
B Cell Extrinsic Myd88 and Fcer1g Negatively Regulate 
Autoreactive and Normal B cell Immune Responses

Rebecca A. Sweet†,‡,1,2, Kevin M. Nickerson*,1, Jaime L. Cullen‡,1, Yujuan Wang*, and Mark 
J. Shlomchik*,†,‡

*Department of Immunology, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

†Departments of Immunobiology, Yale University School of Medicine, New Haven, CT, USA

‡Laboratory Medicine, Yale University School of Medicine, New Haven, CT, USA

Abstract

MyD88 and FcR common gamma chain (Fcer1g, FcRγ) elicit proinflammatory responses to 

exogenous antigens. Deletion of these receptors in autoimmune models has generally led to 

reduced overall disease. In B cells, Myd88 is required for anti-DNA and anti-RNA autoAb 

responses, while Fcer1g is not expressed in these cells. The roles of these receptors in myeloid 

cells during B cell autoimmune activation remain less clear. To investigate the roles of Myd88 and 

Fcer1g on non-B cells, we transferred anti-self IgG (rheumatoid factor) B cells and their 

physiologic target antigen, anti-chromatin Ab, into mice lacking Fcer1g, Myd88 or both and 

studied the extrafollicular plasmablast response. Surprisingly, we found a markedly higher and 

more prolonged response in the absence of either molecule, an effect that was accentuated in 

doubly-deficient recipients, with a 40-fold increase compared to WT recipients at d10. This 

enhancement was dependent on CD40L, indicating that Myd88 and FcRγ, presumably on myeloid 

APC, was required to downregulate T cell help for the EF response. To extend the generality we 

then investigated a classic T cell dependent response to NP-CGG and found a similar effect. These 

results thus reveal novel regulatory roles in the B cell response for receptors that are typically 

proinflammatory.

Introduction

Autoantibody responses are a hallmark of systemic and organ-specific autoimmune 

syndromes (1). While the specificities of serum antibodies (Abs) in many such diseases are 

relatively well-understood, the cellular pathways that generate these Abs remain more 

obscure. Paradigms for understanding these self-reactive B cell responses derive chiefly 

from parallels with induced immune responses to foreign antigens. Such responses 

classically proceed via germinal center (GC) formation, sometimes after a brief period of 

extrafollicular (EF) plasmablast (PB) generation. GC responses are the classical sources of 
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long-lived plasma cells and memory B cells, though the latter may also form outside of the 

GC (2).

Despite this classical view, it has become apparent that B cell autoimmune responses can 

include a prominent EF PB response, often without a significant GC response (3). Similar 

responses have recently been observed after challenge with certain bacterial pathogens as 

well (4-6). This dynamic EF response can proceed continually throughout the disease 

process or infection, presumably recruiting new cohorts of B cells to differentiate into PBs, 

which in turn have a half-life of just a few days. This has been observed in multiple animal 

models and can be inferred in humans and mice by the loss of some, though not all, autoAbs 

after B cell depletion therapy (7-10). Most prominently, anti-DNA and anti-self-IgG 

(rheumatoid factor, RF) responses use the EF pathway (11, 12). In contrast to the GC, how 

these EF responses are promoted and regulated is poorly defined, both in immunity and 

autoimmunity.

Though EF responses are in some cases T cell-independent or partially so (13-16), T cells 

can participate in EF responses as well. Recently, a population of T cells that resemble TFH, 

that are nonetheless localized extrafollicularly and hence have been called TEFH, has been 

identified (17, 18). These play a role in both autoreactive and immunization-induced EF PB 

responses. TEFH both amplify and alter the quality of EF responses, but they are relatively 

little studied compared to TFH. In particular it is not clear how they are initially activated and 

also how or even if they are regulated. In this respect, their follicular counterpart, the TFH 

can be antagonized at a later stage of the response by a form of regulatory TFH (TFR) (19); T 

cells or other factors that might regulate the EF response have not yet been identified.

In addition to T cell help for B cells, it is generally thought that all immune responses 

require some form of innate immune activation in order to initiate and possibly also in order 

to be sustained (20). Classically, for responses to microbial and vaccine Ags, the DC is the 

initial APC for CD4 T cells and hence it must be activated by one or more innate immune 

receptors (21). However, in autoimmunity a growing body of evidence implicates the B cell 

as a predominant and even initiating APC for CD4 T cells (22, 23). If the B cell were an 

initiating APC, this would require the B cell to receive an innate immune signal. Indeed, for 

autoimmune responses that focus on typical lupus autoantigens, engagement of TLR7 and/or 

TLR9 along with the BCR is strictly required for initial B cell activation, and for subsequent 

differentiation and autoantibody production (24). Moreover, in lupus-prone mice deletion of 

Myd88 in B cells, but not in DCs, abrogated autoantibody production and greatly 

ameliorated target organ disease that was T cell-mediated (25). Commensurately, deletion of 

B cells but not DCs, markedly reduced the peripheral accumulation of activated/memory 

phenotype T cells (26, 27).

