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SUMMARY: 
We describe herein a simple analysis of the heterogeneity of the murine immune B cell compartment in the peritoneum, spleen, and bone marrow tissues by flow cytometry. The protocol can be adapted and extended to other mouse tissues.

ABSTRACT:
Extensive studies have characterized the development and differentiation of murine B cells in secondary lymphoid organs. Antibodies secreted by B cells have been isolated and developed into well-established therapeutics. Validation of murine B cell development, in the context of autoimmune prone mice, or in mice with modified immune systems, is a crucial component of developing or testing therapeutic agents in mice and is an appropriate use of flow cytometry. Well established B cell flow cytometric parameters can be used to evaluate B cell development in the murine peritoneum, bone marrow, and spleen, but a number of best practices must be adhered to. In addition, flow cytometric analysis of B cell compartments should also complement additional readouts of B cell development. Data generated using this technique can further our understanding of wild type, autoimmune prone mouse models as well as humanized mice that can be used to generate antibody or antibody-like molecules as therapeutics. 

INTRODUCTION:  
Monoclonal antibodies have increasingly become the choice therapy for many human diseases as they become part of mainstream medicine1,2. We have previously described genetically engineered mice which efficiently produce antibodies harboring fully human variable regions with mouse IgH constants3,4. Most recently, we have described genetically engineered mice that produce antibody-like molecules that have distinct antigen-binding5.  Antibodies are secreted by B cells and form the basis of adaptive humoral immunity. There are two distinct types of B cells, B-1 and B-2. In mammals, B-1 cells originate in the fetal liver and are enriched in mucosal tissues and the pleural and peritoneal cavities after birth, while B-2 cells originate in the fetal liver prior to birth and thereafter in the bone marrow (BM). B-2 cells are enriched in secondary lymphoid organs including the spleen and blood6-8. In the BM, B-2 hematopoietic progenitors start to differentiate to pro-B cells upon the initiation of Ig mu heavy chain rearrangement9,10. Successful rearrangement of Ig heavy chain and its assembly into the pre-B cell receptor (pre-BCR), along with signaling and proliferative expansion, leads to differentiation to pre-B cells. After pre-B cells rearrange their Ig kappa (Igk), or if unproductive, Ig lambda (Igl) light chains, they pair with m heavy chain, resulting in surface IgM BCR expression. It is important to point out that IgM surface expression is known to be reduced under conditions of autoreactivity, thus contributing to self tolerance in functionally unresponsive or anergic B cells11,12. Immature B cells then enter a transitional stage, where they begin to co-express IgD and migrate from the BM to the spleen. In the spleen, IgD expression increases further and the cells mature into a second stage of transitional B cells, followed by completion of their maturation status and development into either marginal zone (MZ) or follicular (Fol) cells13,14,15. In adult mice, in a non-diseased setting, the number of mature B cells remains constant despite 10-20 million immature B cells being generated daily in the BM. Of these, only three percent enter the pool of mature B cells. The size of the peripheral B cell compartment is constrained by cell death, due in part to several factors including self-reactivity and incomplete maturation16-18. Flow cytometric analysis has been extensively used to characterize and enumerate many immune cell sub-compartments in humans and mice. While there are some similarities between human and murine B cell compartments, this protocol applies only to the analysis of murine B cells. This protocol was developed with the purpose of phenotyping genetically engineered mice, to determine whether genetic manipulation would alter B cell development.  Flow cytometry has also been hugely popular in many additional applications, including in measuring cell activation, function, proliferation, cycle analysis, DNA content analysis, apoptosis and cell sorting 19,20. 

