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Abstract

Previous studies with mice lacking secreted IgM (sIgM) due to a deletion of the μs splice region 

(μs−/−) had shown sIgM involvement in normal B cell development and in support of maximal 

antigen-specific IgG responses. Because of the changes to B cell development, it remains unclear 

to which extent and how sIgM directly affects B cell responses. Here we aimed to explore the 

underlying mechanisms of sIgM-mediated IgG response regulation during influenza virus 

infection. Generating mice with normally developed μs-deficient B cells we demonstrate that sIgM 

supports IgG responses by enhancing early antigen-specific B cell expansion, not by altering B 

cell development. Lack of FcμR expression on B cells, but not lack of Fcα/μR expression or 

complement activation, reduced antiviral IgG responses to the same extent as observed in μs−/− 

mice. B-cell-specific Fcmr−/− mice lacked robust clonal expansion of influenza hemagglutinin-

specific B cells early after infection and developed fewer spleen and bone marrow IgG plasma 

cells and memory B cells, compared to controls. However, germinal center responses appeared 

unaffected. Provision of sIgM rescued plasma cell development from μs−/− but not Fcmr−/− B 

cells, as demonstrated with mixed bone marrow chimeric mice. Together the data suggest that 

sIgM interacts with FcμR on B cells to support early B cell activation and the development of 

long-lived humoral immunity.

Introduction

Secreted (s) IgM is the first immunoglobulin isotype produced in ontogeny as well as during 

early humoral immune responses. While natural IgM, derived mainly from B-1 cells, is 

produced spontaneously prior to encounter with foreign antigens, antigen-induced IgM 

derived from B-1 and B-2 cells appears only after foreign antigen exposure (1–5). Natural 
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IgM recognizes conserved structures such as nucleic acids, phospholipids and carbohydrates 

in different pathogens and is required for early immune protection (4, 6–8).

Despite its often low binding-affinity to antigens, the pentameric structure of sIgM with its 

ten binding sites can lead to high avidity interaction with antigens and elimination of 

invading pathogens (9, 10). Selective IgM-deficiency has been associated with increased 

morbidity and mortality from various bacterial, viral, fungal and parasitic infections in 

humans (11–13). Consistent with these findings, sIgM deficient (μs−/−) mice had 

significantly increased viral loads and decreased survival rates compared to wild-type 

controls after influenza virus infection (14, 15), as well as in response to other pathogens (5, 

16–25). In addition, the absence of sIgM, derived from either B-1 or B-2 cells, significantly 

impaired antiviral IgG responses. Reconstitution of natural IgM deficient chimeras with 

IgM-containing naïve serum reversed these effects (14). Thus, sIgM is crucial for host 

survival from infections. However, the mechanism by which sIgM regulates B cell immunity 

has not been defined.

Noteworthy, μs−/− mice have multiple defects in B cell development, including decreased 

numbers of peripheral B cells, an unusual large number of anergic B cells, and an altered 

BCR repertoire (26), which may explain their increased serum levels of IgG autoantibodies 

and increased susceptibility to antibody-mediated autoimmune disease development (27, 

28). To what extend changes in B cell development in μs−/− mice may confound a lack of 

sIgM per se, or the development of IgG humoral immunity to pathogens, is unclear.

It has been reported that B cells express at least three types of surface receptors that can bind 

IgM: The complement receptors CR1 and CR2, binding to IgM-complement complexes, the 

Fcα/μR which can bind both IgM and IgA, and the FcμR, which selectively binds to sIgM 

(29–31). This study aimed to identify the mechanisms underlying the reduced IgG responses 

in μs−/− mice after influenza virus infection and to identify the receptor responsible for 

sIgM-mediated regulation of B cell immunity. We demonstrate that mice deficient in sIgM 

as well as those deficient in FcμR expression by B cells lacked early B cell clonal expansion 

and had deficits in long-lived plasma cell development and memory B cell formation. 

Transfer of sIgM was able to restore normal responses in μs−/− but not FcμR−/− B cells. The 

data suggest that early sIgM-direct interaction with B cells via the FcμR regulates short and 

long-term humoral immunity to influenza infection.

Materials and Methods

Mice

Male and female 8 – 12 week old C57BL/6 (wildtype WT; CD45.2, Igh-b), B6.SJL-Ptprca 

Pepcb/BoyJ (CD45.1, Igh-b), B6.Cg-Igha Thy1a Gpi1a /J (Igh-a), and B cell-deficient (μMT) 

mice were obtained from The Jackson Laboratories. Breeding pairs of B6.129S-sIgM−/− 

(μs−/−, CD45.2, Igh-a) mice were a kind gift from Dr. Frances Lund (University of Alabama, 

Birmingham). Heterozygous μs+/− mice were created by intercrossing μs−/− and C57BL/6J 

mice. Fcmrflx/flx mice were generated by the UC Davis Mouse Biology Program MBP) 

using ES cells with a targeted deletion of exon 4 of the FcμR, generated by the UC Davis 

MBP (32). Fcmrflx/flx mice were bred with global Cre-expressing (Cmv-Cre) mice to 
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generate total knock out mice (Fcmr−/−), which let to the removal of the FcmR in germline. 

C57BL/6 (WT) mice from Jackson were used as controls. Fcmrflx/flx mice were also bred 

with Cd19-Cre+ mice to generate Fcmrflx/flxCd19-Cre+ mice with a B cell-specific deletion 

of the FcμR as described (32). Cre negative littermates served as controls. Fcamrflx/flx mice 

were obtained from The European Mouse Mutant Archive (EMMA, EM: 04668). 

Fcamrflx/flx mice were bred with global Cre-expressing mice to generate total knock out 

mice (Fcamrflx/flxCmv-Cre). C57BL/6 mice were used as control mice. All mice were kept 

under specific-pathogen free housing conditions, screened for the absence of 17 common 

mouse pathogens, in HVAC-filtered filter-top cages. Mice were euthanized by overexposure 

to carbon dioxide. The Animal Use and Care Committee of the University of California, 

Davis, approved all procedures and experiments involving animals.