On the other hand, the potential functions of innate immune signaling in myeloid cells—

such as DCs, neutrophils and macrophages—in activating and/or regulating autoreactive EF 

B cell responses remain obscure. Myeloid cells express multiple TLRs, most of which signal 

via MyD88 (28, 29). In addition, they express a variety of “activating” FcR that recognize 

immune complexes (ICs), which are prevalent in diseases like lupus and Rheumatoid 

Arthritis (30). In addition to providing activating signals transduced via FcRγ and Syk, FcR 
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also can direct TLR ligands contained in ICs to intracellular compartments where they can 

engage certain TLRs (31), potentially leading to crosstalk between these two receptors.

The consequences of such potential ligand interactions for the B cells response are not well 

studied. Myeloid cells are sources of BAFF and APRIL, cytokines known to promote and 

possibly regulate PB differentiation (3). It is not fully understood what signals are naturally 

generated to elicit these cytokines during the EF response, though TLR or FcR signals may 

be upstream in some cases (32-34). Myeloid cells, particularly DCs and macrophages, also 

express MHCII and could be important APCs for T cells that promote EF responses; 

alternatively, or in addition, they could promote the development of various types of 

regulatory T cell that could function to rein in the response, by analogy to TFR.

Here we have taken a genetic and cell transfer approach to evaluate functions of innate 

immune signaling via both MyD88 and FcRγ in EF responses. We began with the goal of 

understanding autoreactive anti-IgG (also known as rheumatoid factor or RF) B cell 

activation after exposure to ICs that contain the endogenous DNA or RNA (35, 36). Such 

ICs are natural ligands of receptors that are upstream of both FcRγ and MyD88. Previously 

we showed that responses to such ICs depend on the nucleic acid-specific TLRs 7 and 9 

expressed in B cells and hence the DNA and RNA in this context are endogenous TLR 

ligands (37). T cells also contribute to the response, in particular to amplify the IgG AFC 

response, though they are not required for it (16, 37). This response is an ideal model for the 

types of TLR-dependent B cell activation that is prominent in lupus and other systemic 

autoimmune diseases, particularly when ICs are abundant. Since the roles of MyD88 in B 

cells are relatively well-known (25, 37, 38), we have used cell transfer to restrict its 

deficiency to the non-B cell component, which in this context we expect to be mainly 

comprised of myeloid cells. Though FcRγ is a downstream signaling effector of a variety of 

receptors, in the context of an acute immune response driven by ICs we expect the major 

role for this molecule will be in FcR-mediated signaling in myeloid cells.

We transferred small numbers of B cells expressing an anti-IgG2a specificity from V genes 

“knocked in” to the native Ig loci to genetically deficient or WT control recipients and then 

challenged with IgG2a anti-nucleosome protein (35, 36). IgG anti-nucleosome binds to 

ubiquitous nuclear material in vivo to generate RF B cell stimulatory complexes that in turn 

lead to EF PB development that closely mimics the spontaneous response. We then assessed 

the B cell response under these conditions.

Though we expected to find stimulatory roles for both MyD88 and FcRγ we instead found 

rather striking paradoxical enhancement of the response in the absence of each of the 

receptors, whch was further accentuated in doubly-deficient animals. These studies thus 

reveal an unexpected role for these receptors when expressed in non-B cells during an EF 

PB response that is typical of TLR-driven autoimmunity. Moreover, we also found a parallel 

effect on a hapten driven T-dependent response, suggesting that these paradoxical inhibitory 

roles of non-B cell expressed MyD88 and FcRγ may be even more general in regulating the 

humoral immune response.
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Materials and Methods

Mice

AM14 site directed transgenic (sd-Tg) mice (36) and Vh186.2 KI (B1.8) mice (39) were 

backcrossed to the BALB/c strain for at least 8 generations. Myd88 deficient mice (40) were 

obtained from R. Medzhitov (Yale University, New Haven, CT, USA) and backcrossed to the 

BALB/c strain for at least 8 generations. Fcer1g deficient mice (41) on the BALB/c strain 

were purchased from Taconic (Germantown, NY). Ccr2 deficient mice on the BALB/c 

background (42) were obtained from B. Rollins (DFCI, Boston, MA, USA). Tcra-deficient 

mice were derived from mice obtained from K. Bottomly (Yale University) (43). All mice 

were housed under specific pathogen free conditions and all experiments were performed 

with the approval of the Yale University and University of Pittsburgh IACUC.

B cell isolation and transfer

Transfer of AM14 (16) and B1-8 B cells (44) has been described previously. Briefly, B cells 

were isolated from single cell suspensions of splenocytes using the EasySep Mouse B Cell 

Enrichment kit (StemCell Technologies, Vancouver, Canada) per manufacturer's 

instructions. Purity was verified to be 90-95% by flow cytometry. 3 million AM14 B cells or 

B1-8 B cells containing 200,000 NP-specific cells in sterile PBS were injected i.v. into 

recipient mice.

In vivo B cell activation

Growth and injection of PL2-3 (45) has been described previously (16). 500 μg PL2-3 was 

injected i.p. at days 0, 2, and 4 of the experiment. Alternatively, mice were injected i.p. with 

50 μg of NP-CGG precipitated in alum at day 0. Day 0 was defined as being within 24 hours 

after B cell transfer.

