml brefeldin A 

(eBioscience) and subjected to intracellular staining of cytokines as described later. Cell 

events were acquired on a FACSAria or FACSCanto (BD Biosciences) and further analyzed 

using FlowJo software (Tree Star, Ashland, OR).

Detection of total IgG and anti-MOG IgG

Serum was obtained from mice at peak of the disease (days 14–16) or at dates indicated. 

Brain and spinal cord supernatants were collected while isolating single cells for FACS 

analysis as described earlier. For detecting total IgG or MOG-specific IgG, 96-Immulon 

2HB plates (Thermo Scientific, Waltham, MA) were coated with unlabeled goat anti-mouse 

Ig (Southern Biotech, Birmingham, AL) or rhMOG at 10 mg/ml and then blocked with 1% 

BSA (Sigma). Diluted serum or supernatants were added to the wells and incubated at room 

temperature for 2 h. Plate-bound total or MOG-specific IgG Abs were detected with 

horseradish peroxide–conjugated anti-mouse IgG (1:5000; SouthernBiotech, Birmingham, 

AL). For detecting total IgM, a horseradish peroxide–conjugated goat anti-mouse IgM 

(1:5000; SouthernBiotech) was used as a secondary Ab in the ELISA. The total Ig titers 

were quantified using the commercially available mouse IgG (Thermo Scientific) or mouse 

IgM (Santa Cruz, Dallas, TX). Signal was developed using 3,39,5,59-tetramethylbenzidine 

solution (eBioscience), and the reaction was stopped with 1 M HCL. The plates were read at 

450-nm wavelength on an Epic Plate Reader (BioTek, Winooski, VT).

Cytokine analysis

For cytokine quantification of IFN-g, IL-17A, IL-1b, IL-6, TNF-a, and IL-10, serum, brain, 

or spinal cord supernatants, and in vitro culture supernatants were analyzed using the mouse 

cytokine TH17 6-plex immunoassay (Bio-Rad, Hercules, CA) according to the 

manufacturer’s instruction. Data were acquired on a Luminex Magpix system (Millipore, 

Billerica, MA) at the Microarray core (University of Texas Southwestern Medical Center).

Cell culture and intracellular cytokine staining

Draining LN cells (axillary, brachial, and inguinal) were incubated in 0.2 mM CFSE for 8 

min at room temperature (Life Technologies). CFSE-labeled cells were washed and cultured 

in medium only, with rhMOG, or with OVA protein (Sigma, St. Louis, MO) at 10 or 30 

mg/ml for 96 h. Culture supernatants were collected for cytokine measurement, and cells 

were restimulated with 13 cell stimulation mixture (eBioscience) in the presence of 3 mg/ml 

brefeldin A (eBioscience) for 4 h. Surface Ags were stained with anti-TCRb, anti-CD4, and 

anti-CD19, and followed by the intracellular staining. For the detection of Foxp3 and 
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intracellular cytokines, cells were treated with Foxp3 Fixation/Permeabilization buffer 

(eBioscience) and stained with anti-Foxp3 (NRRF-30; eBioscience) and anti–IL-17A 

(TC11-18H10.1; Biolegend) as an Ab pair or anti–IFN-g (XMG1.2; BD Biosciences) and 

anti–IL-17A as a pair in the FACS buffer.

ELISPOT assay for detecting ASCs

ELISPOT was performed to assess ASCs. In brief, 96-well Immobilon-P MultiScreen plates 

(Millipore) were coated with 30 mg/ml rhMOG1–125 to detect MOG-specific ASCs. Plates 

were coated with goat anti-mouse IgG or IgM (R&D Systems, Minneapolis, MN) to detect 

total IgG or IgM ASCs. Cell suspensions from spleens and bone marrows were added to 

individual wells at different dilutions (4 3 103 to 4 3 105 cells/well). Cells were incubated 

for 48 h at 37° C in a 5% CO2 atmosphere. After incubation, plates were washed several 

times with 0.05% Tween in PBS, incubated with mouse IgG or IgM detection Abs (R&D 

Systems) overnight at 4° C. The plates were finally developed using ELISPOT Blue Color 

Module (R&D Systems). ASCs were enumerated under microscope.