Flow cytometry is the tool of choice to characterize various lymphocyte compartments in mice and humans, including in complex organs such as the spleen, BM and blood. Due to widely available mouse-specific antibody reagents for flow cytometry, this technique can be used to investigate not only cell surface proteins but also intracellular phosphoproteins and cytokines, as well as functional readouts21. Herein we demonstrate how flow cytometry reagents can be used to identify B cells subsets as they mature and differentiate in secondary lymphoid organs. After optimization of staining conditions, sample handling, correct instrument set up and data acquisition, and finally data analysis, a protocol for comprehensive flow cytometric analysis of the B cell compartment in mice can be utilized. Such comprehensive analysis is based on a decades old nomenclature devised by Hardy and colleagues, where developing BM B-2 cells can be divided into different fractions (Fraction) depending on their expression of B220, CD43, BIP-1, CD24, IgM and IgD22. Hardy et al., showed that B220+ CD43 BM B cells can be subdivided into four subsets (Fraction A-C’) on the basis of BP-1 and CD24 (30F1) expression, while B220+ CD43-(dim to neg) BM B cells can be resolved into three subsets (Fraction D-F) based on differential expression of IgD and surface IgM23. Fraction A (pre-pro-B cells) are defined as BP-1- CD24 (30F1)-, Fraction B (early pro-B cells) are defined as BP-1- CD24 (30F1)+, Fraction C (late pro-B cells) are defined as BP-1+ CD24 (30F1)+, and Fraction C’ (early pre-B cells) are defined as BP-1+ and CD24high. Furthermore, Fraction D (pre-B cells) are defined as B220+ CD43- IgM- B cells, and Fraction E (newly generated B cells, combination of  immature and transitional) are defined as B220+ CD43- IgM+ B cells and Fraction F (mature, recirculting B cells) are defined as B220high CD43- IgM+ B cells. In contrast, the majority of naïve B cells found in the spleen can be divided into mature (B220+  CD93-) B cells and transitional (T1, T2, T3) cells depending on expression of CD93, CD23 and IgM. Mature B cells can be resolved into marginal zone and follicular subsets based on expression of IgM and CD21/CD35, and follicular subsets can be further divided into mature follicular type I and follicular type II B cell subsets depending on the level of their IgM and IgD surface expression24.  These splenic B cell populations express predominantly Igk light chain. Finally, B-1 B cell populations, which originate in the fetal liver and are mainly found in the peritoneal and pleural cavities of adult mice, have been described in the literature. These peritoneal B cells can be distinguished from the previously described B-2 B cells by their lack of CD23 expression. They are then further subdivided into B-1a or B-1b populations, with the former defined by the presence of CD5 and the latter by its absence25. B-1 cell progenitors are abundant in the fetal liver, but are not found in adult BM. While B-1a and B-1b cells originate from different progenitors, they both seed the peritoneal and pleural cavities24. In contrast to B-2 cells, B-1 cells are uniquely capable of self-renewal and are responsible for production of natural IgM antibodies.  

Defects in B cell development can arise in many instances, including deficiencies in the components of the BCR26,27, perturbations of signaling molecules that impact BCR signaling strength14,28,29, or disruption of cytokines that modulate B cell survival30,31.   Flow cytometry analysis of the lymphoid compartments has contributed to the characterization of the B cell development blocks in these mice and many others. One advantage of flow cytometric analysis of lymphoid compartments is that it offers the ability to make measurements on individual cells obtained from live dissociated tissue. The availability of reagents in an ever-expanding range of fluorophores allows for the simultaneous analysis of multiple parameters and enables the assessment of B cell heterogeneity. Furthermore, enumeration of B cells by flow cytometric analysis complements other immunological assays such as immunohistochemistry methods that visualize cell localization within lymphoid organs, detection of circulating antibody levels as a measure of humoral immunity, as well as two photon microscopy to measure B cell responses in real space and time32.

PROTOCOL: 
All mouse studies were overseen and approved by Regeneron’s Institutional Animal Care and Use Committee (IACUC). The experiment was conducted on tissues from three C57BL/6J female mice (17 weeks of age) from Jackson Laboratories. Titrate all antibodies prior to starting the experiment to determine ideal concentration. When using compensation beads for single-color compensation, ensure they stain as bright or brighter than your samples. Keep all buffers, antibodies, and cells on ice or at 4 C. After the addition of viability dye, perform all steps and incubations at 4C in either low light or in the dark.

1. Peritoneal cell harvest and single cell isolation 

1.1. Euthanize the mouse using CO2 or according to approved protocol.

1.2. Lay the mouse on its back, spray with 70% ethanol, and cut outer abdominal skin with scissors, being careful not to cut the peritoneum.

1.3. Inject 3 mL of ice-cold wash buffer (0.5% bovine serum albumin (BSA) in DPBS [vol/vol]) into the peritoneal cavity with a 3 mL syringe fitted with a 25 gauge needle.

1.4. Gently massage the peritoneum with fingertips.

1.5. Repeat steps 1.3 and 1.4.

1.6. Insert a 3 mL syringe fitted with an 18 G needle through the peritoneum, being careful to avoid organs and fat.
 
1.7. Extract the wash buffer, now containing peritoneal cells, and transfer to 15 mL conical tube on ice.

1.8. Repeat steps 1.3 and 1.4.

1.9. Cut a small hole in the peritoneum while holding up with tweezers.

1.10. Insert a disposable transfer pipette into the hole and collect the remaining wash buffer, once again avoiding fat and organs.