In vivo Ab administration

We used MR-1, which blocks CD40L (46); hamster isotype control UC8-1B9 (anti-DNP-

KLH) (ATCC); and 1A8, which mediates cell depletion by binding Ly6G (47). Abs were 

grown and purified as previously described (48). 200 ug MR-1 or hamster IgG isotype 

control, was injected i.p. on days -1 and 3 of the experiment. 1 mg of 1A8 was injected 

between days 3 and 5 of the experiment.

Flow Cytometry and cell sorting

Preparation of splenocytes has been described (48). The following Ab were produced in lab 

or purchased as indicated: 4-44 (anti-AM14 idiotype) biotin, alexa 647, or alexa 488; anti-

mouse Ly6G alexa 488 (1A8); anti-mouse CD11b alexa 647 (M1/70) or APC-Cy7 (M1/70, 

Biolegend); anti-mouse CD11c biotin (N418, eBioscience) or BUV737 (N418, Becton-

Dickinson); anti-mouse TCRβ biotin or PerCP-Cy5.5 (H57-597, Biolegend); anti-mouse 

CD19 BUV395 (1D3, Becton-Dickinson); anti-mouse CD4 Pacific Blue (GK1.5); anti-

mouse CD62L alexa 647 (MEL-14); anti-mouse CD44 alexa 488 (1M7) or APC-Cy7 (1M7, 

Biolegend); anti-mouse CD40 PE (3/23, Becton-Dickinson); anti-mouse PSGL1 

phycoerythrin (2PH1, Becton-Dickinson); anti-mouse FoxP3 allophycocyanin (FJK-16s, 
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eBioscience); anti-mouse kappa (187.1); anti-mouse CD86 Pacific Blue (GL1) or PE (GL1, 

Becton-Dickinson); anti-mouse CD80 BV605 (16-10A1, Becton-Dickinson) or PE-Cy7 

(16-10A1, Biolegend); anti-mouse I-A/I-E biotin or APC-Cy7 (M5/114.15.2, Biolegend); 

anti-mouse CD95 PE-Cy7 (Jo2, Becton-Dickinson); and anti-mouse CD138 

allophycocyanin (281-2, Biolegend). Streptavidin PE-Cy7 (BD) or Streptavidin PE-Cy5.5 

(Invitrogen) were used as secondary reagents. Nitro-iodo-phenyl hapten coupled to either 

allophycocyanin or PE, NIP-APC and NIP-PE, respectively, have been described (49). Flow 

cytometry data were collected on a Becton-Dickinson LSRII or Fortessa and analyzed in 

FlowJo (Tree Star). Cell sorting was performed on a Becton-Dickinson FACS Aria II.

Quantitative RT-PCR

RNA was prepared from sorted CD11b+ Ly6G- cells using the QIAgen RNeasy Plus Mini 

kit according to manufacturer's instructions. cDNA was prepared using iScript Reverse 

Transcription Supermix (Bio-Rad). qPCR was performed on a Roche LightCycler 96 using 

KAPA SYBR Fast Master Mix and the following primers: Il6 
TTCCCTACTTCACAAGTCCG and CAAGTGCATCATCGTTGTTC; Gapdh 
TCCCACTCTTCCACCTTCGA and AGTTGGGATAGGGCCTCTCTT.

ELISpot Assay

Detection of 4-44+ AFCs (35) and NP-specific AFCs using ELISpot has been described 

(50). Briefly, Immulon 4 plates were coated with either anti-mouse IgM (B7-6, produced in 

lab) or polyclonal anti-mouse IgG2a (Southern Biotech) for 4-44 AFCs or with NP2-BSA or 

NP16-BSA and blocked with PBS and 1% BSA. NP-BSA conjugates were produced and 

characterized as described (49). Splenocytes were incubated at 37 degrees with 5% CO2 for 

4.5-6 hours. 4-44+ AFCs were enumerated by detection with 4-44 biotin and Streptavidin-

alkaline phosphatase while NP AFCs were detected using anti-IgM or anti-IgG1 alkaline 

phosphatase (Southern Biotech). Color was developed using 5-Bromo-4-chloro-3-indolyl 

phosphate (BCIP) in agarose. AFCs were counted using a dissecting microscope.

Detection of Serum Cytokines

MCP-1 was detected from serum using the Bio-Plex Mouse Cytokine MCP-1 set per 

manufacturer's instructions (Bio-Rad, Hercules, CA, USA).

Results

B cell extrinsic Myd88 and Fcer1g regulate RF B cell contraction

To test whether MyD88 and FcRγ expressed on non-B cells modulated the TLR-dependent 

EF RF B cell response to anti-chromatin Ab, we utilized our well-characterized model in 

which WT AM14 B cells are transferred to BALB/c recipients and activated by the IgG2aa 

anti-chromatin Ab, PL2-3 (16, 35). We then compared the response in WT recipients with 

recipients that lacked either Myd88 or Fcer1g, or with recipients that lacked both, tracking 

cells using the 4-44 anti-idiotype Ab that detects the transferred RF B cells (Fig. 1A) (48). 