Statistical analyses

Statistical analyses were performed with GraphPad Prism (GraphPad Software, La Jolla, 

CA). Data were presented as mean 6 SEM. The p values were calculated by two-tailed 

unpaired Student t test, and significance was defined as *p, 0.05, **p, 0.01, ***p, 0.001, and 

****p, 0.0001.

Results

EAE response is similar in hCD19Tg and wild-type mice

Susceptibility to rhMOG1–125 (rhMOG)–induced EAE (rhMOG-EAE) was assessed in 

male hCD19Tg mice (14) in comparison with age and sex-matched wild-type (WT) mice. 

EAE symptoms appeared on day10 postimmunization for both groups. After onset, EAE 

progressed very rapidly, and within 4–5 d both groups reached the peak of the disease (Fig. 

1A). hCD19Tg and WT mice were statistically indistinguishable by the peak severity (peak 

of the disease at day 15 with maximal severity at 4 for both groups; p . 0.9999) or mean 

cumulative disease score (hCD19Tg 34 6 4.3 versus WT 33.5 6 6.3; p = 0.7965). Thus, the 

expression of human CD19 on mouse B cells has no significant effect on the course of the 

disease in our rhMOG-EAE model.

Cellular autoreactivity and CNS cell infiltration are robust before EAE clinical signs

To define the time point at which cellular autoreactivity is emerging in our EAE model, we 

analyzed the activation of immune components at different time points (day 3, day 7, and 

disease onset at days 10–11) during the early phase of EAE development after disease 

induction. We found that at day 7 postimmunization, hCD19Tg mice developed significantly 

higher levels of anti-rhMOG IgG than did naive transgenic mice, indicating that autoreactive 

B cells had differentiated to autoantibody-secreting plasma cells at this early time point in 

disease (Fig. 1B). Similarly, B cells and T cells in the draining LNs at day 7 post-

immunization showed a significant MOG-specific recall response when compared with 

naive mice, suggesting a robust B cell and T cell activation in the periphery at this early time 
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point of disease (Fig. 1C). In addition, infiltration of CD11b+Gr1+ neutrophils and CD45hi 

CD11b2 lymphocytes into the spinal cord was present at day 7 postimmunization (Fig. 1D 

and gating strategy shown in Supplemental Fig. 1). Importantly, mice at day 7 

postimmunization, before the appearance of clinical signs, had similar levels of B cell and T 

cell activity in the periphery and comparable cellular infiltration into the spinal cord 

compared with mice analyzed at EAE onset (days 10–11).

MEDI551 d7 treatment during development of EAE suppresses disease severity and 
duration

Although MEDI551 treatment before EAE induction prevents disease development 

(Supplemental Fig. 2), we chose to focus on MEDI551 treatment at day 7 postinduction 

because autoreactive plasma cell differentiation was emerging at this time point. In contrast 

with the control Ab-treated group, in which 100% of the mice developed severe EAE with 

mean maximal score of 4.0 6 0.1, we found that the majority of mice in the MEDI551-

treated group (13/15) experienced development of EAE, with a same mean onset at day 11, 

but the disease was much less severe with mean maximal score of 2.3 6 0.4 (Fig. 2). In fact, 

mice treated with a single dose of MEDI551 showed a continuous decline of EAE severity 

with almost full recovery by day 23 as evidenced by decreased incidence (control Ab 100% 

versus MEDI551 66.7%) and decreased severity (control Ab 2.94 6 0.24 versus MEDI551 

0.56 6 0.13, p, 0.0001).