1.11. Transfer the collected remaining peritoneal cells to the 15 mL conical tube on ice.

NOTE: Discard sample if blood contamination is evident.

1.12. Incubate the cells on ice until spleen and bone extraction are complete.

1.13. Centrifuge the cells at 300 x g for 8 min at 4 ˚C. Aspirate the supernatant.

1.14. Resuspend the cell pellet in 1 mL of wash buffer.

1.15. Filter the cells through a 70 µM cell strainer into a clean 15 mL conical tube on ice.

1.16. Determine the cell concentration using a cell counter instrument or hemocytometer.

2. Spleen harvest and single cell isolation

2.1. Lay the mouse on its belly and cut through the peritoneum on the left backside using clean scissors. Cut out the spleen, removing fat and connective tissue.

2.2. Transfer the spleen to a 1.5 mL microcentrifuge tube containing 1 mL of wash buffer on ice.

2.3. Incubate the spleen on ice until bone extraction is complete. 

2.4. Move the spleen to automated dissociation tube with 5 mL of red blood cell lysis buffer. Place the tube on the tissue dissociator instrument and dissociate for 60 s to create a single cell suspension. 

NOTE: It is also permissible to use other routine methods of obtaining single-cell spleen suspensions such as smashing between frosted glass slides in wash buffer. If another method of dissociation is used, follow the dissociation with centrifugation, aspiration, and then resuspension in 5 mL of red blood cell lysis buffer before continuing to step 2.5. 

2.5. Incubate the cells at room temperature for 3 min.

2.6. Add 10 mL of 4 ˚C wash buffer containing 2mM EDTA.

2.7. Transfer to a clean 15 mL conical tube.

2.8. Centrifuge the cells at 300 x g for 8 min at 4 ˚C. Aspirate the supernatant.

2.9. Resuspend the cell pellet in 5 mL of 4 ˚C wash buffer.

2.10. Filter the cells through a 70 µM cell strainer into a clean 15 mL conical tube on ice.

2.11. Determine the cell concentration using a cell counter instrument or hemocytometer. 

3. BM harvest and single cell isolation

3.1. Remove the skin from the lower half of the mouse body. Trim the excess muscle from leg. Remove the entire leg with scissors, being careful not to cut the femur. Clean the femur and tibia by removing remaining muscle, fat, and feet.

3.2. Transfer the bones to a 1.5 mL microcentrifuge tube containing 1 mL of wash buffer on ice.

3.3. Perforate the bottom of a 0.5 mL microcentrifuge tube, leaving a hole small enough for leg bones not to protrude. Insert the 0.5 mL tube into a clean 1.5 mL microcentrifuge tube. Snip off the end of the femur and tibia proximal to the knee and place the cut ends facing down into the 0.5 mL tube. 

3.4. Centrifuge the cells at 6,780 x g for 2 min at 4 ˚C.

3.5. Resuspend the cell pellet in 1 mL of red blood cell lysis buffer and transfer to a 15 mL conical tube containing an additional 3 mL of red blood cell lysis buffer.

3.6. Incubate at room temperature for 3 min.

3.7. Add 10 mL of 4 ˚C wash buffer containing 2mM EDTA.

3.8. Centrifuge the cells at 300 x g for 8 min at 4 ˚C. Aspirate the supernatant.

3.9. Resuspend the cell pellet in 3 mL of 4 ˚C wash buffer.

3.10. Filter cells through a 70 µM cell strainer into a clean 15 mL conical tube on ice. 

3.11. Determine the cell concentration using a cell counter instrument or hemocytometer.

4. Stain cells and prepare compensation

4.1. Aliquot 106 cells of each cell type from each animal to a 96 well U bottom plate.

4.1.1. Make sure to include enough wells for all samples and controls, including full stain, fluorescence-minus-one (FMO), unstained, and finally the optional single-color compensation for each fluorophore used.

4.1.2. For the BM maturation panel and the spleen maturation panel, aliquot cells into 2 wells, 106 cells per well, for each full stain sample. For the single-color compensation viability controls, add 2 x 106 cells of each cell type to individual wells. 

4.2. Centrifuge the plate at 845 x g for 2 min at 4 ˚C. Decant the supernatant by quickly inverting and flicking the plate over a sink, being careful not to cross-contaminate wells.

4.3. Resuspend the cells in 200 µL of DPBS (without BSA or FBS). This step is important to remove protein before staining with amine-reactive viability dye.

