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Abstract

Communication between CD4 T cells and cognate B cells is key for the former to fully mature 

into germinal center T follicular helper (GC-Tfh) cells, and for the latter to mount a CD4 T 
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cell-dependent (TD) humoral immune response. While this interaction occurs in a B:T synapse 

dependent manner, how CD4 T cells transcriptionally regulate B:T synapse formation remains 

largely unknown. Here we report that Mef2d, an isoform of the myocyte enhancer factor 2 

(Mef2) transcription factor family, is a critical regulator of this process. In CD4 T Cells Mef2d 

negatively regulates expression of Sh2d1a, which encodes SLAM-associated protein (SAP), a 

critical regulator of B:T synapses. We found that Mef2d regulates Sh2d1a expression via DNA 

binding-dependent transcriptional repression, inhibiting SAP-dependent B:T synapse formation, 

and preventing antigen-specific CD4 T cells from differentiating into GC-Tfh cells. Mef2d also 

impeded IL-21 production by CD4 T cells, an important B cell help signaling molecule, via 

direct repression of the Il21 gene. In contrast, CD4 T cell-specific disruption of Mef2d led to 

a significant increase in GC-Tfh differentiation in response to protein immunization, concurrent 

with enhanced SAP expression. MEF2D mRNA expression inversely correlates with human SLE 

patient autoimmune parameters, including circulating Tfh-like cell frequencies, autoantibodies, 

and SLEDAI scores. These findings highlight Mef2d as a pivotal rheostat in CD4 T cells for 

controlling GC formation and antibody production by B cells.

One Sentence Summary

Mef2d controls GC-Tfh differentiation and TD humoral immunity via transcriptional repression of 

Sh2d1a and Il21 in CD4 T cells.

INTRODUCTION

The immune and nervous systems have developed specialized adhesive structures or 

synapses to monitor and properly respond to internal or external changes (1, 2). While 

the neuronal synapse functions as a key framework for the delivery of neuronal information 

from the axon terminal of one neuron to the dendrite of the next (3), the immune synapse 

ensures the stable interaction of CD4 T cells with professional antigen-presenting cells 

(APCs), through which appropriate immune responses could be elicited in antigen-specific 

CD4 T cells (4). These systems exhibit substantial similarities in establishing synapses with 

structural and functional domains (2, 5). Synapses are formed and stabilized by the structural 

domain, whereas triggering of intracellular signaling pathways occurs through the functional 

domain, via molecular interactions with corresponding ligands such as neurotransmitters and 

ions in the nervous system, antigen/MHC complexes, signaling ligands, and co-stimulatory 

or co-inhibitory molecules in the immune system (4, 6).

While the immune system has developed molecules to regulate synapse formation and 

convey signals downstream of the synapse (4), in order to support these processes efficiently, 

it has also adapted molecular machinery that operates during corresponding processes in 

the nervous system. The N-methyl-D-aspartate receptor (NMDAR), one of the ion channels 

that plays a pivotal role in the regulation of synaptic functions in neurons (7), is also 

highly expressed by developing T cell precursors in the thymus. NMDAR contributes 

to the negative selection of auto-reactive thymocytes by sustaining Ca2+ influx during 

interaction with autoantigen-presenting thymic dendritic cells (DCs) (8). Dlgh1, a member 

of the membrane-associated guanylate kinase (MAGUK) protein family that functions as a 

neuronal synaptic scaffolding molecule (9), was found to co-localize with T cell receptors 
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(TCRs) at the interface between CD4 T cells and APCs, and to play indispensable roles in 

triggering immune responses of CD4 T cells (10). Furthermore, dopamine, a well-known 

neurotransmitter, controls proliferation and cytokine production in human and murine CD4 

T cells (11).

The formation of immune synapses with DCs or other monocyte-derived APCs in the T cell 

zone of lymphoid organs leads to the activation of intracellular signaling molecules in CD4 

T cells, which are ultimately converted into nuclear cues (i.e., activation of transcription 

factors such as NFAT, AP-1, and NF-kB) that lead to the proliferation and activation of 

antigen-specific CD4 T cells (12). Activated CD4 T cells then differentiate into diverse 

effectors (Th1, Th2, Th17, Tfh, and iTreg), depending on the instructive signals provided 

by APCs and the surrounding environment (13). Among effector CD4 T cells, T follicular 

helper (Tfh) cells are highly dependent on the subsequent formation of cognate interactions 

with B cells at the B:T border for full maturation into germinal center Tfh (GC-Tfh) cells, 

which in turn provide signals for cognate B cells to form and undergo GC reactions (14, 

15). This feedback regulation, a fundamental process in GC-dependent humoral immunity, 

occurs in a B:T synapse-dependent manner. Alterations in the genes encoding molecules 

including CD40 and ICOS that support stable B:T interactions or blocking antibodies 

against these molecules impede the generation of long-lived plasma cells and memory B 

cells (16, 17), the effector B cells that predominantly develop from GC responses (18).

Hypogammaglobulinemia and severe deficiency of isotype-switched memory B cells are 

clinical manifestations associated with X-linked lymphoproliferative (XLP) disease (19, 20), 

a fatal primary immunodeficiency condition caused by mutations in the SH2D1A gene in 

humans (21, 22). Sh2d1a encodes SAP (SLAM-associated protein), a key adaptor molecule 

that functions downstream of the signaling lymphocyte activation molecule (SLAM) family 

receptors. Sh2d1a gene deficiency in mice recapitulated profound defects in GC-dependent 

humoral immunity in XLP patients (23, 24). Sh2d1a in CD4 T cells is indispensable for 

B:T synapse formation (25, 26), the lack of which resulted in an almost complete block 

of GC-Tfh differentiation and GC formation in response to exogenous antigens (27, 28) as 

well as to self-antigens (29). Despite its critical roles in B:T synapse formation, subsequent 

GC-Tfh maturation, and GC-dependent humoral immunity, little information is available to 

delineate how SH2D1A (Sh2d1a) gene expression is regulated in CD4 T cells.

Here, we examined the Mef2d transcription factor, an isoform that was reported to function 

downstream of TCR signaling in CD4 T cells (30), of the Mef2 transcription factor family 

that negatively regulates neuronal synaptic plasticity and memory formation (31–33), in the 

context of synapse formation of CD4 T cells with cognate B cells and investigated its roles 

in Tfh differentiation and T cell-dependent humoral immunity. Mef2d directly repressed 

Sh2d1a gene expression in murine CD4 T cells and negatively regulated SAP-dependent 

B:T synapse formation. In protein immunization, the Mef2d transcription factor governs 

GC formation and antigen-specific antibody production by B cells via negative regulation 

of GC-Tfh differentiation and inhibition of IL-21 production by CD4 T cells. Moreover, 

MEF2D expression in CD4 T cells exhibited profound inverse relationships with humoral 

autoimmune conditions [cTfh cell frequency, SLEDAI, and autoantibodies] in SLE patients, 
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indicating critical physiological roles of Mef2d mediated transcriptional repression of the 

Sh2d1a and Il21 genes of CD4 T cells in GC-dependent humoral (auto)immunity.

RESULTS

Mef2D negatively regulates germinal center follicular T helper differentiation

The myocyte enhancer factor-2 (MEF2) family of transcription factors play a critical role 

in transcriptional regulation of neuronal synapse formation (31–33). T follicular helper 

(Tfh) cells, to properly regulate synapse formation with cognate B cells (14, 15), employ 

molecules of the nervous system (34, 35), leading us to hypothesize that MEF2 transcription 

factors might function during Tfh differentiation of CD4 T cells. We first assessed the 

expression of MEF2 transcription factors in tonsillar GC-Tfh (PD-1hiCXCR5+) and non-Tfh 

(PD-1−CXCR5−) cells (fig. S1A), where BCL6 and PRDM1 mRNA was robustly expressed 

(fig. S1B), as reported (36). While only MEF2A and MEF2D are highly expressed in 

human peripheral blood CD4 T cells (fig. S1C), MEF2B was also abundantly expressed 

by the effector CD4 T cells in human tonsils (fig. S1D). In contrast to comparable mRNA 

expression of MEF2A and MEF2B genes by GC-Tfh and non-Tfh cells (fig. S1D), MEF2D 
expression was significantly reduced in GC-Tfh cells compared to non-Tfh effectors and 

naïve CD4 T cells at both mRNA (fig. S1E) and protein (fig. S1F) levels. In murine CD4 T 

cells, we found that Mef2a and Mef2d mRNA were highly expressed by non-Tfh and Tfh 

cells in comparison to the other isoforms (fig. S1G–H) and that only Mef2d transcripts were 

significantly curtailed by Tfh cells (fig. S1H).

A similar expression pattern of MEF2D (Mef2d) in non-Tfh and GC-Tfh cells to that of 

BLIMP-1, a well-known transcription factor that antagonizes Tfh differentiation (37, 38), 

led us to speculate that MEF2D (Mef2d) might play an inhibitory role in Tfh (GC-Tfh) 

differentiation of CD4 T cells. This point was tested using a murine system, given the 

similar expression profiles of the MEF2D (Mef2d) isoform in both species (fig. S1, E and 

H). Ectopic expression of Mef2d in OTII CD4 T cells (Fig. 1A) did not alter the frequency 

of OTII CD4 T cells in the popliteal lymph nodes (popLNs) after NP-OVA immunization 

(Fig. 1B–C), whilst GC-Tfh cells were significantly reduced, and non-Tfh cells were 

expanded (Fig. 1C–D). Surface expression of PD-1 and CXCR5 was significantly reduced 

on the Mef2d-RV OTII CD4 T cells compared to the controls (Fig. 1E–F). Formation of 

Bcl6+CXCR5+ GC-Tfh cells was significantly lower in Mef2d-RV OTII CD4 T cells than in 

control OTII CD4 T cells (Fig. 1G).