Alleviation of EAE by MEDI551 is dependent on reduction of inflammatory T cell subsets in 
the spinal cord, but not in the brain

Because immune cell infiltration of the CNS is considered a hallmark of EAE, we 

investigated the effect of MEDI551 on leukocyte dynamics in the CNS. Mononuclear cells 

were isolated from brain and spinal cords separately of animals at peak of the disease and 

analyzed by multiparameter flow cytometry (Fig. 3). CD45+ leukocytes including 

neutrophils (CD11b+Gr1+), activated monocytes/microglial cells (CD11b+Gr12), and 

lymphocytes (CD45hi CD11b2) were major populations of immune cells identified in the 

brain and spinal cords of animals with EAE. A small population of NK cells (NK1.1+ 

CD3e2), which are proposed to play a regulatory role in EAE (18), was also identified in 

both CNS compartments (gating strategy shown in Supplemental Fig. 1).

MEDI551 treatment at day 7 led to a significant reduction in the numbers of all three major 

CD45+ leukocyte populations, as well as NK cells in the spinal cord (Fig. 3A). Lymphocytes 

and neutrophils were also reduced in the brain, but not monocytes/microglia or NK cells 

(Fig. 3B). Specific to CD45hi CD11b2 lymphocytes in the spinal cord, a significant decrease 

in CD4, CD8, gd T cells, and CD19+ B cells was observed in MEDI551-treated mice (Fig. 

3C). However, infiltration of T cell subsets in the brain was not significantly affected by the 

treatment (Fig. 3D).

Previous studies suggest that infiltration of cytokine-producing encephalitogenic T cells in 

the CNS contributes to CNS tissue damage in EAE (19). Thus, we examined the influence of 

MEDI551 treatment on proinflammatory T cell responses in the CNS. Despite our 

observation that frequencies of IFN-g–producing (Th1), IL-17A–producing (Th17), and 
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IFN-g/IL-17A double-positive T cells (20) in the CD4+ T cell pool did not change in either 

the peripheral or CNS compartments (Supplemental Fig. 4A–C), absolute numbers of all 

three cytokine producing T cell subsets were reduced in spinal cords of postinduction treated 

animals (Fig. 3E). In the brain and LN, the number of each cytokine-producing T cell subset 

was comparable in MEDI551-treated mice and control mice (Fig. 3F, 3G). Overall, 

MEDI551 day 7 treatment preferentially inhibits leukocyte infiltration into the spinal cord 

rather than into the brain.

MEDI551 d7 treatment eliminates long-lived autoreactive plasma cells and reduces MOG-
specific Abs in the CNS

A major benefit of anti-CD19 immunotherapy in general for treating B cell–dependent 

diseases is targeting Ab-secreting plasma cells. We examined the presence of CD138+ 

plasma cells at peak of the disease and found that the frequency and number of CD138+ 

short-lived plasma cells in the spleen and long-lived plasma cells in the bone marrow were 

significantly reduced after MEDI551 treatment (Fig. 4A). ELISPOT assays further 

confirmed that the frequency of MOG-specific IgM and IgG ASCs were significantly 

reduced with MEDI551 treatment in the spleen and the bone marrow (Fig. 4B). 

Furthermore, MEDI551-treated mice showed a significant reduction in serum and CNS 

tissue levels of total IgG and MOG-specific IgG, just 7–9 d after MEDI551 treatment (Fig. 

4C, 4D). In addition, serum Ab levels were significantly reduced as early as 7 d with 

MEDI551 administration in naive hCD19Tg mice (Fig. 4E). Overall, these results suggest 

that both short-lived splenic and long-lived bone marrow ASCs were effectively targeted by 

MEDI551 in mice with ongoing EAE.

