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Key points:  

• CXCR4 desensitization dampens B cell cycle and differentiation upon TLR activation. 

• CXCR4 desensitization limits the strength and length of the extrafollicular immune 

response. 

 

Abstract 

The extrafollicular immune response is essential to generate a rapid but transient wave of 

protective antibodies upon infection. Despite its importance, the molecular mechanisms 

controlling this first response are poorly understood. Here, we demonstrate that enhanced Cxcr4 

signaling due to defective receptor desensitization leads to exacerbated extrafollicular B cell 

response. Using a mouse model bearing a gain of function mutation of Cxcr4 described in two 

human hematological disorders, WHIM syndrome and Waldenström’s Macroglobulinemia, we 

demonstrated that mutant B cells exhibited enhanced mTOR signaling, cycled more and 

differentiated more potently into plasma cells than wild-type B cells upon TLR stimulation. 

Moreover, Cxcr4 gain-of-function promoted enhanced homing and persistence of immature 

plasma cells in the bone marrow, a phenomenon recapitulated in WHIM syndrome patient 

samples. This translated in increased and more sustained production of antibodies upon T-

independent immunization in Cxcr4 mutant mice. Thus, our results establish that fine-tuning of 

Cxcr4 signaling is essential to limit the strength and length of the extrafollicular immune 

response. 
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Introduction 

Following infections, rapid production of neutralizing antibodies (Abs) through the 

extrafollicular immune response is essential to control infectious agents. Despite the central 

importance of this pathway in humoral immunity, the molecular mechanisms at play are poorly 

understood. Early B cell activation and differentiation initiated through crosslinking of the B 

cell receptor (BCR) and Toll-like receptors (TLRs) leads to the production of low affinity Abs 

by short-lived extrafollicular plasma cells (PCs), also called plasmablasts (PBs), which provide 

rapid but transient protection against infection1. Upon T-cell help, this early response can 

evolve through the formation of germinal centers (GC), to the production of high-affinity long-

lived PCs that can persist for an extended period of time in the bone marrow (BM) contributing 

to immunological memory2. The chemokine receptor Cxcr4 and its ligand Cxcl12 are important 

for the T-dependent immune response through regulation of GC B cell localization and BM 

homing of PCs3–8. However, the role of this axis in early extrafollicular B cell response 

following antigenic challenge has never been addressed. Upon Cxcl12 binding, Cxcr4 signals 

through the G proteins. Signal duration and strength is tightly regulated by receptor 

desensitization which involves phosphorylation of the C-terminal tail of Cxcr4 and the 

subsequent recruitment of b-arrestins leading to both uncoupling of the receptor from G 

proteins and receptor internalization9. Our group and others have established that this 

desensitization step is defective in the rare primary immunodeficiency disease WHIM 

syndrome (WS) 10,11, which is caused by autosomal dominant mutations in the C-tail of CXCR4, 

resulting in a gain-of-function in response to CXCL1210,12. Strikingly, similar mutations of 

CXCR4 have been reported in Waldenström’s Macroglobulinemia, an indolent 

lymphoplasmacytic B-cell lymphoma characterized by an IgM spike and BM infiltration of 

malignant clones with an immunophenotype ranging from activated B cells to PCs13–15. CXCR4 

mutations are observed in ~30% of Waldenström’s Macroglobulinemia patients in conjunction 
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with a gain of function mutation of the TLR adaptor MYD8816,17. Whether and how CXCR4 and 

MYD88 mutations synergize in Waldenström’s Macroglobulinemia is still unclear; however, 

their coincidence in this disease prompted our interest in investigating the general importance 

of Cxcr4 signaling in the context of TLR-induced MyD88 signaling for B cell and PC biology. 

Here, using a mouse model18 bearing an orthologous Cxcr4 mutation observed both in WS and 

Waldenström’s Macroglobulinemia13,19, we demonstrate an unexpected and central role for 

Cxcr4 desensitization in regulating the early extrafollicular antibody response.  
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Material and Methods 

Mice: 

Cxcr4+/1013 mice were generated as previously described18. Blimp1GFP/+ mice were obtained 

from Dr. S. Nutt (WEHI, Australia)20 and crossed with Cxcr4+/1013 mice. Mice aged 8-16-week-

old or 1-year old and co-housed littermates were used in all experiments that were conducted 

in compliance with the European Union guide for the care and use of laboratory animals, have 

been reviewed and approved by an institutional review committee (C2EA-26, Animal Care and 

Use Committee, Villejuif, France).  

 

Human samples: 

Cryopreserved BM aspirates from two WS patients (1 male, 47-year-old, and 1 female >30-

year-old at sampling, both bearing the CXCR4R334X mutation) (collected under NIH protocol 

09-I-0200) were provided through a Material Transfer Agreement in accordance with NIH 

human subject research policies. BM from hip replacement surgery was obtained from 

discarded material from 6 patients (4 males and 2 females, 42-58 years-old at sampling). All 

the required ethical and export approvals were obtained from the French Ministries of Health 

and Agriculture. All individuals provided written informed consent before sampling and data 

registering. The study was approved by the Comité de Protection des Personnes Ile-de-France 

VII (Protocol 17-030, n° ID-RCB: 2017-A01019-44). Samples were stained with the antibodies 

indicated in Supplementary table 1.  