Significant defects in GC-Tfh differentiation by Mef2d were also observed when Sm TCRtg 

CD4 T cells, specific to the gp66–77 peptide of the LCMV virus (39), were analyzed in the 

presence or absence of ectopic Mef2d expression. Eight days after gp61-KLH immunization 

(fig. S2A), Mef2d-RV Sm CD4 T cells formed significantly fewer PD-1+CXCR5+ GC-Tfh 

cells compared to empty-RV Sm CD4 T cells (fig. S2B), with curtailed surface expression 

of PD-1 and CXCR5 (fig. S2C–D). Our data demonstrate that Mef2d negatively regulates 

GC-Tfh differentiation of CD4 T cells in the context of acute protein immunization.
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Mef2d regulates germinal center formation and antigen-specific antibody production by B 
cells via inhibition of GC-Tfh maturation

As Mef2d inhibited GC-Tfh differentiation of CD4 T cells in the draining LNs after protein 

immunization (Fig. 1 and fig. S2), we next investigated whether Mef2d in CD4 T cells 

regulates the formation of GCs and the production of high-affinity antibodies by B cells. 

Significantly fewer Mef2d-RV OTII CD4 T cells were localized in the GC areas of the 

popLNs after NP-OVA immunization (Fig. 2A–B). We used Cd4CreBcl6fl/fl mice (Bcl6 CKO 

mice hereafter) whose endogenous CD4 T cells could not help B cells to form GCs (40) 

as recipients for adoptive transfer experiments (Fig. 2C). Seven days after immunization, 

transferred Mef2d-RV OTII CD4 T cells formed significantly less PSGL-1loCXCR5+ GC-

Tfh cells compared to control (Fig. 2D). Total CD19 B cell frequencies were comparable 

(Fig. 2E), whilst Fas+PNA+ GC B cells were barely detectable in the Bcl6 CKO mice (Fig. 

2F) which received Mef2d-RV OTII CD4 T cells. Moreover, the magnitude of high-affinity 

(NP8-bound) IgG production of Bcl6 CKO mice was significantly reduced by Mef2d-RV 

OTII CD4 T cells compared with the control OTII CD4 T cells (Fig. 2G). B cell production 

of NP49-bound (low-affinity) IgG antibodies also decreased by ectopic Mef2d expression 

(Fig. 2G), which suggests that the Mef2d transcription factor might also play a role in 

the GC-independent antibody response. Nonetheless, the impaired ability of B cells to 

produce antigen-specific IgGs by Mef2d-RV OTII CD4 T cells lasted until 28 days after 

immunization (Fig. 2H and fig. S3A). These data demonstrate that GC development and 

CD4 T cell-dependent production of antigen-specific antibodies are controlled by CD4 T 

cell intrinsic functions of Mef2d transcription factor.

Early Tfh differentiation is inhibited by Mef2d function in CD4 T cells

Profound defects in the formation of GC-Tfh cells by Mef2d expression led us to investigate 

whether it might play inhibitory roles during the early stage of Tfh differentiation of CD4 T 

cells prior to GC-Tfh maturation (14, 15). The frequency of OTII CD4 T cells in the popLNs 

was not altered by ectopic Mef2d expression three days after NP-OVA immunization (Fig. 

3A–B), which suggests that Mef2d, in contrast to its pro-apoptotic functions downstream 

of TCR-mediated Ca2+ influx during T cell development (30), does not lead to apoptosis 

of mature CD4 T cells during the immune response to acute protein immunization. The 

frequencies of PD-1+CXCR5+ and PSGL-1loCXCR5+ Tfh cells which differentiated from 

OTII CD4 T cells were significantly curtailed by Mef2d overexpression (Fig. 3C–D), with 

reduced expression of canonical Tfh cell markers (PD-1 and CXCR5) (Fig. 3E–F), and 

reciprocal increase in the surface expression of PSGL-1 (Fig. 3G), a molecule involved 

in CD4 T cell positioning in the T cell zone (41). Equivalent expression of CD25 (Fig. 

3H), a high-affinity IL-2 receptor subunit (42), as well as similar IL-2 production, was 

observed between empty-RV and Mef2d-RV OTII CD4 T cells. Furthermore, IFN-γ− and 

IL-17A-production was comparable (fig. S3B), indicating that the overall activation and Th1 

or Th17 differentiation of CD4 T cells was not modulated by ectopic Mef2d expression.

We previously reported that cognate B cells function as major APCs in the Tfh 

differentiation between 72 and 96 hours after acute viral infection (43). In the context of 

protein immunization, antigen-specific CD4 T cells exhibited a slightly earlier requirement 

for cognate B cells for Tfh differentiation (fig. S3C–E). 72 hours after NP-OVA 
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immunization (fig. S3C), generation of PD-1+CXCR5+ and PSGL-1loCXCR5+ Tfh cells 

from OTII CD4 T cells was significantly impaired in B cell deficient μMT mice compared 

to C57BL/6J mice (fig. S3D–E). Collectively, these data imply that Mef2d might function 

during cognate B cell-dependent Tfh differentiation.

Mef2d transcriptionally represses Sh2d1a in CD4 T cells

We next aimed to understand how Mef2d negatively regulates cognate B cell-dependent 

Tfh and GC-Tfh differentiation. RNA-seq was performed with PSGL-1loCXCR5+ Tfh, and 

PSGL-1hiCXCR5− non-Tfh cells, which developed from empty-RV (control Tfh and control 

non-Tfh) or Mef2d-RV (Mef2d Tfh and Mef2d non-Tfh) OTII CD4 T cells three days after 

NP-OVA immunization (fig. S4A). DE-seq analyses revealed that genes associated with Tfh 

differentiation in positive (Cxcr5, Bcl6, Tox2, Sh2d1a, Tcf7, and Pdcd1) or negative (Ccr7, 

Klf2, Id2, Bach2, and Selplg) ways were highly expressed by control Tfh and control non-

Tfh cells, respectively (fig. S4B), which were subsequently categorized in heatmaps based 

on the previously reported functions [transcription factors, B:T interaction, and migration] 

(Fig. 4A). Control Tfh cells exhibited a strong enrichment for Tfh gene signatures, which 

were previously reported by transcriptomic analyses of Tfh and non-Tfh cells that formed 

in the context of various immunological stimuli (28, 44, 45) (fig. S4C), confirming the 

quality of the datasets generated by our RNA-seq analysis pipeline. We then compared the 

expression of genes in control Tfh cells vs. Mef2d Tfh cells and control non-Tfh cells vs. 

Mef2d non-Tfh cells to screen for potential targets of Mef2d. Approximately 320 genes were 

differentially expressed (padj < 0.05; more than 1.5-fold) in Tfh (175 genes) and non-Tfh 

(142 genes) compartments that developed from Mef2d-RV OTII CD4 T cells compared with 

the corresponding cells formed by empty-RV OTII CD4 T cells (fig. S4D). While a role 

for Mef2d could not be ruled out in directly or indirectly regulating the expression of genes 

whose functions are related to Tfh (Bcl6, Tcf7, and Cxcr5) or non-Tfh (Prdm1, Bach2, 

Klf2, and Ccr7) differentiation (Fig. 4A and fig. S4E), we were interested in the genes that 

exhibited RPKM alterations in the same direction (upregulated or downregulated) in both 

Tfh and non-Tfh compartments by increased Mef2d function. Among the 317 genes, 21 and 

17 genes met this condition (table S2), which we considered as potential target genes of 

Mef2d in the regulation of Tfh and GC-Tfh differentiation of CD4 T cells.

One of the 17 genes whose expression was curtailed in both Tfh and non-Tfh cells by 

ectopic Mef2d expression was Sh2d1a (table S2). The Sh2d1a RPKM of Mef2d Tfh cells 

was as low as that of control non-Tfh cells, the effector CD4 T cells that do not need to 

interact with cognate B cells, and further declined in Mef2d non-Tfh cells (Fig. 4B). This 

gene encodes SAP, a key adaptor molecule required for CD4 T cells to form synapse with 

B cognate cells (25, 26), and thus plays an indispensable role in cognate B cell-dependent 

Tfh differentiation and full GC-Tfh maturation (14, 15). Thus, we hypothesized that Mef2d 

might control Tfh and GC-Tfh differentiation of CD4 T cells via transcriptional repression 

of the Sh2d1a gene. To address this point, we first scanned the genomic DNA region of the 

murine Sh2d1a gene for potential DNA-binding sites ([C/T]TA[T/A]4TA[G/A]) of the Mef2 

transcription factor family (46). The putative Mef2 binding sequence (TATTTTTAG) exists 

around the +6.9kb region from the transcription start site (TSS) of the Sh2d1a gene (Fig. 