Mixed bone marrow (BM) chimeras were generated by adoptively transferring equal 

numbers of sIgM-deficient (μs−/−, CD45.2, Igh-a), or Fcmrflx/flxCd19-Cre+ (CD45.2), or 

Fcmrflx/flxCd19-Cre− (CD45.2) and wild type CD45.1 (Igh-b) BM cells into two months old 

C57BL/6 or B cell deficient (μMT) mice, lethally irradiated by exposure to a gamma-

irradiation source 24h prior to transfer. Chimeras were rested for at least 7 weeks before 

analysis.

Influenza virus infection

Mice were anesthetized with isoflurane and infected intranasally with influenza A/Puerto 

Rico/8/34 (A/PR8). Virus was grown in hen-eggs as previously outlined (Doucett et al. 

2005). Each virus batch was titrated for its effect on mice. For sublethal infections, virus-

doses were chosen that did not result in death and incurred no more than 20% weight loss in 

the infected mice. For high-dose virus challenge experiments, we used 5-times the sublethal 

dose of the virus.

Hemagglutination inhibition assay

Micro-hemagglutination inhibition assays using fresh chicken red blood cells (Hemostat 

Laboratories) and 5 HAU A/PR8 pre-incubated with serially diluted serum was done as 

previously reported, to determine serum HI-titers of mouse sera (3).

Passive protection assay

Sera were collected from A/PR8 infected Fcmrflx/flxCd19-Cre or control mice at week 10 

after infection and passively transferred to C57BL/6 mice via i.v injection of 50μl serum in 

150μl PBS. After 2 hours, mice were challenged intranasally with 150 PFU A/PR8. Weight 

of the recipients was measured at least daily after infection. Mice were euthanized when 

weight loss reached 30%.

Complement depletion

To deplete C57BL/6 mice of complement that is able to bind to IgM, mice were injected i.p. 

with 12 units cobra venom factor (CVF) twice a day. This dose of CVF was shown 

previously to deplete serum C3 levels by >95% for at least 4 days (33).
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Flow cytometry

Single-cell suspensions from spleens, lymph nodes, and bone marrows were stained as 

previously described (34). Briefly, after blocking of Fc receptors by incubation with anti-

CD16/32 at 5μg/ml for 20min on ice, cells were stained with PNA-biotin (Vector 

Laboratories, B-1075) or HA-biotin (in-house generated) as well as the following 

fluorochome-conjugates: anti-biotin PE (Miltenyi Biotech), SA-Qdot 605, CD138-(PE, 

APC) (BD Pharmingen), CD45.1-(FITC, APC), CD45.2-PE, IgD-Cy7PE, IgM-(APC, 

Cy7APC), IgMa-APC, IgMb-PE, CD24-Cy55PE, CD38-FITC, CD45R-(FITC, Cy7APC), 

CD19-(Cy5PE, APC) (all in-house generated), and HA-PE tetramers (in-house generated, 

UAB). BrdU staining was done using a BrdU Flow Kit (BD Pharmingen). Dead cells were 

excluded by live/dead-pacblue staining (Invitrogen).

Recombinant HA fluorescent conjugates

The coding sequence of PR8 HA16-523 (accession number: P03452) was synthesized in 

frame with the human CD5 signal sequence upstream and the GCN4 isoleucine zipper 

trimerization domain downstream (GeneArt, Regensburg, Germany). This cDNA was fused 

in frame with either a 6XHIS tag or an AviTag at the C-terminus and cloned into the 

pCXpoly+ mammalian expression vector. Constructs encoding HA-6XHIS and HA-AviTag 

were co-transfected using 293fectin™ into FreeStyle™ 293-F Cells (Thermo Fisher 

Scientific) at a 2:1 ratio. Transfected cells were cultured in FreeStyle 293 Expression 

Medium (ThermoFisher Scientific) for 3 days and the supernatant was recovered by 

centrifugation. Recombinant HA molecules were purified by FPLC using a HisTrap HP 

Column (GE Healthcare), and eluted with a 50mM - 250mM gradient of imidazole. Purified 

HA was biotinylated by addition of biotin-protein ligase (Avidity, Aurora, CO). Biotinylated 

proteins were then tetramerized with fluorochrome-labeled streptavidin (Prozyme, Hayward, 

CA). Labeled tetramers were purified by size exclusion on a HiPrep 16/60 Sephacryl S-300 

column (GE Healthcare, Piscataway, NJ).

qRT-PCR

Total RNA from different B cell subsets was isolated as previously described (32). Fcmr 
mRNA expression was measured using a commercial primer/probe set (Mm01302388_m1; 

Applied Biosystems). Relative expression was normalized to Ubc (Applied Biosystems).

Magnetic B cell enrichment

Splenic F1 μs+ and F1 μs− B cells were treated with Fc-block and were then enriched using a 

cocktail of biotinylated antibodies (anti-CD90.2, DX5, anti-Gr-1 with either anti-IgDa- and 

anti-IgMa, or with anti-IgDb and anti-IgMb) and anti-biotin Microbeads (Miltenyi Biotech). 

Nylon filtered splenocytes were separated using autoMACS (Miltenyi Biotech). Purities of 

enriched F1 μs+ and F1 μs− B cells were >90% as determined by subsequent FACS analysis.

In vitro B cell proliferation assay

Magnetically-enriched B cells from F1 μs+/− were labeled with 0.5 μM CFSE in PBS at a 

concentration of 107cells/ml for 20 minutes at 37°C, washed twice with PBS and cultured at 

2.5×105 cells/well in the presence or absence of anti-IgM 20μg/ml in 96-well round-bottom 
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plates for 3 days at 37°C in 5% CO2. FACS analysis was done to identify the numbers of 

dividing cells.