 

Immunization: 

Mice were immunized intra-peritoneally with 25 µg of 4-hydroxy-3-nitrophenylacetyl-

lipopolysaccharide (NP-LPS) or 25 µg of NP-Ficoll (Biosearch Technologies). Blood, spleen 
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and BM were harvested and analyzed 3, 6, 12 and 45 days after challenge with NP-LPS and 6 

days after NP-Ficoll immunization. 	

	

Single cell suspension and flow cytometry: 

Isolation of organs was performed and single cell suspensions were stained as previously 

described7, using the Abs described in Supplementary Table 1. Analyses were carried out on 

an LSRII Fortessa flow cytometer (BD Biosciences) and data were analyzed with the Flowjo 

software (TreeStar, Ashland, OR).  

 

In vitro functional assays: 

For functional assays, total splenocytes or B cells isolated using a naïve mouse B-cell (CD43-) 

isolation kit (Miltenyi Biotec) were cultured using complete medium (RPMI with 10% fetal 

calf serum, 1% penicillin/streptomycin, 50 µM b-mercaptoethanol, 1 mM sodium pyruvate (All 

from Gibco)) with 1 U/mL of IL-4 (Miltenyi) and 5 ng/mL of IL-5 (Miltenyi) supplemented 

with 1 µg/mL LPS (Invivogen) or 10 µg/mL CpG ODN (Invivogen) and/or 50 nM Cxcl12 

(R&D) and/or 10 µM AMD3100 (Sigma Aldrich) for 5 minutes and up to 5 days at 37°C. MK-

2206 (Ambeed) and Rapamycin (Life Technologies) were used at 1 µM and 50 nM 

respectively. Phosphoflow was performed with the PerFix EXPOSE kit (Beckman Coulter). PB 

differentiation and apoptosis were assessed by flow cytometry (Supplementary Table 1). For 

proliferation, splenocytes were loaded with Cell Trace Violet (CTV) (Thermofisher) according 

to manufacturer’s instructions and then stimulated. For cell cycle analysis, cells were 

permeabilized and fixed with the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) 

and labeled with an anti-Ki-67 antibody and DAPI was added just before analysis.  

 

Adoptive transfer experiments: 
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Splenocytes from WT x Blimp1GFP/+ and Cxcr4+/1013 x Blimp1GFP/+ mice were stimulated in 

vitro with LPS for 4 days. Cells from each genotype were loaded with either CTV or CT Yellow 

(CTY) (Thermofisher). A 50:50 mix of cells was made and checked by flow cytometry prior to 

injection. 106 cells were transferred intravenously (i.v.) into C57Bl/6J CD45.1 WT recipients. 

Blood, BM and spleens were harvested and analyzed at 24 and 48 hours post transfer. 

 

Transwell migration assay: 

Chemotaxis assays were performed using a Transwell assay as previously described10. 

Splenocytes were incubated for 45 minutes at 37°C before migration for 3 hours through a 5 

µm pore Transwell insert (Corning) with medium only or with Cxcl12 (R&D) in the lower 

chamber. Input cells that migrated to the lower chamber were collected, stained and enumerated 

by flow cytometry. The fraction of cells migrating across the membrane was calculated as 

follows: [(number of cells migrating to the lower chamber in response to chemokine or 

medium) / (number of cells added to the upper chamber at the start of the assay)] x 100. 

 

Immunofluorescence: 

Spleens were fixed for 4 hours in PBS-paraformaldehyde 4% and incubated overnight in PBS-

sucrose 20% before being embedded in OCT (TissueTek). Cryosections were permeabilized 

with PBS Triton X-100 0.5% for 15 min, washed twice with PBS and blocked with PBS BSA 

5%. Sections were stained with primary Abs and secondary Ab (Supplementary table 1) and 

Hoechst 33342. Slides were scanned using a NanoZoomer Digital Pathology system using X40 

objective lenses with numerical aperture 0.75 (Hamamatsu Photonic). BM embedding, 

sectioning and staining were performed as described21. 30 µm sections were permeabilized, 

saturated and stained as for the spleen. Images were acquired using a TCS SP8 confocal 

microscope and processed and quantified with Fiji and Imaris. 
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ELISA and ELISpot: 

Anti-NP and anti-IgM ELISA were performed as previously described7. Enumeration of total 

IgM and NP-specific IgM ASCs were performed by incubating spleen or BM cells overnight at 

37°C on plates pre-coated with NP15-BSA or goat anti-mouse IgM at 5 µg/mL and saturated 

with culture medium containing 10% FCS. Plates were then washed and incubated with 

peroxidase-conjugated goat anti-mouse IgM (Southern Biotech). Spots were revealed with 

AEC (Sigma-Aldrich) and analyzed using an AID ispot Reader (Autoimmun Diagnostika 

GMBH). 

 

Time lapse imaging: 

B cells were isolated and stimulated with LPS (see section in vitro assays). Cells were either 

imaged using a Biostation NIKON in a 37°C, 5% CO2 supplemented chamber at a concentration 

of 104 cells/mL or using the Incucyteâ S3 at a concentration of 104 cells per well. Cells were 

imaged for phase-contrast and GFP fluorescence each 15 or 30 minutes, respectively. Images 

and movies where analyzed with the biostation IM software, the Incucyte S3 software and Fiji.  