We found that at day 5, the response in terms of total RF cells or AFCs was similar in all 

groups analyzed (Fig. 1B-D). Thus, while we previously showed that Myd88 is required in 
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AM14 B cells in this response, these data demonstrate that Myd88 and Fcer1g are not 

required in any other cell type to initiate the AM14 B cell response to anti-chromatin Ab.

The AM14 response in WT recipients remained relatively stable from day 5 to day 7 and 

contracted by day 10 (Fig. 1B-D, thin solid line). Unexpectedly, the response in mice 

deficient in either Myd88 or Fcer1g continued to expand from day 5 to day 7 (Fig. 1B-D, 

thin dashed line and thick solid line). Indeed, the frequency of 4-44+ cells at day 7 was more 

than 3-fold increased in deficient recipients compared to that found in WT recipients (Fig. 

1B). Furthermore, 4-44+ IgM (Fig. 1C) and 4-44+ IgG2a AFCs (Fig. 1D) were increased 

roughly 2-fold in deficient recipients compared to that found in WT recipients. Following 

this, in recipients deficient in either Myd88 or Fcer1g, there was partial contraction by day 

10, but this contraction was much less pronounced than in WT mice such that at day 10 in 

Myd88 deficient recipients, the total 4-44+ population and both IgM and IgG2a 4-44+ AFCs 

were increased 5-fold compared to that found in the WT recipients (Fig. 1B-D). At day 10 in 

Fcer1g deficient recipients, the 4-44+ response was markedly increased (10-fold) compared 

to WT (Fig. 1B-D). Dramatically, in recipients lacking both Myd88 and Fcer1g, contraction 

was not observed by day 10. Instead, the response continued such that in these recipients, the 

total 4-44+ population was increased 15-fold compared with WT (Fig. 1B, thick dashed 

line), while the AFC response was 40-fold increased compared with WT (Fig 1C and 1D, 

thick dashed line). Thus, our results indicate synergy between the two pathways in a 

profound regulation of the late phase of the autoreactive B cell response.

To better understand how host deficiency in Myd88 and Fcer1g affected the AM14 response 

to anti-chromatin PL2-3 immunization, we examined the expression of B cell activation 

markers on transferred idiotype-positive B cells and idiotype-negative host B cells. At d7 

following transfer and immunization, WT AM14 B cells transferred into the WT recipient, 

despite being fewer in number (Fig 1B), expressed more CD44, CD80 and CD40 than cells 

transferred into Myd88-/-Fcer1g-/- recipients, somewhat less CD95, and similar levels of 

MHC II and CD86 (Fig 1E). These differences suggest that the activation signals received by 

WT AM14 B cells in the presence of anti-chromatin Ab is of equal or better quality in the 

WT versus deficient recipients, and thus does not explain the dysregulation observed in the 

deficient recipient mice.

The effect of myeloid Myd88 and Fcer1g on RF B cell activation

To understand how MyD88 and FcRγ regulate the WT AM14 B cell response to anti-

chromatin Ab, we profiled myeloid cell subsets following transfer of AM14 B cells to WT 

or deficient mice and activation with anti-chromatin Ab in vivo at day 7. We first analyzed 

CD11bhi cells, characterizing Ly6G+ cells as neutrophils (51) and Ly6Glo cells likely as a 

combination of monocytes and macrophages (referred to hereafter as macrophages). 

CD11bhi Ly6G+ neutrophils were increased in WT recipients compared to those lacking 

Myd88, regardless of Fcer1g presence or absence (Fig. 2A). There was also an increased 

frequency of macrophages in the spleens of WT recipients compared with all deficient 

recipients (Fig. 2B). DCs (ascertained by gating out neutrophils and gating on CD11bint 

CD11chi cells) were decreased in mice lacking only Fcer1g, but not in other deficient 

recipients (Fig. 2C).
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In addition to differences in macrophage frequency, we observed differences in macrophage 

activation state following adoptive transfer of AM14 B cells and immunization with anti-

chromatin PL2-3. At d7, we saw an increase in expression of CD86 and CD40 in WT but not 

Myd88-/-Fcer1g-/- recipients (Fig S1A and S1B) with no difference in MHCII or CD80 

expression (Fig S1C and S1D). We also sorted CD11b+ Ly6G- cells and performed qRT-

PCR and observed an increase in expression of IL-6 in WT but not Myd88-/-Fcer1g-/- 

recipients at d7 (Fig S1E). We did not observe differences in the expression of several other 

genes, including IFNγ, IL10, BAFF, Arg1 or Nos2; nor did we see differences in BAFF, 

APRIL or IL1b mRNA expression in sorted CD11b+ Ly6G+ neutrophils (not shown). Thus, 

at this time point, increased activation of macrophages does not readily explain the increase 

in the AM14 B cell response in Myd88-/-Fcer1g-/- hosts.

Given differences in macrophage population recruitment and that MCP-1 is a chemokine 

that attracts macrophages, we tested serum for MCP-1 following activation of transferred 

AM14 B cells with anti-chromatin Ab in vivo. Interestingly, at day 5 following anti-

chromatin Ab activation, MCP-1 was increased in WT recipients but not recipients lacking 

Myd88 and Fcer1g (Fig. S2A).