4C). To determine whether Mef2d could directly bind to and regulate Sh2d1a expression, the 
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DNA region that spans 1.5kb, including the putative Mef2 binding site (TATTTTTAG), was 

cloned into the pGL4.10 luciferase plasmid (Sh2d1a +6.9kb-Luc). The pGL4.10 luciferase 

plasmid with a DNA sequence harboring three Mef2 binding sites (Mef2 3X-Luc) served 

as a positive control (Fig. 4D). Luciferase activity of the Sh2d1a +6.9kb-Luc plasmid was 

increased by Mef2d co-expression in a dose-dependent manner (Fig. 4D), indicating that 

Mef2d binds to this regulatory region of the Sh2d1a gene. To further validate the direct 

binding of the Mef2d transcription factor to this site, we performed ChIP-qPCR using an 

anti-HA98–106 antibody to pull down DNA regions bound by the Mef2d transcription factor, 

whose N-terminal domain was tagged with influenza hemagglutinin (HA98–106) molecule 

(30). The DNA region harboring the corresponding Mef2 binding site within the +6.9kb 

region on the Sh2d1a gene was enriched about three-fold in the presence of Mef2d-HA 

co-transfection (Fig. 4E). Collectively, our data demonstrated that Mef2d directly binds to 

the regulatory region of the Sh2d1a gene.

We then investigated whether Mef2d could inhibit SAP protein expression in CD4 T cells. 

Polyclonal CD4 T cells isolated from naïve mice were stimulated in vitro with plate-bound 

anti-CD3 and anti-CD28 antibodies, transduced with either empty-RV or Mef2d-RV, and 

stained for intracellular SAP protein. While SAP expression increased profoundly in CD4 

T cells upon TCR- and CD28-mediated stimulation, it was significantly reduced by ectopic 

Mef2d expression (Fig. 4F), strongly indicating that Mef2d is able to directly modulate SAP 

expression in murine CD4 T cells. The negative regulatory role of Mef2d in SAP expression 

of CD4 T cells was further substantiated using RNP mediated Mef2d gene disruption (47). 

Nucleofection of Cas9 protein complexed with a crRNA targeting the murine Mef2d gene 

(crMef2d #2) greatly reduced Mef2d protein expression in naïve OTII CD4 T cells (Fig. 

4G). We examined SAP expression and the cognate B cell-dependent Tfh differentiation of 

CD4 T cells in the popLNs three days after NP-OVA immunization, the time point when 

the RNA-seq analysis was performed (fig. S4). crMef2d-RNP+ OTII CD4 T cells expressed 

higher levels of SAP protein than control cells (Fig. 4H). The difference in SAP expression 

was not due to incongruent activation status of CD4 T cells, as CD44 was comparably 

expressed regardless of Mef2d gene editing (Fig. 4I). Increased SAP expression in crMef2d-

RNP+ OTII CD4 T cells was accompanied by increased formation of PD-1+CXCR5+ and 

PSGL-1loCXCR5+ Tfh cells compared to controls (Fig. 4J–K). Collectively, these data 

indicate that the Mef2d transcription factor functions as a transcriptional repressor of the 

Sh2d1a gene in CD4 T cells.

Mef2d negatively regulates GC-Tfh differentiation via transcriptional regulation of SAP 
expression in CD4 T cells

MEF2D-mediated negative regulation of SAP expression also appears to operate in human 

effector CD4 T cells. In human tonsils, BCL6+CXCR5+ GC-Tfh cells expressed SAP 

protein more strongly than BCL6−CXCR5− non-Tfh cells (fig. S5A–B). The magnitude 

of SAP expression was inversely related to MEF2D mRNA expression in these two 

compartments (fig. S5C). Moreover, there was a negative correlation between mRNA 

expression of the MEF2D and SH2D1A genes in tonsillar GC-Tfh cells (fig. S5D), implying 

that along with the ability of Mef2d to bind to the Sh2d1a loci and to repress its expression 
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in CD4 T cells, Mef2d might control GC-Tfh differentiation via transcriptional control of 

SAP expression.

To address this point, we first examined whether GC-Tfh differentiation and SAP expression 

in CD4 T cells are modulated by Mef2d in a DNA binding-dependent manner. As the 

N-terminal MADS-box and Mef2 domain are highly conserved among the Mef2 isoforms 

(46, 48, 49), we tested a point mutation at the 24th amino acid position in the MADS-box 

domain (R to L, R24L hereafter). R24L compromised the DNA binding of Mef2c (50), so 

we aimed to determine if this could abolish DNA binding of Mef2d. Luciferase activity 

of the Mef2 3X-Luc plasmid, which was induced by wild-type Mef2d (Fig. 4D), was not 

triggered by the R24L mutant (fig. S5E). We then explored whether (1) the R24L Mef2d 

failed to inhibit GC-Tfh differentiation and (2) it was unable to repress SAP expression. 

OTII CD4 T cells, which had been transduced with empty-RV, wild-type Mef2d-RV, or 

R24L Mef2d-RV, were examined for GC-Tfh differentiation and SAP expression seven days 

after NP-OVA immunization. The ectopic expression of wild-type Mef2d inhibited OTII 

CD4 T cells from differentiating into PD-1+CXCR5+ and PSGL-1loCXCR5+ GC-Tfh cells 

(Fig. 5A–B). The R24L point mutation almost completely abrogated this inhibitory role of 

Mef2d, as the R24L Mef2d-RV OTII CD4 T cells not only formed GC-Tfh cells (Fig. 5A–B) 

but also expressed PD-1 and CXCR5 at comparable levels to the controls (Fig. 5C–D).

In CD4 T cells, SAP expression was dynamically regulated depending on activation status 

(fig. S5F) and during differentiation into effector cells (fig. S5G). In the popLNs after 

NP-OVA immunization, SAP expression was most highest in PD-1+CXCR5+ GC-Tfh cells, 

followed by PD-1−CXCR5+ Tfh cells, whereas the lowest SAP expression was found 

in PD-1−CXCR5− non-Tfh cells (fig. S5G). As such, the SAPhi compartment could be 

observed among the high CXCR5 expressors (mostly PD1+CXCR5+ GC-Tfh cells) (fig. 

S5H). Mef2d-RV OTII CD4 T cells failed to form the SAPhi compartment (Fig. 5E), 

consistent with their inability to differentiate into GC-Tfh cells. Importantly, when Mef2d 

R24L was ectopically expressed, formation of the SAPhi compartment in OTII CD4 T 

cells was rescued (Fig. 5E). These data demonstrate that GC-Tfh differentiation and SAP 

expression of CD4 T cells are controlled together by DNA binding-dependent Mef2d 

function.

The question remained whether Mef2d negatively regulates GC-Tfh differentiation via 

transcriptional control of SAP expression. To directly test this, we examined whether 

Mef2d-dependent impairment of GC-Tfh differentiation could be reversed by restoring SAP 

expression in Mef2d-RV OTII CD4 T cells. OTII CD4 T cells transduced with empty-RV, 

Mef2d-RV, or Mef2d-Sh2d1a-RV (M+S) (Fig. 5F), in the popLNs were examined for GC-

Tfh differentiation seven days after NP-OVA immunization (Fig. 5G). Whilst forced Mef2d 

expression led to a significant loss of PSGL-1loCXCR5+ GC-Tfh differentiation (Fig. 5H), 

Mef2d-RV OTII CD4 T cells, when SAP was co-expressed, were able to differentiate into 

PSGL-1loCXCR5+ GC-Tfh cells as comparable as the controls (Fig. 5H). Taken together, 

these data demonstrate that Mef2d negatively regulates GC-Tfh differentiation of CD4 T 

cells via transcriptional repression of the Sh2d1a gene.
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The B:T immune synapse is negatively regulated by Mef2d in CD4 T cells

Given the inhibitory roles of Mef2d in transcriptional regulation of SAP expression, and 

during SAP-dependent GC-Tfh differentiation, we examined whether B:T synapse formation 

might be modulated by Mef2d. For this, an in vitro B:T conjugation assay was performed 

(25, 26). Equal numbers of empty-RV (CD45.11) and Mef2d-RV (CD45.12) OTII CD4 

T cells were co-cultured with splenic B cells pulsed with OVA323–339 peptide (1 or 10 

μg/mL) that were pre-stimulated with LPS (fig. S6A–B). The background B:T conjugate 

formation was determined with OTII CD4 T cells after co-culture with pre-activated B 

cells in the absence of OVA323–339 peptide. The antigen-specific B:T synapse (Δ conjugate, 

hereafter), measured by subtracting [CD4+CD19+ % among the total CD4+]− Ag from 

[CD4+CD19+ % among the total CD4+]+ Ag, dramatically increased in an OVA323–339 

peptide dose-dependent manner (fig. S6A). In the Δ conjugate, Mef2d-RV OTII CD4 T 

cells were present at significantly lower frequencies than the control OTII CD4 T cells (fig. 

S6B), indicating that Mef2d inhibits CD4 T cells from establishing antigen-specific B:T 

synapse. We assessed expression of Vα2, the TCR alpha chain of the OTII TCRtg CD4 T 

cells (51), and CD18 (β2 integrin subunit of LFA-1), the lack of which compromises LFA-1 

function in CD4 T cells (52). Expression of both Vα2 and CD18 was comparable between 

Mef2d-RV and control OTII CD4 T cells (fig. S6C), implying that Mef2d regulated B:T 

synapse formation of CD4 T cells in a TCR- and LFA-1-independent manner.

RPKMs of the SLAM family members (Slamf5 and Slamf6 genes encoding CD84 and 

Ly108, respectively) and Cd40lg that function in CD4 T cell’s synapse formation with 

antigen presenting APCs (53, 54) were not altered in Tfh and non-Tfh cells by Mef2d (fig. 

S4E), indicating that Mef2d might function to specifically modulate synapse formation of 

CD4 T cells with B cells. Indeed, we found that Mef2d-RV OTII CD4 T cells formed 

immune synapse with antigen-presenting DCs at similar magnitudes to the controls (fig. 