 

Multiplex qPCR 

Multiplex qPCR analysis was performed using the Biomark system (Fluidigm). 75 cells per 

well were sorted directly into reverse transcription/pre-amplification mix, as previously 

described22 (See Supplementary Table 2). Targeted cDNA pre-amplification was performed 

before processing with Dynamic Array protocol according to the manufacturer’s instructions 

(Fluidigm). Mean expression of Actb and Gapdh was used for normalization.  

 

Statistical analysis: 
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Data are expressed as means ± SEM. The statistical significance between groups was evaluated 

using the two-tailed unpaired Mann-Whitney non-parametric test (Prism software, GraphPad) 

unless indicated otherwise in figure legends. Heatmaps were presented using the Z score and 

clustering analyses were performed using the Pearson rank correlation test 

(http://www.heatmapper.ca). PCA analysis was performed using R ggplot packages. 
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Results 

Cxcr4 desensitization limits plasma cell generation  

To better understand the pathophysiology of WS, we previously generated a knock-in mouse 

model bearing a heterozygous nonsense point mutation common to a subset of patients 

(mutation C1013G in the open reading frame)18. These mice, referred to as Cxcr4+/1013, 

phenocopy pan-leukopenia, a major hematological feature of the disease18. Moreover, using 

this model, we recently showed that the gain of function of Cxcr4 affects in a B-cell intrinsic 

manner the T-dependent humoral immune response recapitulating vaccination failure reported 

in some WHIM syndrome patients7,12,23,24. We took advantage of this model to assess whether 

Cxcr4 signaling may play a role in the early extrafollicular response and in particular upon 

stimulation with MyD88-dependent TLR ligands. First, we stimulated in vitro splenic B cells 

from WT and Cxcr4+/1013 mice with the TLR4 and TLR9 ligands, LPS and CpG respectively, 

in the presence or absence of Cxcl12. Under these conditions PB differentiation, defined as 

formation of B220lowCD138+ cells, was increased for B cells from Cxcr4+/1013 mice (Figure 1A-

B and Figure S1A-B) and was associated with a 2-fold increase in IgM concentration measured 

in the culture supernatant (Figure 1B, right panel). The addition of Cxcl12 to the TLR agonists 

in the stimulation medium led to a small increase of PB in both the WT and the Cxcr4+/1013 B 

cell cultures (Figure 1B and Figure S1A-B). Interestingly, stimulation with Cxcl12 alone 

promoted some PB differentiation of Cxcr4+/1013 B cells, a phenomenon significantly less 

marked in WT cultures (Figure 1B and Figure S1B). This Cxcl12-mediated PC differentiation 

was abolished by addition of the Cxcr4 antagonist AMD3100 confirming that Cxcr4 signaling 

promoted it (Figure S1B). These observations thus hinted towards a role for Cxcr4 signaling in 

early B cell activation and differentiation upon stimulation with TLR ligands. 

We next determined whether the gain of function of Cxcr4 could affect T-independent B cell 

immune responses in vivo. Immunization with the T-independent type 1 antigen NP-LPS did 
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not correct the severe B cell lymphopenia observed in the spleens of Cxcr4+/1013 mice18 (Figure 

1C-D). However, compared to WT mice we observed a significant increase in the frequency of 

splenic PBs in Cxcr4+/1013 mice from day 3 through day 6 after immunization (Figure 1E-F). 

Consistent with this, we detected an increased frequency of IgM+ Ab-secreting cells (ASCs) by 

ELISpot in the spleens of Cxcr4+/1013 mice compared to WT mice (Figure 1G, left panel), and 

an increased titer of total IgM in the serum of mice bearing the Cxcr4 gain-of-function mutation 

(Figure S1C). Moreover, the frequencies of NP-specific IgM+ ASCs in the spleen were 

increased at day 6 in Cxcr4+/1013 mice compared to WT mice (Figure 1G, right panel). 

Importantly, the T-independent B cell response to NP-LPS immunization was also more 

sustained in Cxcr4+/1013 mice compared to WT mice as demonstrated by the still elevated 

frequency and number of PBs observed at day 6 in the mutant mice (Figure 1F-G). Analysis of 

the splenic PB population by imaging revealed an increased detection of IgM+ PBs in sections 

of Cxcr4+/1013 spleens compared to WT tissues (Figure 1H-I). Similarly, immunization with the 

T-independent type 2 NP-Ficoll led to increased splenic PBs and increased total IgM+ serum 

titers (Figure 1J-K) in the mutant mice compared to controls. Together, these results show that 

Cxcr4 desensitization is an important negative regulator of extrafollicular PB generation in the 

spleen.   

 

Cxcr4 desensitization limits the entry of B cells into cycle 

We next addressed the cellular mechanism underlying enhanced PB generation in Cxcr4+/1013 

mice. We cultured WT x Blimp1-GFP and Cxcr4+/1013 x Blimp1-GFP splenic B cells with LPS 

and assessed the kinetics of appearance of GFP as a readout for PB differentiation by video 

microscopy. As shown in Figure 2A, some GFP+ cells were detectable in Cxcr4+/1013 cultures 

as early as 46 hours post stimulation while they started appearing in WT cultures 20 hours later 

(Figure 2A-B). As B cell and PB survival seemed unaffected (Figure S2A-B), this accelerated 
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appearance and accumulation of PBs in culture could be due to an enhanced cycling and/or 

proliferation of B cells and PBs. B cell proliferation, measured by CTV dye dilution in vitro 

after LPS stimulation, was indeed altered in the mutant condition at day 2 both with and without 

exogenous Cxcl12 addition (Figure 2C-D, Figure S2C). However, from day 3, B cell 

proliferation was equivalent between WT and mutant B cells (Figure 2D), suggesting this was 

only a transient phenotype. Likewise, proliferation in newly generated PBs was not different 

between WT and mutant conditions at any of the time points analyzed (Figure 2E-F and Figure 

S2D). Previous reports have suggested that B cell differentiation into PB necessitates at least 3 

rounds of cell division25. Together with our results, this brought us to consider whether it was 

not the proliferation of B cells per se that was affected, but rather their entry into cell cycle. 

