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GITR-GITRL Signaling Effects on B Cells   

Summary 

The interaction between the glucocorticoid-induced tumor necrosis factor receptor family-

related protein (GITR) and its ligand regulate both adaptive and innate immune responses. In 

this study, we investigated the role of GITR-GITRL signaling on humoral immune responses 

by overexpression of GITRL on B cells. GITRL-TG mice had a normal B cell development, 

but had elevated levels of serum IgA and strongly diminished IgG3 titers. These changes in 

isotypes correlated with increased numbers of B2 cells and decreased numbers of B1 cells in 

the peritoneal cavity. Interestingly, stimulation of splenic B cells in vitro revealed no intrinsic 

B cell defect by transgenic overexpression of GITRL on immunoglobulin production, 

suggesting that extrinsic factors through T cells modulate the humoral responses. Influenza A 

infection resulted in elevated virus-specific IgA levels in GITRL TG mice, without further 

modulating adaptive immune responses. Thus, transgenic overexpression of GITRL 

specifically affects mucosal related B cell subsets and promotes IgA responses at mucosa 

related sites.  
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Introduction 

The basis of a humoral immune response is the production of protective, high-affinity 

antibodies. Antibodies play an essential role in the defense against pathogens: their primary 

function entails binding to the invading pathogen (thereby inhibiting dissemination), whereas 

their secondary function involves initiation of effector functions (opsonisation and 

complement activation).  

Terminal differentiation of B cells takes place in the spleen following emigration of immature 

B cell from the bone marrow. Immature B cells go through several developmental stages; first 

forming transitional type 1 (T1) and transitional type 2 (T2) B cells, after which they 

differentiate to either marginal zone or mature follicular B cell (1). The different stages of B 

cell development can be distinguished based on IgD, IgM and CD21/35 expression (1). Apart 

from these mature B cells present in secondary lymphoid organs, quite distinct subsets of B1 

and B2 cells can be found in peritoneal and pleural cavities, which develop either from bone 

marrow-derived immature B cells (2;3) or from fetal liver progenitor cells (4-6). B2 B cells 

have an intermediate expression of IgM, no CD11b expression and are B220+ (7), whereas B1 

B cells express CD11b, are B220- and IgM+. In addition, the B1 lineage can be subdivided 

into CD5+CD11b+B220-IgM+ B1a B cells and CD5-CD11b+B220-IgM+ B1b B cell (8). With 

respect to class switch recombination and immunoglobulin production, the B1 lineage mainly 

responds to T cell-independent antigens, is responsible for a minor contribution of serum IgA 

and is the main secretor for IgG3 (9;10). In contrast, the B2 lineage requires T cell help to 

undergo class switch recombination and affinity maturation. Mucosa-associated B2 B cells 

are the main producers of IgA and are responsible for up to 99% of secretory IgA levels (11). 

Signaling via tumor necrosis factor receptor (TNFR) superfamily members and their ligands 

regulates both adaptive and innate immune responses, and modulation of either receptor or 

ligand expression can dramatically affect the course of T and B cell responses (reviewed in 

 73



GITR-GITRL Signaling Effects on B Cells   

chapter 7 of this thesis and (12)). Defects in the interaction between CD40 and its ligand 

result in decreased germinal center development, and consequently loss of memory B cell 

formation and decreased class switch recombination (13;14). In addition, loss of CD40 

signaling on APC’s results in decreased cytokine secretion (e.g. IL12), thereby negatively 

affecting helper T cell formation and hindering an adequate immune response (15). We have 

previously shown that constitutive stimulation of CD27 on T cells by its ligand CD70 induces 

IFN� dependent depletion of B cells (16). In addition, “reverse signaling” through CD70 on B 

cells enhances IgM production and diminishes IgG secretion (16;17). Another member of the 

TNFR superfamily that directly affects adaptive immune responses is the glucocorticoid-

induced TNFR family-related protein (GITR), which is expressed on activated T cells and 

regulatory T cells and enhances proliferation of both effector and regulatory CD4+ T cells 

(Chapter 2 of this thesis and (18)). Studies using GITR-/- mice have established that GITR-

GITRL interaction regulates T cell activation and survival (19;20). Moreover, signaling via 

GITRL on pDC’s promotes the induction of IDO and may thus be an important mediator in 

inducing tolerance (21). However, it is not yet known whether GITR-GITRL interactions also 

influence B cell responses. 