CD1dhigh CD5+ B cells are resistant to MEDI551-mediated B cell depletion

Although MEDI551 showed potent B cell depletion activity in various tissues including the 

CNS compartments (Supplemental Fig. 3), we observed that the percentage of CD1dhigh 

CD5+ Bregs was increased in the spleen (data not shown) and in the LNs of the MEDI551-

treated group compared with the control Ab-treated group (7.80 6 2.64% to 1.62 6 0.18%; p 

= 0.0043; Fig. 5A, 5B). The number of Bregs was significantly reduced after MEDI551 

treatment, as were all B cell subsets, but the reduction rate for the Breg subset was lower 

(72% of reduction) than the non-Bregs (98% of reduction; Fig. 5C). In addition, the Breg/

non-Breg ratio in this compartment was significantly increased in the MEDI551 cohort 

(compare control Ab ratio 1:61 with MEDI551 ratio 1:12; p = 0.0043; Fig. 5D). Taken 

together, these results suggested that CD1dhigh CD5+ B cells are more resistant to 

MEDI551-mediated B cell depletion.

MEDI551 d7 treatment inhibits Ag-specific Th17 responses but induces Ag-specific Treg 
expansion in the periphery

To investigate whether the deficiency of CNS-infiltrating leukocytes in MEDI551-treated 

mice was due to a T cell priming defect in the periphery, we analyzed functional responses 

of MOG-pecific CD4+ and CD8+ T cells from draining LNs (gating strategy provided in 

Fig. 6A, 6E). MEDI551 day 7 treatment suppressed the proliferation of MOG-specific CD4+ 

and CD8+ T cells upon in vitro stimulation (Fig. 6A, 6B). IL-17A was significantly 

suppressed in the culture supernatants of rhMOG-responsive lymphocytes from draining 
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LNs of MEDI551-treated mice compared with controls (Fig. 6D), whereas IFN-g in the 

culture supernatants was not significantly affected by MEDI551 treatment (Fig. 6C), despite 

the lower frequency of MOG-specific Th1 cells (Fig. 6E, 6F). IL-6, IL-10, TNF-a, and IL-1b 

in the culture supernatant were also detected, but at much lower levels compared with IFN-g 

and IL-17A (Supplemental Fig. 4G). We also found MOG-specific proliferation by both Th1 

and Th17 cells identified by intracellular staining of IFN-g or IL-17A was significantly 

suppressed in the MEDI551-treated group compared with control Ab-treated mice (Fig. 6E, 

6F), but the frequency of rhMOG-responsive Foxp3+ Tregs was significantly increased from 

the control group (control Ab 9.78 6 2.32% versus MEDI551 17.88 6 7.06, p = 0.0142).

Discussion

Targeting plasma cells and the autoreactive Abs they produce is of critical importance in MS 

because dysregulated humoral immunity likely contributes to the pathology of the disease. 

MEDI551 is designed to target plasmablasts and plasma cells, and thus reduce autoantibody 

levels. However, it was unclear whether this biologic would provide a favorable risk/benefit 

ratio considering more recent findings that not all B cell targeting therapies demonstrate 

efficacy (9, 11). This study evaluates the efficacy of MEDI551 in a B cell–dependent EAE 

model.

In our model, rhMOG immunization induced a classical EAE with ascending paralysis and 

immune cell infiltration in the CNS (21). Th1 (IFN-g–producing) and Th17 (IL-17–

producing) cells are involved in the development of EAE (22, 23), and indeed, the 

MEDI551-treated EAE mice had a decrease of infiltrated Th1, Th17, and IFN-g/IL-17A 

double-positive CD4+ T cells (20) in the spinal cord (Fig. 3E). Because pathogenic T cells in 

the CNS are the driving force for recruitment of other inflammatory cells, we predicted that 

MEDI551 treatment would thus also result in diminished recruitment of other inflammatory 

cells, including activated macrophages into the CNS (24). Indeed, besides a paucity of T 

lymphocytes, we observed an overall decrease of myeloid cells, including neutrophils and 

macrophages in the spinal cord of MEDI551-treated mice, which otherwise would mediate 

demyelination and axonal damage (Fig. 3A, 3C) (1). In contrast with the spinal cord, where 

infiltration of all major leukocyte subsets including pathogenic T cells was inhibited by 

MEDI551 treatment, the brain showed only a significant decrease of neutrophils and total 

lymphocytes, with little effect on specific lymphocyte subsets or cytokine-producing T cells 

(Fig. 3B, 3D, 3F). These data suggest that the brain and spinal cord are differentially 

affected by MEDI551-mediated B cell depletion, and inhibition of inflammation in the 

spinal cord, but not the brain, is sufficient to prevent disease.