Indeed, we observed a significant increase in the percentage of B cells in cycle, especially in 

the G1 phase, in Cxcr4+/1013 cultures compared to WT ones (Figure 2G-H). Addition of Cxcl12 

to LPS in the culture medium led to a similar result and treatment with AMD3100 had no effect 

on the exacerbated entry into cell cycle observed in mutant B cells (Figure S2E-F). As expected, 

most PBs were cycling26 and no difference was observed between our two experimental groups 

for this cell type (Figure 2I). This demonstrates that Cxcr4 desensitization is an essential 

negative regulator of B cell entry into cycle and that deregulation of this process contributes to 

exacerbated PB differentiation. 

 

Exacerbated mTORC1 signaling in Cxcr4+/1013 mutant B cells  

A wealth of literature reports that upon TLR crosslinking B cell activation and proliferation are 

dependent on PI3K activation and downstream Akt and mTOR signaling27–30. Moreover, 

several works including ours showed that crosslinking of mutant Cxcr4 on B cells promoted 

aberrant activation of the Akt and mTORC1 pathways7,31,32. We confirmed ex vivo that the gain 

of function of Cxcr4 led to an exacerbated Akt phosphorylation upon Cxcl12 stimulation in 
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presence or in absence of TLR crosslinking. However, inhibition of Akt did not impact B cell 

cycle entry in this system (Figures 2H and S3C). In parallel, we observed that Cxcl12 

stimulation led to a transient increase of the mTORC1 target pS6 in B cells while LPS 

stimulation promoted strong and sustained S6 activation. Importantly, pS6 signaling was 

significantly increased in mutant B cells compared to WT controls in all conditions and that 

was even more marked when both Cxcl12 and LPS were used conjointly (Figure 3A-B). 

Moreover, AMD3100 pre-incubation was reducing the frequency of pS6+ mutant B cells upon 

Cxcl12 stimulation hence supporting the role of Cxcr4 gain of function in this process (Figure 

3B left panel). These results suggest that the mutant Cxcr4 and TLR4 synergize to promote 

exacerbated and sustained mTORC1 signaling in Cxcr4+/1013 B cells. Furthermore, treatment 

with the mTORC1 inhibitor Rapamycin significantly reduced LPS-induced cell cycle entry in 

WT and Cxcr4+/1013 B cells (Figure 3C). In line with this, upon Rapamycin treatment mutant B 

cell differentiation was down to the level observed for untreated WT B cells (Figure 3D).	

Hence, our data suggest that mutant Cxcr4 and TLR4 signaling synergize to promote stronger 

mTORC1 signaling leading to increased B cell entry into cycle and subsequently enhanced PB 

differentiation.  

 

Fine-tuning of Cxcr4 signaling regulates plasmablast settling within the bone marrow  

The T-independent extrafollicular B cell response mainly leads to the generation of short-lived 

PBs, although it has been reported that some may be able to home to and persist in the BM33–

35. We therefore investigated whether the enhanced extrafollicular response observed in the 

spleen in Cxcr4+/1013 mice was mirrored by changes in BM homing. After NP-LPS 

immunization, we observed an increased detection of total IgM+ ASCs from day 3 and of NP-

specific IgM+ ASCs from day 6 in the BM of Blimp1+/GFPxCxcr4+/1013 mice compared to WT 

mice (Figure 4A-D). This was associated with a five-fold increase in PBs (Blimp1-GFPhi 
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CD138+) in the BM of mutant mice compared to WT mice from day 3 post-immunization 

(Figure 4E). Moreover, fully differentiated PCs (Blimp1-GFPlow CD138+) were significantly 

increased from day 6 in the BM of the Cxcr4+/1013 mice compared to their WT littermates 

(Figure 4E). Consistently, we enumerated in situ significantly more IgM+ PB/PCs per mm2 at 

day 6 after NP-LPS immunization in the BM sections of Cxcr4+/1013 mice compared to WT 

mice (Figure 4F-G). Thus, Cxcr4 desensitization is essential to limit BM accumulation of PBs 

generated through the extrafollicular response. 

 

Plasmablasts spontaneously accumulate in the bone marrow in absence of Cxcr4 

desensitization in mouse and human 

Previous reports have suggested that PB/PCs increase with age in mice36. Accordingly, one-

year-old middle-aged Cxcr4+/1013 mice display a very significant increase in the frequency and 

number of PBs compared to WT mice at steady state that was particularly marked for BM PBs 

(Figure 5A-D). Thus, the spontaneous and on-going immune response observed in mice as they 

age appears exacerbated by the Cxcr4 gain-of-function mutation and this translates into an 

accumulation of aberrant PBs within the BM.  