S6D–E).

Mef2d negatively regulates IL-21 production of CD4 T cells

In our RNA-seq analysis, Il21 was also listed as a potential target of Mef2d (table S2). 

The amount of Il21 mRNA was significantly reduced in Mef2d Tfh cells, with levels 

similar to non-Tfh cells, and expression further diminished in Mef2d non-Tfh cells (Fig. 

6A). Moreover, potential Mef2 binding sites were found at around +3.2kb (TATAAATAG) 

and +6.6 kb (CTAAAAATAG) regions in the Il21 locus (Fig. 6B). Luciferase assays using 

plasmids harboring either +3.2kb or +6.6kb region of the Il21 gene revealed that Mef2d 

was able to bind to these sites, with more robust binding to the +3.2kb region (Fig. 6C), 

indicating that IL-21 production of CD4 T cells could be modulated by Mef2d. To test 

this hypothesis, polyclonal CD4 T cells isolated from naïve mice were stimulated under 

a culture condition that induces IL-21 production by in vitro activated CD4 T cells (55). 

The frequency of IL-21 producing CD4 T cells was significantly reduced by ectopic Mef2d 

expression (fig. S7A–B), indicating Mef2d as a potential transcriptional repressor of the Il21 
gene.

Next, we investigated whether Mef2d-mediated regulation of IL-21 production occurs in a 

DNA binding-dependent manner (Fig. 6D). IL-21 ICS (intracellular cytokine staining) was 
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performed with empty-RV, wild-type Mef2d-RV or R24L Mef2d-RV OTII CD4 T cells from 

popLNs (Fig. 5A–E). IL-21 production in OTII CD4 T cells was significantly reduced by 

ectopic expression of wild-type Mef2d (Fig. 6E), while their ability to produce IL-2 or 

IFN-γ remained unchanged (Fig. 6F–G). The R24L mutant Mef2d failed to inhibit IL-21 

production (Fig. 6E), consistent with its inability to suppress GC-Tfh differentiation.

IL-21 is a major B cell-help cytokine produced mostly by Tfh and GC-Tfh cells (15). 

Therefore, it is plausible that the impaired IL-21 production might be secondary to the 

inherent defects of the Mef2d-RV OTII CD4 T cells undergoing SAP-dependent Tfh and 

GC-Tfh differentiation (Fig. 4 and Fig. 5), and not a direct consequence of transcriptional 

repression of the Il21 gene. To directly delineate the “Mef2d – Il21” axis, we examined the 

IL-21 production of M+S OTII CD4 T cells, whose GC-Tfh differentiation defects by the 

forced Mef2d expression were almost fully restored by recovering SAP expression (Fig. 5F–

H). Defective IL-21 production was, however, not completely rescued by SAP co-expression 

(fig. S7C). The partial restoration of IL-21 production was not due to potential issues in 

general CD4 T cell activation, as IL-2 production of OTII CD4 T cells was comparable 

irrespective of ectopic expression of Mef2d or Sh2d1a gene, or both. Collectively, these data 

delineate Mef2d as a transcriptional repressor of the Il21 gene.

The Mef2d gene controls GC-Tfh differentiation of CD4 T cells

Given its ability to repress SAP dependent B:T synapse formation and GC-Tfh 

differentiation, we hypothesized that Mef2d deficiency might lead to strong GC-Tfh 

differentiation via de-repressed SAP expression. This point was addressed by analyzing SAP 

expression and GC-Tfh differentiation in CD4 T cells, whose Mef2d gene was disrupted 

by CRISPR/Cas9 system (56). Cd4CreROSA26CAG-Cas9-EGFP/Wt mice (57) were crossed 

with OTII TCRtg mice to produce Cas9-expressing OTII (Cas9+ OTII, hereafter) CD4 T 

cells. Two sgRNA sequences targeting the murine Mef2d gene were tested for Mef2d gene 

disruption (fig. S8A). Cas9+ OTII CD4 T cells transduced with a retrovirus expressing 

sgCd8 or sgMef2d (#1), which resulted in a substantial knockdown of Mef2d protein 

expression (fig. S8B), were adoptively transferred into Cd4CreROSA26CAG-Cas9-EGFP mice 

(fig. S8C) to rule out a potential challenge of Cas9+ CD4 T cells being rejected in 

C57BL/6J mice (58). The donor cells were examined for GC-Tfh differentiation seven 

days after NP-OVA immunization. While Mef2d gene disruption did not alter OTII CD4 

T cell expansion (fig. S8D), it strongly induced PSGL-1loCXCR5+ GC-Tfh differentiation 

(fig. S8E) with a significant increase in CXCR5 expression (fig. S8F). Most importantly, 

sgMef2d+Cas9+ OTII CD4 T cells formed the SAPhiCXCR5+ compartment more robustly 

than sgCd8+Cas9+ OTII CD4 T cells (fig. S8G), which likely results from a lack of the 

transcriptional repression of the Sh2d1a gene.

We further studied Mef2d gene function using CD4 T cell-specific Mef2d knockout 

(Mef2d CKO, hereafter) mice (fig. S9) using the Mef2dfl/fl line (59). CD4 T cell-specific 

deficiency of Mef2d protein expression, validated by Mef2d immunoblot (fig. S9A), did not 

compromise thymic T cell development (fig. S9B) or CD4 or CD8 T cell maturation (fig. 

S9C–E), consistent with previous findings (60). WT and Mef2d CKO CD45.2 OTII CD4 

T cells were adoptively transferred into CD45.1 B6.SJL mice. Seven days after NP-OVA 
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immunization, the donor cells in the popLNs were examined for GC-Tfh differentiation, 

intracellular SAP expression and IL-21 production. Comparable CD44 expression indicates 

that antigen-specific CD4 T cell activation was not perturbed due to a lack of the Mef2d 
gene (Fig. 7A). Mef2d gene deficiency, however, resulted in profound increases in GC-Tfh 

differentiation of OTII CD4 T cells compared to control OTII CD4 T cells (Fig. 7B–C), 

confirming our findings with CRISPR/Cas9 mediated Mef2d gene disruption (fig. S8). We 

also observed enhanced surface expression of canonical Tfh markers (PD-1 and CXCR5) 

(Fig. 7D) and reduced expression of a T cell zone homing PSGL-1 (Fig. 7E) in Mef2d 
CKO OTII CD4 T cells, highlighting the suppressive functions of Mef2d in Tfh and GC-Tfh 

differentiation. Mef2d CKO OTII CD4 T cells formed the SAPhiCXCR5+ compartment and 

expressed higher levels of intracellular SAP protein than control OTII CD4 T cells (Fig. 

7F). IL-21 production in antigen-specific CD4 T cells was also increased by Mef2d gene 

deficiency (Fig. 7G). Collectively, this data identifies that the Mef2d transcription factor is a 

a key transcriptional regulator of SAP dependent Tfh and GC-Tfh differentiation from CD4 

T cells, and its subsequent role in B cell help.

Reduced MEF2D expression in CD4 T cells is associated with humoral autoimmune 
conditions in SLE patients

The regulation of SAP-dependent GC-Tfh differentiation and IL-21 production by CD4 

T cells is crucial to control CD4 T cell-dependent humoral immunity, the dysregulation 

of which is highly associated with the pathophysiology of autoimmune diseases such as 

systemic lupus erythematosus (61). Recently, a novel genetic variant (rs200395694: G>T) 

was found in the regulatory region of the MEF2D gene in a subgroup of Swedish SLE 

patients, which exhibits strong associations with the magnitude of autoantibodies (62). 

Although its impact on MEF2D expression in CD4 T cells was not examined, the variant, 

due partly to its location within the transcription factor binding sites, led to a reduced 

luciferase activity compared with the reference allele in Jurkat cells (62), suggesting this 

variant might negatively impact on transcriptional activation of the MEF2D gene in CD4 

T cells. Healthy individuals and SLE patients (table S3a) were examined for MEF2D 
expression in CD4 T cells, which was further analyzed for a potential association with 

autoimmune features of SLE patients. Phenotypic examination of the peripheral blood 

mononuclear cells (PBMCs) (fig. S10A) revealed that the frequencies of CD4 T cells 

(Fig. 8A) and CD45RA− (activated/memory) CD4 T cells (fig. S10B) were reduced and 

increased, respectively, in the SLE patients compared to those in healthy individuals. 

As previously reported by others (63), the frequency of the circulating Tfh (cTfh)-like 

cells (ICOS+PD-1+ cells) among the CD45RA−CXCR5+ compartment was significantly 

increased in the SLE patients in comparison to the controls (Fig. 8B) with strong positive 

correlations with SLEDAI and the amount of the serum autoantibodies (anti-dsDNA Ig) 

(Fig. 8C).

We then measured the MEF2D mRNA of the peripheral blood CD4 T cells obtained 

from the SLE patients and those of the healthy individuals by qPCR. The patients’ 

CD4 T cells expressed approximately three-fold less MEF2D mRNA than those of the 

healthy individuals (Fig. 8D). The reduction might have resulted from the increased cTfh 

cell frequency in the patients (Fig. 8B), given the lower MEF2D expression by GC-Tfh 
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cells in comparison to non-Tfh effector CD4 T cells in tonsils (fig. S1E–F). Possible 

pathophysiological roles of reduced MEF2D expression in the patients’ CD4 T cells were 

subsequently examined by quantifying MEF2D mRNA expression of naïve CD4 T cells of 

healthy individuals and the patients (table S3b). CD45RA+ naïve CD4 T cells were FACS-

sorted from PBMCs, whose MEF2D mRNA amount was measured by qPCR. CD45RA+ 

naïve CD4 T cells in the patients expressed significantly lower MEF2D mRNA than those in 

the controls (fig. S10C).

