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Abstract

The lack of consensus on bone marrow (BM) and splenic immune cell profiles in preclinical 

mouse strains complicates comparative analysis across different studies. Although studies have 

documented relative distribution of immune cells from peripheral blood in mice, similar studies 

for BM and spleen from naïve mice are lacking. In an effort to establish strain- and gender-specific 

benchmarks for distribution of various immune cell sub-types in these organs, we performed 

immunophenotypic analysis of BM cells and splenocytes from both genders of three commonly 

used murine strains (C57BL/6NCr, 129/SvHsd, and BALB/cAnNCr). Total neutrophils, and 

splenic macrophages were significantly higher in C57BL/6NCr; whereas total B-cells were lower. 

Within C57BL/6NCr female mice, BM B-cells were elevated with respect to the males whereas 

splenic mDCs and splenic neutrophils were reduced. Within BALB/cAnNCr male mice, BM CD4+ 

Tregs were elevated with respect to the other strains. Furthermore, in male BALB/cAnNCr mice, 

NK cells were elevated with respect to the other strains in both BM and spleen. Splenic CD4+ 

Tregs and splenic CD8+ T cells were reduced in male BALB/c mice in comparison to female mice. 

Bone marrow CD4+ T cells and mDCs were significantly increased in 129/SvHsd whereas splenic 

CD8+ T cells were reduced. In general, males exhibited higher immature myeloid cells, 

macrophages and NK cells. To our knowledge, this study provides a first attempt to systematically 

establish organ-specific benchmarks on immune cells in studies involving these mouse strains.
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INTRODUCTION

Hematopoiesis is a tightly regulated biological process 1, 2. The immune cells in 

hematopoietic organs undergo constant differentiation, proliferation and programmed cell 

death 3–5. This in turn orchestrates a finely regulated immune cell homeostasis, ensuring that 

leukocyte subpopulations are maintained within a constant range 3–5. In mice, bone marrow 

and spleen are two major hematopoietic organs 5, 6. Although various immune cell subsets 
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from these organs are commonly evaluated in studies, there is a lack of strain- and gender-

specific benchmarks for each leukocyte cell subtype for these organs in healthy mice 7–9.

In contrast to studies on peripheral blood, where the frequency of leukocyte subpopulations 

have been charted out in clear detail, there is a gap regarding numerical range for immune 

cell subtypes in adult murine hematopoietic organs 10–16. The recent success of cancer 

immunotherapy has fueled an explosive rise in pre-clinical translational studies to develop 

new treatment strategies 17. However, many such studies are designed to focus on the 

biology of only specific leukocyte subpopulations in response to treatments with 

experimental agents 7, 18–23. Based on the experimental design of the immunological study, 

in vivo experiments are carried out in different mouse strains and immune profiles are 

evaluated at different steps following treatment regimen 24. The variations in experimental 

variables such as mouse strain, animal physiology, age, gender, drug combinations, time-

points, dose, treatment strategies, tumor sub-types and tumor inoculation methods can create 

infinite confounders that influence the immune parameters and need to be considered even 

for a study with a single agent 7, 9–15, 24–30.

For example, Petkova et al have reported marked differences in the relative proportions of 

leukocyte sub-populations in peripheral blood among different mouse strains 15. The SJL/J 

strains exhibit inverse B and T cell ratios in comparison to the C57BL/6NCr mice, 

highlighting the effect of strain on general immune profile of the organism 9. Gajewski et al 
found that mice from The Jackson Laboratory (JAX) exhibited a dramatically different 

immune response to implanted melanoma tumors in comparison to mice from Taconic 

Biosciences (TAC) 28. Similarly, gender also impacts Th1 cells, Tregs, and DCs in both 

intestinal and peripheral immune populations and has been suggested to be an underlying 

cause for susceptibility to intestinal disorders 25. However, there have been no systematic 

studies to analyze whether such strain- and gender-specific differences exist in murine 

hematopoietic organs. Hence, there is a pressing need for comprehensive studies to address 

strain and gender-specific characterization of the entire gamut of leukocyte subpopulations 

in normal mice 10, 11, 31. Since the raw flow cytometry data can be normalized differently 

(e.g. cell number vs. percentage, percentage leukocytes vs. percentage lymphocytes), a 

cross-comparison of any immune cell subtype among different studies is obscured 32–34. 

Therefore, a lack of specific benchmarks on basal immune cell distribution confounds 

comparative immunophenotypic analysis across different studies and eventually leads to 

discordant data. In order to determine the distribution of individual immune cell subtypes in 

bone marrow and splenic isolates of three commonly used mouse strains, we conducted an 

unbiased analysis of cells from BM and spleen of both genders.

