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N-Glycan Branching Decouples
B Cell Innate and Adaptive Immunity
to Control Inflammatory Demyelination

Christie-Lynn Mortales,2 Sung-Uk Lee,1 Armen Manousadjian,1 Ken L. Hayama,2 and Michael Demetriou1,2,3,*

SUMMARY

B cell depletion potently reduces episodes of inflammatory demyelination in mul-
tiple sclerosis (MS), predominantly through loss of innate rather than adaptive im-
munity. However, molecular mechanisms controlling innate versus adaptive B cell
function are poorly understood. N-glycan branching, via interactions with galec-
tins, controls endocytosis and signaling of cell surface receptors to control cell
function. Here we report that N-glycan branching in B cells dose dependently re-
duces pro-inflammatory innate responses by titrating decreases in Toll-like recep-
tor-4 (TLR4) and TLR2 surface expression via endocytosis. In contrast, a minimal
level of N-glycan branching maximizes surface retention of the B cell receptor
(BCR) and the CD19 co-receptor to promote adaptive immunity. Branched N-gly-
cans inhibit antigen presentation by B cells to reduce T helper cell-17 (TH17)/TH1
differentiation and inflammatory demyelination in mice. Thus, N-glycan branch-
ing negatively regulates B cell innate functionwhile promoting/maintaining adap-
tive immunity via BCR, providing an attractive therapeutic target for MS.

INTRODUCTION

Multiple sclerosis (MS) is the most common autoimmune disease of the central nervous system, causing

inflammatory demyelination and neurodegeneration (Noseworthy et al., 2000). Long-standing data from

animal models of MS, particularly experimental autoimmune encephalomyelitis (EAE), implicate CD4+

T cells and their differentiation into pro-inflammatory TH1 and TH17 cells as critical to inflammatory demy-

elination (Ben-Nun et al., 2014; Hohlfeld and Steinman, 2017). Prominent TH1 and TH17 responses are also

observed in patients with MS (Kaskow and Baecher-Allan, 2018; Steinman, 2014). Genetic analysis in MS has

largely been consistent with this data, highlighting the relevance of the immune system, particularly T cells,

in promoting the development of MS (Gregory et al., 2007; Hafler et al., 2007; Hussman et al., 2016; Lund-

mark et al., 2007; Sawcer et al., 2011). This is best exemplified by the strongest genetic risk factor for MS

being variants of the molecules that present antigen to T cells, namely, the human leukocyte antigen com-

plex (Canto and Oksenberg, 2018; Hafler et al., 2007).

We have previously shown that branched N-glycans produced by the sequential action of the N-acetylglu-

cosaminyl transferase enzymes Mgat1, 2, 4, and 5 play a critical role in directly limiting pro-inflammatory

T cell responses and autoimmunity (Araujo et al., 2017; Chen et al., 2007; Demetriou et al., 2001; Dennis

et al., 2009; Grigorian and Demetriou, 2011; Grigorian et al., 2009; Lau et al., 2007; Mkhikian et al., 2011;

Morgan et al., 2004; Zhou et al., 2014). Galectins bind the T cell receptor (TCR) and other glycoproteins

at the cell surface in proportion to the branching, extension, and number of complex N-glycans, forming

a molecular lattice that controls clustering, signaling, and endocytosis of surface receptors and trans-

porters in a coordinated fashion. Molecularly, the galectin lattice regulates the segregation of surface gly-

coproteins to different membrane microdomains by acting as a brake on movement directed by intracel-

lular actin microfilaments. For example, the galectin lattice excludes the TCR from GM3+ lipid rafts, while

having the opposite effect on the phosphatase CD45, both by opposing the activity of actin microfilaments

tethered to cytoplasmic domains of the respective proteins (Chen et al., 2007). Functionally, N-glycan

branching negatively regulates TCR clustering/signaling (Chen et al., 2007; Demetriou et al., 2001; Grigor-

ian et al., 2009; Zhou et al., 2014), promotes surface retention of anti-autoimmune cytotoxic T-lymphocyte

antigen 4 (Lau et al., 2007), directly inhibits TH1 and TH17 while promoting anti-autoimmune-induced T reg-

ulatory cell differentiation (Araujo et al., 2017; Morgan et al., 2004), suppresses inflammatory demyelinating
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disease in mice (Demetriou et al., 2001; Grigorian et al., 2007, 2011; Lee et al., 2007), and is associated with

risk of MS and other autoimmune diseases (Brynedal et al., 2010; Grigorian et al., 2012; Li et al., 2013; Mkhi-

kian et al., 2011; Yu et al., 2012, 2014). The extent of N-glycan branching is regulated by multiple signals,

including alterations in gene expression (e.g.,Mgat1,Mgat5) induced by signals frommultiple different cell

surface receptors as well as supply of metabolic precursors for the Golgi branching enzymes (Araujo et al.,

2017; Chen et al., 2009; Lau et al., 2007; Mkhikian et al., 2011).

Recently, the dominant role of T cells in MS has been challenged by the potent therapeutic activity of B cell-

depleting therapies in MS (Sabatino et al., 2018), with the anti-CD20 monoclonal antibody ocrelizumab

shown to be superior to high-dose interferon-b-1a (Rebif) at reducing relapse rates as well as displaying

positive activity in progressive MS (Hauser et al., 2017a, 2017b). B cells are unique within the immune sys-

tem, having both innate and adaptive immune activities, with the former exemplified by activation via

pattern recognition receptors like Toll-like receptors (TLRs) and the ability to directly present antigen to

CD4+ T cells. The therapeutic benefit of B cell depletion in MS appears to largely arise from altered innate

activity and reduced antigen presentation to CD4+ T cells, rather than reduced B cell adaptive immune re-

sponses and autoantibody production (Hauser, 2015). For example, anti-CD20 therapy reduces pro-inflam-

matory TH1 and TH17 responses as well as B and T cell numbers but not IgG concentration, IgG index, IgG

synthesis rate or oligoclonal band number in the cerebrospinal fluid of patients with MS who have been

treated (Bar-Or et al., 2010; Cross et al., 2006). Data in EAE also support this conclusion, with B cells pro-

moting TH1 and/or TH17 responses as well as inflammatory demyelination via their antigen-presenting cell

(APC) function rather than through antibody production (Molnarfi et al., 2013; Monson et al., 2011; Pierson

et al., 2014; Weber et al., 2010). B cells may also play an important role in MS via TLR4 and/or TLR2

signaling-mediated alterations in anti-inflammatory interleukin (IL)-10 production (Correale and Farez,

2009; Iwata et al., 2011; Okada et al., 2018), a cytokine utilized by B regulatory cells to inhibit autoimmunity

(Fillatreau et al., 2002).