Interestingly, the MEF2D mRNA quantity exhibited a significant negative association 

(p=0.004) with the cTfh cell frequency in the SLE patients (Fig. 8E). Moreover, it was 

inversely correlated with the SLEDAI (p=0.04) and the amounts of the serum autoantibody 

[anti-dsDNA (p=0.04) and ANA (p=0.006]) of the patients (Fig. 8F), implying a potential 

physiological link between reduced MEF2D expression in CD4 T cells and dysregulated 

humoral autoimmunity. While we cannot fully rule out other pathological factors associated 

with reduced MEF2D expression, the magnitude of CD4 T cell activation (fig. S10D) 

or the frequencies of other effector CD4 T cells (CXCR3+CCR6− Th1, CXCR3−CCR6− 

Th2, and CXCR3−CCR6+ Th17 cells) did not show a significant inverse correlation with 

the MEF2D mRNA level (fig. S10E). Given that the reduced Mef2d expression in CD4 

T cells (by crMef2d-RNP nucleofection or sgMef2d-Cas9+) led to a significant increase 

in Tfh and GC-Tfh differentiation (Fig. 4 and fig. S8), out study suggests a possible 

pathophysiologic role of the “Mef2d – Sh2d1a/Il21 gene” axis in the control of T-dependent 

humoral autoimmunity.

DISCUSSION

Spatiotemporal coordination of cognate interactions between B cells and CD4 T cells is 

fundamental to the development of Tfh (GC-Tfh) cells, as well as to the generation of CD4 

T cell-dependent (TD) humoral immunity (14, 15, 64). It is becoming apparent that B cells 

and CD4 T cells have adopted components of the central nervous system for rapid and 

effective exchange of immunological information at the interface (35, 65, 66). Here, we 

provide evidence to further substantiate this concept. We report that Mef2d, a transcriptional 

inhibitor of neuronal synapse formation (31, 32), negatively controlled (1) SAP-dependent 

immune synapse between B cells and CD4 T cells, and (2) IL-21 production, a key signaling 

molecule produced at the B:T synaptic junction, via transcriptional repression of the Sh2d1a 
and Il21 genes in CD4 T cells. Mef2d thus functions as a crucial regulator of Tfh and 

GC-Tfh differentiation of CD4 T cells and subsequent antigen-specific antibody production 

of B cells in germinal centers.

Stable B:T interaction guarantees cognate B cells are selected by CD4 T cells to trigger 

humoral immunity. In this context, Mef2d mediated SAP regulation could function as 

a critical checkpoint to assure bystander (or non-cognate) B cells at the B:T border do 

not enter the GC, and to prevent B cell clones with impaired (unwanted, sometimes 

autoreactive) antigen specificities that might have been acquired by random somatic 

hypermutation from being selected during GCs (67). Our findings highlight the importance 

of Mef2d in controlling the B:T synapse dependent checkpoint, as Mef2d gene disruption 

or deletion in CD4 T cells leads to a robust GC-Tfh differentiation via unrestrained SAP 
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expression and autoimmune features of the SLE patients are associated with reduced 

MEF2D mRNA expression in CD4 T cells. Our study also suggests that MEF2D expression 

needs to be tightly regulated in CD4 T cells, and a breach in this process might contribute 

to autoimmunity via uncontrolled autoantibody production. It is important to determine 

whether dysregulated MEF2D expression (Fig. 8D and fig. S10C), caused in some instances 

by the rs200395694: G>T alteration (62), might trigger the onset of SLE via unchecked 

SAP expression. However, given the Mef2d roles to positively regulate Treg cell functions 

(68), we cannot rule out a possibility that the autoimmune features of the SLE patients 

might result from improper control of autoimmune cells by Treg cells. Nonetheless, 

minor autoimmune features of Foxp3CreMef2dfl/fl mice (68) and profound SAP dependent 

GC-Tfh differentiation (Fig. 7) seen in Cd4CreMef2dfl/fl OTII CD4 T cells raises the 

question of whether Cd4CreMef2dfl/fl mice might develop SLE like autoimmune features 

via dysregulated SAP expression and spontaneous GC formation.

It is interesting that Mef2a, while it is also highly expressed in CD4 T cells in both humans 

and mice (fig. S1), did not play redundant roles to Mef2d in transcriptional regulation 

of SAP and IL-21 (fig. S12). Due to the conserved DNA binding domain (50), Mef2 

transcription factor isoforms could function in concert. Mef2a and Mef2d play important 

roles in modulating apoptosis of the cerebellar granule neurons in the nervous system (69), 

whereas Mef2c works together with Mef2d and Mef2b in supervising the large pre-B to the 

small pre-B stage transition (70) and in controlling GC formation (71), respectively. Mef2a 
gene disruption, however, was unable to phenocopy the increased SAP expression and 

SAP-dependent Tfh/GC-Tfh differentiation observed by Mef2d gene disruption or deletion. 

It might be thus interesting to examine whether these isoforms are differentially regulated in 

CD4 T cells or during Tfh differentiation processes, since functions of Mef2 transcription 

factor isoforms are under control of post-transcriptional and post-translational modifications 

in the nervous system (72).

Another enigmatic aspect of the Mef2 transcription factors is that their target genes appear to 

be regulated in a cell-type and stage specific manner. While Mef2d was previously shown to 

activate Nur77 induction in autoreactive thymocytes, and function as a pro-apoptotic factor 

(30, 73), the Nr4a1 gene was not transcriptionally modulated by Mef2d in mature CD4 

T cells (fig. S4F). Moreover, Mef2b appears to bind to target genes and to regulate their 

expression differently in B cells and CD4 T cells. While MEF2B (Mef2b) is a well-known 

transcriptional activator of BCL6 (Bcl6) in human and mouse GC B cells (71, 74), even 

after ectopically expressed, it was not able to induce Bcl6 expression in CD4 T cells (fig. 

S11A–B). Instead, Mef2b-RV OTII CD4 T cells were severely impaired in their ability 

to undergo Tfh differentiation, similar to Mef2d-RV OTII CD4 T cells, in the context of 

NP-OVA immunization.

BCL6 is a transcriptional activator of SH2D1A gene in human CD4 T cells (75), and 

there are BCL6 binding motifs in the promoter and distal regions of the MEF2D gene 

in human GC-Tfh cells (76). In human lymphoid non-Tfh and GC-Tfh cells, the striking 

similarity of MEF2D mRNA expression pattern to that of the PRDM1 gene (fig. S1), 

whose transcriptional activation is repressed by BCL6 (37), suggests that MEF2D-dependent 

regulation of SH2D1A expression might occur via BCL6, as recently proposed by Crotty 
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and colleagues (56). In the study, Bcl6 was revealed to regulate the Tfh differentiation 

program of murine CD4 T cells, at least in part by transcriptional repression of genes 

that encode transcriptional repressors (i.e., Id2, Runx2, and Klf2, among others) of Tfh 

differentiation. While our preliminary investigation suggests that Mef2d might not be 

targeted by Bcl6 (fig. S11D), this potential “Bcl6 –| Mef2d –| Sh2d1a axis” needs more 

careful investigations with physiologically relevant samples, as the forced Bcl6 expression 

by itself is not able to instruct human and murine CD4 T cells to undergo Tfh differentiation 

during in vitro stimulation (38, 75).

IL-21 is a major B cell help cytokine produced by Tfh/GC-Tfh cells and plays important 

roles for B cells to form GCs, undergo isotype switching, and differentiate into plasma cells. 

Our study revealed that Mef2d also controls the TD humoral immunity via transcriptional 

regulation of B cell help function of CD4 T cells. This conclusion is supported by 

our findings; (1) Icos-independent IL-21 production of CD4 T cells was shown to be 

negatively regulated by ectopic Mef2d expression (fig. S7A–B) and (2) the impaired IL-21 

production was not fully restored by rescuing SAP expression in the Mef2d-RV OTII 

CD4 T cells (fig. S7C). Thus, our findings provide mechanistic insights into the Mef2d-

mediated transcriptional modulation of B:T synapse formation and B cell-help function 

of CD4 T cells, highlighting Mef2d as a double-layer control switch of the TD humoral 

(auto)immunity.

MATERIALS AND METHODS

Study design

This study aimed to examine the function of the Mef2d transcription factor in the regulation 

of Tfh differentiation and humoral immunity. Retroviral expression, conditional knockout 

and CRISPR/Cas9 mediated gene disruption systems were used for gain- and loss-of-Mef2d 

function studies with primary murine (TCRtg) CD4 T cells. RNA-seq was performed to 

screen for potential target genes of Mef2d, and molecular and biochemical assays were used 

to validate Sh2d1a and Il21 genes as direct targets of Mef2d in murine CD4 T cells. An in 
vitro conjugation assay was performed to examine the Mef2d roles in SAP-dependent B:T 

synapse formation. Lymphoid tissues or peripheral blood of healthy individuals and SLE 

patients were analyzed for physiological relevance of the MEF2D expression of CD4 T cells 

in human diseases. All experiments were performed in at least two independent experiments, 

with three or more mice per group.

Mice

C57BL/6J mice were purchased from DBL (Seongnam, Republic of Korea). μMT and 

ROSA26CAG-Cas9-EGFP mice were obtained from Jackson Laboratory. Mef2dfl/fl mice 

(RIKEN BRC) were kindly provided by Dr. Takahisa Furukawa at Osaka University (59). 