We set out to obtain insight in the role of GITR-GITRL signaling in humoral immunity, using 

recently generated GITRL TG mice, which constitutively express GITRL on all B cells 

(Chapter 2 of this thesis). We found that enhanced GITR triggering induced a striking 

increase in serum IgA titers and inhibited the production of IgG3, both in the steady-state 

situation and upon T cell-dependent immunization. In agreement with increased serum IgA 

titers, we identified a significant increase in the mucosa-related peritoneal B2 B cell 

population. Moreover, overexpression of GITRL on B cells enhanced virus-specific serum 

IgA titers following Influenza A infection, but these were insufficient to enhance protective 

immunity based on the viral load. Thus, our data suggest that GITR-GITRL interactions 
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modulate humoral immune responses via altering mucosal B cell subsets and promoting IgA 

responses. 

 

Results 

Normal development of splenic B cell populations in GITRL TG mice. 

GITRL TG mice have enhanced numbers of CD4+ effector and regulatory T cells due to 

increased proliferation of these cells (chapter 2 of this thesis). Interestingly, high numbers of 

IFN�-producing T cells induced by constitutive CD27 ligation alters terminal differentiation 

of B cells in the spleen and destroys normal splenic architectural structure (16). To determine 

if the enhanced GITRL expression on B cells and the resulting accumulation of effector and 

regulatory CD4+ T cells would also affect terminal B cell development in GITRL TG mice, 

we examined their splenic B cell compartment, based on IgD, IgM, B220 and CD21/35 

expression (Fig. 1A) (1). GITRL TG mice were found to have normal numbers of transitional 

type 1, transitional type 2, marginal zone B cells and mature follicular B cells (Fig. 1B). This 

indicates that the enhanced effector cell formation in GITRL TG mice does not appear to 

affect B cell development in the bone marrow and final B cell maturation in the spleen. 

Moreover, immunohistochemical analysis showed a normal architectural structure of the 

spleen and no differences were observed for T cell areas and B cell follicles between WT and 

GITRL TG mice (Fig. 1C). In addition, a distinct ring of marginal zone B cells could be 

identified upon staining for sinus-lining cells (MAdCAM-1+) and B cell (B220+) staining 

(Fig. 1C), which indicates that marginal zone B cells are located at the correct anatomical 

location in these mice.  
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Modulated immunoglobulin secretion via constitutive GITRL overexpression.  

Transgenic overexpression of GITRL on B cells results in increased numbers of IFN� 

producing effector T cells (chapter 2 of this thesis). As helper T cells orchestrate class 

switching of activated B cells, we investigated whether serum immunoglobulin levels were 

altered in GITRL TG mice. GITRL TG mice showed an age-dependent modulation of serum 

immunoglobulin levels. In 4 week old mice only marginal changes were identified, but older 

mice (11 weeks) showed reduced IgG3 titers and enhanced serum levels of IgA, while the 

Figure 1. Normal distribution of splenic B cell populations. 
(A) Representative staining of Transitional type 1 B cells (T1), Transitional type 2 B cells 
(T2), marginal zone B cells (MZB) and mature B cells (mature) in spleen from a WT 
mouse. (B) Absolute numbers of T1, T2, MZB and mature splenic B cells in WT (white 
bars) and GITRL TG (black bars) mice. Data represent the average value ± SD of 3-5 mice 
(C) The architectural structure of spleens from WT (left) and GITRL TG (right) mice was 
analyzed by staining for T cells (CD4+ or CD8+), B cells (B220+) and sinus-lining cells 
(MAdCAM-1+). 
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other isotypes were normal (Fig 2A). To ascertain if the observed modulation of 

immunoglobulin levels in GITRL TG mice was a consequence of intrinsic B cell defects, due 

to constitutive GITRL reverse signaling, we investigated their immunoglobulin production 

capacity in vitro. When stimulated for 15 days in vitro, we found that splenic GITRL TG B 

cells could still produce IgG3 and showed normal IgA production (Fig. 2B). These results 

suggest that the observed changes in serum immunoglobulin levels in GITRL TG mice were 

not caused by changes evoked by the high GITRL expression on the transgenic B cells. In 

support of these observations, no effects of reverse GITRL signaling on immunoglobulin 

production were found by the addition of a mAb specific to GITRL (YGL386.2.2) to the B 

cell cultures (data not shown). However, at this time it is not known whether this antibody has 

any agonistic (or antagonistic) effects upon binding to GITRL. 
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Figure 2. Immunoglobulin 
serum titers in GITRL TG 
mice.  
(A) The serum 
immunoglobulin titers for 4 
and 11 weeks old WT (white 
bars) and GITRL TG (black 
bars) mice. (B) 
Immunoglobulin levels in 
culture supernatants from WT 
(white bars) and GITRL TG 