The regulatory mechanisms in B cells that drive innate activity and inflammatory demyelination in MS are

poorly understood. TLR2 and TLR4 play critical roles in initiating innate inflammatory responses, and as

the only TLR family members expressed at the cell surface of B cells (Kawai and Akira, 2010; Leifer andMed-

vedev, 2016), they may be regulated by N-glycan branching. Cell surface TLR4 and TLR2, which heterodi-

merizes with TLR1 or TLR6, are pro-inflammatory via MyD88/IRAK/TRAF6/AP-1/NF-kB, whereas signaling

from endosomes is anti-inflammatory via TRIF/IRF3 (Siegemund and Sauer, 2012; Stack et al., 2014; Yama-

moto et al., 2003). Thus, regulating TLR2/4 endocytosis is critical to pro- versus anti-inflammatory innate

responses in B cells. CD14 controls lipopolysaccharide (LPS)-induced TLR4 endocytosis and associated

anti-inflammatory signaling in myeloid cells (Zanoni et al., 2011); however, B cells do not express CD14.

The role of N-glycan branching in B cells is unknown. Here we report that N-glycan branching has a unique

dual activity in B cells, suppressing innate activity by dose-dependently promoting TLR2 and TLR4 endo-

cytosis while simultaneously fostering adaptive immunity by being required for optimal surface retention

of B cell receptor (BCR) and its co-receptor CD19.N-glycan branching reduces B cell-triggered pro-inflam-

matory TH1/TH17 differentiation of T cells and inflammatory demyelination in mice.

RESULTS

N-Glycan Branching Inhibits Pro-inflammatory TLR4 and TLR2 Signaling in B Cells

As N-glycan branching regulates the endocytosis of multiple glycoproteins, we hypothesized that branch-

ing may regulate TLR4 and TLR2 endocytosis in B cells to control pro- versus anti-inflammatory innate re-

sponses. To directly assess this hypothesis, we generated mice with B cell-specific deletion of Mgat1 or

Mgat2 (i.e., Mgat1f/fCD19cre+/- and Mgat2f/fCD19cre+/-). Mgat1 deficiency is expected to produce a

more severe phenotype than Mgat2 deficiency, as the former eliminates, whereas the latter only reduces

branching (Figure S1A) (Mkhikian et al., 2016; Zhou et al., 2014). Indeed, whereas CD19-driven cre-deletion

ofMgat2 had no impact on B cell development, deletion ofMgat1 completely blocked B cell development

(Mortales et al., 2020). Therefore, to examine Mgat1 deficiency in mature peripheral B cells, we utilized

Mgat1f/f/tetO-cre/ROSA-rtTA mice (Zhou et al., 2014), where doxycycline consistently inducesMgat1 defi-

ciency in �35%–40% of mature ex vivo splenic B cells. Mgat1- and Mgat2-deleted B cells (97%–99% pure)

were isolated from doxycycline-treatedMgat1f/f/tetO-cre/ROSA-rtTA orMgat2f/fCD19cre+/- mice, respec-

tively, by negative selection with Phaseolus vulgaris leukoagglutinin (L-PHA)+ cell depletion (Figure S1B).

L-PHA binds b1,6-branched N-glycans, structures that are eliminated by Mgat1 or Mgat2 deficiency
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Figure 1. N-Glycan Branching Inhibits Pro-inflammatory TLR4 and TLR2 Activation in B Cells

(A, B, F, and G) TLR4- and TLR2-stimulated B cells were assessed by flow cytometry for proliferation by CFSE dilution after 2 days (A), CD69 expression after

1 day (B), surface expression of CD80/CD86 after 1–3 days (F), and MHCII after 3 days (G). Histograms in (A and B) represent highest agonist dose.

(C and D) Western blot analysis of phospho-NFkB (p65) (C) and total TRAF3 protein and phospho-TBK1 (D) in B cells stimulated for 2 days.

(E) TNFa and IL-10 secretion measure by ELISA from culture supernatants of stimulated B cells over 1–3 days.
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(Demetriou et al., 2001). For ease of nomenclature, we refer to these purified cells as Mgat1�/� and

Mgat2�/� B cells in the following discussion. To address any potential complications from doxycycline

treatment, we also phenocopied Mgat1 deletion by treating wild-type B cells with the mannosidase 1 in-

hibitor kifunensine (KIF). As the Mgat1 enzyme requires mannosidase 1 to remove mannose and initiate

GlcNAc branching (Figure S1A), KIF blocks Mgat1 enzyme activity to prevent N-glycan branching.

Mgat1�/� andMgat2�/� B cells hypo-proliferated in response to both LPS (TLR4 agonist) and the bacterial

lipopeptides Pam2CSK4 (TLR2:6 heterodimer agonist) and Pam3CSK4 (TLR2:1 heterodimer agonist), as

measured by Carboxyfluorescein succinimidyl ester (CFSE) dilution (Figure 1A). The magnitude of hypo-

proliferation was less in Mgat2�/� than Mgat1�/� B cells, consistent with a less-severe loss of branching

in the former. Remarkably, despite hypo-proliferation, up-regulation of the activation marker CD69

induced by TLR4 and TLR2 agonists was enhanced by bothMgat1 andMgat2 deficiency (Figure 1B). Block-

ing N-glycan branching in wild-type B cells with KIF similarly enhanced CD69 induction by TLR4 and TLR2

agonists (Figure S1C). Consistent with this, pro-inflammatory NF-kB activation by cell surface TLR4 and

TLR2 signaling was enhanced by Mgat1 and Mgat2 deficiency (Figure 1C). TLR4 also signals through

SYK to activate ERK and AKT (Schweighoffer et al., 2017), and branching deficiency led to enhanced

LPS-induced SYK, ERK, and AKT phosphorylation (Figures S1D and S1E). In contrast, anti-inflammatory en-

dosomal TLR4 signaling via TBK1 and TRAF3 was unchanged by Mgat1 deficiency (Figure 1D). NF-kB acti-

vation drives secretion of pro-inflammatory tumor necrosis factor (TNF)-a over anti-inflammatory IL-10 (Fil-

latreau et al., 2002).Mgat1�/� B cells stimulated with TLR4 or TLR2 agonists displayed increased TNFa and

reduced IL-10 secretion compared with control B cells (Figure 1E). Consistent with this, Mgat1 and Mgat2

deletion also greatly reduces the number of endogenous IL-10-producing B10 regulatory B cells in vivo

(Figure S1F). B cells express the T cell co-stimulatory ligands CD80 and CD86, which promote pro-inflam-

matory TH1 and humoral/immunomodulatory TH2 responses, respectively, to influence inflammatory demy-

elination in EAE (Kuchroo et al., 1995; Zhang and Vignali, 2016). CD80 exists as a dimer, whereas CD86 is a

monomer (Bhatia et al., 2006), allowing CD80 to bind CD28 with much greater affinity and thereby drive

demyelinating disease (Kuchroo et al., 1995; Zhang and Vignali, 2016). LPS-stimulated Mgat1�/� and

Mgat2�/� B cells displayed increased induction of CD80 and less CD86 on their cell surface compared

with controls (Figure 1F). Induction of MHCII was also elevated in Mgat1�/� and Mgat2�/� B cells (Fig-

ure 1G). In contrast, CD80, CD86, and MHCII surface levels on resting B cells were unaltered by Mgat1

orMgat2 deficiency (Figures S1G and S1H). Together, these data demonstrate thatN-glycan branching in-

hibits TLR4 and TLR2 pro-inflammatory cell surface signaling in B cells.