Since CCR2 is a receptor that mediates macrophage migration in response to MCP-1 (52, 

53) we hypothesized that CCR2+ macrophages might be an important cell type for 

controlling contraction of AM14 B cells after activation by anti-chromatin Ab. To test this, 

we compared WT to Ccr2-deficient recipients (42) following AM14 B cell transfer and 

activation with anti-chromatin Ab (Fig. S2B and 3). As expected, we found the percentage 

of CD11bhi Ly6Gneg cells to be greatly reduced in Ccr2 deficient recipients compared with 

WT recipients (Fig. S2B). However, CCR2 was not required for contraction of transferred 

WT AM14 B cells following activation with PL2-3 (Fig. 3). Although in one experiment 

there was an increase in the 4-44+ response in Ccr2 deficient recipients compared with WT 

recipients at day 7, this result was not reproducible. Unlike in FcRγ and MyD88 deficient 

recipients at day 10 (Fig. 1 B-D), contraction of the 4-44+ response did not significantly 

differ between WT and Ccr2 deficient recipients. This pattern was consistent in total 4-44+ 

cells (Fig. 3A), 4-44+ IgM AFCs (Fig. 3B), and 4-44+ IgG2a AFCs (Fig. 3C). Thus, we 

conclude that recruitment of CCR2+ macrophages is not the mechanism underlying FcRγ 
and MyD88 dependent regulation of the AM14 B cell response to anti-chromatin Ab.

In our initial flow cytometric analysis of Myd88 and Fcer1g deficient mice following AM14 

B cell transfer and in vivo activation with anti-chromatin Ab, we also identified a trend in 

which decreased neutrophils correlated with dysregulated AM14 B cell responses. To test 

whether neutrophils were functionally contributing to the control of the AM14 B cell 

response, we depleted neutrophils using the anti-Ly6G depleting Ab clone 1A8 (47) (Fig. 

S3A-C). We then examined whether the AM14 B cell response was dysregulated at day 7. In 

our analysis of 4-44+ cells (Fig. S3D), 4-44+ IgM AFCs (Fig. S3E), and 4-44+ IgG2a AFCs 

(Fig. S3F), the AM14 B cell response was indistinguishable in the presence and absence of 

neutrophils.
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B cell extrinsic Myd88 and Fcer1g control RF B cells via CD40L

Given that the AM14 response to anti-chromatin Ab is enhanced by Ag specific T cell help 

(16), it was important to analyze the T cell subsets in Myd88 and Fcer1g deficient mice 

compared with wild type mice during AM14 B cell activation with anti-chromatin Ab. We 

first examined CD4+ CD62Llo CD44hi PSGL1lo T cells, which identifies T cells that help B 

cells (18). There was an increased frequency of these cells in mice that lacked Myd88, both 

in the presence or absence of Fcer1g (Fig. 4A). We also examined FoxP3+ regulatory CD4 T 

cells (54). There was a lower frequency of FoxP3+ CD4 T cells in mice deficient in Fcer1g, 

both in the presence and absence of Myd88 (Fig. 4B). Interestingly, the smallest d7 AM14 B 

cell response, that seen in WT recipients, (Fig 1B-D) correlated with the presence of the 

fewest B helper T cells and greatest frequency of regulatory T cells. The strongest AM14 B 

cell response, that seen in Myd88-/-Fcer1g-/- recipients, correlated with a higher frequency of 

B helper T cells and lower frequency of regulatory T cells. Deficiency in Myd88 alone 

affected T extrafollicular helper cell frequency but not regulatory T cell frequency, while 

deficiency in Fcer1g affected regulatory T cell frequency with only a modest effect on T 

extrafollicular helper cell frequency (Fig 4A-B) indicating that the synergistic effects of 

Myd88 and Fcer1g may act via distinct pathways.

Since there was variation in B helper T cell and regulatory T cell frequency in Myd88 and 

Fcer1g deficient mice and its correlation with the RF B cell response, we sought to test the 

role of T cell help in Myd88 and Fcer1g dependent control of this response. To do this, we 

used the anti-CD40L blocking Ab, clone MR-1 (46). We previously used this Ab to 

demonstrate that T cell help amplified the AM14 B cell response at day 5, although there 

was a substantial T-independent component as well (16). Here we wanted to test whether the 

dysregulation observed in the absence of Myd88 and Fcer1g was dependent on CD40L; if so 

this would indicate a mechanistic link between cells expressing Myd88 and Fcer1g and T 

cells, consistent with the trends observed above. Commensurate with effective blocking of 

CD40L, there was a reduction in CD44hi CD62Llo CD4 T cells at day 7. This was similar in 

both WT recipients and recipients lacking both Myd88 and Fcer1g (Fig. S4). Similar to our 

previously published work at day 5, there was a reduction in the total 4-44+ cells at day 7 in 

CD40L-blocked WT recipients compared with isotype control treated WT recipients (Fig. 

5A). Although not significant, there was a trend towards reduction of 4-44+ IgM AFCs and 

4-44+ IgG2a AFCs following CD40L blocking at day 7 in WT recipients (Fig. 5B and 5C). 