In vitro plasma cell differentiation assay

Magnetically-enriched B cells were labeled with 0.5 μM CFSE in PBS at a concentration of 

107cells/ml for 20 minutes at 37°C, washed twice with PBS and then cultured at 2.5×105 

cells/well in medium containing 30ng/ml IL4, 4ng/ml IL5 and 10μg/ml CD40L in 96-well 

round-bottom plates for 3 or 4 days at 37°C in 5% CO2. FACS analysis was done to identify 

the number of CFSE-low dividing cells and CD138+ plasma cells.

In vitro culture with A/PR8

Nylon filtered cells from spleens were cultured at 2.5×105 cells/well in medium containing 

2,000 hemagglutinating units A/PR8 virus in 96-well round-bottom plates for 3 days at 37°C 

in 5% CO2. FACS analysis was done to identify the frequencies of live, CD138+ plasma 

cells.

ELISA

A/PR8-binding IgM, IgG, IgG1, IgG2a, IgG2c, IgG3 levels were measured as previously 

described (34). Briefly, ELISA plates were coated with 250 HAU of purified A/PR8 virus 

overnight. Following 1h incubation with blocking buffer 2-fold serially diluted serum 

samples in PBS were incubated for 2 hours. Antibody-binding was revealed with goat anti-

mouse IgM and IgG, IgG1, IgG2a, IgG2c, IgG3 biotin (Southern Biotech) and with SA-

HPO (Vector) incubated each for 1 hour. The avidity index for A/PR8 specific IgG and IgG1 

binding was measured by conducting virus-specific ELISAs in the presence or absence of a 

5M urea wash following antibody-binding as described previously (35).

ELISPOT

A/PR8-specific IgM and IgG secreting cells were measured as previously described (3, 34). 

Briefly, ELISPOT plates were coated with 500 HAU purified A/PR8 overnight, then blocked 

for 1h in PBS with 4% BSA. Serial dilutions of single cells from spleen, bone marrow, lung 

and mediastinal lymph node cells were incubated overnight at 37°C. Antibody-secreting 

cells (ASC) were revealed with goat anti-mouse IgM, IgG-biotin (SouthernBiotech) 

followed by SA-HPR (Vector Laboratories) and 3-amino-9-ethylcarbazole (Sigma-Aldrich).

Statistical Analysis

All data are shown as mean ± standard deviation (SD). Statistical analysis was done using 

unpaired two-tailed Student’s t test. p < 0.05 was considered to show significantly 

differences, *p<0.05, **p<0.005, ***p<0.0005.

Results

Impaired antiviral IgG responses after influenza virus infection in μs−/− mice

Previous studies had shown strong reductions in IgG responses against influenza virus 

infection in sIgM-deficient (μs−/−) mice (14, 15). To further evaluate the role of sIgM in the 
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regulation of B cell responses to influenza, we infected μs−/− (IgHa) mice with influenza A/

Puerto Rico/8/34 (A/PR8) and compared their antiviral serum antibody titers to that of 

control (IgHa) mice over a nearly one-year timespan. Consistent with the previous studies, 

μs−/− mice showed significant reductions in antiviral IgG responses, starting at day 8 after 

infection (Fig. 1A). These reductions were IgG subtype specific. While virus-specific IgG1 

titers were strongly reduced in μs−/− mice compared to controls (Fig. 1B), virus-specific 

IgG2a titers were comparable (Fig. 1C). Antiviral IgM responses peaked at day 10 after 

infection in the control mice and were undetectable in the (μs−/−) mice (Fig. 1D). The data 

confirmed that μs−/− mice are unable to rapidly mount maximal antiviral IgG responses to 

influenza virus infection, and demonstrated that they are unable to overcome this deficit with 

time.

Antiviral IgG responses are not rescued after normal development of μs− B cells

μs−/− mice have multiple defects in B cell development, resulting in reduced numbers of 

peripheral B cells and the appearance of a large anergic B cell population in the periphery 

(26). We aimed to determine next whether the decreases in IgG responses to influenza 

infection in the μs−/− mice were caused by effects of IgM on B cell activation and/or on B 

cell development. For that we generated μs−/− (IgHa) × C57BL/6 wild-type (WT) (IgHb) F1 

heterozygous mice. Due to allelic exclusion, in these mice each B cell expresses IgH either 

from the WT (IgHb) or the μs− allele (IgHa). Thus, roughly half of B cells in the F1 mice are 

encoded by the IgHb locus and are able to secrete IgM, and half are encoded by the μs− 

(IgHa) locus, thus lack the ability to secrete IgM (Supplemental Fig. 1A). Because IgM titers 

in the F1 mice are comparable to that of wildtype mice, B cell development and subsets are 

normal including the development of μs− B cells (26). μs− B cells isolated from F1 mice 

responded to anti-IgM stimulation with proliferation indistinguishable to that of the μs+ B 

cells from the same mice, but significantly stronger than the B cells from the μs−/− mice 

(Supplemental Fig. 1B–C), thus further confirming that μs− B cell development and BCR 

signaling were rescued in sIgM-sufficient environment of the F1 mouse.

We then transferred highly enriched μs+ and μs− B cells (Supplemental Fig. 1A) from F1 

mice into sublethally irradiated B cell deficient (μMT) mice, which were infected 

subsequently with influenza A/PR8 for 8 days (Fig. 2A). Despite their normal development 

and in vitro responsiveness, frequencies of HA-specific plasmablasts from the F1 μs− B cells 

were still lower in mediastinal lymph nodes (medLNs) and spleens than those that developed 

from control F1 μs+ cells (Fig. 2B–D). Similarly, the antiviral serum IgG responses derived 

from the F1 μs− B cells were reduced (Fig. 2E), although non-specific total IgG levels were 

comparable to controls (Fig. 2F), demonstrating a non-redundant function for sIgM in 

antiviral IgG production. As expected, mice that received F1 μs− B cells did not generate 

virus-specific or total serum IgM (Fig. 2G/H). Thus, the lack of sIgM during antiviral B cell 

response induction, not the effects of sIgM on B cell development, causes defects in B cell 

activation and plasma cell differentiation.