(black bars) derived splenic B cells stimulated for 15 days with �IgM, IL2 and LPS. Data 
are expressed as average value ± SD of 3-4 mice per group. 
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Consequently, the modulation of serum immunoglobulin levels in GITRL TG mice compared 

to WT mice, might arise from B cell-extrinsic factors, such as alterations in helper T cell 

subsets. Therefore, we set out to determine if T cell-dependent B cell responses were affected 

in GITRL TG mice. WT and GITRL TG mice were immunized with TNP-KLH and TNP-

specific serum immunoglobulin titers were analyzed 14 days later. GITRL TG mice showed a 

normal induction of most isotypes, but they failed to generate an IgG3 response and showed a 

slight reduction in IgG1 compared to WT mice (Fig. 3). As expected, antigen-specific IgA 

levels were equally low in both mouse strains, because this type of immunization does not 

induce isotype switching to IgA. 

Thus, we conclude that constitutive GITR-GITRL interactions result in a specific modulation 

in immunoglobulin isotype switch, i.e. increased IgA and decreased IgG3 production. 
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Figure 3. T cell dependent Ig 
responses to TNP-KLH. 
WT (white bars) and GITRL TG 
(black bars) mice were 

immunized i.p. with 100 g of 
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Isotype specific anti-TNP titers 
were determined in sera by TNP-
specific ELISA on day 14 after 
immunization. Data are expressed 
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Altered mucosal B cell subsets in GITRL TG mice. 

Based on these observations, we decided to investigate the mucosa-associated B cells in these 

mice, as these cells have also been implicated in the production of IgA and IgG3 (9-11). 

Therefore, we analyzed cells from the peritoneal cavity of WT and GITRL TG mice to 

determine if constitutive GITRL expression altered the numbers of mucosal B1 and B2 cell 

lineages (Fig. 4A). We found that GITRL TG mice had increased numbers of peritoneal B2 B 

cells and a decrease in B1a B cell numbers compared to WT mice (Fig. 4B). No differences 

were found in peritoneal B1b B cell numbers (Fig. 4B). 
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As peritoneal B2 B cells are main producers of secretory IgA (sIgA), we investigated the 

concentration of fecal IgA found in the small intestine in WT and GITRL TG mice. We found 

similar concentrations of fecal IgA, based on serial 10-fold stool sample dilutions in WT and 

GITRL TG mice (Fig. 4C). These data suggest that constitutive GITR-GITRL interactions 

specifically enhance serum IgA titers, correlating with the increase in peritoneal B2 B cell 

numbers, but not sIgA. In addition, the loss of an IgG3 response could be related to the 

reduced numbers of B1a B cells. 

 

Enhanced IgA responses are not protective against influenza A infection. 

IgA deficient mice show similar levels of viral replication and mortality following a lethal 

influenza challenge (22), but it has also been shown that the passive transfer of influenza 

specific IgA antibodies were protective for subsequent influenza infection by inhibiting viral 

replication or the infection itself (23;24). As GITRL TG mice have elevated levels of serum 

IgA, we questioned whether these mice were protected against an influenza A infection. 

GITRL TG mice developed a normal influenza-specific CD8 T cell response, based on 

tetramer staining in blood, spleen and lungs (data not shown). However, GITRL TG mice 

showed reduced IgM and IgG2a titers, a low IgG3 response and an increased IgA response 

compared to WT mice at the peak of influenza A infection (day 10) (Fig. 5A). However, 

GITRL TG mice were not protected from influenza A infection, as no difference was 

observed in viral load compared to WT mice (Fig. 5B).  

In conclusion, GITR-GITRL interactions affect numbers of mucosa-associated B cell subsets, 

reduces IgG3 production and enhances IgA secretion, but this increase in IgA levels is not 

sufficient to protect GITRL TG mice during a primary influenza infection.   
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Figure 5. GITRL TG mice do not modulate immune response to influenza A 
infection. 
WT and GITRL TG mice were intranasally infected with the influenza virus A/PR8/34. 
(A) Influenza A specific immunoglobulin titers were determined in sera of WT (white box) 
and GITRL TG (black box) mice by Influenza A-specific ELISA on day 10 after infection. 
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Discussion 

Humoral immune responses play an essential role in the defense against pathogens. The 

production of antibodies can inhibit pathogen entry by receptor shielding, and antibody 

binding can promote phagocytosis and pathogen neutralization via opsonisation and 

complement activation, respectively. In this respect and compared to other isotypes, IgA is 

most highly prevalent in mucosal areas and plays an important role in immunity. IgA can be 

produced in either monomeric form (as found in serum) or as polymeric IgA, which is 

transported through epithelial cells expressing a polymeric Ig receptor (pIgR). Proteolysis of 

dimeric IgA bound to pIgR results in release of secretory IgA (sIgA) in external secretions 

(25). Although IgA has inferior complement activation and opsonization capabilities 

compared to IgM and IgG, it functions as the first line of defense by its ability to prevent 

pathogens breaching mucosal barriers. 