We hypothesized that the reduced infiltration of inflammatory cytokine-producing T cells in 

the spinal cord after MEDI551 day 7 treatment is due to a defect in the activation and 

expansion of pathogenic T cells in the periphery. In recall assays, the proliferation of MOG-

specific CD4+ T cells was inhibited, and significantly lower frequencies of Th1 and Th17 

cells were identified in the rhMOG-responding CD4+ T cell pool from mice treated with 

MEDI551 (Fig. 6). A possible mechanism for the inhibitory effect of MEDI551 on Ag-

specific Th1 and Th17 responses may be related to the induction of MOG-specific Foxp3+ 

Tregs (25) found in this study (Fig. 6E, 6F). Previous studies demonstrated that stimulation 
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of Ag-specific Tregs reverses IL-17 action via the production of IL-10 and other regulatory 

cytokines, and enhances resolution of autoimmune diseases including EAE (19, 26). In the 

recall supernatants, we detected more than a 10-fold decrease of IL-17A from MEDI551-

treated mice, which corresponds with the detection of lower frequency of Th17 cells (Fig. 

6D, 6E). However, other Th17-related cytokines, including IL-10, showed only a slightly 

lower level in MEDI551-treated mice compared with the control Ab-treated mice 

(Supplemental Fig. 4G). In addition, the Th17-related cytokines in the serum and the CNS 

supernatants showed a similar level in MEDI551-treated mice compared with the control 

Ab-treated mice (Supplemental Fig. 4D–F).

T cell differentiation into T effector and inhibitory subsets is regulated by multiple 

mechanisms, including the cytokine environment present at the time of Ag recognition (24, 

27). Recent studies show that IL-6 promotes Th17 immunity both in vitro and in vivo, by 

inhibiting the conversion of conventional T cells into Foxp3+ Tregs (28–30). B cells are a 

major source of IL-6, and ablation of IL-6–producing B cells suppresses EAE (30, 31). 

Thus, it is possible that MEDI551 promotes MOG-specific Treg responses via depleting 

IL-6–secreting pathogenic B cells. The expanded MOG-specific Tregs in MEDI551-treated 

mice could inhibit Th1 and Th17 differentiation, as well as MOG-specific CD4 and CD8 T 

cell proliferation in the periphery (Fig. 6) (32–34). Studies are under way to determine 

whether the potent inhibitory effect of MEDI551 on Th17 responses in the periphery in our 

B cell–dependent EAE model is mediated by depletion of IL-6– secreting B cells, which 

allows for induction of Ag-specific Tregs. In addition, previous studies showed that B cell 

deficiency achieved either genetically (mMT) or by depletion with anti-CD20 resulted in a 

reduction of Treg frequency in the CNS (35, 36). In our study, we confirmed that this anti-

CD19 Ab also depletes this population in the CNS (data not shown). However, the 

contribution of this undesired effect on CNS-residing Tregs to the overall recovery of 

MEDI551-treated mice still needs further investigation.

We were surprised to observe that CD1dhi CD5+ B cells, which contain mostly Bregs (16, 

37), were resistant to depletion by MEDI551 in the periphery (Fig. 5). CD1dhi CD5+ B cells 

in the spinal cord also showed the trend of increased resistance to MEDI551 depletion as 

well, but this observation is complicated by the very low frequency of Bregs in this 

compartment even without B cell depletion. Decreased susceptibility of CD1dhi CD5+ B 

cells to MEDI551 depletion is not due to decreased CD19 expression because these Bregs 

express similar levels of CD19 on the surface as marginal zone B cells and even higher 

levels of CD19 than follicular and transitional B cells (data not shown) (16). The increased 

resistance of Bregs to depletion could be because of their increased activation state, as has 

been suggested by others using anti-CD20 depletion (38, 39). Other factors like physical 

niche or an increase in circulating survival factors after B cell depletion could also 

contribute to the depletion resistance of Bregs in our model (38) and others (40). 