N-Glycan Branching Suppresses TLR4 and TLR2 Signaling by Enhancing Loss to Endocytosis

Next, we investigated the mechanism for enhanced TLR4 and TLR2 cell surface signaling. In resting B cells,

cell surface expression of TLR4 is minimal (Figure S2A). Resting Mgat1�/� B cells displayed no significant

difference in TLR4 or TLR2 surface expression, endocytosis rate, or mRNA levels (Figures S2A–S2C). Bind-

ing of LPS to cell surface TLR4 was also unaltered byMgat1 deficiency, indicating that loss of branching did

not impact the interaction of LPS with TLR4 (Figure S2D). However, 2–3 days after TLR4 or TLR2 stimulation,

N-glycan branching-deficient B cells had greater TLR4 and TLR2 surface expression than control cells, with

Mgat1 >Mgat2 deficiency (Figure 2A). This coincided with a TLR4- or TLR2-induced physiological increase

in N-glycan branching in activated wild-type B cells (Figure 2B). Comparing cell surface versus total TLR4

and TLR2 by flow cytometry indicated that loss of branching did not alter total TLR protein levels but spe-

cifically enhanced cell surface TLR4 and TLR2 expression (Figure 2C). Western blotting confirmed that total

TLR4 protein was not altered (Figure S2E). Consistent with increased surface levels, the rate of TLR4 and

TLR2 endocytosis in activated B cells was significantly reduced by Mgat1 > Mgat2 deficiency (Figure 2D)

as well as blocking branching in wild-type B cells with KIF (Figure S2F). Like mouse B cells, resting human

B cells express little TLR4 at the cell surface; however, inflammatory conditions and activation via BCR,

CD40, and TLR9 (CpG) induced TLR4 in human B cells (Ganley-Leal et al., 2010; Jagannathan et al.,

2009; Mita et al., 2002; Noronha et al., 2008). Consistent with these data and our mouse data, blocking

branching in human B cells with KIF enhanced TLR4 surface expression induced by co-stimulation with

CpG +CD40L or CpG + anti-IgM/G/A (Figure S2G). Collectively, these data reveal thatN-glycan branching

Figure 1. Continued

Data shown are mean G SEM of cells stimulated in triplicate (A, B, E, and F) and representative of n R 3 experiments. Each symbol represents one mouse

from three different experiments; horizontal line represents the mean; repeated-measures ANOVA with false discovery rate correction (Benjamini, Krieger,

and Yekutieli) for multiple comparisons (G). NS, not significant; *p < 0.05. Divided (%), CFSE dilution by half or more. MFI, mean fluorescence intensity.
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is markedly up-regulated by TLR4 and TLR2 signaling and serves to inhibit pro-inflammatory TLR4 and TLR2

signaling in activated B cells by enhancing surface loss to endocytosis.

N-Glycan Branching Promotes BCR Signaling Independently of CD22 via Enhanced BCR and

CD19 Surface Retention

As N-glycan branching regulates both basal and ligand-induced TCR signaling, we explored whether

branching similarly regulates BCR signaling. Mgat1�/� B cells hypo-proliferated in response to anti-IgM

F(ab’)2 compared with control B cells (Figure 3A), a result opposite to that in T cells but similar to TLR4-

and TLR2-stimulated B cell proliferation. A potential mechanism for altered BCR signaling in Mgat1-defi-

cient B cells is via CD22, a negative regulator of BCR signaling. CD22 is a Siglec (sialic-acid-binding immu-

noglobulin-like lectin) that binds a2,6-linked sialic acid, a terminal sugar attached to galactose in a wide

variety of glycans includingN-glycans, O-glycans, and glycolipids. CD22-deficient B cells hyper-proliferate

A

B

C

D

Figure 2. N-Glycan Branching Reduces TLR4 and TLR2 Surface Levels by Promoting Endocytosis

(A–D) Flow cytometric analysis of B cells stimulated for 1–3 days and assessed for TLR4 and TLR2 surface expression (A), L-PHA binding (B), TLR4 and TLR2

surface-to-total ratio (C), and TLR4 and TLR2 endocytosis rates (D). Endocytosis rate over 1.5 h was calculated by dividing the MFI of acid-washed cells by the

MFI of fluorescence-activated cell sorting (FACS) buffer-washed cells divided by 1.5 h (D). Data shown are mean G SEM of cells stimulated in triplicate and

representative of n R 3 experiments. MFI, mean fluorescence intensity.
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in response to anti-IgM F(ab’)2 by preventing delivery of the phosphatase SHP-1 to BCR (Nitschke, 2005;

O’Keefe et al., 1996). Deficiency of ST6Gal-I, the enzyme that generates the CD22 ligand (a2,6-linked sialic

acid), promotes association of CD22 with BCR. This interaction promotes BCR endocytosis, inhibits BCR

signaling, and reduces B cell proliferation (Collins et al., 2006; Grewal et al., 2006; Han et al., 2005; Hennet

et al., 1998). As Mgat1 deficiency eliminates terminal sialic acids on N-glycans, but not other glycan types,

it is possible that loss of branching may inhibit BCR signaling by promoting association of CD22 with

BCR. To assess this hypothesis, we generated CD22�/�/Mgat1f/f/tetO-cre/ROSA-rtTA mice, where

Mgat1�/�CD22�/� B cells are purified following doxycycline treatment. As previously reported, CD22�/�

B cells were hyper-proliferative in response to anti-IgM F(ab’)2. However, eliminating CD22 on N-glycan

branching-deficient B cells failed to rescue proliferation (Figure 3A). This is in contrast to ST6Gal-I defi-

ciency, where CD22 loss reversed the negative effects of a2,6-linked sialic acid deficiency on BCR signaling

to rescue proliferation (Collins et al., 2006).