This difference was significant at day 5 in our previous studies (16). As in Fig. 1, the striking 

increase in total 4-44+ cells in Myd88 and Fcer1g deficient recipients compared with WT 

recipients was again observed when both groups were given the isotype control Ab (Fig. 5). 

Dramatically, in the Myd88 and Fcer1g deficient mice treated with CD40L blocking Ab, this 

excessive response in the gene-deficient recipients was fully reversed (Fig. 5). Thus, the 

dysregulation of the AM14 B cell response in the absence of Myd88 and Fcer1g is CD40L-

dependent.

Fcer1g and MyD88 dependent regulation of Ab is not restricted to autoreactive B cells

As the AM14 B cell response to anti-chromatin antibodies is facilitated by T cells, and as the 

dysregulation we observed in the absence of Fcer1g and MyD88 is dependent on CD40L, 

we wondered whether the unsuspected regulatory roles of Fcer1g and MyD88 in the EF 
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response would apply during a classic T cell dependent GC response. To assess this, we used 

B1-8i mice, which carry a BCR heavy chain that recognizes the hapten NP when paired with 

the λ1 light chain (39). We transferred these B cells into wild type mice, or mice deficient in 

both Fcer1g and MyD88 and immunized with NP-CGG in alum. While there was a trend 

toward expansion of the high-affinity NP2-specific IgM AFCs in the absence of Fcer1g and 

MyD88 (Fig. 6A), the frequency of high (NP2-) and moderate (NP16-) affinity NP-specific 

IgG1 AFCs was increased more than 2-fold (Fig. 6B and C). Thus, FcRγ and/or MyD88 

regulate both self-reactive and anti-foreign antibody responses.

Discussion

Though it is common to consider certain molecules and their associated pathways as either 

positively activating or negatively regulating, in practice such a simplified view is not always 

accurate. Often, initially “positive” signals induce their own counterregulation; or, such 

positive signals become reprogrammed to negative in certain contexts. The signaling adapter 

MyD88 and the ITAM-containing signaling adapter for multiple FcR and C-type lectins, 

FcRγ, are both typically considered to promote rather than regulate multiple aspects of the 

immune response (3). For this reason we expected that these two receptors, when expressed 

on non-B cells, would mediate signals that enhance the response of autoreactive B cells to 

nucleic acid-containing immune complexes. Indeed, IgG ICs are excellent ligands for 

multiple “activating” FcR that rely on FcRγ and the contents of the ICs we are using have 

been shown to contain TLR7 and TLR9 ligands that can activate myeloid cells in a MyD88-

dependent manner (32).

Nonetheless, and quite unexpectedly, the absence of either one of these receptors led to an 

environment that was much more conducive to plasmablast formation by autoreactive B 

cells. The response was even further enhanced in the absence of both signaling molecules. 

The most notable effect was the marked prolongation of the plasmablast response, such that 

by day 10 in the doubly-deficient recipient mice, its magnitude was 15-40 fold higher than in 

WT recipients. In WT recipients the response had contracted while in the double mutants it 

had continued to expand. This is indicative of the failure to induce one or more 

counterregulatory mechanisms. This enhancing effect is not explained by existing paradigms 

for the function of these adapter molecules or the cells they were likely to be expressed in.

A search for the mechanism underlying this effect began with identifying the cells most 

likely to be important. In this case, given the effect of FcRγ, we focused on the myeloid 

compartment, as neither T cells nor B cells express this molecule to a significant degree. The 

situation is similar for MyD88, albeit host B cells of course do express MyD88 (and would 

lack its expression in the knockout mice); however, we transferred WT B cells and measured 

their responses, focusing us on cells of the host. In addition to expression of the key 

molecules, myeloid cells are found in close proximity to plasmablasts at the T-B border, red 

pulp and in the marginal zone (12). Myeloid cells could exert direct effects on B lineage 

cells, such as activated B cells or PBs, and/or could affect the quantity and quality of T help 

for such B cells. The latter could occur during the cognate MHCII-based presentation of Ag 

by myeloid cells to such T cells; T cells could also be influenced by cytokines elaborated by 

myeloid cells.
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It is noteworthy that others have implicated myeloid cells in humoral immunity, typically in 

the context of stimulatory, not regulatory, function. For example, certain types of DCs can 

trap antigen and present it to B cells to promote Ab responses (55, 56). In addition, myeloid 

cells—in particular granulocytes—have been identified as major sources of BAFF and 

APRIL, both of which are important in promoting PB differentiation and survival both in 

spleen and bone marrow (3, 57). TACI, a B cell-expressed receptor for both BAFF and 

APRIL has complex effects that can be both positive and negative (58). Regulatory roles for 

myeloid cells, including macrophages, have also been reported in the context of 

autoimmunity (59, 60). Recently, Jørgensen and colleagues found that Gr-1high CD11b+ 

cells were responsible for suppressing autoreactive B cell responses in male mice in the 

NZB/W mouse model of lupus (61).

In this regard, it was intriguing that we did see alterations in myeloid cells in the mutant 

mice—in particular less accumulation of CD11bhi cells of both Ly6Ghi and Ly6Glo 

phenotypes (i.e. macrophages and neutrophils). Nonetheless, we were unable to confirm a 

non-redundant role for neutrophils. Since we did not deplete multiple cell types at the same 

time, however, we cannot rule out that macrophages and neutrophils play redundant roles. 