sIgM rescues IgG plasma cell differentiation by μs−/− B cells

We determined next whether the defects in μs−/− plasma cell development can be rescued by 

provision of sIgM. For that we generated mixed bone marrow chimeras with 50% WT 
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(CD45.1) and 50% μs−/− (CD45.2) bone marrow cells injected into lethally irradiated 

C57BL/6 (CD45.2) recipients (Fig. 3A). Similar to F1 μs+/− mice, the serum sIgM levels in 

these chimeras were comparable to control chimeras, resulting in normal B cell development 

of μs−/− B cells (26). Eight days following infection with influenza virus, frequencies of 

IgG plasma cells (Fig. 3B/C) and antiviral IgG antibody secreting cells (ASC, Fig. 3D) 

generated from the μs−/− B cells were also indistinguishable from that generated by WT B 

cells. As expected, μs−/− B cells were unable to produce sIgM or differentiate into IgM+ 

plasma cells (Fig. 3B–D). This was seen also in vitro, in which stimulation of F1 μs− B cells 

with IL4, IL5 and CD40L resulted in reduced frequencies of IgM plasma cells compared to 

F1 μs+ B cells (Supplemental Fig. 2A–C), while F1 μs− B cells produced comparable levels 

IgG spontaneously when cultured in media only and after stimulation with IL4/IL5/CD40L 

or LPS (Supplemental Fig. 2D). We conclude that sIgM is required for maximal IgG plasma 

cell generation following influenza infection.

Effect of complement deficiency on IgG plasma cell development

IgM reportedly interacts directly with B cells via complement receptors 1 and 2 (CR1/CR2), 

the Fcα/μR, and the FcμR (29–31). Contradictory findings exist however, on the effects of 

sIgM-mediated complement activation for B cell response regulation. On the one hand, 

complement contributed to neutralization of influenza virus (36) and C3 depletion, or CR1 

and CR2, or C4 deficiency resulted in strong reductions in humoral responses to various T-

dependent antigens (37–41). On the other hand, disruption of complement binding by IgM 

via introduction of a point mutation in the IgM complement-binding region did not affect 

humoral responses (42).

To determine whether complement-mediated binding of sIgM to B cells could be responsible 

for the observed immune-enhancing effects of sIgM on B cell immunity to influenza virus, 

we treated mice at day 1 before and days 3, 7, 11, 15 after infection with cobra venom factor 

(CVF), which inhibits activation of the complement cascade (Fig. 4A). While serum A/PR8 

specific IgG and IgG1 titers were significantly reduced at day 7 of infection, they were not 

different from mock-treated mice at the subsequent time points (Fig. 4B/C). This was further 

confirmed by CVF treatment of mice at days 10 and 14 of infection (Fig. 4D), which had no 

effect on influenza-specific IgG, and IgG1 production. This is in contrast to the reductions 

seen in μs−/− mice at those times (Fig. 4E/F). Thus, complement-mediated binding of IgM to 

B cells did not appear to be responsible for the reduced IgG responses seen in μs−/− mice.

Effect of Fcα/μR deficiency on IgG responses to influenza infection

Next we determined the effects of Fcα/μR-deficiency on B cell responses to influenza 

infection. Mice lacking this Fc receptor (Fcamr−/−) were reported to show increased GC 

formation and affinity maturation to T-independent antigens (43). However, concentrations 

of virus-specific serum IgG were comparable in Fcamr−/− and WT mice following infection 

of with influenza virus, (Fig. 4G). We were unable to detect surface expression of this 

receptor on B cells (data not shown), possibly explaining this lack of effect. Thus, IgM-Fcα/

μR interaction on B cells did not regulate IgG responses to influenza virus infection.
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Reduced antiviral IgG responses in Fcmr −/− mice

The FcμR is expressed by different cell populations, and directly binds to the Fc portion of 

sIgM (31, 32, 44). However, studies on the effects of FcμR deficiency on antibody 

production and B cell differentiation have yielded contradictory results (45, 46).

To determine whether IgM-FcμR interaction is responsible for the immune-enhancing 

effects of sIgM on IgG production, we infected global Fcmr−/− mice and C57BL/6 WT 

controls and compared their antiviral serum antibody titers over time. While antiviral serum 

IgM titers were similar in Fcmr−/− and WT mice (Fig. 5A), Fcmr−/− mice had reduced 

antiviral serum IgG titers (Fig. 5B), similar to the reductions observed in μs−/− mice (Fig. 

1A). Also similar to μs−/− mice, virus-specific IgG1and IgG3 responses were most strongly 

affected in the Fcmr−/− mice (Fig. 5C/D), whereas reductions in virus-specific IgG2b titers 

were modest at best, and antiviral IgG2c responses were unaffected (Fig. 5F). The similar 

reductions in antiviral IgG subtype responses of μs−/− and Fcmr−/− mice suggested that 

sIgM-FcμR interaction enhances antiviral IgG responses.

B cell-specific deletion of FcμR expression reduces generation of passively protective 
immune serum

The FcμR is expressed in various leukocyte populations, including regulatory T cells, 

dendritic cells, granulocytes, macrophages, monocytes and B cells, the latter showing the 

highest surface expression (32, 46–48). To probe for potential direct effects of IgM–FcμR 

interaction on B cell responses, we compared antibody responses to influenza infection in B-

cell-specific FcμR deficient mice (Fcmr flx/flxCd19-Cre+) to those of control littermates 

(Fcmr flx/flxCd19-Cre−). Antiviral IgM titers were lower in Fcmr flx/flxCd19-Cre mice than 

in controls at days 14, and 21 after infection (Fig. 6A). Interestingly, the Fcmr flx/flxCd19-

Cre mice showed similar reductions in antiviral serum IgG titers to the μs−/− and global 

Fcmr−/− mice (Fig. 6B), with the one difference that in the Fcmr flx/flxCd19-Cre mice all 

anti-A/PR8 IgG subtypes were reduced, including IgG2c (Fig. 6C–F). Fcmr flx/flxCd19-Cre 

and Fcmr−/− mice showed similar total serum IgG concentrations compared to controls, with 

both controls and genetically altered mice showing temporary hyperglobulenemia after 

infection (Supplemental Fig. 3A/B). The differences in virus-specific IgG levels were not 

reflected in the total IgG concentrations, as it contributed only about 0.3% total antibody to 

the serum (Fig. 2G/H), The avidity index of virus-binding IgG and IgG1, as measured by 

ELISA conducted with and without a high-salt wash after the antibody capture step, was 

comparable between Fcmr flx/flxCd19-Cre and control mice. Thus, suggesting that the lack 

of FcμR did not affect affinity maturation of IgG responses (Fig. 6G/H).