Next, we explored whether N-glycan branching directly alters BCR signaling via reductions in surface

expression of BCR and/or the CD19 co-receptor. CD19 facilitates the phosphorylation of immunoreceptor

tyrosine-based activation motifs on Iga/Igb at the BCR complex by recruiting the protein kinases Lyn and

Syk to initiate signaling cascades including PLCg/Ca2+-dependent proliferation (Dal Porto et al., 2004;

Monroe, 2006). Mgat1�/� B cells displayed reduced anti-IgM F(ab’)2 induced Ca2+ flux (Figure 3B) and

phosphorylation of CD19, Syk, and PLCg2 (Figure 3C). Cell surface levels of IgM were similarly reduced

in Mgat1�/�, CD22�/�, and Mgat1�/�CD22�/� B cells compared with control (Figure 3D), a phenotype

comparable to ST6Gal-I and/or CD22 deficiency (Collins et al., 2006). There was also a reduction in

CD22 surface levels in Mgat1�/� B cells (Figure S3A). However, Mgat1�/� and Mgat1�/�CD22�/� B cells

had markedly reduced surface levels of CD19, whereas CD22�/� B cells had no significant difference

compared with control (Figure 3E). Indeed, CD19 surface loss to endocytosis was enhanced by Mgat1

A

D E F

B C

Figure 3. N-Glycan Branching Promotes Activation Signaling via CD19 and the B Cell Receptor Independent of CD22

(A, B, and D–F) Flow cytometric analysis of anti-IgM F(ab’)2-induced proliferation by CFSE dilution after 2 days (A) and Ca2+ mobilization over 4 min (B), and

ex vivo B cells for IgM surface expression (D), CD19 surface expression (E), and CD19 endocytosis (F). Histograms in (A) represent highest stimulation

concentration, arrow in (B) indicates addition of 2.5 mg/mL anti-IgM F(ab’)2, and immunofluorescent images in (E) were acquired on an Amnis ImageStream

Imaging Flow Cytometer. Endocytosis rate over 1.5 h was calculated by dividing the MFI of acid-washed cells by the MFI of FACS buffer-washed cells divided

by 1.5 h (F).

(C) Western blot analysis of phospho-CD19, phospho-Syk, and phospho-PLCg in B cells stimulated with 10 mg/mL anti-IgM F(ab’)2. Data shown are mean G

SEMof cells stimulated in triplicate (A and F) and representative of nR 3 experiments. Each symbol represents onemouse, and horizontal line represents the

mean (D and E). Repeated-measures ANOVA with false discovery rate correction (Benjamini, Krieger, and Yekutieli) for multiple comparisons (D and E) and

unpaired two-tailed t test (F). NS, not significant; ****’p < 0.0001. MFI, mean fluorescence intensity.
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deficiency (Figure 3F) and KIF treatment (Figure S3B). There was no difference in CD19 mRNA levels (Fig-

ure S3C), whereas total CD19 protein was reduced inMgat1�/� B cells (Figure S3D), consistent with protein

loss via degradation of endocytosed protein. These results demonstrate that N-glycan branching pro-

motes BCR signaling and proliferation by enhancing BCR and CD19 surface expression independent of

regulation by CD22.

In contrast toMgat1 deficiency and KIF treatment, which completely block all branching, limitingN-glycans

to a single branch via Mgat2 deficiency in B cells did not alter anti-IgM F(ab’)2-induced proliferation, Ca2+

mobilization, or IgM and CD19 surface levels (Figures S3E–S3H). In T cells, the reduction in branching

induced byMgat2 deletion is partially compensated for by poly-N-acetyllactosamine (poly-LacNAc) exten-

sion of the remaining single GlcNAc branch, which leads to the same level of cell surface galectin-3 binding

and TCR hyper-activity as Mgat5�/� T cells (Mkhikian et al., 2016). Mgat2�/� B cells similarly displayed up-

regulated poly-LacNAc expression, as measured by flow cytometry with Lycopersicon esculentum lectin

(LEA) (Figure S3I) (Mkhikian et al., 2016). Together these results demonstrate that a minimal threshold level

of LacNAc (galectin ligand) within branched N-glycans is required to maintain CD19 at the cell surface and

drive robust adaptive immunity BCR responses.

N-Glycan Branching Deficiency in B Cells Promotes Pro-inflammatory APC Function

As Mgat2 deficiency impacted innate TLR2 and TLR4, but not adaptive BCR/CD19, responses, we utilized

this model to explore the impact of branching on APC function of B cells. LPS-induced up-regulation of

MHCII and CD80 in Mgat2�/� B cells should increase B cell-triggered T cell activation. To examine this,

LPS pre-stimulated and non-LPS pre-stimulated Mgat2�/� and control B cells from C57BL/6 mice were

co-cultured with wild-type allogeneic splenic CD4+ T cells from PL/J mice under neutral, TH1-, TH17-,

or TREG-inducing conditions. Mgat2 branching deficiency in LPS > non-LPS pre-stimulated B cells mark-

edly enhanced the differentiation of wild-type CD4+ T cells to TH1 and TH17 cells under their respective

conditions (Figure 4A, 4B, S4A, and S4B) while also inhibiting TREG differentiation under TREG-inducing

conditions (Figure 4C and S4C). Under neutral conditions, addition of LPS also directly enhanced TH1 dif-

ferentiation by Mgat2�/� B cells (Figure S4D). To confirm these results in an antigen-specific in vitro

model, we utilized congenic 2D2 TCRMOG transgenic mice that harbor CD4+ T cells specific for the hu-

man MOG35-55 peptide (hMOG35-55). Relative to control B cells, Mgat2�/� B cells significantly increased

the differentiation of 2D2 CD4+ T cells to TH1 and TH17 cells in response to hMOG35-55 (Figures 4D, 4E,

S4E, and S4F), but had little effect on TREG differentiation (Figure 4F and S4G). LPS pre-treatment was

required for enhanced TH1 differentiation of 2D2 CD4+ T cells by Mgat2�/� B cells, but was less critical

to enhanced TH17 differentiation (Figures S4E and S4F). 2D2 CD4+ T cell differentiation in response to

hMOG35-55 was dose dependent (Figure S4H), whereas OVA323-339 peptide did not induce robust

CD4+ T cell responses under any conditions (Figure S4I). Thus, N-glycan branching deficiency directly en-

hances the ability of B cells to induce pro-autoimmune TH1 and TH17 responses via co-stimulatory APC

function.

N-Glycan Branching Deficiency in B Cells Promotes Inflammatory Demyelination

Next, we explored whether the enhanced innate activity induced by Mgat2 deficiency in B cells promotes

inflammatory demyelination in the MS model EAE. As C57BL/6 mice lacking B cells are resistant to EAE

induced with whole recombinant humanmyelin oligodendrocyte glycoprotein protein (rhMOG) but remain

sensitive to EAE induced by the MOG35-55 peptide and whole recombinant mouse MOG (Fillatreau et al.,

2002; Molnarfi et al., 2013), we utilized rhMOG to induce B cell-dependent EAE in Mgat2f/fCD19cre+/- and

control CD19cre+/- C57BL/6 mice. Mgat2 deficiency in B cells significantly enhanced the incidence and

severity of clinical EAE (Figures 5A–5C) as well as infiltration of the spinal cord by CD4+ T cells and

B220+ B cells (Figure 5D). To evaluate whether Mgat2 deletion enhanced B cell APC function to promote

induction of TH1 and TH17 cells in vivo, we examined splenocytes isolated from EAE mice. Consistent with

our in vitro co-culture data,Mgat2 deficiency in B cells of EAE mice enhanced rhMOG induction of TH1 and

TH17 cells, but not TREG cells, in vivo (Figure 5E).