We next investigated whether CXCR4 gain-of-function mutations might also distort the basal 

distribution of PCs in BM from WS patients. To this end, we compared BM samples from two 

WS patients carrying the heterozygous CXCR4R334X mutation with aged-matched control BMs. 

When we compared WS and control BMs, we observed that the frequencies of PBs 

(CD19+CD138-) were significantly increased in patients compared to control BM (Figure 5E-

F) with the two less mature fractions representing most of the BM PB/PCs in the patient samples 

(Figure 5G). Altogether, these results suggest that gain of function mutations of CXCR4 can be 

associated with spontaneous aberrant accumulation of PBs within the BM in middle-aged 

mouse and human.  
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Cxcr4 desensitization intrinsically regulates splenic plasmablast homing properties 

We then explored whether the exacerbated PB accumulation within the BM observed in absence 

of Cxcr4 desensitization could be accounted for by a cell-intrinsic advantage in terms of BM 

homing. Mutant splenic PBs express slightly but significantly more surface Cxcr4 than their 

WT counterpart (Figure 6A-B). Moreover, in a transwell-based migration assay mutant splenic 

PBs migrated more towards Cxcl12 in vitro than their WT counterparts and this was abrogated 

by the addition of AMD3100 (Figure 6C). Moreover, by co-transfer experiments of in vitro 

generated PBs loaded with either CTV or CTY and mixed at a 1:1 ratio (Figure 6D-E) we 

showed that Cxcr4+/1013 mutant PBs had an intrinsic advantage for homing to the BM compared 

to WT PBs at all time points considered (Figure 6F, left panel) while the reverse was true for 

the spleen (Figure 6F, right panel). This experiment demonstrates that, on top of their enhanced 

generation in secondary lymphoid organs, mutant PBs also have an intrinsic advantage in terms 

of BM homing.  

Transcriptional profiling of WT and Cxcr4+/1013 BM PBs revealed significant differences with 

a notable alteration in the expression of several genes involved in cell adhesion and migration 

(Figure 6G). We thus further assessed the impact of Cxcr4 signaling on the migratory and 

adhesion properties of BM PBs and PCs. We showed that mutant PBs and PCs had a unique 

transcriptional profile characterized by increased expression of Cxcr4, Cxcr3, Itgal, Cd44 and 

Itgb1 and decreased expression of Ccr7, Cxcr5, Sell and Klf2 compared to WT PBs and PCs 

(Figure 6H). These differences were sufficient to differentially cluster WT and Cxcr4+/1013 BM 

PB/PCs in a principal component analysis (Figure 6I). Moreover, these altered expression were 

confirmed by classical RT-qPCR (Figure S4A-C) and flow cytometry (Figure 6J and S4D-E). 

In summary, our data support that Cxcr4 desensitization is a key control mechanism that 
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intrinsically limits the homing of PBs to the BM and that once there, this gain of function may 

confer them with specific localization and/or cell-cell interaction potential. 

 

Cxcr4 desensitization is essential to limit plasmablast maturation and persistence within 

the bone marrow 

We last questioned the fate of these aberrant PBs within the BM. The number of PBs in the BM 

of Cxcr4+/1013 mice peaked at day 6, then rapidly declined and was back to the baseline WT 

level 12 days after NP-LPS immunization (Figure 7A, left panel). In parallel, the number of 

more mature B220- PCs progressively and markedly increased in the BM of Cxcr4+/1013 mice, 

reaching a peak between 8 and 12 days after immunization, and then slowly declined (Figure 

7A, right panel). The distinct kinetics for PBs and PCs suggest that PBs reaching the BM of 

Cxcr4+/1013 mice may be able to differentiate into PCs. We exploited our transfer experiments 

(Figure 6D) and observed that at day 1 in the BM, most of the transferred cells were found in 

the PB gate (CD138hiB220+) and very few were detected within the PC gate (CD138hiB220-) 

(Figure 7B). At day 2, however, most of the transferred cells were detected amongst the 

CD138hiB220- PCs (Figure 7B) and around 80% of them came from the Cxcr4+/1013 cells while 

the reverse was true for PBs (Figure 7C). In addition, we analyzed the expression of key 

developmental factors of PCs and observed that Cxcr4+/1013 BM PBs had a transcriptional 

profile corresponding to more mature cells than their WT counterparts, albeit less mature than 

fully differentiated PCs, and characterized by decreased expression of the B cell transcription 

factors Pax5 and Bach2 and enhanced expression of the PC transcription factors Prdm1, Xbp1 

and Irf4 (Figure 7D). Finally, we observed that total and NP-specific IgM+ ASCs were increased 

in the BM of Cxcr4+/1013 mice compared to the WT ones and this increase was still observed 45 

days after immunization (Figure 7E). Thus, Cxcr4+/1013 PBs may differentiate into PCs and 
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persist for over a month in the BM. Altogether our results demonstrate that Cxcr4 

desensitization limits both PB maturation into PCs and their persistence within the BM.  
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Discussion 

Despite its essential role in host protection, how the extrafollicular immune response is 

regulated remains mysterious. Here we demonstrate that Cxcr4 desensitization is an essential 

regulatory mechanism controlling the duration and the strength of Ab production following 

induction of a T-independent immune response by finely modulating the pool of extrafollicular-

derived PCs. 

Our data support a critical role for Cxcr4 desensitization during this process at multiple 

checkpoints of B cell activation and PC differentiation. First, we observed that impaired Cxcr4 

desensitization led to increased TLR-driven B cell differentiation into PB with as consequences 

more PBs generated and increased IgM production in the course of an extrafollicular response. 