4.4. Repeat steps 4.2 and 4.3.

4.5. Repeat step 4.2.

4.6. Resuspend the cells in 100 µL viability dye diluted 1:1,000 in DPBS.

NOTE: If using cells for single-color compensation, do not add viability dye to those wells.

4.6.1. For each stain set, leave several unstained wells for a completely unstained sample and any other controls you might need.

4.6.2. For each stain set, leave an additional unstained well for the viability FMO control.

4.6.3. For the single-color viability compensation controls: Resuspend the 2 x 106 cells, aliquoted in step 4.1, in 200 µL of diluted viability dye. Transfer 100 µL of cells to a 1.5 mL microcentrifuge tube, heat cells for 5 min at 65 ˚C, and transfer the 100 µL of heat-killed cells back to the original well with the 100 µL remaining live cells.

4.7. Incubate cells at 4 ˚C, protected from light, for 30 min.

4.8. Centrifuge the plate at 845 x g for 2 min at 4 ˚C. Decant the supernatant by quickly inverting and flicking the plate over a sink, being careful not to cross-contaminate wells.

4.9. Resuspend the cells in 200 µL of DPBS (without BSA or FBS). 

4.10. Repeat steps 4.8 and 4.9.

4.11. Repeat step 4.8.

4.12. Resuspend the cells in 50 µL of Fc block diluted 1:50 (final concentration=10 µg/mL) in stain buffer (0.5% BSA in DPBS [vol/vol]).

4.12.1. For peritoneal cells – also add 5 µL of monocyte blocker to reduce non-specific staining.

4.13. Incubate the cells at 4 ˚C, protected from light, for 15 min.

4.14. Prepare full stain master mixes and FMOs in stain buffer for a final volume of 100 µl per 106 cells. Refer to Table 1-Table 4 for the antibody lists.

NOTE: FMOs are made by including all antibodies in a stain set except one. Prepare an FMO for each antibody in a stain set. When a stain set contains multiple brilliant dyes, substitute 50 µL of brilliant stain buffer for stain buffer per sample

4.15. Without removing Fc block, add 100 µL of full stain mixes and FMOs to selected wells.

4.16. Prepare single-color compensation controls for each antibody in a stain set.

4.16.1. If using compensation beads follow the manufacture’s directions for use.

4.16.2. If using cells, add titrated antibody to 106 cells, reserved previously in step 4.6.1 without viability dye, in 100 µL stain buffer. If all cells in the sample are positive for a particular marker, set aside unstained cells to be used when acquiring compensation data on the flow cytometer.

4.17. Incubate the cells and beads at 4 ˚C, protected from light, for 30 min.

4.18. Centrifuge the plate at 845 x g for 2 min at 4 ˚C. Decant the supernatant by quickly inverting and flicking the plate over a sink, being careful not to cross-contaminate wells.

4.19. Resuspend the cells and beads in 200 µL of stain buffer.

4.20. Repeat steps 4.18 and 4.19 two times.

4.21. Repeat step 4.18.

4.22. To fix the samples for analysis within 48 h, resuspend cells and beads in 200 µL of 2% paraformaldehyde in DPBS. 

CAUTION: Parafomaldehyde is a serious health hazard and flammable. Refer to the Safty Data Sheet before use.

4.23. Incubate the cells and beads at 4 ˚C, protected from light, for 30 min.

4.24. Repeat steps 4.18 and 4.19 two times.

4.25. Place a filter plate over a clean 96 well U-bottom plate. Using a multi-pipette, transfer each sample to a well of the filter plate.

4.26. Centrifuge the filter plate–96 well U-bottom plate setup at 845 x g for 2 min at 4 ˚C. Remove the filter plate and decant the supernatant by quickly inverting and flicking the plate over a sink, being careful not to cross-contaminate wells.

4.27. For the BM and spleen maturation panels resuspend the fully stained cells in 100 µL of stain buffer. Combine the 2 wells for each animal into 1 well. Resuspend the remaining panels, FMOs, and controls in 200 µL of stain buffer.

4.28. Incubate fixed cells and beads at 4 ˚C, protected from light, overnight.

5. Flow cytometric data acquisition

5.1. Initialize and QC the flow cytometer as per manufacturer instructions.

5.2. Load the template specific for each panel.

5.3. Prior to recording data, ensure all events for each sample are on scale and visible on the dot plots.

5.4. Record compensation controls for each stain panel using single stain compensations prepared in step 4.16. Set positive and negative gates for each sample. Have the software calculate the compensation matrix.

5.5. Start acquiring the first sample, and ensure gates are set appropriately.

5.6. Set the machine to record at least 50,000 B cell events for the peritoneal B cell panel and spleen Igk and Igl panel; 150,000 B cell events for the BM maturation panel; and 300,000 B cell events for the spleen maturation panel.