We hope to evaluate this in future work as it will be ultimately of interest to understand 

whether in fact myeloid cell types have critical roles in mediating the effect and if so, which 

ones. As discussed below, DCs seem likely as critical actors given the lack of effect of 

macrophage or neutrophil deletion as well as the effects on T cells.

Fortunately, we did gain insight into the cellular mechanisms underlying the regulation by 

Fcerg1 and Myd88: we were able to demonstrate a role for these two molecules in regulating 

T cell help for augmenting the B cell response. The first clue came from a correlation in that 

regulatory T cells were reduced in Fcerg1-deficient mice while cells with a TFH phenotype 

were increased in the absence of Myd88. This was intriguing because it suggested two 

possible mechanisms, each linked to a different receptor. We were then able to specifically 

test this, hypothesizing that enhancement of the response in doubly-deficient mice would be 

lost when B-T collaboration was interrupted by blocking CD40L. Indeed, the enhancement 

was completely reversed. This suggests that FcRγ and MyD88 regulate the T cell dependent 

component of the response and that in the absence of this regulation T cell help becomes 

less restricted, thus prolonging and enlarging B cell expansion.

Such a connection is important because it implies that both FcRγ and MyD88 transmit 

negative regulatory signals to APC during the late part of the B cell immune response. This 

feedback loop, which is based on two receptors that are generally thought to transmit 

positive signals, was previously unrecognized. How the meaning of these signals is altered 

in the context of the late B cell immune response is yet to be determined. Given the 

capability of DCs to efficiently activate T cells (21), this would further imply that expression 

of FcRγ and MyD88 in DCs would be critical in regulating T cells as the response 

progresses. To test this will require an inducible system of cell-type specific deletion for 

these receptors.

It is important to point out that induction of negative regulators after signaling via both 

MyD88 and Syk-family non-receptor tyrosine kinases has been described. For example, 
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stimulation via FcRγ can lead to induction of an inhibitory state known as ITAMi (62, 63) 

and numerous molecules that regulate MyD88 signaling are induced by MyD88 signals 

themselves (64). However, it is also possible that failure to directly sustain activation of DCs 

in some fashion restricts the induction or activation of regulatory type T cells, which could 

include both classical regulatory T cells (65) as well as FasL expressing CD4 T cells that 

could kill Fas-positive activated B and T cells (66, 67). In this regard, it is interesting to note 

that Fas expression was actually elevated on AM14 B cells transferred to the 

Myd88-/-Fcer1g-/- recipients (Fig 1E), suggesting that host cells were not able to eliminate 

them.

Another important question regards the sources of ligands for the two key regulatory 

receptors. In autoimmunity the ligands are fairly clear: IgG ICs that contain molecules 

recognized by TLR7 or 9. These have been broadly implicated in activating autoreactive B 

cells as well as DCs and such ligands are abundantly present naturally in a constitutive 

fashion during established lupus-like autoimmunity (3). Here we have supplied them 

exogenously without adjuvant in order to observe the temporal evolution of the response. It 

is also possible that during stimulation IL-1 family cytokines are generated, for example via 

pyroptotic macrophages responding to activation; such cytokines could be additional 

upstream mediators of MyD88-transduced signals (68). We observed few differences in 

cytokine production by macrophages at d7, but it remains possible that the macrophage 

response to anti-chromatin had returned to baseline by this time.

Though most of our work focused on the EF PB response, we did seek to extend it by 

determining if a similar regulatory response might exist in the alum-induced anti-NP-CGG 

response. Although this response is fundamentally different from the induced PB response, 

indeed we did find a similar regulatory circuit. In this case it is likely that Fcer1g is an 

important regulatory player, as IgG is made early in the response and presumably ICs form 

as well. Additionally, alum is reported to activate the inflammasome, thus liberating IL-1β 
and possibly other IL-1 family member cytokines (69). These could cryptically serve as 

regulatory cytokines signaling via MyD88 at the later stages of an alum-driven immune 

response. The finding that some form of FcRγ /MyD88-dependent regulation extends to 

classical responses that generate both GCs and PBs further generalizes the applicability of 

the mechanism. The relevance of this finding is likely not limited to anti-hapten responses or 

to autoantibodies such as RF and anti-DNA that are generated via the EF pathway. The EF 

response to Salmonella typhimurium was recently shown by our lab and others to be 

dominated by PBs (4, 14, 17) and thus could be subject to similar regulation, a proposition 

that has yet to be tested.