Furthermore, reconstituted B cell populations postrituximab treatment in a cohort of patients 

with rheumatoid arthritis exhibited a specific expansion of the Breg population, suggesting a 

possibly inefficient depletion of this population in the first place (41). In addition, it is 

possible that the residual Bregs resistant to the depletion may also contribute to the shift of 

Th17 to T regulatory responses (32, 33). Given the im portance of Bregs in suppressing 

multiple autoimmune diseases, as well as the potential role in B cell depletion therapy 
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indicated by this study, further characterization of this population of B cells in the context of 

B cell depletion and disease suppression is under way.

The impact of MEDI551 on Tregs and Bregs is of potential interest, but another important 

advantage of MEDI551 compared with anti-CD20 therapies is depletion of autoreactive Ab-

producing plasma cells (42, 43). CD20+ B cell depletion reduces splenic ASCs but has no 

effect on bone marrow ASC numbers or established Ag-specific Ab responses unless 

multiple treatments of anti-CD20 are given (44). In contrast with anti-CD20 therapies, our 

data indicate that a single dose of MEDI551 given at the early stage of EAE significantly 

depletes long-lived plasma cells including the Ag-specific ones in the bone marrow, which 

are the major source of persistent Ag-specific Ab titers (Fig. 4A, 4B). The observation of 

significantly reduced serum Ig levels shortly after MEDI551 treatment in naive hCD19Tg 

mice further supports the notion that long-lived plasma cells are directly targeted by 

MEDI551 (Fig. 4E). Thus, MEDI551 has access to the bone marrow and effectively targets 

autoreactive plasma cells despite their lower level of CD19 expression in comparison with 

other stages of B cell development resulting in lower serum and CNS Ab levels (Fig. 4C, 

4D). Higher frequency of plasma cells expressing CD19 than CD20 in our EAE model 

(CD191CD201, 31.5%; CD191CD202, 41.7%; CD192CD201, 1.79%) further indicates that 

anti-CD19 Ab likely more efficiently targets plasma cells than anti-CD20 Ab (Supplemental 

Fig. 1D). In addition, depletion of marginal zone, germinal center, and memory B cells may 

also contribute to the decreased CD138+ population by preventing the formation of new 

plasmablasts and autoreactive Ab levels (44). Despite a low frequency of B cells in the brain 

and spinal cord, we detected relatively high levels of total and MOG-specific IgG in the 

CNS compartments after rhMOG immunization (Fig. 4D). In EAE models such as ours, 

which are induced by recombinant myelin proteins, Ag-specific Abs are essential for EAE 

pathogenesis (5, 45, 46). MEDI551 treatment led to a significant reduction of MOG-specific 

IgGs in the spinal cord and, to a lesser degree, in the brain (Fig. 4D). In fact, a small fraction 

of mice that had high frequencies of ASCs after MEDI551 treatment did not recover as did 

their counterparts whose ASCs were almost completely depleted (data not shown). Thus, our 

data support the notion that one of the primary mechanisms by which MEDI551 treatment 

suppresses EAE is by depleting humoral immune components involved in EAE pathogenesis 

in the bone marrow and spinal cord.