In the present study, we have investigated the effects of GITR-GITRL interaction on the 

humoral immune system. We found that GITRL TG mice have normal B cell differentiation 

in the spleen, but increased numbers of peritoneal B2 B cells and decreased numbers of 

peritoneal B1a B cells. In addition, we found that GITRL TG mice have elevated serum levels 

of IgA and decreased IgG3. As GITR is expressed on activated T cells and regulatory T cells, 

we assessed the effects of GITR-GITRL interaction on T cell dependent B cell responses by 

immunizing WT and GITRL TG mice with TNP-KLH. GITRL TG mice also failed to 

develop an IgG3 response to T cell dependent immunizations, correlating with decreased B1 

B cell numbers.  

As no intrinsic B cell defect was observed following stimulation of splenic B cells, we believe 

that the difference in immunoglobulin levels between WT and GITRL TG mice are directly 

correlated to the variance in numbers of mucosal B cell subsets, which might be due to 

extrinsic factors derived from the altered T cell compartment. Indeed, GITRL TG mice show 
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increased numbers of activated and regulatory T cells in all compartments (chapter 2 of this 

thesis), and it is thus possible that mucosal B cell subsets are influenced through an altered 

cytokine environment. TGF-� is a known isotype switch factor for IgA and downregulates 

IgG3 production (26), and is amongst others produced by a specific regulatory T cell subset 

(27). Interestingly, regulatory T cells have also been shown to infiltrate Peyer’s patches and 

differentiate into CD4+ follicular helper T (TFH) cells, where they promote IgA production 

(28). Another explanation for the observed differences could be a direct effect on the mucosa-

associated B cells, as it cannot be excluded that GITRL reverse signaling does occur in vivo 

and preferentially affects the differentiation or the survival of B2 versus B1 peritoneal B cells, 

resulting in increased IgA and reduced IgG3 production. More indepth experiments that 

address these possibilities will be required to expose the molecular mechanism by which 

GITRL can affect mucosal immunity. 

We postulated that increased IgA levels might protect mice against Influenza A infection. 

Infected GITRL TG mice showed enhanced production of influenza-specific IgA titers in the 

serum compared to WT mice. Yet, based on viral load in the lung of GITRL TG mice, these 

increased IgA titers did not improve the anti-viral response in GITRL TG mice compared to 

WT mice. Nevertheless, these results do suggest that GITRL TG mice will be better protected 

against a secondary infection with influenza virus, which will be addressed in future 

experiments. In addition, it will also be interesting to determine the effects of increased 

monomeric IgA titers in others mucosa-related models, such as oral tolerance induction, as 

this also induces production of IgA (reviewed in (29)). 

In conclusion, we show that the GITR-GITRL costimulatory axis can be an important player 

in mucosal immunity, as GITRL overexpression affects mucosa-associated B cell populations 

in the perioneum, but not B cells in the spleen. The resulting increase in IgA production and 

decrease in IgG3 production in GITRL TG mice are either the consequence of intrinsic effects 
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in the mucosa-associated B cells, such as GITRL reverse signaling, or of B cell extrinsic 

factors, as can be derived from the expanded regulatory and/or effector CD4+ T cell subsets 

present in these mice. 

 

Experimental Procedures 

Mice. 

GITRL TG (see chapter 2 of this thesis) mice and WT littermates were maintained on a 

C57BL/6J background and bred in the animal department of the Academic Medical Center 

(Amsterdam, The Netherlands) under specific-pathogen-free conditions. Mice were used at 6-

24 weeks of age, age- and sex-matched within experiments and were handled in accordance 

with institutional and national guidelines.  

 

Cell staining and flow cytometry. 

Single-cell suspensions were obtained by mincing the specified organs through 40 �m cell 

strainers (Becton Dickinson). Erythrocytes were lysed with an ammonium chloride solution 

and cells were subsequently counted using an automated cell counter (Casy, Schärfe System). 