Cd4CreBcl6fl/fl, OTII, and SMARTA (TCRtg specific for LCMV glycoprotein amino acids 

66–77 presented by I-Ab) mice were kindly provided by Dr. Shane Crotty. All mouse strains 

on a C57BL/6J background were bred under specific pathogen-free conditions in accordance 

with the Institute for Experimental Animals at Seoul National University. TCRtg mice (6–12 

weeks of age) were used for the adoptive transfer experiments with sex- and age-matched 
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recipient mice. All animal experiments were performed in accordance with the guidelines of 

the Seoul National University Institutional Animal Care and Use Committee.

Human Studies

Healthy donors were recruited from the Department of Otorhinolaryngology and the 

Department of Pathology at Seoul National University Hospital. The detailed demographic 

information is provided in table S1. All studies were approved by the SNUH Institutional 

Review Board (SNUH IRB # 1609-129-795 and 1504-059-664), and healthy donors were 

enrolled after providing written informed consent.

Systemic lupus erythematosus (SLE) patients and healthy individuals were recruited with 

informed consent after IRB approval from the Department of Rheumatology at Ajou 

University Hospital (demographic information in table S4). All studies were reviewed and 

approved by the Ajou Institutional Review Board (IRB # AJIRB-BMR-SMP-17-155).

Adoptive cell transfer and immunization

Naïve, retrovirus-transduced, or RNP-transfected TCRtg CD4 T cells were transferred 

intravenously via the retro-orbital sinus. 0.1–2 × 106 cells/mouse were transferred to 

examine the donor cells on days 3 and 7 (or 8) post immunization (77). Following 

the adoptive transfer, mice were immunized with NP-OVA (Biosearch Technologies) or 

gp61-KLH (GenScript) emulsified in Addavax (InvivoGen) or CFA (Sigma Aldrich) via 

subcutaneous footpad injection.

Plasmids and retrovirus production

The amplified murine Mef2d, Mef2b, or Bcl6 coding sequences were cloned into a retroviral 

expression vector (pMIG). R24L Mef2d-pMIG vector was generated using a site-directed 

mutagenesis kit (Agilent Technologies) according to the manufacturer’s instructions. The 

murine Sh2d1a plasmid was kindly provided by Dr. Hai Qi at Tsinghua University. The 

Sh2d1a coding sequence was cloned into pMIG-mAmetrine (pMIA) vector. Single-guide 

RNA (sgRNA) sequences (listed in table S5) (https://chopchop.cbu.uib.no/) were cloned 

into pLsg-mAmetrine (pLsgA) plasmid (kindly provided by Dr. Shane Crotty) (56). For 

retrovirus production, Plat-E cells were transfected with the plasmids of interest. Culture 

supernatants were collected at 24 and 48 hours after transfection, filtered through a 0.45 μm 

syringe filter and stored at 4 °C until use.

In vitro polarization of IL-21 producing CD4 T cells

Polyclonal CD4 T cells were isolated and transduced with empty-retroviral (empty-RV) or 

Mef2d-retroviral (Mef2d-RV) as described in supplementary materials and methods. During 

and after transduction, cells were cultured in IL-21 polarizing medium [D10 with 50 μM 

BME, 10 ng/mL recombinant mouse IL-21 (BioLegend), 10 μg/mL anti-IFNγ (XMG1.2; 

BioXcell), and 10 μg/mL anti-IL-4 (11B11; BioXcell)] for an additional 4 days.

Flow cytometry

For mouse samples, single-cell suspensions were prepared from draining LNs or spleens or 

after in vitro stimulation. The cells were stained with fluorochrome-conjugated antibodies 
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against CD4 (RM4–5), CD45.1 (A20), CD18 (M18/2), and CD19 (6D5) from BioLegend; 

CD4 (RM4–5), B220 (RA3–6B2), ICOS (7E.17G9), and CD44 (IM7) from eBioscience; 

PD-1 (J43) from Invitrogen; CD8 (53–6.7), B220 (RA3–6B2), TCR Vα2 (B20.1), CD45.1 

(A20), CD45.2 (104), PSGL-1 (2PH1), PD-1 (J43), and Fas (Jo2) from BD Biosciences; 

PNA (FL-1071) from Vector Laboratories. Two-step and three-step CXCR5 staining were 

used for FACS analysis of the transferred cells on day 3 after immunization with biotinylated 

anti-CXCR5 (2G8) antibody and days 7–8 post-immunization with purified anti-CXCR5 

(2G8) antibody (from BD Bioscience), respectively (78). For intracellular cytokine staining, 

cells were stimulated with 40 ng/mL PMA (Merck) and 1.5 μg/mL ionomycin (Abcam) 

in the presence of 2 μg/mL brefeldin A (Merck) for 3 hours. After surface staining, cells 

were fixed, permeabilized, and stained with antibodies against IL-2 (JES6–5H4), IFNγ 
(XMG1.2), IL-17A (TC11–18H10.1) (from Biolegend), and recombinant mouse IL-21 

receptor Fc (R&D Systems) followed by anti-human IgG (Jackson Immunoresearch).

Human mononuclear cells were stained with the following fluorochrome-conjugated 

antibodies: CD4 (RPA-T4), CD8 (HIT8a), CD45RO (UCHL1) (BioLegend), Fixable 

Viability Dye, CXCR5 (MU5UBEE) (eBioscience), CD19 (HIB19) (Invitrogen), CXCR5 

(RF8B2), and PD-1 (EH12.1) (BD Biosciences).

Intracellular SAP or Bcl6 staining was conducted with fluorochrome-conjugated antibodies 

[anti-SAP (1A9) and anti-Bcl6 (K112–91) from BD Biosciences] after fixation and 

permeabilization using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience).

All stained cells were acquired using LSRII, LSRFortessa, or LSRFortessa X-20 (BD 

Biosciences) and analyzed using FlowJo software v.9.6 (FlowJo).

Luciferase assay

An approximately 1.5kb region of the Sh2d1a or Il21 gene, encompassing potential Mef2d 

binding sites, was amplified from mouse genomic DNA by PCR and cloned into the 

pGL4.10 vector (Sh2d1a +6.9kb-Luc or Il21 +3.2kb-Luc and Il21 +6.6kb-Luc, respectively). 

A vector including the 3X Mef2 binding sequence amplified from the 3XMEF2-Luc plasmid 

(a gift from Dr. Ron Prywes at Columbia University; Addgene plasmid # 32967) was 

used as a positive control. HEK293T cells were transfected with luciferase plasmids and 

a β-galactosidase plasmid as an internal control in the presence of empty-pCMV, pCMV-

Mef2d, or pCMV-R24L Mef2d plasmids. Three days after transfection, cells were lysed 

with Luciferase Cell Culture Lysis 5X Reagent buffer (Promega). Luminescent signals were 

measured with the cell lysates using the Luciferase Assay System (Promega), following the 

manufacturer’s instructions. Luciferase activity was normalized with β-galactosidase activity 

quantified using o-nitrophenyl-β-D-galactopyranoside (ONPG) substrate.

In vitro conjugation assay

The B:T conjugation assay (26, 79) was performed as follows. Empty-GFP (CD45.11) and 

Mef2d-GFP (CD45.12) OTII CD4 T cells were prepared. Splenic B cells, isolated from 

C57BL/6J mice, were stimulated with LPS (1 μg/mL) for two days. Activated B cells were 

labeled with 50 μM CMF2HC (Invitrogen) for 30 minutes at room temperature, followed by 

a brief pulse with OVA323–339 peptide (0, 1, or 10 μg/mL) for 30 minutes at 37 °C. 1.25 × 
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105 empty-GFP and 1.25 × 105 Mef2d-GFP OTII CD4 T cells were co-cultured with 5.0 × 

105 B cells for 20 or 30 minutes at 37 °C.

The DC:T conjugation assay was done in similar manners to the B:T conjugation assay 

with following modifications. Splenic DCs, after isolation with CD11c microbeads (Miltenyi 

Biotec) and subsequent staining with CD11c antibody for 20 minutes at 4 °C, were pulsed 

with OVA323–339 peptide for 2 hours at 37 °C. 2.5 × 105 DCs were co-cultured with 

empty-GFP and Mef2d-mAmetrine OTII CD4 T cells.

Conjugate formation of the respective OTII CD4 T cells with B cells or DCs was analyzed 

based on congenic molecule (CD45.11 vs. CD45.12) expression or based on GFP and 

mAmetrine expression among CD4 T cells in the conjugates.

Investigation of human peripheral blood mononuclear cells

Sample preparation: PBMCs from SLE patients and healthy donors were isolated as 

previously described (80). The first cohort’s PBMC samples were used for FACS and 

quantitative RT-PCR (qPCR) analyses. PBMCs obtained from the second cohort were used 

to isolate naïve (CD45RA+) CD4 T cells for qPCR analysis.