In summary, our studies demonstrate that MEDI551, a CD19-directed B cell depletion 

therapy, effectively disrupts EAE pathogenesis in a B cell–dependent EAE model. The 

protective effect of MEDI551 treatment in EAE is likely mediated by inhibiting pathogenic 

properties while sparing regulatory mechanisms of B cells including: 1) depletion of plasma 

cells in the bone marrow; 2) reduction of autoantibodies in the spinal cord; 3) inhibition of 

Ag-specific Th17 responses; 4) preservation of Bregs; and 5) promotion of Ag-specific Treg 

responses. Together, these findings support further development of MEDI551 in MS 

treatment as a means to extend the efficacy of B cell–depleting biologics to plasma cell 

depletion and reduction of autoantibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ADCC antibody-dependent cellular cytotoxicity

Breg cells regulatory B cells

EAE experimental autoimmune encephalomyelitis

hCD19Tg human CD19 transgenic

LN lymph node

MOG myelin oligodendrocyte glycoprotein

MS Multiple Sclerosis

rhMOG recombinant human myelin oligodendrocyte glycoprotein

Treg cells regulatory T cells

WT wild-type
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FIGURE 1. 
Robust MOG-specific B and T cell reactivity in the periphery and leukocyte infiltration into 

the CNS at day 7 after EAE induction. (A) WT and hCD19Tg mice were immunized with 

rhMOG on day 0 and scored daily thereafter for EAE onset and severity. Filled circles 

indicate the WT group (n = 16); open circles represent the hCD19Tg mice group (n = 25). 

Three independent experiments were done and data from two experiments are shown. (B–D) 

Cells and serum were collected from hCD19Tg mice at different time points (day 3, day 7, 

and disease onset at days 10–11) after disease induction. Data from four mice per group are 

shown and are representative of two independent experiments. (B) Serum MOG-specific 

IgG levels in naive and immunized mice were determined by ELISA. (C) Cells from LNs of 

naive or immunized mice were stimulated in vitro with 30 mg/ml rhMOG (left panel) or 

OVA, an unrelated protein (right panel), for 4 d. Proliferation of each cell subset as 

indicated was determined by CFSE dilution. For OVA stimulation, only the data from EAE 

day 7 mice were shown. (D) Mononuclear cells isolated from spinal cords were analyzed 

using our in-house developed 10-color survey panel. The numbers of infiltrated neutrophils 

(CD11b+Gr1+) and lymphocytes (CD45 hi CD11b2) were presented. *p, 0.05, **p, 0.01, 

***p, 0.001, ****p, 0.0001.
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FIGURE 2. 
MEDI551 day 7 treatment suppresses EAE progression. hCD19Tg mice received a single 

dose of 250 mg MEDI551 or control Ab i.p. at day 7 after EAE induction. Filled circles 

indicate the control Ab-treated group (n = 17); open circles represent the MEDI551-treated 

group (n = 15). Black arrows indicate the day of Ab treatment. Three independent 

experiments were done and data from two experiments are shown. *p, 0.1, **p, 0.01, ****p, 

0.0001.
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FIGURE 3. 
MEDI551 day 7 treatment suppresses immune cell infiltration and decreases cytokine-

producing encephalitogenic T cell frequency in the spinal cord. At peak of the disease (days 

14–16), brain and spinal cord mononuclear cells or bulk draining LNs from mice treated 

with MEDI551 or control Ab on day 7 were isolated for FACS analysis to identify leukocyte 

subsets or cytokine-producing T cells. (A–D) CNS cells were analyzed using our 10-color 

survey panel. The frequency of each major leukocyte subset (A and B) and lymphocyte 

subset (C and D) was presented for spinal cord (A and C) and brain (B and D). (E–G) CNS 

or LN cells were stimulated with PMA/ionomycin mixture before intracellular staining of 

cytokines followed by flow cytometry analysis. Data shown are the absolute cell count of 

each cytokine-producing T subset. Error bars indicate SEM. Data from eight mice per group 

are shown. Data are representative of three independent experiments. *p, 0.05, **p, 0.01, 

***p, 0.001.
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FIGURE 4. 
MEDI551 day 7 treatment depletes plasma cells and decreases total IgG and MOG-specific 

IgG levels in various tissues. hCD19Tg mice were immunized with rhMOG on day 0 and 

treated with 250 mg MEDI551 or control Ab on day 7. Tissues were harvested at peak of the 

disease and subjected to different assays. (A) FACS analysis was performed on isolated 

cells. Frequency and cell numbers of CD138+ plasma cells in the spleen and the bone 

marrow from MEDI551 day 7–treated and control Ab-treated mice were shown. After live 

and singlet gating, cells were gated on IgD and CD3e to identify IgD2CD3e2 populations. 