Cells (5 x 105- 1 x 106) were collected in staining buffer (PBS with 0.5% bovine serum 

albumin (Sigma)) and stained for 30 min at 4�C with antibodies in the presence of anti-CD16-

CD32 (clone 2.4G2; kind gift from Dr. Louis Boon, Bioceros, The Netherlands). The 

following fluorescently or biotin-labeled monoclonal antibodies were obtained from 

Pharmingen: anti-B220 (clone RA3-6B2), anti-CD5 (clone 53-7.3), anti-CD21/35 (clone 7G6) 

or from Southern Biotechnology Association: anti-IgM (clone 1B4B1) and anti-IgD (clone 

11-26). For the detection of biotinylated antibodies, streptavidin-PE (Caltag Laboratories, 

CA), streptavidin-APC (Pharmingen) or streptavidin-conjugated PerCP-Cy5.5 (Pharmingen) 
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was used. Data were collected on a FACSCalibur (Becton Dickinson) and were analyzed with 

using FlowJo software (Treestar). 

 

Immunohistochemistry 

Spleen from 8 week old WT and GITRL TG mice were isolated and snap-frozen in liquid 

nitrogen. Cryostat sections (6 m) were fixed in 100% acetone for 10 min, air-dried and 

rehydrated in PBS. For immunofluorescent stainings, splenic sections were successively 

incubated for 45 min with unconjugated rat anti-mouse mAbs and Alexa 594-conjugated anti-

rat IgG (molecular Probes). Sections were blocked for 5 min with 20% normal rat serum and 

subsequently incubated with biotinylated rat anti-mouse mAbs and Aalexa 488-conjugated 

streptavidin (Molecular Probes). The following rat anti-mouse mAbs were used: anti-B220 

(clone 6B2), anti-MAdCAM-1 (clone MECA-367), anti-CD4 (clone RM4-5) and anti-CD8 

(clone 53-6.7). Sections were extensively washed with PBS between each step and finally 

coverslipped with Vectashield (vectorlabs). Fluorescent stainings were analyzed using a 

Nikon Eclipse E800 microscope, connected to a digital camera. 

 

TNP-KLH immunization. 

Mice were immunized by intraperitoneal injection with 25 �g TNP-KLH (Biosearch 

Technologies, Novato, CA) emulsified in incomplete freund’s adjuvant (Sigma). Sera were 

collected on day 14. Anti-TNP-specific immunoglobulin (Ig) levels were determined by 

ELISA as described below 

 

Immunoglobulin Elisa. 

The antibody titers were determined by an enzyme-linked immunosorbent assay. 96 wells 

plates were coated overnight at 4�C with unlabeled rat-anti-mouse Ig (1 μg/ml) of the 
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indicated isotype (SBA) or with TNP-BSA (1 μg/ml) in coating buffer (0.1 M NaH4CO3). 

Subsequently, plates were blocked with 5% milk in PBS (blocking buffer) for 1 hour at room 

temperature. Sera or stool samples (total small intestine content in 2 ml PBS) from WT and 

GITRL TG mice were diluted in blocking buffer and incubated in duplo for 2 hours at room 

temperature. The quantification of bound immunoglobulin was performed by incubating the 

plates with a biotin-conjugated goat-anti-mouse IgG (SBA) followed by a 1 hour incubation 

at room temperature with streptavidin-conjugated alkalic phosphatase (Sigma). Plates were 

then developed using pNPP substrate (Sigma). The optical density was measured at 415 nm 

using a microplate reader. Between the various steps the plate underwent extensive washing 

using 0,05% Tween 20 in PBS..  

 

In vitro B cell cultures. 

Spleen from WT and GITRL TG mice were harvested and single cell suspensions prepared. B 

cells were isolated by positive selection using anti-CD19+ microbeads (Miltenyi Biotec) and 

MACS separation system (Miltenyi Biotec), according to the manufactures protocol. B cells 

were cultured for 15 days with 5 �g/ml �-IgM (Jackson ImmunoResearch), 10 ng/ml IL-2 

(Invitrogen),and 5 �g/ml LPS (Sigma). To induces reverse signalling of GITRL on B cells, a 

mAb specific to GITRL was added to the specified B cell cultures (clone YGL386.2.2). 

Immunoglobulin levels were determined as described above. 

 

Influenza infection. 

Mice were intranasally infected with 10x TCID50 of the H1N1 influenza A virus A/PR8/34 for 

analysis of primary immune responses. After 10 days mice were sacrificed, and blood and 

lungs were collected for analysis. Viral loads within the lungs were quantified using qPCR as 

previously described (30). Influenza A specific immunoglobulins were determined in serum 
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and lung homogenates (½ lung in 500 l staining buffer) via ELISA as described above using 

96 wells plates coated with influenza A virus (106 x TCID50). 

 

Statistical analysis. 

Figures represent means and error bars denote standard deviation. Student’s T-test was used 

to analyze for statistical significance.  P < 0.05 was considered statistically significant. 
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