5.7. For each stain panel, run and record the fully stained samples for each animal, an unstained sample, and the FMOs.

6. Analyze data

6.1. Proceed with data analysis using flow cytometry analysis software. Follow gating strategies outlined in Figure 1-Figure 4. 

REPRESENTATIVE RESULTS: 
Here we present the gating strategy for characterizing B cell development in mouse peritoneum, BM and spleen. The basis of the analysis is formed around the concept of staining with viability dye, then gating out doublets based on the Forward-Scatter-Area (FSC-A) and Forward-Scatter-Height (FSC-H), and finally gating out debris by selecting cells according to their FSC-A and Side-Scatter-Area (SSC-A) characteristics, referred to here as the size gate, which are reflective of relative cell size and cell granularity, before gating on population of interest.

Flow cytometric analysis of peritoneal B cells shows the frequencies of viable peritoneal cells, total B cells, B-1 and B-2 subsets, as well as B-1a and B-1b cells in C57BL/6J mice (Figure 1), using a staining panel outlined in Table 1. Average absolute cell number of these frequencies are shown in Table 5. Perturbations in B-1 cells could be delineated by distribution of cell subsets, either by cell frequency or absolute cells number per mouse.

Flow cytometric analysis of BM B cells shows the frequencies of viable BM cells, total B cells, Fraction A (pre-pro-B cells and contaminating lymphocytes), pre-pro-B cells, Fraction B, Fraction C, Fraction C’, Fraction D, immature (subset in Fraction E), transitional (subset in Fraction E), and Fraction F B cells in C57BL/6J mice (Figure 2), using a staining panel outlined in Table 2. Average absolute cell number of these frequencies are shown in Table 6. Perturbations in BM B cells could be delineated by distribution of cell subsets, either by cell frequency or absolute cells number per leg(s).

Flow cytometric analysis of splenic B cells shows the frequencies of viable spleen cells, total B cells, transitional B cells, T1, T2, T3 cells, mature B cells, follicular I cells (Fol I), follicular II (Fol II) cells, marginal zone (MZ) precursor cells, mature MZ cells, and B-1 cells in C57BL/6J mice (Figure 3), using a staining panel outlined in Table 3. Average absolute cell number of these frequencies are shown in Table 7. Perturbations in splenic B cells could be delineated by distribution of cell subsets, either by cell frequency or absolute cells number per spleen.

Similarly, flow cytometric analysis of the spleen shows the frequencies of Igk+ and Igl+ B cells in C57BL/6J mice (Figure 4), using a staining panel outlined in Table 4. Average absolute cell number of these frequencies are shown in Table 8. Perturbations in Igk+ and Igl+ B cells could be delineated by distribution of cell subsets, either by cell frequency or absolute cells number per spleen.

[Place Table 1 here]
[Place Table 2 here]
[Place Table 3 here]
[Place Table 4 here]
[Place Figure 1 here]
[Place Figure 2 here]
[Place Figure 3 here]
[Place Figure 4 here]
[Place Table 5 here]
[Place Table 6 here]
[Place Table 7 here]
[Place Table 8 here]

FIGURE AND TABLE LEGENDS: 

Table 1: Peritoneal B Cell Panel

Table 2: Bone Marrow Maturation Panel

Table 3: Spleen Maturation Panel

Table 4: Spleen Igk and Igl Panel

Table 5: Absolute Cell Numbers of Peritoneal B Cell Subsets

Table 6: Absolute Cell Numbers of Bone Marrow B Cell Subsets

Table 7: Absolute Cell Numbers of Splenic B Cell Subsets

Table 8: Absolute Cell Numbers of Igk and Igl B Cell Subsets

Figure 1: Characterization of B cell populations in the peritoneum. Viable, single cell, size gated peritoneal B cells are first separated from contaminating cells by gating on IgM+ cells. B-1 and B-2 cells are then distinguished from each other by absence (B-1) or presence of CD23 (B-2). Next CD5 expression is used to delineated B-1a cells (CD5+) from B-1b cells (CD5-). FMOs were used to empirically determine where to draw gates. Numbers are percentages of each population within the same density plot.