In conclusion, FcRγ and MyD88 are two critical molecules in signaling pathways that are 

very widely engaged during a variety of immune responses and in a multiplicity of cell 

types. Previously most of the roles ascribed to them have been activating and 

proinflammatory. Our data are significant in uncovering a latent but potent negative 

regulatory role for them in the late stages of B cell responses, especially those dominated by 

PB at EF sites. Such roles could limit acute responses such as shown in the anti-NP 

response, but could be particularly significant in chronic responses such as autoimmunity 

and chronic infection.
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Abbreviations

AFC Antibody Forming Cell

APRIL A proliferation-inducing ligand

BAFF B-cell activating factor

EF Extrafollicular

DC Dendritic Cell

GC Germinal Center

IC Immune Complex

NP-CGG (4-hydroxy-3-nitrophenyl)acetyl conjugated to chicken gamma globulin

PB Plasmablast

RF Rheumatoid Factor

sd-Tg site directed Transgenic

TFH T follicular helper cell

WT Wild Type
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Figure 1. 
FcRγ and MyD88 control contraction of the EF RF response. BALB/c or Myd88-deficient 

BALB/c or Fcer1g-deficient BALB/c or MyD88-deficient Fcer1g-deficient BALB/c mice 

were sacrificed on day 5, 7, or 10 following transfer of purified AM14 sd-Tg B cells and 

administration of PL2-3 as indicated in Materials and Methods. (A) Representative staining 

of surface and intracellular 4-44 double positive cells in indicated recipients at d7 following 

transfer and immunization. (B) Surface and intracellular 4-44 double positive cells as gated 

in (A) were quantitated by flow cytometry. (C-D) Splenic 4-44+ AFC of IgM (C) or IgG2a 
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(D) isotype were measured by ELISpot. At least 4 mice per group and 2 independent 

experiments per time point were compiled. Data are represented as means +/- SEM. (E) 

Expression of indicated activation markers on 4-44+ or 4-44- B cells at d7 in the indicated 

recipients was determined by flow cytometry. Statistical comparisons by Mann-Whitney 

two-tailed test, * p<0.05; ** p<0.01
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Figure 2. 
FcRγ and MyD88 are required for increased neutrophils and macrophages. BALB/c or 

Myd88-deficient BALB/c or Fcer1g-deficient BALB/c or MyD88-deficient Fcer1g-deficient 

BALB/c mice were sacrificed on day 7 following transfer of purified AM14 sd-Tg B cells 

and administration of PL2-3 as indicated in Materials and Methods. (A) CD11bhi Ly6G+ 

cells were quantitated. (B) CD11bhi Ly6Gneg cells were quantitated. (C) Ly6Gneg CD11b+ 

CD11c+ cells were quantitated. At least 6 mice per group and 3 independent experiments 

were compiled. Data are represented as means +/- SEM. **p<0.01 and ***p<0.001 by 

Mann-Whitney two-tailed test.
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Figure 3. 
Contraction of the EF RF response does not require Ccr2. BALB/c or Ccr2-deficient 

BALB/c mice were sacrificed on day 7 or 10 following transfer of purified AM14 sd-Tg B 

cells and administration of PL2-3 as indicated in Materials and Methods. (A) Surface and 

intracellular 4-44 double positive cells were quantitated by flow cytometry. (B-C) Splenic 

4-44+ AFC of IgM (B) or IgG2a (C) isotype. Data are represented as means +/- SEM. At 

least 5 mice per group and 2 independent experiments per time point were compiled.

Sweet et al. Page 20

J Immunol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
FcRγ and MyD88 influence T cell subsets. BALB/c or Myd88-deficient BALB/c or Fcer1g-

deficient BALB/c or MyD88-deficient Fcer1g-deficient BALB/c mice were sacrificed on 

day 7 following transfer of purified AM14 sd-Tg B cells and administration of PL2-3 as 

indicated in Materials and Methods. (A) TCR beta+ CD4+ CD62Lneg CD44+ PSGL1lo cells 

were quantitated. (B) TCR beta+ CD4+ FoxP3+ cells were quantitated. At least 6 mice per 

group and 2 independent experiments were compiled. Data are represented as means +/- 

SEM. *p<0.05, **p<0.01, and ***p<0.001 by Mann-Whitney two-tailed test.
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Figure 5. 
FcRγ and MyD88 regulate CD40L dependent cells. BALB/c or MyD88-deficient Fcer1g-

deficient BALB/c mice were sacrificed on day 7 following transfer of purified AM14 sd-Tg 

B cells, CD40L blocking, and administration of PL2-3 as indicated in Materials and 

Methods. (A) Surface and intracellular 4-44 double positive cells were quantitated by flow 

cytometry. (B-C) Splenic 4-44+ AFC of IgM (B) or IgG2a (C) isotype. At least 6 mice per 

group and 2 independent experiments per time point were compiled. Data are represented as 

means +/- SEM. *p<0.05 and **p<0.01 by Mann-Whitney two-tailed test.
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Figure 6. 
FcRγ and MyD88 regulate T cell dependent antibody production. BALB/c or MyD88-

deficient Fcer1g-deficient BALB/c female BALB/c mice were immunized with NP-CGG in 

alum one day after adoptive transfer of purified female B1.8 B cells and were sacrificed on 

day 11 post immunization. Splenic NP2-binding IgM+ AFCs (A), NP16-binding IgG1+ 

AFCs (B) or NP2-binding IgM+ AFCs (C) were identified by ELISpot. Two independent 

experiments with at least 4 mice per group are shown. Data are represented as means +/- 

SEM. * p<0.05, ** p<0.01, *** p<0.001 by Mann-Whitney two-tailed test.
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