Consistent with the overall reductions in antiviral IgG titers, hemagglutination inhibition 

titers were also greatly reduced in infected Fcmr flx/flxCd19-Cre mice compared to controls 

(Fig. 6I). Furthermore, serum from day 70 influenza-infected Fcmr flx/flxCd19-Cre mice 

could not rescue mice against body weight loss and death from high-dose influenza virus 

challenge after passive serum transfer, in contrast to serum from controls (Fig. 6J). Thus, the 

lack of FcμR in B cells caused strong defects in antiviral IgG responses, suggesting that 

direct FcμR-sIgM interaction on B cells regulates protective humoral immunity to influenza 

infection.
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Reduced early plasma cell differentiation in Fcmr flx/flxCd19-Cre mice after influenza virus 
infection

The reductions in serum antibody levels to influenza were correlated with reduced 

frequencies of HA-specific B cells in the draining lymph nodes of Fcmr−/−, and Fcmr
flx/flxCd19-Cre mice at day 7 after infection, as assessed by FACS (Fig. 7A/B). This was 

likely due to decreased proliferation rates of HA-specific, but not non-specific B cells in the 

Fcmr−/− mice compared to their wild type counterparts, as measured by BrDU incorporation 

(Fig. 7C/D). Concomitantly, frequencies of A/PR8 IgG, but not IgM ASC were reduced in 

the draining lymph nodes of Fcmr−/−, and Fcmr flx/flxCd19-Cre mice at day 7 after infection 

compared to wild type and control Fcmr flx/flx Cd19-Cre- mice (Fig. 7E/F). At later time 

points, however, frequencies of HA-specific B cells recovered and were similar in all groups 

of mice (Fig. 7G/H). Consistent with the reductions in HA-specific B cells and ASC at early 

but not later time points, Fcmr flx/flxCd19-Cre mice showed strong reductions in frequencies 

of lymph node CD138+ plasma cells at days 7 and 8, but not at later times after infection 

(Fig. 7I). Together, the data suggested that the FcμR provides an early stimulation signal for 

virus-specific B cell activation, clonal expansion and differentiation to plasma cells.

To determine whether the defects in early plasma cell differentiation in Fcmr flx/flxCd19-Cre 

mice could be rescued by the presence of FcμR-expressing B cells, we generated mixed 

bone marrow chimeras by transferring 50% WT (CD45.1) and 50% Fcmr flx/flxCd19-Cre 

(CD45.2) bone marrow cells into lethally-irradiated B cell-deficient mice. Controls received 

50% WT (CD45.1) and 50% WT (CD45.2) cells (Fig. 7J). Following reconstitution, mice 

were infected with influenza A/PR8 and the ratios of plasma cell generation from WT and 

Fcmr flx/flxCd19-Cre B cells were determined by assessing CD45 allotype expression 

frequencies among CD138+ cells. The results showed that the Fcmr-deficient B cells had a 

significant competitive disadvantage in their ability to contribute to the plasma cell pool at 

day 8 of infection (Fig. 7K). Thus the data demonstrate an intrinsic requirement for FcμR 

expression on B cells for maximal differentiation to CD138+ plasma cells during influenza 

infection.

Interestingly, the reduced HA-specific B cell and plasma cell frequencies in Fcmr
flx/flxCd19-Cre compared to control mice were not observed when mice received a high-dose 

influenza virus infection (Fig. 7L/M). Similarly, in vitro stimulation of Fcmr flx/flxCd19-Cre 

and control B cells with IL4, IL5 and CD40L yielded similar frequencies of plasma cells 

(Supplemental Fig. 4A). Furthermore, the culture supernatants of Fcmr flx/flxCd19-Cre B 

cells had even higher concentrations of IgM and IgG than the controls (Supplemental Fig. 

4B/C). Thus, strong inflammatory conditions and/or a high antigen dose as well as strong 

co-stimulatory signals can override the need for FcμR-mediated activation for maximal B 

cell differentiation in vivo and in vitro.

Reduced IgG plasma cell and memory B cell development in Fcmr flx/flxCd19-Cre mice after 
influenza virus infection

Next we determined whether the impaired B cell activation in Fcmr flx/flxCd19-Cre also 

affected germinal center (GC) size or the output of long-lived plasma cells and memory B 

cells. FACS-analysis for PNA+ CD38lo CD19+ GC cells showed no difference in the kinetics 
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of appearance or their numbers in Fcmr flx/flxCd19-Cre mice compared to controls (Fig. 8A). 

This might be explained by the greatly reduced expression of the FcμR in germinal center B 

cells and its near absence in plasma cells (Fig. 8B), suggesting that IgM-FcμR interaction is 

restricted to the activation of naive B cells. Despite the normal size of the GC lymph node B 

cell pool, frequencies of A/PR8 IgG but not IgM ASCs were significantly lower in bone 

marrow and spleens, albeit not in lungs of Fcmr −/− mice, at day 40 after infection (Fig. 

8C/D). Overall similar results were obtained on day 70 after infection of Fcmr flx/flxCd19-

Cre mice (Fig. 8E/F). The higher levels of virus-IgM AFC observed in the spleens of these 

mice might be due to the increases in B-1 cell-derived spontaneous IgM secretion, noted 

previously (32). In summary, the lack of FcμR expression on B cells caused a significant 

defect in long-lived plasma cell formation after influenza virus infection.

Memory B cell output from GC also appeared reduced in Fcmr−/− and Fcmr flx/flxCd19-Cre 

mice, as suggested by the reduced frequencies of HA-specific PNA− CD45R+ B cells in 

spleens of these mice compared to their respective controls at day 35 of infection (Fig. 8G). 