FACS analysis: PBMCs were stained with Fixable Viability Dye (Invitrogen) in 

PBS, followed by staining with fluorochrome-conjugated antibodies against CD4 (RPA-

T4), CD45RA (HI100), CXCR5 (J252D4), CXCR3 (G025H7), CCR6 (11A9), PD-1 

(EH12.2H7), and ICOS (C398.4A) (from BioLegend and BD Biosciences). Cells were 

stained in MACS buffer (0.5 % FBS, 1 % penicillin and streptomycin, and 2 mM EDTA in 

PBS) for 30 min at 4°C.

qPCR analysis: Total or naïve CD4 T cells were isolated from PBMCs using the Human 

CD4 T cell Isolation Kit (Miltenyi Biotec) or by FACS-sort. RNA was extracted using Tri 

Reagent (MRC) according to the manufacturer’s instructions. Oligo(dT) primers (Promega) 

and the Improm-II Reverse Transcriptase kit (Promega) were used for cDNA synthesis 

following the manufacturer’s instructions. qPCR was performed using SYBR Premix Ex Taq 

(Takara) on a Rotor-Gene Q (Qiagen). The primer sequences for MEF2D and GAPDH are 

listed in table S5.

Quantification of autoantibody production: Anti-nuclear and anti-dsDNA antibodies 

were measured in serum samples obtained from SLE patients. Anti-nuclear antibodies 

(ANA) were measured using ANA HEp-2 Plus (Generic Assays), and anti-dsDNA 

was measured using the Amerlex Anti-dsDNA Kit (Trinity Biotech) according to the 

manufacturer’s instructions.

Statistical analysis

All experiments were independently performed two or three times. Data sets were analyzed 

with the two-tailed unpaired or paired Student’s t-test, one-way ANOVA with Tukey’s 

multiple comparisons test, two-way ANOVA with Bonferroni’s multiple comparisons test, 

or Pearson’s correlation using Prism 7.0 software (GraphPad). Differences were considered 

statistically significant at P < 0.05.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mef2d inhibits germinal center Tfh (GC-Tfh) formation of OTII TCRtg CD4 T cells.
(A) Immunoblots of β-actin and Mef2d protein. Relative Mef2d band intensity of Mef2d-RV 

cells to those of empty-RV cells.

(B) Experimental scheme. Equal numbers of empty-RV or Mef2d-RV OTII CD4 T cells 

were transferred to C57BL/6J mice. Eight days after subcutaneous footpad immunization 

with NP-OVA, popLNs were examined for GC-Tfh differentiation of GFP+ OTII CD4 T 

cells.

(C) The frequencies of GFP+ OTII CD4 T cells calculated as the percentage of total CD4 T 

cells.

(D) Flow cytometry plots of GFP+ OTII CD4 T cells. Gates indicate PD-1−CXCR5− 

non-Tfh, PD-1−CXCR5+ Tfh, and PD-1+CXCR5+ GC-Tfh cells. Quantified frequencies of 

PD-1−CXCR5− non-Tfh and PD-1+CXCR5+ GC-Tfh cells among GFP+ OTII CD4 T cells.

(E and F) Overlaid histograms of PD-1 (E) and CXCR5 (F) of empty-RV (red) or Mef2d-

RV (blue) OTII CD4 T cells. MFIs were calculated.

(G) Flow cytometry plots of GFP+ OTII CD4 T cells with gates indicating Bcl6+CXCR5+ 

GC-Tfh cells. The frequencies of Bcl6+CXCR5+ GC-Tfh cells were calculated.
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Representative of two independent experiments with n=4–5 per group.

Error bars indicate mean with SD. Statistical significance values were determined using 

two-tailed Student’s t-test. NS, statistically non-significant; * p <0.05; ** p <0.01.
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Fig. 2. Germinal center formation and antigen-specific antibody production by B cells are 
negatively regulated by Mef2d function in CD4 T cells.
(A) Empty-RV (left) or Mef2d-RV (right) CD45.1 OTII CD4 T cell were transferred 

into C57BL/6J mice. Seven days after NP-OVA immunization, popLNs were taken for IF 

analysis of CD45.1 OTII CD4 T cell localization (T cell zone, B cell follicle, or GC area). 

CD45.1 OTII CD4 T cells were shown in large dots to clarify. Scale bar = 100μm.

(B) The frequencies of CD45.1 OTII CD4 T cells positioned in each location were 

calculated.

(C to G) Empty-RV or Mef2d-RV OTII CD4 T cells were transferred into Bcl6 CKO 

(Cd4CreBcl6fl/fl) mice, which were immunized subcutaneously with NP-OVA. Seven days 

after NP-OVA immunization, popLNs and serum were examined for GC-Tfh differentiation 

and GC formation and NP-specific IgG production, respectively.

(C) Experimental scheme for investigating the regulation of humoral immune response by 

the Mef2d function of CD4 T cells.
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(D) Flow cytometry plots of GFP+ OTII CD4 T cells present in popLNs of Bcl6 CKO mice. 

Gates indicate PSGL-1hiCXCR5− non-Tfh, PSGL-1hiCXCR5+ Tfh, and PSGL-1loCXCR5+ 

GC-Tfh cells. The frequencies of PSGL-1loCXCR5+ GC-Tfh cells were quantified.

(E) The frequencies of CD19 B cells. Calculated as the percentage of total lymphocytes.

(F) Flow cytometry plots of CD19 B cells with gates indicating Fas+PNA+ GC B cells. The 

GC B cell frequencies among the total B cells were calculated.

(G) Amounts of high- (NP8-BSA) and low- (NP49-BSA) affinity NP-specific IgG antibodies 

measured in serum from Bcl6 CKO mice adoptively transferred with empty-RV (red) or 

Mef2d-RV (blue) OTII CD4 T cells.

(H) Empty-RV (red) or Mef2d-RV (blue) OTII CD4 T cells were adoptively transferred into 

Bcl6 CKO mice, which were bled at days 7, 14, 21 and 28 after NP-OVA immunization. The 

high- and low-affinity NP-specific IgG production was measured by ELISA.

Representative of two independent experiments (n=4–5 per group) (C to G) and composite 

data from two independent experiments using n=6 recipient mice per group (H).
Error bars indicate mean with SEM (B) and mean with SD (D to H). Statistical significance 

values were determined using two-tailed Student’s t-test. NS, statistically non-significant; * 

p <0.05; ** p <0.01; *** p <0.001.
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Fig. 3. Mef2d inhibits the early Tfh differentiation of antigen-specific CD4 T cells.
(A) Experimental scheme to analyze Mef2d functions during early Tfh differentiation of 

CD4 T cells. The same number of empty-RV or Mef2d-RV OTII CD4 T cells were 

transferred into C57BL/6J mice. Three days after subcutaneous NP-OVA immunization, 

popLNs were examined for Tfh differentiation of GFP+ OTII CD4 T cells.

(B) Flow cytometry plots of CD4 T cells in the popLNs. Vα2+GFP+ OTII CD4 T cells were 

gated and quantified.

(C and D) Flow cytometry plots of the transferred GFP+ OTII CD4 T cells with gates 

indicating PD-1+CXCR5+ (C) and PSGL-1loCXCR5+ (D) Tfh cells. The frequencies of 

PD-1+CXCR5+ and PSGL-1loCXCR5+ Tfh cells among the GFP+ OTII CD4 T cells were 

calculated.

(E to G) Overlaid histograms of PD-1 (E), CXCR5 (F), and PSGL-1 (G) of empty-RV (red) 

and Mef2d-RV (blue) OTII CD4 T cells. MFIs were calculated.

(H) Quantification of CD25 MFIs from empty-RV and Mef2d-RV OTII CD4 T cells.

Representative of two independent experiments with n=4–5 mice per group.

Error bars indicate mean with SD. Statistical significance values were determined using 

two-tailed Student’s t-test. NS, statistically non-significant; * p <0.05; ** p <0.01; *** p 
<0.001; **** p <0.0001.
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Fig. 4. Mef2d impedes Tfh differentiation of CD4 T cells via direct repression of the Sh2d1a 
expression.
(A and B) RNA-seq was performed with three biological replicates of Tfh cells and non-Tfh 

cells that developed from empty-RV or Mef2d-RV OTII CD4 T cells. Each biological 

sample was obtained by sorting GFP+ Tfh and GFP+ non-Tfh cells from 8–12 recipient 

C57BL/6J mice per group.

(A) Differentially expressed genes by control Tfh, control non-Tfh, Mef2d Tfh, and Mef2d 

non-Tfh cells, which were categorized based on reported gene functions and presented as 

high (red) to low (blue) expression levels.

(B) Sh2d1a gene RPKMs of Tfh (red) and non-Tfh (blue) cells developed from empty-RV 

(circles) or Mef2d-RV (triangles) OTII CD4 T cells.

(C) The genomic region of the murine Sh2d1a gene with a putative Mef2d binding site 

(CAGTATTTTTAG) at +6.9 kb from the Sh2d1a gene transcription start site.
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(D) Luciferase activities of the pGL4.10 plasmids with three Mef2 binding sites (Mef2 

3X-Luc) or with a 1.5 kb region of the Sh2d1a locus containing CAGTATTTTTAG (Sh2d1a 
+6.9kb-Luc) in the presence or absence of Mef2d co-expression (0.05 μg for Mef2 3X-Luc 

and 0.05 and 0.8 μg for Sh2d1a +6.9kb-Luc). Data from two independent experiments with 

duplicate wells per each condition.

(E) Shown is the fold enrichment of the Sh2d1a +6.9kb DNA region bound by HA-tagged 

Mef2d in HEK293T cells transfected with empty-pCMV or Mef2d-HA-pCMV. Data from 

three independent experiments with duplicate samples for each condition.

(F) Intracellular SAP expression of in vitro stimulated polyclonal CD4 T cells, which were 

transduced with empty-RV (red) or Mef2d-RV (blue). Overlaid SAP histograms. Geometric 

SAP MFIs of GFP+ CD4 T cells from three independent experiments were calculated.