IgD2CD3e2 cells were then gated on B220 to exclude B220+ cells because some pre-B cells 

in the bone marrow are B220+CD138+. From the B2202 population, CD138+ plasma cells 

were identified as CD138hi CD19low. (B) Cells from the spleen and the bone marrow were 

collected, and the numbers of total IgG/IgM and MOG-specific IgG/M ASCs were 

determined by ELISPOT. Horizontal bar represents mean number of indicated ASCs per 

tissue. Serum (C), brain, and spinal cord supernatants (D) were harvested at peak of the 

disease (days 14–16), and total IgG and MOG-specific IgG levels were determined by 

ELISA. Ab titers were quantified as relative OD450 for total IgG or MOG-specific IgGs. 

Significant differences between the means of the two groups are indicated. Data from four to 

six mice per group were shown and are representative of two independent experiments. (E) 

MEDI551 reduces existing serum Ig levels in hCD19Tg mice. Naive hCD19Tg mice were 

i.p. injected with a single dose of 250 mg MEDI551 on day 0. Blood were collected every 2 

d, and ELISAs detecting total IgM and total IgG were performed. Data from five mice per 

group were shown. *p, 0.05, **p, 0.01.
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FIGURE 5. 
CD1dhigh CD5+ Bregs are resistant to MEDI551 depletion. LN cells were isolated at peak of 

the disease (days 14–16) from MEDI551 or control Ab (250 mg)-treated mice and assessed 

by immunofluorescence staining followed by flow cytometry analysis. (A) Representative 

plot of FACS analysis of the CD1dhigh CD5+ Bregs in the LN. Numbers represent the 

relative frequencies of CD1dhigh CD5+ Bregs within mouse CD19+ gates. (B) Bar graphs 

indicate mean (6 SEM) percentages of CD1dhigh CD5+ cells in mouse CD19+ gates as 

shown in (A). (C) Bar graphs indicate mean (6 SEM) absolute cell number of CD1dhigh 

CD5+ cells in mouse CD19+ gates as shown in (A) and (B). (D) Ratio of cell numbers of 

Bregs and non-Breg B cells (other CD19+ B cells) in the LNs were bar-graphed in the 

MEDI551-treated compared with control Ab-treated mice. Data from five to six mice per 

group are shown and are representative of two independent experiments. **p, 0.01.
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FIGURE 6. 
MEDI551 day 7 treatment inhibits the induction of MOG-specific Th17 and Th1 cells but 

promotes expansion of MOG-specific Foxp3+ Tregs. Bulk draining LN cells harvested at 

peak of the disease (days 14–16) were CFSE labeled and stimulated with 30 mg/ml rhMOG 

in culture. Ninety-six hours later, MOG-specific T cells were analyzed by intracellular 

staining and flow cytometry analysis, and supernatants were harvested for cytokine 

measurements. (A) Representative histograms and (B) bar graphs show the proliferation of 

rhMOG-responsive CD4 and CD8 T cells determined by CFSE dilution. (C and D) 

Quantification of IFN-g and IL-17A secretion in the culture supernatants by Bioplex. (E) 

CD4+CFSElow populations were further gated based on the expression of Foxp3, IFN-g, and 

IL-17A. (F) Bar graphs show the summarized data of frequencies of MOG-specific Th1 

(IFN-g+) cells, Th17 (IL-17A+) cells, and Tregs (Foxp3+) in the CD4+CFSElow populations. 

Error bars indicate SEM. Data from six mice per group are shown and are representative of 

three independent experiments. *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001.
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