Furthermore, in vitro re-stimulation of splenocytes from mice infected three months prior 

with influenza A/PR8, yielded reduced frequencies of plasma cells in cultures from Fcmr
flx/flxCd19-Cre mice compared to controls (Fig. 8H).

We conclude that FcμR-sIgM direct interaction on B cells is required for early B cell 

activation, maximal IgG plasma cell responses and the generation of memory B cells after 

influenza virus infection.

Discussion

Here we aimed to understand the interactions of sIgM with B cells that contribute to the 

regulation of virus-specific B cell responses. We found that even normally developed μs−/− B 

cells were unable to generate maximal antiviral B cell responses to influenza infection, 

demonstrating a critical direct role for sIgM in B cell activation and differentiation. Lack of 

activated complement or a deficiency in Fcα/μR expression, two potential mechanisms of 

interaction between sIgM and B cells, did not result in the same reductions of antiviral IgG 

responses than the deficiency in sIgM. Instead, we identified FcμR expression on B cells to 

be critical for the development of virus-specific and protective antiviral IgG responses. 

sIgM-FcμR interactions seemed to support the virus-specific B cell responses by enhancing 

early clonal B cell expansion and the differentiation of B cells to short and long-lived plasma 

cells and to memory B cells..

Strikingly, the requirement for FcμR in maximal B cell response induction seemed to depend 

on the severity of influenza virus infection. When Fcmr flx/flxCd19-Cre mice were infected 

with a five-fold higher virus-dose that caused more extensive weight loss and mortality than 

observed with the sublethal infection doses (data not shown), the reductions in HA-specific 

B cell and plasma cell frequencies seen with the regular infection dose were no longer 

observed (Fig. 7L/M). Similarly, strong stimulation of Fcmr flx/flxCd19-Cre mice-derived B 

cells via CD40L and cytokines in vitro showed no overt defect in their ability to generate 

plasma cells in vitro (Supplemental Fig. 4). This suggests that sIgM/ FcμR interactions boost 

B cell responses early and potentially when antigen- and/or co-stimulatory- signals are 
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limiting. This fits well with the known kinetics of IgM secretion after influenza infection in 

the draining lymph nodes, which is observed between about days 3 and day 14 of infection 

(3, 49).

We showed previously that FcμR-deficiency resulted in enhanced spontaneous 

differentiation of B-1 cells, causing increases in natural IgM levels and enhanced early 

control of influenza lung viral loads at day one after infection in Fcmr flx/flxCd19-Cre mice 

(32). However, by day 5 of infection these viral load differences were no longer observed 

and the mice cleared the infection similar to controls (data not shown). This difference in 

early virus control unlikely explains the reduced frequencies of HA-specific B cells early 

after influenza infection, as virus infection of mixed bone marrow chimeras with bone 

marrow from Fcmr flx/flxCd19-Cre and WT cells, which had normal levels of IgM, still 

showed a superior ability of WT B cells to generate plasma cells, strongly suggesting that 

the defect in B cell-responsiveness to antigen-specific activation/differentiation signals in 

Fcmr flx/flxCd19-Cre mice is B cell intrinsic (Fig. 7J/K).

Even though frequencies of plasma cells in medLNs, HA+ memory B cells in spleens, and 

long-lived plasma cells in the bone marrow were reduced in Fcmr−/− and Fcmr flx/flxCd19-

Cre mice compared to WT mice and controls after influenza infection, Fcmr−/− and Fcmr
flx/flxCd19-Cre mice developed normal frequencies of GC B cells compared to controls. This 

also correlated with normal frequencies of HA-specific B cells in the medLN and virus-

specific antibody secreting cells in the lungs at and after one month of infection (Fig. 8). 

This was rather surprising, given that the known GC outputs, long-lived plasma cells and 

memory B cells, were strongly reduced in these mice. Since GC B cells and plasma cells 

lack FcμR expression, how the lack of early FcμR/sIgM signaling can have such long-lasting 

consequences for the development of responses that are thought to be dependent on GCs 

requires further study.

We recently identified the FcμR as a critical regulator of B cell biology, as it constrains IgM-

BCR transport and cell surface expression during B cell development. Lack of FcμR 

expression on B cells increased IgM-BCR expression resulting in increased spontaneous GC 

formation, and plasma cell differentiation in Fcmr flx/flxCd19-Cre mice prior to any 

manipulation or infection (32). However, influenza virus infection resulted in normal GC 

formation and size and reduced plasma cell development, despite continued increases in 

IgM-BCR expression by Fcmr−/− B cells even after influenza infection (data not shown). 

While we cannot rule out that the changes in IgM-BCR surface expression levels may have 

contributed to the observed defects in B cell immunity to influenza virus infection, we 

believe this to be unlikely, given the hyperactive phenotype of the B cells in steady-state. 

Furthermore, recent studies by Jumaa and colleagues indicated that antigen-specific B cell 

responses to foreign antigens are mediated mainly by the IgD-BCR, not the IgM-BCR, while 

the IgM-BCR interact mainly with self-antigens (50). This might explain the lack of 

overshooting influenza-specific responses by the Fcmr−/− B cells, as their IgD-BCR levels 

are unaffected (32).

We suggest a working model, in which FcμR on the B cell surface binds to sIgM-virus 

complexes, which are then rapidly internalized (32, 44). The sIgM might either be natural 
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IgM, which as we showed previously can bind to influenza virus (3, 14, 51), and which is 

generated rapidly in the regional lymph nodes by accumulating B-1 cells (3, 49). 