DISCUSSION

B cells play an important role in MS pathogenesis (Hauser et al., 2017a, 2017b). Here we identify N-glycan

branching as a regulatory mechanism in B cells that decouples innate pro-inflammatory cell surface TLR

function from adaptive activity via BCR/CD19, the former negatively regulating B cell APC-induced
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pro-inflammatory TH1/TH17 T cell responses and demyelinating disease (Figure 6). N-glycan branching is

markedly increased by TLR4 and TLR2 signaling, which titrates reductions in surface expression of TLR4

and TLR2 via endocytosis over a broad continuum. In contrast, a single GlcNAc branch maximizes BCR

and CD19 retention at the cell surface to drive adaptive immune responses, with higher levels of branching

having no additional impact. The APC function of B cells is inhibited byN-glycan branching in part via sup-

pression of TLR4 and TLR2 signaling-induced up-regulation of MHCII, CD80, and pro-inflammatory cyto-

kines. Co-suppression of MHCII and CD80 by N-glycan branching reduces both primary TCR signaling

as well as co-stimulatory signals via CD28, thereby inhibiting B cell triggered pro-inflammatory TH1/TH17

responses and inflammatory demyelination.

A D

B E

C F

Figure 4. N-Glycan Branching Deficiency in B Cells Promotes Pro-inflammatory APC Function

(A–F) LPS-stimulated B cells were co-cultured with allogeneic CD4+ T cells (A–C) or congenic 2D2 TCR transgenic CD4+ T cells +2.5 mg/mL hMOG35-55 (D–F)

under TH1/TH17/TREG-inducing conditions. CD4+ T cells were assessed by flow cytometry for intracellular staining of IFNg after 3 days (A and D) and IL-17A (B

and E) and FOXP3 (C and F) after 4 days. Data shown are meanG SEM of cells stimulated in triplicate and representative of n = 3 experiments. Unpaired one-

tailed t tests. NS, not significant; *p < 0.05; **p < 0.01.
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B cell depletion with anti-CD20 antibodies inhibits relapses and progression in MS, a blunt tool that non-

specifically reduces both innate and adaptive immunity. In contrast, enhancing N-glycan branching in B

cells may provide a safer therapeutic strategy by suppressing APC function and innate immunity while

maintaining adaptive immunity via BCR/CD19. In this regard, we have previously demonstrated that

metabolically supplementing T cells with the simple sugar N-acetylglucosamine (GlcNAc) increases

N-glycan branching via enhanced substrate supply to the Golgi (Mgat) branching enzymes (Araujo et

al., 2017; Grigorian et al., 2007; Lau et al., 2007; Lee et al., 2019; Mkhikian et al., 2011). GlcNAc is orally

active, and when fed to mice, it suppresses pro-inflammatory T cell responses in vivo and inhibits/treats

EAE and autoimmune diabetes (Grigorian et al., 2007, 2011). Based on this activity, we are currently con-

ducting a dose-finding Phase 1 clinical trial of GlcNAc in MS. Our data on B cells raise the possibility that

in addition to direct effects on T cells, oral GlcNAc may also function to suppress inflammatory demye-

lination by raising branching in B cells in vivo. Further investigations are warranted to characterize

branching/poly-LacNAc expression of B cells in patients with MS, and determine the effects of GlcNAc

on B cell activity.

In myeloid cells, CD14 controls TLR4 endocytosis to regulate pro-inflammatory (cell surface) versus anti-in-

flammatory (endosomal) signaling (Zanoni et al., 2011). As B cells lack CD14, how TLR4 cell surface versus

endosomal signaling is regulated in B cells was poorly understood. Our data identifyN-glycan branching in

activated B cells as a critical determinant of pro- versus anti-inflammatory TLR4 signaling. Conditions that

drive low branching would be expected to trigger TLR4 surface expression and innate pro-inflammatory B

cell activity. This has implications for a wide diversity of inflammatory conditions where B cell innate activity

is critical. Whether branching also regulates TLR4/2 surface expression in other APCs requires further

investigation.

In contrast to promoting TLR4/2 endocytosis, N-glycan branching inhibits CD19 endocytosis to support

BCR signaling and downstream adaptive immunity. N-glycan branching–galectin interactions regulate

the segregation of transmembrane glycoproteins to different membrane microdomains, such as endocytic

A B C

D E

Figure 5. N-Glycan Branching Deficiency in B Cells Promotes Inflammatory Demyelination

(A–C) EAE was induced in 8- to 12-week-old congenic C57BL/6 mice with day 0 indicating the time of immunization and

clinical score (A), disease incidence (B), and highest clinical score (C) monitored over 35 days (n = 12 (F7,M5) CD19cre+/-,

n = 11 (F6,M5) Mgat2f/fCD19cre+/-).

(D and E) On day 35, mice induced with EAE were used for flow cytometric analysis of infiltrating CD4+ T cell and B220+

B cell in spinal cords (D) and in vivo cytokine production of splenic CD4+ T cells (E). Each symbol represents one mouse;

horizontal line represents the mean.

Two-way ANOVA (A and B) and unpaired one-tailed t tests (C–E). NS, not significant; *p < 0.05; **p < 0.01.
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pits, by opposing the movement driven by intra-cellular actin-microfilament networks (Chen et al., 2007).

This molecular mechanism likely explains how N-glycan branching simultaneously enhances TLR4/TLR2,

but inhibits CD19 endocytosis. If actin tethering to cytoplasmic domains drives a glycoprotein to endocytic

pits, N-glycan branching (galectin lattice) opposes this to inhibit endocytosis. However, if actin has the

opposite effect on a glycoprotein and drives it away from endocytic pits, then N-glycan branching would

oppose this and promote endocytosis. In unpublished data using a cell surface whole proteome mass-

spectrometric analysis of T cells, we observed that of 208 transmembrane proteins identified, 71 were

reduced at the cell surface without N-glycan branching, whereas 27 were increased. These results were

confirmed by flow cytometry, with 11 of 13 replicated (6 down, 5 up). Thus, the opposing effects ofN-glycan

branching on TLR and CD19 are not unique; however, additional experiments are required to further delin-

eate molecular details.

Although N-glycan branching deficiency in B cells augments TLR2/TLR4 surface expression and pro-inflam-

matory signaling, LPS-induced proliferation was reduced. CD19 plays an important role in LPS-induced pro-

liferation, with CD19 knockout inhibiting and CD19 over-expression enhancing LPS-induced B cell prolifer-

ation (Engel et al., 1995). Consistent with this, the marked reduction in CD19 induced byMgat1 deficiency is

associated with reduced LPS-triggered proliferation. In contrast,Mgat2 deficiency has little impact on CD19

surface levels and LPS-induced proliferation is only marginally impacted in Mgat2�/� B cells. Poly-LacNAc

extension of N-glycans is markedly increased in Mgat2�/� B cells, which serves to enhance galectin avidity

and thereby likely contributes to maintaining surface CD19 and signaling similar to control. Capping

branched N-glycans with a2,6-sialic acid also inhibits galectin binding (Zhuo and Bellis, 2011), and this

may be another important contributor to the regulation of TLR2/4 versus CD19 surface retention.