Figure 2: Characterization of B cell subsets in the BM. Viable, single cell, size gated BM B cells are separated from non-B cells by gating on B220+ dump- (where dump refers to CD3/GR-1/CD11b/TER119) cells. CD43 and B220 expression further defines Hardy Fraction A-C’ (CD43+ B220+) and Hardy Fraction D-F (CD43low/neg B220+/++). Fraction A-C’ is further separated by expression of BIP-1 and CD24. Fraction A (BIP-1- CD24-) corresponds to pre-pro-B cells along with contaminating cells. To separate pre-pro-B cells from contaminating cells in Fraction A, the expression of CD93 and the absence of CD19 are utilized. Fraction B (BIP-1- CD24int) and Fraction C (BIP-1+ CD24int) correspond to early and late pro-B cells, respectively, and Fraction C’ (BIP-1+/- CD24+) corresponds to early pre-B cells. To separate Fraction D-F, expression of IgM and IgD are utilized. Fraction D corresponds to late pre-B cells (IgM-/low IgD-); Fraction E (blue gate, IgMint/high IgD-) to both immature (Imm, IgMint IgD-) and transitional (Tran, IgMhigh IgD-) B cells; and Fraction F (IgMint/high IgD+) to recirculating mature B cells. FMOs were used to empirically determine where to draw gates. Numbers are percentages of each population within the same density plot

Figure 3: Characterization of splenic B cell maturation. Viable, single cell, size gated splenic B cells are separated from non-B cells by gating on B220+ cells. In order to identify the B-1 subset, CD23- CD19+ cells are identified and defined by expression of CD43. To classify B-2 populations, CD19+ cells are separated into transitional (CD93+ B220+) and mature (CD93- B220+) B cells. Transitional (CD93+ B220+) cells are further divided into T1 (IgM+ CD23-), T2 (IgM+ CD23+), and T3 (IgMint CD23+) populations. Mature (CD93- B220+) cells are separated into marginal zone (CD21/35+ IgM+) and follicular (CD21/35int IgMint/+) B cells. The expression of CD23 is further used to separate MZ precursor (CD23+ B220+) cells from more mature MZ (CD23- B220+) cells. Follicular populations are then delineated into Fol I (IgD+ IgMint) and Fol II (IgD+ IgM+) cells. FMOs were used to empirically determine where to draw gates. Numbers are percentages of each population within the same density plot

Figure 4: Igk and Igl expression of splenic B cells. Viable, single cell, size gated splenic B-cells are separated from non-B-cells by gating on B220+ CD3- cells. B cells are then distinguished by the expression of Igl and Igk. Numbers are percentages of each population within the same density plot.

DISCUSSION: 
Flow cytometric analysis of lymphoid and non-lymphoid tissues has enabled simultaneous identification and enumeration of B cell sub-populations in mice and humans since the 1980’s. It has been used as a measure of humoral immunity and can be applied further to evaluate B cell functionality. This method takes advantage of reagent availability to assess different stages of B cell maturation in mice and humans, by way of simultaneous analysis of multiple parameters enabling the assessment of B cell heterogeneity, even in rare populations. If used to measure complex heterogenous samples, it can detect sub-populations within minutes, on individual cells33. Sequential gating analysis strategy, most often applied to flow cytometric analysis, can be simple and intuitive when a specific population has to be identified34. Finally, another advantage of flow cytometry is that it is easily adaptable in most academic labs, while under guidance of experienced users. Our protocol successfully describes assessment of B cell populations in the peritoneum, BM, and spleens of mice, by describing and enumerating B-1 populations and delving into the development of B-2 pro-B cells, pre-B cells, immature, transitional, and mature B cells, as well as their surface expression of Igk or Igl light chains. Flow cytometry is the most widely used, and easiest method to apply, when investigating B cell development in mice. 

While flow cytometry generates invaluable data, there are some limits to this technology when used to investigate the heterogeneity of the immune B cell compartment. Huge data sets can be overwhelming because 10 color staining allows the recognition of more than 1,024 different cell populations34. One must take into consideration that some commonly used lymphoid cell markers have proven to be less specific than originally thought. This can be resolved by employing a multitude of cell surface markers to ascertain gating on desired populations. While flow cytometric analysis can be simple and intuitive, another constraint to flow cytometric analysis is that it typically allows the visualization of only two parameters at a time, though data visualization tools such as t-SNE can be used to cluster cell populations more efficiently when using high parameter flow cytometry.  Another important limitation is that the gates used during both the acquisition and analysis are sometimes dependent on the subjectivity of the operator. 