Alternatively, sIgM might be secreted by early activated virus-specific B-2 cells (3, 49). As 

shown, adoptive transfer of B-2 cells able to secrete IgM into an otherwise B cell-deficient 

environment resulted in enhanced B cell responses (Fig. 2), suggesting that the early-

induced sIgM contributes to the regulation of subsequent IgG responses. Enhanced virus- 

uptake by follicular B cells would lead to enhance antigen presentation via MHCII, which 

could increase CD4 T cell - B interaction and thus T-dependent antigen-specific B cell 

expansion. This could explain why the absence of the FcμR resulted in reduced frequencies 

of virus-specific B cells at early times after infection (Fig. 7). This enhanced effect of sIgM 

might not be as effective when antigen-doses are high, potentially explaining why in the 

presence of high-dose infections, we were unable to find differences in HA-specific B cells 

when comparing Fcmr−/− with control mice (Fig. 7L). Further work is required to test the 

validity of this model. Future molecular analyses of the down-stream signaling pathways 

initiated by FcμR-IgM interaction are also indicated as they may help to reveal how sIgM- 

FcμR direct interaction on B cells can regulate effective B cell activation and antiviral IgG 

responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Impaired antiviral IgG responses after influenza virus infection in μs−/− mice
Graphs show mean concentrations ± SEM of influenza-specific (A) IgG, (B) IgG1, (C) 

IgG2a, (D) IgM in sera of μs−/− and wild type (WT) mice at indicated times after infection 

with influenza A/PR8 as assessed by ELISA (n = 5 mice/group). Data are representative of 

two independent experiments. *p<0.05 A/PR8 specific IgG and IgG1 levels by unpaired 

two-tailed Student’s t-test.
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Figure 2. Reduced HA+ specific plasmablast development after influenza infection even when 
μs−/− B cells develop in an sIgM-sufficient environment
(A) Sublethally-irradiated μMT mice received i.v either F1 μs+ (WT, IgMb) or F1 μs− 

(sIgM−/−, IgMa) cells, and were infected with 20PFU A/PR8 one day later. (B) Shown are 

5% contour plots with outliers of a representative mediastinal lymph node (MedLN) sample 

at day 8 after infection. Boxes and arrows indicate gating strategy to identify influenza 

hemagglutinin (HA)-specific plasmablasts (CD19+CD45RloHA+). Fluorescence minus one 

(FMO) controls were used to gate on CD45R−HA+ cells. (C/D) Graphs show frequencies of 

HA+ plasmablasts in (C) MedLN and (D) spleen 8 days after A/PR8 infection. (E/F) Graphs 

show (E) A/PR8-specific IgG and (F) total IgG in chimera sera on day 8 after A/PR8 

infection. (G/H) Graphs show (G) A/PR8-specific IgM and (H) total IgM in the same sera. 

Dashed lines in Figure 2G, H showed detection limit by ELISA. Data were combined from 

two independent experiments (n=11–12 mice/group). *p<0.05, **p<0.005, ***p<0.0005 by 

unpaired two-tailed Student’s t-test
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Figure 3. Provision of sIgM rescues IgG plasma cell differentiation in μs−/− B cells
(A) Bone marrow BM) chimeras were created by transfer of 50% WT BM (CD45.1) and 

50% μs−/− BM (CD45.2) into lethally-irradiated C57BL/6 mice. Chimeras (n=4) were 

infected with A/PR8. (B) WT B and μs−/− B cells were identified by congenic markers 

CD45.1 and CD45.2, respectively. B cells originating from WT or μs−/− BM were stained for 

CD138+ expression. (C) Graphs show mean frequencies ± SD of IgM+CD138+ and 

IgM−CD138+ plasma cells of B cells derived from WT (CD45.1) and μs−/− (CD45.2) cells. 

(D) Shown are mean numbers ± SD of A/PR8-specific IgG and IgM ASC after WT 

(CD45.1) and μs−/− (CD45.2) B cells from medLNs of chimeras at day 8 after A/PR8 

infection were FACS-sorted and analyzed by ELISPOT. Data are representative of two 

independent experiments. *p<0.05, **p<0.005, ***p<0.0005 by unpaired two-tailed 

Student’s t-test.
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Figure 4. Neither complement depletion nor the lack of Fcα/μR results in long-term effects on 
antiviral IgG production
(A) Mice were injected i.p twice with 12 units CVF at day 1 before infection, and days 3, 7, 

11, 15 after infection with influenza A/PR8. (B/C) Graphs summarize the levels of (B) 

A/PR8 specific IgG and (C) IgG1 in sera at indicated times after infection (n=3–4 mice/

group). (D) Mice were injected i.p twice with 12 units CVF at days 10 and 14 after infection 

with influenza A/PR8. (E/F) Levels of (E) A/PR8 specific IgG and (F) IgG1 in sera at 

indicated times (n=3 mice/group). (G) Mean concentrations ± SD of A/PR8 specific IgG in 

WT and Fcamr−/− sera after infection (n=4–6 mice/group). *p<0.05, **p<0.005 A/PR8 
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specific IgG and IgG1 levels between WT mice with and without CVF treatment group, and 

between WT and Fcamr−/− mice as assessed by unpaired two-tailed Student’s t-test.
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Figure 5. Reduced antiviral IgG responses in Fcmr −/− mice
(A) A/PR8-specific serum titers for IgM, (B) total IgG, (C) IgG1, (D) IgG3, (E) IgG2b and 

(F) IgG2c in Fcmr−/− and wildtype mice as assessed by ELISA at indicated times after 

infection with influenza A/PR/8. Shown are mean concentrations ± SD (n = 8 mice/group). 

Data are representative of two independent experiments. *p<0.05, **p<0.005, ***p<0.0005 

by unpaired two-tailed Student’s t-test.
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Figure 6. Reduced virus-specific neutralizing and protective IgG responses in influenza-infected 
Fcmr flx/flxCd19-Cre mice
Shown are mean concentrations ± SD (n = 8–9 mice/group) A/PR8-specific serum titers for 

(A) IgM, (B) IgG, (C) IgG1, (D) IgG3, (E) IgG2b and (F) IgG2c in Fcmrflx/flxCd19-Cre and 

control mice as assessed by ELISA at indicated times after infection with influenza A/PR/

8.Data are representative of two independent experiments. (G/H) Avidity index of A/PR8-

specific (G) IgG and (H) IgG1 in sera of infected Fcmrflx/flxCd19-Cre and control mice. The 

avidity index was calculated as the ratio of high avidity to total serum antibodies to A/PR8 

as assessed by ELISA with and without 5M urea wash. (I) Shown are hemagglutination 
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inhibition (HI) titers in sera of Fcmrflx/flxCd19-Cre and control mice after A/PR8 infection. 