Human naive, germinal center (GC), and memory B cells express bi-, tri-, and tetra-antennary complex

N-glycans containing poly-LacNAc, thereby promoting binding of galectin-9 to BCR and inhibiting BCR

signaling (Cao et al., 2018; Giovannone et al., 2018). Mgat2 deficiency induces loss of bi-, tri-, and tetra-

Figure 6. N-glycan Branching Decouples Endocytosis of Surface TLR and CD19/BCR to Suppress Innate and

Promote Adaptive Immunity

Branching in B cells promotes endocytic loss of surface TLR (TLR4 and TLR2) to suppress ligand-induced surface TLR

signaling and downstream APC activity in B cells via reductions in MHCII, CD80 over CD86 and pro-inflammatory TNFa,

which in turn inhibits B cell-dependent CD4+ TH1/TH17 differentiation and inflammatory demyelination. Concurrently,

branching promotes CD19/BCR surface-retention to drive Ca2+ flux and proliferation in response to BCR ligands, thereby

promoting adaptive B cell function. While intermediate reductions in branching enhance surface TLR signaling, CD19/

BCR surface expression/signaling is not impacted. Rather, complete absence of branched N-glycans is required to drive

CD19 endocytosis and inhibit BCR responses. Thus, the impact of branching on TLR/APC activity occurs over a large

continuum, whereas a minimal level of branching is sufficient to promote BCR responses. Figure created with

Biorender.com.
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antennary branched N-glycans, but concurrent up-regulation of poly-LacNAc expression serves to main-

tain galectin ligand availability (Mkhikian et al., 2016). Thus, Mgat2 deficiency should have little impact

on galectin-9-mediated suppression of BCR signaling, which is consistent with the lack of altered BCR

signaling observed in Mgat2�/� B cells. In contrast, Mgat1 deficiency eliminates both branching and

poly-LacNAc and is expected to prevent binding of galectin-9 and enhance BCR signaling. However, the

dramatic reduction in BCR and CD19 surface expression induced by Mgat1 (but not Mgat2) deficiency is

dominant, thereby reducing BCR signaling despite a potential decrease in galectin-9 binding to BCR.

Consistent with this, we recently observed that deletingMgat1 in pro/pre-bone-marrow B cells completely

blocks development of mature B cells by reducing CD19/BCR signaling (Mortales et al., 2020).

The effects of branching on TLR4 surface retention were greater than TLR2. This may be explained by dif-

ferences in the number of attached N-glycosylation sites, which also determines interaction with galectins

(Lau et al., 2007). TLR4 has 14 and TLR2 has 3. The TLR2 binding partners TLR1 and TLR6 have 9 and 10,

respectively. When respective agonists bind, these TLRs dimerize to form TLR4:4 with 28, TLR2:1 with 12,

and TLR2:6 with 13 combined N-glycosylation sites, respectively. Thus, TLR4:4 homodimers have more

than double the number of N-glycans, making the consequences for complete loss of N-glycan branching

more severe than that of TLR2:1 or TLR2:6 heterodimers.

Others have reported that loss of BCR inhibits LPS-induced Syk activation in short-term signaling assays

(i.e., 15 minutes) (Schweighoffer et al., 2017). In contrast, we observed that Mgat1 deficiency enhanced

Syk activation following 2 days of LPS stimulation despite the concurrent reduction in BCR and CD19 sur-

face levels. The reason for this difference requires further investigation, but our data suggest that the gain

of TLR4 surface levels in blasting B cells is dominant over negative regulation of Syk activation from reduced

BCR/CD19.

Limitations of the Study

There are several limitations of this study. First, although we confirmed that reducingN-glycan branching in

human B cells similarly up-regulated TLR4 surface expression, we did not examine the functional conse-

quences in human B cells. Second, we did not directly examine whether patients with MS have alterations

inN-glycan branching that result in altered innate B cell function. Such studies require highly characterized

cohorts of patients who are not on treatment, as the latter would impact our ability to assess immune func-

tion. Third, the precise mechanism by whichN-glycan branching promotes TLR2/4 endocytosis while inhib-

iting CD19 endocytosis is not well defined. Given our results in T cells on the mechanism by whichN-glycan

branching differentially regulates TCR versus CD45 segregation to membrane microdomains, it is likely

that different cytoplasmic microfilament tethers to TLR2/4 versus CD19 direct these proteins away from

or toward endocytic pits, respectively, with N-glycan branching/galectin lattice opposing this force. Addi-

tional experiments will be required to investigate this hypothesis.
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Supplement Figure 1, related to Figure 1
(A) Shown is the N-glycan biosynthesis pathway, where the N-acetylglucosaminyltransferase (Mgat) enzymes, GalT
and iGnT create N-acetyllactosamine (LacNac), the ligand for galectins. L-PHA and LEA binding sites are indicated.
KIF, kifunensine. (B) Representative histograms of B220 and L-PHA staining on ex vivo splenocytes and immuno-
magnetic purified B cells to demonstrate purity of (L-PHA-) B220+ B cells used for in vitro experiments. (C) TLR4
and TLR2 stimulated B cells were assessed by flow cytometry for CD69 expression after 1 day of stimulation under
the indicated conditions (KIF; kifunensine). (D,E) Western blot analysis of phospho-Syk, phospho-ERK1/2 and
phospho-Akt (Ser473) in B cells ex vivo (D) and stimulated for 2 days (E). (F) Flow cytometric analysis of ex vivo
splenocytes gated on B220+ B cells from the indicated mouse strains. (G,H) Flow cytometric analysis of ex vivo (L-
PHA-) B220+B cells for CD80/CD86 (E) and MHCII (F) surface expression. Data shown are representative of n = 3
experiments (D,E). Each symbol represents one mouse and horizontal line represents the mean (F,G,H). Unpaired two-
tailed t-test. ***p<0.001, ****p<0.0001. NS, not significant. MFI, mean fluorescence intensity.
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Figure S2