(G to K) SAP expression and early Tfh differentiation of Mef2d gene disrupted OTII CD4 T 

cells were examined. CD45.1 OTII CD4 T cells were transfected with either crCd8-RNP or 

crMef2d-RNP (#2), which were then adoptively transferred into C57BL/6J mice. Three days 

after NP-OVA immunization, the donor cells were examined for Tfh differentiation and SAP 

expression.

(G) β-actin and Mef2d immunoblots with cell lysates obtained from crCd8-RNP+ or 

crMef2d-RNP+ OTII CD4 T cells.

(H) Overlaid histograms of SAP of the donor cells. SAP MFIs were quantified.

(I) CD44 MFIs of the donor OTII CD4 T cells were calculated.

(J and K) Flow cytometry plots of the donor OTII CD4 T cells with gates indicating 

PD-1+CXCR5+ (J) and PSGL-1loCXCR5+ (K) Tfh cells. The frequencies of PD-1+CXCR5+ 

and PSGL-1loCXCR5+ Tfh cells among the donor OTII CD4 T cells were calculated.

Representative of two independent experiments with n=4 mice per group.

Error bars indicate mean with SD. Statistical significance values were determined using 

two-tailed Student’s t-test [B, D (left) to F, and H to K] and one-way ANOVA with Tukey’s 

multiple comparisons test [D (right)]. NS, statistically non-significant; * p <0.05; ** p 
<0.01; *** p <0.001; **** p <0.0001.
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Fig. 5. Mef2d negatively regulates GC-Tfh differentiation of antigen-specific CD4 T cells via 
DNA binding-dependent regulation of SAP expression.
(A to E) Empty-RV (red), Mef2d-RV (blue), or R24L Mef2d-RV (black) CD45.1 OTII 

CD4 T cells were adoptively transferred into C57BL/6J mice, which were immunized 

subcutaneously with NP-OVA. Seven days after NP-OVA immunization, the transferred 

GFP+ CD45.1 OTII CD4 T cells in popLNs were analyzed.

(A and B) Flow cytometry plots of GFP+ CD45.1 OTII CD4 T cells. Gates indicate non-Tfh 

(PD-1−CXCR5− or PSGL-1hiCXCR5−), Tfh (PD-1−CXCR5+ or PSGL-1hiCXCR5+), and 

GC-Tfh (PD-1+CXCR5+ or PSGL-1loCXCR5+) cells. The frequencies of non-Tfh and GC-

Tfh cells developed from the respective donor cells were calculated.

(C and D) MFIs of PD-1 (C) and CXCR5 (D) of the donor cells were quantified.

(E) Flow cytometry plots of the donor cells. Gates indicate the SAPhiCXCR5+ compartment. 

The SAPhiCXCR5+ cell frequencies were calculated.
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(F to H) GC-Tfh differentiation of Mef2d-RV OTII CD4 T cells was examined in the 

presence or absence of ectopic co-expression of SAP.

(F) Flow cytometry plots CD45.1 OTII CD4 T cells transduced with empty-RVGFP or 

Mef2d-RVGFP with or without Sh2d1a-RVmAmetrine. Empty-RVGFP
+ (red box), Mef2d-

RVGFP
+ (blue box), or Mef2d+Sh2d1a-RVGFP

+
mAmetrine

+ (black box) OTII CD4 T cells 

were highlighted.

(G) The respective RV+ OTII CD4 T cells were sorted and transferred into C57BL/6J mice. 

Seven days after NP-OVA immunization, popLNs were examined for GC-Tfh differentiation 

and IL-21 production (fig. S7, C–D) of the donor OTII CD4 T cells were examined.

(H) Flow cytometry plots of RV+ OTII CD4 T cells with gates indicating non-Tfh 

(PSGL-1hiCXCR5−), Tfh (PSGL-1hiCXCR5+), and GC-Tfh (PSGL-1loCXCR5+) cells. The 

frequencies of non-Tfh and GC-Tfh cells were calculated.

Representative of three independent experiments with n=5 mice per group (A to E) and 

composite data from two independent experiments using n=6–10 recipient mice per group (F 
to H).
Error bars indicate mean with SD. Statistical significance values were determined using 

one-way ANOVA with Tukey’s multiple comparisons test. NS, statistically non-significant; 

* p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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Fig. 6. Mef2d hinders IL-21 production of antigen-specific CD4 T cells via DNA binding 
dependent repression of the Il21 gene.
(A) RPKMs of the Il21 gene of Tfh (red) and non-Tfh (blue) cells developed from empty-

RV (circles) or Mef2d-RV (triangles) OTII CD4 T cells.

(B) The genomic region of the murine Il21 gene with putative Mef2d binding sites at +3.2 

kb (TATAAATAG) and +6.6 kb (CTAAAAATAG) from the Il21 gene transcription start site.

(C) Luciferase activities of the pGL4.10 plasmids with +3.2 kb or +6.6 kb region of Il21 
locus (~1.5kb long) containing the potential Mef2d binding sites in the presence or absence 

of Mef2d co-expression (0.05 and 0.8 μg for respective luciferase plasmids).

(D to G) CD45.1 OTII CD4 T cells, transduced with empty-RV, Mef2d-RV, or R24L 

Mef2d-RV, were transferred into C57BL/6J mice. Seven days after NP-OVA immunization, 

the transferred cells were analyzed for production of IL-21, IL-2 and IFN-γ.

(D) Experimental scheme to investigate the regulation of IL-21 production of CD4 T cells by 

Mef2d.
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(E to G) Flow cytometry plots of empty-RV, Mef2d-RV, and R24L Mef2d-RV OTII CD4 T 

cells, as shown in Fig. 5 A–E. Gates indicate IL-21 (E), IL-2 (F), and IFN-γ (G) producers. 

The frequencies of respective populations among GFP+ OTII CD4 T cells were calculated.

Analysis was performed with the data obtained from three independent experiments 

(two replicate samples/experiment) (C) and data are representative of three independent 

experiments with n=5 mice per group (D to G).
Error bars indicate mean with SD. Statistical significance values were determined using 

two-tailed Student’s t-test (A) and one-way ANOVA with Tukey’s multiple comparisons test 

(C, E to G). NS, statistically non-significant; * p <0.05; ** p <0.01; *** p <0.001; **** p 
<0.0001.

Kim et al. Page 33

Sci Immunol. Author manuscript; available in PMC 2023 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Mef2d deficiency leads to enhanced SAP expression, IL-21 production and GC-Tfh 
differentiation of antigen-specific CD4 T cells.
WT control and Mef2d CKO (Cd4CreMef2dfl/fl) CD45.2 OTII CD4 T cells were transferred 

into CD45.1 B6.SJL mice, which were immunized subcutaneously with NP-OVA. Seven 

days later, popLNs were examined for GC-Tfh differentiation, SAP expression, and IL-21 

production.

(A) CD44 MFIs of the donor OTII CD4 T cells in the popLNs.

(B and C) Flow cytometry plots of the transferred OTII CD4 T cells. Gates indicate non-Tfh 

(PD-1−CXCR5− or PSGL-1hiCXCR5−), Tfh (PD-1−CXCR5+ or PSGL-1hiCXCR5+), and 

GC-Tfh (PD-1+CXCR5+ or PSGL-1loCXCR5+) cells. The frequencies of non-Tfh and GC-

Tfh cells were calculated.

(D) CXCR5 gMFIs and PD-1 MFIs of the donor OTII CD4 T cells were quantified.

(E) PSGL-1 gMFIs of the donor cells were calculated.
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(F and G) SAP expression of the WT control and Mef2d CKO OTII CD4 T cells were 

examined. Flow cytometry plots of the donor cells with gates indicating SAPhiCXCR5+ 

compartment (F). Overlaid SAP histograms (G). SAPhiCXCR5+ cell frequencies and 

intracellular SAP MFIs were quantified.

(H) Flow cytometry plots of the transferred OTII CD4 T cells. Gates indicate IL-21 

producing cells. The frequencies of IL-21 producers were quantified.

Representative of two independent experiments with n=5 mice per group.

Error bars indicate mean with SD. Statistical significance values were determined using 

two-tailed Student’s t-test. NS, statistically non-significant; ** p <0.01; *** p <0.001; **** 

p <0.0001.
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Fig. 8. Reduced MEF2D expression in CD4 T cells is associated with autoimmune SLE 
conditions.
(A) Frequencies of CD4 T cells in PBMC from healthy controls and SLE patients (table 

S3a).

(B) Frequencies of ICOS+PD-1+ circulating Tfh (cTfh) cells (gating strategy shown in fig. 

S10A) among peripheral blood CD45RA−CXCR5+ CD4 T cells of healthy controls and SLE 

patients (table S3a).

(C) Correlations of ICOS+PD-1+ cTfh cell frequency with SLEDAI and anti-dsDNA Ig level 

in the SLE patients.

(D) MEF2D mRNA measured by qPCR in peripheral blood CD4 T cells obtained from 

healthy controls and from the SLE patients (table S3a).

(E) Correlation of the MEF2D expression of CD4 T cells with the ICOS+PD-1+ cTfh cell 

frequency in the SLE patients.

(F) Correlations of the MEF2D expression of the SLE CD4 T cells with SLEDAI, anti-

dsDNA Ig, and ANA.

Error bars indicate mean with SD (A and B) and mean with min to max (D). Statistical 

significance values were determined using two-tailed Student’s t-test (A, B, and D) and 

Pearson’s correlation analysis (C, E, and F). ** p <0.01.
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