This is associated with enhanced entry into cycle and is consistent with previous studies that 

have linked B-cell division to their capacity to differentiate into PCs25,37,38. In addition, we 

showed that Cxcr4 gain of function upon Cxcl12 stimulation and in synergy with TLR signaling 

promoted induction of the mTORC1 pathways that drive cell cycle entry and PB differentiation.  

Second, PBs and PCs bearing the Cxcr4 gain-of-function mutation display an enhanced BM 

tropism that may not only be due to the gain of function of Cxcr4 per se as the expression of a 

whole range of migration/adhesion factors are modified in PBs in Cxcr4+/1013 mice including 

integrins that can be activated by Cxcr4 signaling 39,40. 

Third, differentiation of PBs into PCs and their persistence are enhanced in the BM of 

Cxcr4+/1013 mice compared to WT mice. This could be due to direct effects of the enhanced 

Cxcr4 signaling on the PC maturation transcriptional program. Alternatively or conjointly, 

different environmental cues specific to mutant PB/PCs and linked with their altered 

adhesion/migration potential might contribute to this phenomenon. Importantly, some insights 

gained from the study of a Cxcr4 gain-of-function mouse model were validated in the BM of 

WS patients in whom we observed an over-representation of PBs. 
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Conceptually our results suggest an important role for Cxcr4 signaling in limiting both the 

number of PBs generated but also the laps of time during which Abs generated in the course of 

a TLR-dependent extrafollicular response are produced. Indeed, Cxcr4 desensitization not only 

regulates the early generation of PBs in secondary lymphoid organs after immunization but also 

their homing to and maturation within the BM, hence ensuring that only a few PCs generated 

during this response persist in the BM. As such, Cxcr4 desensitization seems to act as a 

gatekeeper ensuring that the Abs produced by PBs during the extrafollicular response are 

restricted to a transient wave of protection. Limiting PB homing to the BM in this way may 

also advert the filling of BM niches normally dedicated to other cell types, including GC-

derived high affinity PCs that start arising around day 9 after immunization2. Thus, our results, 

taken together with our previously published data7, suggest that defective long-term vaccine 

protection, previously reported in WS patients12,23,24, may be the consequence of defective PC 

homeostasis with an over-representation of low affinity extrafollicular PBs and reduced 

contribution to the humoral response of GC-derived high affinity PCs.  

Somatic CXCR4 mutations are observed in ~30% of Waldenström’s Macroglobulinemia 

patients, most of the time in conjunction with a gain of function mutation of the TLR adaptor 

MYD8816,17,41,42 and the presence of the two mutations is associated with shorter time to 

treatment and earlier progression with ibrutinib13,15,32,43. Our data thus support that CXCR4 non-

sense mutations leading to premature stop codon may promote BM homing of malignant cells 

and niche-mediated therapy resistance previously reported in this disease44,45. Moreover, they 

suggest the paradigm-shifting hypothesis of a potential CXCR4-dependent extrafollicular 

origin for Waldenström’s Macroglobulinemia malignant clones. Whether CXCR4 frameshift 

mutations, also observed in some Waldenström’s Macroglobulinemia patients, may have 

similar impact remains to be evaluated46,47. 
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Figure legends: 

Figure 1: Cxcr4 desensitization limits plasma cell differentiation in vitro and in vivo: (A-

B) Splenic B cells were cultured in presence of LPS, LPS+Cxcl12, or Cxcl12 alone for 4 days. 

(A) Representative dot plots for the gating of PBs (B220loCD138+) generated in vitro after 4 

days of culture. (B) The proportion of PBs was determined by FACS (left panel). IgM 

concentrations in the supernatants were determined by ELISA (right panel). (C) Schematic 

diagram for the NP-LPS immunization. (D) Frequency of splenic B cells (CD19+ B220+) during 

NP-LPS immunization. (E) Representative dot plots for PB gating in the spleen of both WT 

and Cxcr4+/1013 mice 6 days post NP-LPS immunization. (F) Percentage and total number of 

PBs in the spleen at day 0, 3 and 6 post immunization. (G) Quantification of total IgM+ and 

NP15-specific IgM+ ASCs in the spleen by ELISpot at day 0, 3 and 6 post immunization. (H) 

Representative staining of spleen sections from WT and Cxcr4+/1013 mice at day 3 post 

immunization. PBs are stained with an anti-IgM Ab (red), basal membrane is stained with an 

anti-laminin Ab (green) and nuclei are stained with Hoechst 33342 (Blue), Scale bar: 800µm. 

(I) Quantification of IgM+ PB accumulation within the spleen at day 3 and 6. (J) Frequency of 

total PBs and of IgM+ ASCs determined by flow cytometry and ELISpot, respectively in the 

spleen 6 days post NP-Ficoll immunization (K) Serum titers of total IgM+ from both genotypes 

were measured by ELISA at day 0 and 6 post NP-Ficoll immunization. Results are from 3 

independent experiments (A-G and J-K) or one representative experiment out of 2 (H-I) (Mean 

± SEM, n=2-7). Mann–Whitney U test was used to assess statistical significance except for (I) 

where student t-test was used (*P<0.05, ** P<0.01, ***P<0.001).  