Supplement Figure 2, related to Figure 2
(A-D) Ex vivo unstimulated B cells were assessed for TLR4 and TLR2 surface levels by flow cytometry (MFIs shown
are with isotype MFIs subtracted) (A), TLR4 and TLR2 endocytosis rates by flow cytometry (B), TLR4 and TLR2
mRNA expression by real-time qPCR (C), and LPS-FITC binding by flow cytometry (D). (E) Western blot analysis of
total TLR4 levels in B cells stimulated with LPS for 2 days. (F) B cells ± KIF stimulated with LPS for 1-3 days and
assessed for TLR4 endocytosis rate by flow cytometry. Endocytosis rate over 1.5hrs was calculated by dividing the
MFI of acid-washed cells by the MFI of FACS buffer washed cells divided by 1.5hr (B,F). (G) Gated CD19+ B cells
from human PBMCs (n=4 individuals) cultured for 4 days ± KIF, assessed for L-PHA binding, and then stimulated for
3 days as indicated and assessed for TLR4 surface levels (MFIs shown are with isotype MFIs subtracted) by flow
cytometry. Data shown are mean ± s.e.m of cells stimulated in triplicate (B,D,F) and representative of n ≥ 3
experiments. Each symbol represents one mouse or blood donor, horizontal line represents the mean (A,C,G).
Unpaired two-tailed t-tests with Welch’s correction (A-C). Paired one-tailed t-test (G). NS, not significant. MFI, mean
fluorescence intensity.
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Supplement Figure 3, related to Figure 3.
(A-C,E-I) Flow cytometric analysis of ex vivo B cells for CD22 surface expression (A) and CD19 endocytosis rate ±
KIF (B); anti-IgM F(ab’)2 induced proliferation by CFSE dilution after 2 days (E) and Ca2+ mobilization over 4
minutes (F); and ex vivo surface expression of IgM (G), CD19 (H) and LEA binding (I). Histogram in (E) represents
highest anti-IgM dose. Endocytosis rate over 1.5hrs was calculated by dividing the MFI of acid-washed cells by the
MFI of FACS buffer washed cells divided by 1.5hr (B). (D) Western blot analysis of total CD19 ± Rapid PNGase F
treatment of lysates. PNGase was used to remove all N-glycans and equalize molecular weight of the protein. Data
shown are mean ± s.e.m of cells stimulated in triplicate (B,E) and representative of n ≥ 3 experiments. Each symbol
represents one mouse, horizontal line represents the mean (A,C,G-I). Unpaired two-tailed t-tests with Welch’s
correction. NS, not significant; **p<0.01; ***p<0.001. MFI, mean fluorescence intensity.
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Supplement Figure 4, related to Figure 4.
(A-I) B cells +/- LPS pre-stimulation were co-cultured with allogeneic CD4+ T cells (A-D) or congenic 2D2 TCR
transgenic CD4+ T cells + 2.5 ug/mL hMOG35-55 (E-G), or indicated amounts of hMOG35-55 (H) or OVA323-339
(I), under TH1/TH17/TREG inducing conditions. CD4+ T cells were assessed by flow cytometry for intracellular staining
of IFNg after 3 days (A,D, E, H, I), and IL-17A (B,F, H, I) and FOXP3 (C,G, H, I) after 4 days. Each symbol
represents one mouse from 3 different experiments, horizontal line represents the mean, Unpaired one-tailed Mann-
Whitney tests (A-C, E-G). Other data shown are mean ± s.e.m of cells stimulated in triplicate and representative of n
=2 experiments (H, I). NS, not significant; *p<0.05.



TRANSPARENT METHODS 

Mice 

Mgat1f/f (006891), Mgat2f/f (006892), CD19-cre (006785), tetO-cre (006234), ROSA26-rtTA 

(006965), 2D2 TCRMOG transgenic (006912), and PL/J (000680) mice were obtained from Jackson 

Laboratory. Inter-breeding generated all other mice maintained on the C57BL/6 background. Mice 

were selected randomly for experiments and approved by the Institutional Animal Care and Use 

Committee of the University of California, Irvine. For inducible deletion of Mgat1 in peripheral B 

cells, doxycycline was provided in 1% sucrose drinking water at 2 mg/mL to Mgat1f/f/tetO-

cre/ROSA26-rtTA mice for four weeks. For in vivo Mgat1 activity inhibition, intraperitoneal 

injections of kifunensine (KIF, GlycoSyn) at 250 µg/mL were done for 4 consecutive days. 

B Cell Purification, Culture, and Stimulation 

For all in vitro experiments, splenic B cells were immuno-magnetically purified using the 

EasySepTM Mouse B Cell Isolation Kit (STEMCELL Technologies) according to manufacturer’s 

instructions with resulting purity >95%; 20 µg/mL biotinylated L-PHA (Vector Labs) was 

supplemented to deplete L-PHA+ (non- Mgat1 or Mgat2 deleted) B cells. Cells were cultured in 

“complete” media: RPMI-1640 (Thermo Fisher Scientific) supplemented with 10% heat 

inactivated fetal bovine serum (VWR), 2 µM L-glutamine and 100 U/mL penicillin/streptomycin 

(Gibco), and 50 µM b-mercaptoethanol (Gibco). Stimulation conditions with TLR agonists 

(Invivogen) were 5 µg/mL LPS for TLR4, 500 ng/mL Pam2CSK4 for TLR2:6, and 500 ng/mL 

Pam3CSK4 for TLR2:1 unless indicated otherwise. B cells activated through BCR were stimulated 

with 10 µg/mL functional grade goat anti-mouse IgM F(ab’)2 (eBioscience/Thermo Fisher 

Scientific) unless indicated otherwise. B cells from KIF injected mice were cultured in the presence 

of 5 µM KIF added once at day 0. Cytokine secretion in cell culture supernatants were analyzed 

by enzyme-linked immunosorbent assay (ELISA) with ELISA MAXTM Deluxe Sets (BioLegend) 

according to the manufacturer’s instructions. 

Human PBMC Culture and Stimulation 

Procedures with human subjects were approved by the Institutional Review Board of the 

University of California, Irvine. Human PBMCs were cultured in complete media as described 

above, with or without 10 µM KIF for 4 days prior to stimulation. PBMCs were then stimulated 

with 1 µg/mL recombinant human CD40 ligand (CD40L, Enzo Life Sciences) and/or 5 µg/mL 

LPS, again with or without 10 µM KIF. 



Flow Cytometry and Proliferation  

Fluorophore conjugated mouse specific antibodies from eBioscience/Thermo Fisher Scientific 

were B220 (RA3-6B2), CD19 (eBio1D3), CD69 (H1.2F3), CD80 (16-10A1), CD86 (GL1), 

MHCII (M5/114.15.2, TLR2 (6C2), TLR4 (UT41), IgM (II/41), CD4 (RM4-5), IFNg (XMG1.2), 

IL-17A (eBio17B7), and FOXP3 (FJK-16s). Fluorophore conjugated antibodies from BioLegend 

were mouse specific CD22 (OX-97), and human specific CD19 (HIB19), and TLR4 (HTA125). 

For flow cytometric analysis of glycan expression, cells were stained with 2 µg/mL L-PHA-FITC 

or LEA-FITC (Vector Labs). To assess proliferation, cells were stained with 5 µM 5,6-

carboxyfluorescein diacetate succinimidyl ester (CellTraceTM CFSE dye; Invitrogen/Thermo 

Fisher Scientific) and stimulated for 2 days. Samples were stained in FACS buffer (PBS with 1% 

BSA and 0.1% Na-azide) and acquired on the Attune NxT flow cytometer (Invitrogen/Thermo 

Fisher Scientific). Data analysis was performed using FlowJo software.  