For successful adaptation or replication of this protocol, there are several critical parameters that have to be taken into consideration35. Careful consideration must be taken into panel design and fluorochrome selection. It is imperative to pair dim or important antigens with bright fluorochromes. Antibody titration must be carried out to avoid excess antibody binding to cells non-specifically, potentially increasing background staining and decreasing resolution.  Antibody titration is carried out by staining a known number of cells with decreasing concentrations of antibodies, to determine the best separation index36. This should be repeated for every lot of antibody. During sample preparation and staining, it is important to assure a single cell suspension by avoiding Ca++ and Mg++. Additionally, addition of EDTA can help prevent cell aggregation and enzymatic activity which can lead to antibody-mediated stimilulation and internalization of labeled markers. Prior to data acquisition, samples must be properly suspended, filtered and free of aggregates. Spillover of signal from one parameter to another is resolved by using compensation controls, in the form of single stained cells or commercially available compensation beads35. Another important consideration is to have proper controls in each experiment. Unstained cells establish the baseline of autofluorescence. Isotype controls are no longer considered appropriate controls for gating due to non-specific binding. The most important step in helping to make accurate gates is the use of FMO controls. In an FMO control, all conjugated antibodies are present in the stain except the one which is being controlled for. FMO controls enable the measurement of the spread of all the fluorophores into the missing channel and hence allow for setting up gates accordingly. It is critical that enough cells are acquired for added accuracy. As a rule of thumb, at least 2,000 events of the population of interest should be collected. Lastly, compensation controls, whether beads or cells, should be exactly matched to the fluorochromes being utilized and controls must be at least as bright as the experimental samples37.

Overall, using flow cytometric analysis of B cell compartments is widely used in the immunology field. This technique can be used to investigate perturbations in humoral immunity in both wild type and genetically modified mice, under non-disease states and upon immunological challenge. 

ACKNOWLEDGMENTS: 
We thank Matthew Sleeman for critical reading of the manuscript. We also thank the Vivarium Operations and Flow Cytometry Core departments at Regeneron for supporting this research.  

DISCLOSURES: 
All authors are employees and shareholders of Regeneron Pharmaceuticals, Inc.

REFERENCES: 