 

Figure 2: Cxcr4 desensitization limits the entry of B cells into cycle: (A) Representative 

fields from time-lapse imaging of splenic B cells from Blimp1GFP/+ x WT and Blimp1GFP/+ x 

Cxcr4+/1013 mice cultured in the presence of LPS. Images were taken using the Biostation at 46 
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and 67h post stimulation. Scale bar: 20µm (B) Quantification of GFP+ cells/ imaged fields 

during LPS stimulation of splenic B cells. GFP fluorescence detection was measured up to 90 

hours post stimulation using the Incucyte technology. (C-F) Splenocytes from WT and 

Cxcr4+/1013 mice were loaded with CTV and cultured in presence of LPS for 3 days. (C) 

Representative histograms for CTV dilution in LPS stimulated B cells at day 2. (D) Frequency 

of B cells present in each CTV-dilution generation at day 2 and 3. (E) Representative dot plots 

for CTV dilution during PB (CD138+) differentiation at day 2 post LPS stimulation. (F) 

Frequency of PBs present in each CTV-dilution generation at day 2 and 3. (G) Representative 

plots showing the different phases of the cell cycle (G0, G1, S, G2-M) for splenic B cells at day 

2 post LPS stimulation stained with DAPI and for Ki-67. (H-I) Frequency of splenic B cells 

and PBs in each cell cycle phase at day 2 post LPS stimulation. Results are from 2 independent 

experiments (C-I) or one representative experiment out of 2 (A-B) (Mean ± SEM, n=2-7 for C-

H; n=2 for A-B). Mann–Whitney U test was used to assess statistical significance (*P<0.05, ** 

P<0.01, ***P<0.001).  

 

Figure 3: Exacerbated mTORC1 signaling in Cxcr4+/1013 mutant B cells: (A) Representative 

histograms for pS6 in splenic B cells non-stimulated (NS) or stimulated for 5 minutes with 

Cxcl12, LPS or a combination of both.  The impact of Rapamycin on LPS+ Cxcl12 stimulated 

cells is also shown. (B) Quantification of the frequency of pS6+ B cells among splenocytes non-

stimulated, stimulated for 5 minutes or 24 hours with Cxcl12, LPS or a combination of both in 

presence or in absence of AMD3100. (C) Frequency of splenic B cells in each cell cycle phase 

at day 2 post LPS stimulation in presence or in absence of Rapamycin. (D) Frequency of PBs 

determined by FACS 3 days after LPS stimulation in presence or in absence of Rapamycin. 

Results are from one representative experiment out of 2-3 (A-C) or 2 pooled experiments (D) 

(Mean ± SEM, n=4 for A-C; n=6-18 for D). Mann–Whitney U test was used to assess statistical 
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significance (WT vs Cxcr4+/1013: *P<0.05, ** P<0.01; untreated vs AMD3100: #P<0.05 (Panel 

3B); LPS alone vs LPS+Rapamycin: #P<0.05, ## P<0.01(Panels 3C and D)). 

 

Figure 4: Fine-tuning of Cxcr4 signaling is required to limit plasmablast accumulation 

within the bone marrow: (A) Schematic diagram describing the immunization protocol. 

Blimp1-GFP expression was used to distinguish PBs (Blimp1-GFPlow CD138+) from PCs 

(Blimp1-GFPhi CD138+). (B) Total BM cellularity of both WT and Cxcr4+/1013 mice during NP-

LPS immunization. (C-D) Quantification and representative spots for total IgM+ ASCs (C) and 

NP-specific IgM+ ASCs (D) in the BM determined by ELISpot at day 0, 3 and 6 post 

immunization. (E) Representative dot plots for PCs and PBs in the BM of both WT and 

Cxcr4+/1013 mice at day 6 post immunization (left panels). Total cell numbers for BM PBs and 

PCs at day 0, 3 and 6 are shown (right panels). (F) Representative images of IgM+ PB/PC 

staining in BM sections (femur) from WT and Cxcr4+/1013 mice at day 6 post immunization. 

Whole BM imaging is shown only for Cxcr4+/1013 mice. Sections were stained with Ab against 

laminin (green), IgM (red) and nuclei were counterstained with Hoechst 33342 (Grey). Scale 

bare: 50 µm. (G) Quantification of the number of IgM+ PB/PC per mm2 fields at day 0 and day 

6 post immunization. Results are from 2-4 independent experiments (Mean ± SEM, n=5-9 (A-

E) or n=3 (G)). Mann–Whitney U test was used to assess statistical significance (*P<0.05, ** 

P<0.01). 

 

Figure 5: Plasmablasts spontaneously accumulate in the bone marrow in absence of Cxcr4 

desensitization in mouse and human: (A) Representative dot plots showing the gating 

strategy for PBs in the spleen of young and middle-aged (M.A) mice of both genotypes. (B) 

Frequency and total number of PBs in the spleen of young and M.A. mice (left and central 

panel). The ratio M.A./young is also represented (right panel). (C) Representative dot plots for 
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PBs (B220lo CD138+) and PCs (B220- CD138+) in the BM of young and M.A. mice from both 

genotypes. (D) Frequency and total number of PBs and PCs in the BM of young and M.A. mice 

from both genotypes. The ratio M.A./young is also represented (right panel). Results are from 