Endocytosis assay 

Purified B cells were stained with fluorophore conjugated anti- TLR4, TLR2, or CD19, re-

suspended in complete RPMI 1640 medium and incubated at 37°C for 1.5 hours. Cells were 

washed in FACS buffer or acidic buffer (150 mM NaCl and 20 mM HCl, pH 1.7) for 3 minutes at 

room temperature and then fixed in 1% PFA before analyzing by flow cytometry. The acidic buffer 

removes surface-bound antibody, and the MFI of acid-washed cells is divided by the MFI of FACS 

buffer washed cells and then by 1.hrs to determine the rate of internalized antibody. 

Calcium Flux 

Purified B cells were concurrently stained with 9.2 µM Fura Red AM and 4.4 µM fluo-3 AM dyes 

(Life Technologies/Thermo Fisher Scientific). After establishing baseline Ca2+ levels, anti-mouse 

IgM F(ab’)2 was added to induce Ca2+ flux. Samples were acquired on a BD LSR II flow cytometer, 

and Ca2+ mobilization was determined by the ratio of fluo-3 to Fura Red fluorescence intensity 

using the kinetics tool in FlowJo software. 

Western Blot 

Purified B cells were lysed in RIPA buffer with 100x HaltTM protease and phosphatase inhibitor 

cocktail (Thermo Fisher Scientific). For total CD19 protein analysis, lysates were treated with 

Rapid PNGase F (New England BioLabs) to remove all N-glycans. Cell lysates were separated by 

SDS-PAGE and transferred to nitrocellulose membranes. Western blot antibodies to CD19 

(#3574), TLR4 (D8L5W), TRAF3 (#4729), phospho-NF-kB p65 (Ser536) (93H1), phospho-Akt 



(Ser473) (D9E), phospho-ERK1/2 (Thr202/Tyr204) (197G2), phospho-TBK1 (Ser172) (D52C2), 

phospho-CD19 (Tyr531) (#3571), phospho-Syk (Tyr525/526) (C87C1), phospho-PLCg2 (Tyr759) 

(#3874), b-actin (13E5), and HRP-conjugated anti- rabbit or mouse IgG were from Cell Signaling 

Technology. Abundance was measured by chemiluminescence and quantified by normalization to 

b-actin and relative to control using ImageJ software. 

Real-time qPCR 

RNA from purified B cells was isolated by using RNeasy Plus kit (Qiagen) and reverse-transcribed 

by SuperScript III Reverse Transcriptase (Invitrogen). Real-time qPCR was conducted utilizing 

TaqMan Universal PCR Master Mix (Thermo Fisher Scientific) with primer sets for mouse Tlr2 

(Mm00442346_m1), Tlr4 (Mm00445273_m1), Cd19 (Mm00515420_m1), and Rn18s 

(Mm03928990_g1). All experiments were performed in triplicates on an Applied Biosystems 

7900HT Fast Real-Time PCR System with relative mRNA expression determined by ΔΔCt 

method and normalized to housekeeping gene Rn18s expression. 

B cell and CD4+ T cell Co-cultures and Intracellular Cytokine Staining 

Purified B cells were stimulated with 20 µg/mL LPS for 2 hours and co-cultured at a 10:1 ratio 

with purified splenic CD4+ T cells (EasySepTM Mouse CD4+ T Cell Isolation Kit, STEMCELL 

Technologies) for 3-4 days in two in vitro co-culture systems: (1) a mixed lymphocyte reaction 

with allogeneic CD4+ T cells from PL/J mice, and (2) with CD4+ T cells from congenic 2D2 

TCRMOG transgenic C57BL/6 mice in the presence of human MOG35-55 (hMOG35-55) or OVA323 – 

339 peptide (AnaSpec). Cytokine combinations for CD4+ T cell differentiation conditions were as 

follows: 10 µg/mL of anti-IL-4 (eBioscience/Thermo Fisher Scientific) and 25ng/mL of mouse 

IL-12 (BioLegend) for TH1; 10 µg/mL of anti-IL-4, 10 µg/mL of anti-IFNg (eBioscience/Thermo 

Fisher Scientific), 20 ng/mL of mouse IL-23 (BioLegend), 20 ng/mL of mouse IL-6 (BioLegend), 

and 5 ng/mL of human TGFb1 (eBioscience/Thermo Fisher Scientific) for TH17; and 10 µg/mL 

of anti-IL-4, 10 µg/mL of anti-IFNg, 5 ng/mL of human TGFb1 for TREG. For intracellular cytokine 

flow cytometric analysis, cells were re-stimulated at 37°C for 4 hours with 50 ng/mL PMA 

(phorbol 12-myristate 13-acetate, Sigma-Aldrich) and 750 ng/mL ionomycin (Sigma-Aldrich) in 

the presence of GolgiPlug (1000x, BD Biosciences) and stained using the FOXP3 Transcription 

Factor Fixation/Permeabilization Kit (eBioscience/Thermo Fisher Scientific) according to 

manufacturer’s instructions. 

Experimental Autoimmune Encephalomyelitis 



EAE was induced in 8-12 week old male and female mice by subcutaneous immunization at day 

0 with 100 µg of recombinant human MOG (rhMOG) protein (AnaSpec) emulsified in Complete 

Freund’s Adjuvant containing 4 mg/ml heat-inactivated Mycobacterium tuberculosis (H37RA; 

Difco). On days 0 and 2, mice received 200 ng of pertussis toxin (List Biological Laboratories) by 

intraperitoneal injection. Mice were examined daily for clinical signs of EAE over the next 35 days 

with observer blinded to mice genotypes. Mice were scored as follows: 0, no disease; 1, loss of 

tail tone; 2, hindlimb weakness; 3, partial hindlimb paralysis; 4, forelimb weakness or paralysis 

and hindlimb paralysis; 5, moribund or dead from EAE (Miller et al., 2010). At the end of the EAE 

experiment (day 35), spinal cords were harvested by hydraulic extrusion (Richner et al., 2017). 

Briefly, mice were euthanized with CO2 only (cervical dislocation was not performed as this 

would damage the spinal vertebrae) and spinal columns were excised from the back and placed in 

a petri dish filled with cold, sterile 1x PBS. While bracing the spinal column with forceps, an 18 

G needle attached to a 10 mL syringe filled with cold, sterile 1x PBS was inserted into the distal 

end of the spinal column until it stabilized in the cavity. Steady pressure was applied on the syringe 

plunger to extrude the spinal cord into a new petri dish with cold, sterile 1x PBS on ice. Mouse 

spinal cords were then processed into single cell suspension for flow cytometric analysis of CD4+ 

T cell and B220+ B cell infiltration. Additionally, in vivo cytokine production of CD4+ T cells was 

assessed by culturing splenocytes for 4 hours in the presence of PMA+ionomycin and GolgiPlug 

prior to intracellular cytokine staining and flow cytometric analysis. 
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