(J) Sera from 70-day A/PR8-infected Fcmrflx/flxCd19-Cre and control mice were collected 

and transferred i.v into recipient C57BL/6 mice. Graph shows relative weight loss of 

individual recipients after a high-dose (150 PFU) influenza virus challenge. Each recipient 

(indicated by lines) received serum from one donor mouse. Data are representative of two 

independent experiments. *p<0.05, **p<0.005, ***p<0.0005 by unpaired two-tailed 

Student’s t-test.
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Figure 7. Reduced early plasma cell differentiation in Fcmr flx/flxCd19-Cre mice after influenza 
virus infection
(A) Shown are 5% contour plots with outliers gated on live CD19+ B cells to identify BrdU+ 

HA-specific B cells in medLNs from control, Fcmrflx/flxCd19-Cre and Fcmr−/− mice at day 

7 after infection. BrdU was given i.p. 24h earlier. (B) Frequencies of A/PR8 HA-specific B 

cells in medLNs of WT, Fcmr−/−, Fcmrflx/flxCd19-Cre and control mice at day 7 after A/PR8 

infection. (C/D) Frequencies of (C) BrdU+ A/PR8 HA-specific and (D) non-specific B cells 

in medLNs of WT, Fcmr−/−, Fcmrflx/flxCd19-Cre and control mice at day 7 after infection. 

(E) A/PR8-specific IgM and (F) IgG-secreting cells in medLNs of WT, Fcmr−/−, 

Fcmrflx/flxCd19-Cre and control mice at day 7 after infection as measured by ELISPOT 
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(n=4–6 mice/group). (G/H) Frequencies of HA-specific B cells in medLNs at days (G) 14 

and (H) 35 after A/PR8 infection (n=4–6 mice/group). (I) Representative 5% contour plots 

with outliers gated on live CD19+ B cells to identify plasma cells (CD138+) in medLNs 

from Fcmrflx/flxCd19-Cre and control mice at day 8 after infection (left panel). Graph 

summarizes mean frequencies ± SD of CD138+ plasma cells (n = 4–5 mice/group for each 

time point) (right panel). (J) Mixed bone marrow (BM) chimeras were established with 50% 

WT (CD45.1) and 50% Fcmrflx/flxCd19-Cre (CD45.2) BM; or 50% WT (CD45.1) and 50% 

control (CD45.2) BM and infected with A/PR8 for 8 days. (K) Shown are 5% contour plots 

with outliers gated on live CD19+ CD45.1+ (WT) or CD19+ CD45.2+ (Fcmrflx/flxCd19-Cre) 

cells in the same chimera, identifying plasma cells (IgM−CD138+) (left panel). Graph 

summarizes the plasma cell competitive index at day 8 after infection (right panel) (n=3–4 

mice/group). Competitive index is the ratio of CD138+ cell frequencies of CD45.2 

(Fcmrflx/flxCd19-Cre or control) to that of CD45.1 (WT) cells. (L) Frequencies of HA-

specific B cells in medLN of Fcmrflx/flxCd19-Cre and control mice after high-dose infection 

with A/PR8 at day 7 (n=4–5 mice/group). (M) Graph summarizes mean frequencies ± SD of 

CD138+ plasma cells in medLN of Fcmrflx/flxCd19-Cre and control mice after normal dose 

and high dose infection with A/PR8 at day 7 (n = 5 mice/group). High dose infection was 

done with a 5-fold increase in PFU/mouse. *p<0.05, **p<0.005, ***p<0.0005 by unpaired 

two-tailed Student’s t-test.
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Figure 8. Reduced long-lived IgG plasma cell and memory B cell development in Fcmr
flx/flxCd19-Cre mice after influenza infection
(A) Representative 5% contour plots with outliers gated on live CD19+ B cells to identify 

germinal center (GC) B cells (PNA+CD38−) in medLNs of Fcmrflx/flxCd19-Cre and control 

mice at day 12 after infection (left panel). Frequencies of GC B cells in medLNs of 

Fcmrflx/flxCd19-Cre and control mice after infection with A/PR8 (n = 4–5 mice/group for 

each time point) (right panel). (B) FcμR mRNA expression in different B cell subsets: FO, 

follicular (naïve) B cells, GC, germinal center B cells, PC, plasma cells all isolated from 

MedLN at day 8 after influenza infection as assessed by qRT-PCR. (C) Virus-specific IgM 

and (D) IgG-ASC in bone marrow (BM), spleen, and lung of Fcmr−/− and wildtype mice at 

day 40 after infection as measured by ELISPOT (n=8 mice/group). (E) Virus-specific IgM 

and (F) IgG-ASC in BM, spleen, and lung of Fcmrflx/flxCd19-Cre and control mice at day 70 

after infection as measured by ELISPOT (n=7–9 mice/group). (G) Representative 5% 

contour plots with outliers gated on live CD19+ B cells to identify HA-specific B cells in 

spleens of control (left panel) and summary of thus obtained frequencies in spleens of WT, 

Fcmr−/−, Fcmrflx/flxCd19-Cre and control mice at day 35 after A/PR8 infection (right panel) 

(n=4–6 mice/group). (H) Contour plots with outliers gating on live CD19+ B cells to identify 

plasma cells (CD138+) 3 days after in vitro culture with or without antigen (A/PR8)-

stimulation of splenocytes from Fcmrflx/flxCd19-Cre and control mice infected with A/PR8 

for 3 months (left panel). Mean frequencies ± SD of CD138+ plasma cells (right panel) 

(triplicate samples pooled from 5–6 mice/group). *p<0.05, **p<0.005, ***p<0.0005 by 

unpaired two-tailed Student’s t-test.
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