2 independent experiments (Mean ± SEM, n=3-12). Mann–Whitney U test was used to assess 

statistical significance (*P<0.05, ** P<0.01, *** P<0.001, ****P<0.0001). (E) Representative 

dot plots for the gating strategy of the different PB/PC subsets in the BM of control healthy 

donor (HD) and WS patients. Mononuclear cells were gated on FSC-A/SSC-A, doublets and 

dead cells were excluded. On the live cells, T cells were excluded (left panels) and total PB/PC 

were gated as CD27hiCD38hi (central panels). The three PB/PC subsets were gated based on the 

expression of CD19 and CD138 from the less to the more mature: CD19+CD138- (green box), 

CD19+CD138+ (blue box) and CD19-CD138+ (red box) (right panels). (F) Flow cytometry-

based quantification of the frequency of the three subsets among total PCs for control and WS 

BM. (G) Pie chart representation of the contribution of each PB/PC subset to the total BM pool 

for the control and WS samples. The average contribution of the 3 subsets to the total PC pool 

for control and WS BM is shown. n=6 for the control BM and n=2 for the WS BM. Unpaired 

t-test was used to assess statistical significance (** P<0.01). 

 

Figure 6: Cxcr4 desensitization intrinsically regulates splenic plasmablast homing 

properties: (A) Representative FACS plot for Cxcr4 surface expression on splenic PBs. The 

dashed vertical line is placed at the peak of the Cxcr4 staining on WT PBs. (B) Quantification 

of the geometrical mean of Cxcr4 at the surface of splenic PBs (MFI: geometrical mean 

fluorescence intensity). (C) Migration index of splenic PBs to Cxcl12 determined by transwell-

based assay. Cxcl12 was added to the lower well at the indicated concentrations with or without 

AMD3100. (D) Schematic diagram describing the transfer experiment protocol. Blimp1GFP/+ 

PBs were generated in vitro from splenic B cells and labelled with CTV for Cxcr4+/1013 cells 
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and with CTY for WT cells. Labelled WT and mutant cells were mixed at a 1:1 ratio and 

transferred into CD45.1 WT recipients. (E) Representative dot plot of the cell mix (1:1) prior 

transfer. (F) Dot plots showing the percentages of CTV+ (Cxcr4+/1013 x Blimp1GFP/+) and CTY+ 

(WT x Blimp1GFP/+) cells in the BM and the spleen of recipient mice at day 1 post transfer (left 

panels). Frequency of CTV+ (Cxcr4+/1013 x Blimp1GFP/+) and CTY+ (WT x Blimp1GFP/+) cells in 

the BM and the spleen of recipient mice at day 1 and 2 post transfer (right panels). (G) Heatmap 

showing the relative expression of 60 transcripts from sorted BM PBs from both WT and 

Cxcr4+/1013 mice determined by Biomark multiplex qPCRs at day 6 post immunization with 

NP-LPS. Data are presented by applying a column Z score based on (2-DDCt). (H) Heatmap 

showing the relative expression of 11 selected transcripts from BM PBs and PCs from both WT 

and Cxcr4+/1013 mice determined by Biomark multiplex qPCRs at day 6 post immunization. 

Data are presented by applying a column Z score based on (2-DDCt). (I) Principal component 

analysis was performed on BM-PBs and BM-PCs from both groups using a correlation test. (J) 

Representative histograms for the indicated proteins from BM PBs and PCs from both WT and 

Cxcr4+/1013 mice are shown. Results are from 2-3 independent experiments (Mean ± SEM, n=4-

10). Mann–Whitney U test was used to assess statistical significance (*P≤0.05, ** P<0.01, 

***P<0.001). 

 

Figure 7: Cxcr4 desensitization is essential to limit plasmablast maturation and 

persistence within the bone marrow: (A) PB (B220loCD138+) and PC (B220-CD138+) 

numbers in the BM of both WT or Cxcr4+/1013 mice post NP-LPS immunization at the indicated 

time points. (B) Blimp1GFP/+ PBs were generated in vitro from splenic B cells and labeled with 

CTV for Cxcr4+/1013 cells and with CTY for WT cells as previously described in Fig 6D and 

transferred into WT recipient mice. Left: Representative dot plots of PC (Red) and PB (Blue) 

gating in the BM of recipient mice. Right: Total number of transferred Blimp1GFP/+ PBs and 
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PCs in the BM of recipient mice at day 1 and 2 post transfer. (C) Left: Representative dot plots 

showing the frequency of CTV+ (Cxcr4+/1013 x Blimp1GFP/+) and CTY+ (WT x Blimp1GFP/+) 

cells in both the PC (CD138+B220-) and PB (CD138+B220+) compartments in recipient mice 

at day 2 post transfer. Right: Quantification of the relative frequency of CTV+ (Cxcr4+/1013 x 

Blimp1GFP/+) and CTY+ (WT x Blimp1GFP/+) in the PB and PC compartments of recipient mice 

at day 2 post transfer. (D) Heatmap showing the relative expression of B and PC master 

regulator genes presented as (2-DDCt) in BM PCs and PBs from both genotypes at day 6 post NP-

LPS immunization. Data are presented by applying a column Z score. (E) Number of total 

ASCs IgM+ and NP15-IgM+ in the BM assessed by ELIspot at the indicated time points post 

NP-LPS immunization. Results are from at least 2 representative experiments (A-D and E) or 

from two independent experiments (C) (Mean ± SEM, n=2-9). Mann–Whitney U test was used 

to assess statistical significance (*P<0.05, ** P<0.01, ***P<0.001). 
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