1.	Shepard, H. M., Philips, G. L., Thanos,  C., D., Feldman, M. Developments in therapy with monoclonal antibodies and related proteins. Clinical Medicine (London). 17 (3), 220 (2017).
2.	Ecker, D. M., Jones, S. D., Levine, H. L. The therapeutic monoclonal antibody market. MAbs. 7 (1), 9-14 (2015).
3.	Macdonald, L. E. et al. Precise and in situ genetic humanization of 6 Mb of mouse immunoglobulin genes. Proceedings of the National Academy of Sciences of the United States of America. 111 (14), 5147-5152 (2014).
4.	Murphy, A. J. et al. Mice with megabase humanization of their immunoglobulin genes generate antibodies as efficiently as normal mice. Proceedings of the National Academy of Sciences of the United States of America. 111 (14), 5153-5158 (2014).
5.	Macdonald, L. E. et al. Kappa-on-Heavy (KoH) bodies are a distinct class of fully-human antibody-like therapeutic agents with antigen-binding properties. Proceedings of the National Academy of Sciences of the United States of America. 117 (1), 292-299 (2020).
6.	Pieper, K., Grimbacher, B., Eibel, H. B-cell biology and development. Journal of Allergy and Clinical Immunology. 131 (4), 959-971 (2013).
7.	Nagasawa, T. Microenvironmental niches in the bone marrow required for B-cell development. Nature Reviews: Immunology. 6 (2), 107-116 (2006).
8.	Lund, F. E. Cytokine-producing B lymphocytes-key regulators of immunity. Current Opinion in Immunology. 20 (3), 332-338 (2008).
9.	Martensson, I. L., Keenan, R. A., Licence, S. The pre-B-cell receptor. Current Opinion in Immunology. 19 (2), 137-142 (2007).
10.	von Boehmer, H., Melchers, F. Checkpoints in lymphocyte development and autoimmune disease. Nature Immunology. 11 (1), 14-20 (2010).
11.	Goodnow, C. C. et al. Altered immunoglobulin expression and functional silencing of self-reactive B lymphocytes in transgenic mice. Nature. 334 (6184), 676-682 (1988).
12.	Zikherman, J., Parameswaran, R., Weiss, A. Endogenous antigen tunes the responsiveness of naive B cells but not T cells. Nature. 489 (7414), 160-164 (2012).
13.	Melchers, F. Checkpoints that control B cell development. Journal of Clinical Investigation. 125 (6), 2203-2210 (2015).
14.	Henderson, R. B. et al. A novel Rac-dependent checkpoint in B cell development controls entry into the splenic white pulp and cell survival. Journal of Experimental Medicine. 207 (4), 837-853 (2010).
15.	Pillai, S., Cariappa, A. The follicular versus marginal zone B lymphocyte cell fate decision. Nature Reviews: Immunology. 9 (11), 767-777 (2009).
16.	Shahaf, G., Zisman-Rozen, S., Benhamou, D., Melamed, D., Mehr, R. B Cell Development in the Bone Marrow Is Regulated by Homeostatic Feedback Exerted by Mature B Cells. Frontiers in Immunology. 7, 77 (2016).
17.	Nemazee, D. Mechanisms of central tolerance for B cells. Nature Reviews: Immunology. 17 (5), 281-294 (2017).
18.	Petkau, G., Turner, M. Signalling circuits that direct early B-cell development. Biochemical Journal. 476 (5), 769-778 (2019).
19.	McKinnon, K. M. Flow Cytometry: An Overview. Current Protocols in Immunology. 120, 5.1.1-5.1.11 (2018).
20.	Betters, D. M. Use of Flow Cytometry in Clinical Practice. Journal of the Advanced Practioner in Oncology. 6 (5), 435-440, doi:10.6004/jadpro.2015.6.5.4, (2015).
21.	Maecker, H. T., McCoy, J. P., Nussenblatt, R. Standardizing immunophenotyping for the Human Immunology Project. Nature Reviews: Immunology. 12 (3), 191-200 (2012).
22.	Van Epps, H. L. Bringing order to early B cell chaos. Journal of Experimental Medicine. 203 (6), 1389 (2006).
23.	Hardy, R. R., Carmack, C. E., Shinton, S. A., Kemp, J. D. & Hayakawa, K. Resolution and characterization of pro-B and pre-pro-B cell stages in normal mouse bone marrow. Journal of Experimental Medicine. 173 (5), 1213-1225 (1991).
24.	Allman, D., Pillai, S. Peripheral B cell subsets. Current Opinion in Immunology. 20 (2), 149-157 (2008).
25.	Shapiro-Shelef, M., Calame, K. Regulation of plasma-cell development. Nature Reviews: Immunology. 5 (3), 230-242 (2005).
26.	Kitamura, D., Roes, J., Kuhn, R., Rajewsky, K. A B cell-deficient mouse by targeted disruption of the membrane exon of the immunoglobulin mu chain gene. Nature. 350 (6317), 423-426 (1991).
27.	Keenan, R. A. et al. Censoring of autoreactive B cell development by the pre-B cell receptor. Science. 321 (5889), 696-699 (2008).
28.	Chan, V. W., Meng, F., Soriano, P., DeFranco, A. L., Lowell, C. A. Characterization of the B lymphocyte populations in Lyn-deficient mice and the role of Lyn in signal initiation and down-regulation. Immunity. 7 (1), 69-81 (1997).
29.	Zikherman, J., Doan, K., Parameswaran, R., Raschke, W., Weiss, A. Quantitative differences in CD45 expression unmask functions for CD45 in B-cell development, tolerance, and survival. Proceedings of the National Academy of Sciences of the United States of America. 109 (1), E3-E12 (2012).
30.	Miyamoto, A. et al. Increased proliferation of B cells and auto-immunity in mice lacking protein kinase Cdelta. Nature. 416 (6883), 865-869 (2002).
31.	Mecklenbrauker, I., Kalled, S. L., Leitges, M., Mackay, F., Tarakhovsky, A. Regulation of B-cell survival by BAFF-dependent PKCdelta-mediated nuclear signalling. Nature. 431 (7007), 456-461 (2004).
32.	Okada, T. et al. Antigen-engaged B cells undergo chemotaxis toward the T zone and form motile conjugates with helper T cells. PLoS Biology. 3 (6), e150 (2005).
33.	Robinson, J. P. Flow Cytometry. Encyclopedia of Biomaterials and Biomedical Engineering. 630-640 (2004).
34.	Lugli, E., Roederer, M., Cossarizza, A. Data analysis in flow cytometry: the future just started. Cytometry A. 77 (7), 705-713 (2010).
35.	Cossarizza, A. et al. Guidelines for the use of flow cytometry and cell sorting in immunological studies. European Journal of Immunology. 47 (10), 1584-1797 (2017).
36.	Bigos, M. Separation index: an easy-to-use metric for evaluation of different configurations on the same flow cytometer. Current Protocols in Cytometry. Chapter 1 Unit 1, 21 (2007).
37.	Pillai, S., Mattoo, H., Cariappa, A. B cells and autoimmunity. Current Opinion in Immunology. 23 (6), 721-731 (2011).