The three major immunocompetent murine strains (C57BL/6NCr, BALB/cAnNCr, 129/

SvHsd) used in the present study are broadly used in pre-clinical research 29, 35. Whereas 

BALB/c mice, which are recognized for their use in cancer research, readily develop tumors 

in response to carcinogenic stimuli, and develop spontaneous tumors at later stages of their 

lifespan 29, 35–37, C57BL/6 mice are multi-functional model organisms routinely used in 

studies involving infectious diseases, congenital anomalies and cancer 29, 35, 38. 129/Sv mice 

on other the hand, are frequently employed in both transgenic/knockout models and 

oncology studies 39–41. We evaluated a spectrum of multiple immune cell types representing 
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both the myeloid and lymphoid lineages of hematopoietic cells in these three mouse strains 

and found important strain and gender-specific trends within cells of both lineages. Results 

of the study underscore that both innate and cell mediated immune profile varies 

dramatically based on mouse strain and gender.

METHODS

Reagents and Antibodies

RBC lysis buffer was purchased from Bio-Legend (Bio-Legend, San Diego, CA). FACS 

buffer was reconstituted by adding 3% FBS to ice cold 1X PBS. FBS was purchase from 

Atlanta Biologicals (Flowery Branch, GA). Antibodies were purchased from BD 

Biosciences (San Jose, CA), eBioscience (San Diego, CA), Miltenyi Biotec (Auburn, CA) 

and Thermo-Fischer (Waltham, MA). The clone number and dilution of antibodies are 

provided in Table 1. The conjugated fluorophores used in the study are enlisted in Table 2. 

UltraComp™ eBeads were purchased from eBiosciences and used for compensation. Mouse 

Fc Blocking Reagent was purchased from Miltenyi Biotec. Fixation/Permeabilization 

Solution Kit with BD Golgi-Plug™ kit and Mouse Foxp3 Buffer Set was used for 

intracellular staining and purchased from BD Biosciences.

Mouse

Eight-week-old female and male pathogen-free BALB/cAnNCr, C57BL/6NCr, and 129/

SvHsd mice were obtained from Envigo RMS, Inc (Indianapolis, IN). Animals were housed 

in accordance with established guidelines and protocols approved by the UAB Institutional 

Animal Care and Use Committee (UAB-IACUC).

Isolation of immune cells and flow cytometry

On the day of the analysis, mice from each strain were first anaesthetized and then sacrificed 

by cervical dislocation. Bone marrow cells were obtained by flushing the marrow cavities 

with FACS buffer (PBS with 3% FBS) using insulin syringe with 28G needle, followed by 

passage through a 100 mm sterile cell strainer. Splenic cells were obtained by gentle 

pressure-dissociation of spleen using FACS buffer, and then passed through a 100 mm sterile 

cell strainer. For all experiments, cells were washed with FACS buffer and pelleted. Red 

blood cells were lysed by addition of 5 ml RBC lysis buffer (Bio-Legend, San Diego, CA), 

mixed briefly to re-suspend cells and incubated for 5 minutes at room temperature, followed 

by FACS buffer wash and spin. Cells were re-suspended in FACS buffer and incubated with 

Fc block at room temperature for 15 minutes. Cells were divided into individual tubes for 

respective cell type analysis, suspended in 100 μl of FACS buffer and stained for the 

designated cell type. The data was acquired on BD LSRII (BD Biosciences, New Jersey) and 

analyzed using FlowJo software (FlowJo LLC, Oregon).

Gating strategies

Markers used for immune cell strategies are described in Table 1 and 2. The gating strategy 

for immune-cell types is shown in Supplementary Figure 1 and 2. All gating was performed 

off of live cell populations. Unstained controls and single color controls were utilized to 

establish base line gate settings for each respective antibody-fluorophore(s) combination 
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used in individual experiments. The gating strategy for each cell-type examined is outlined 

below and visually represented in Supplementary Figure 1 and 2.

CD4+ T cells—P1 = live cells, P2 = CD3 APC-Cy7 and CD4 eFluor450 double positive 

gate

CD8+ T cells—P1 = live cells, P2 = CD3 APC-Cy7 and CD8 FITC double positive gate

CD4+ Tregs—P1 = live cells, P2 = CD3 APC-Cy7 and CD4 eFluor450 double positive 

gate, P3 (intracellular staining) = CD25 PE and FoxP3 APC double positive gate.

B cells—P1 = live cells, P2 = CD19 PE and B220 Vio770 double positive gate

NK cells—P1 = live cells, P2 = CD3 APC-Cy7 negative and NKp46 FITC positive gate

iMCs—P1 = live cells, P2 = CD11b VioBlue and Gr-1 APC-eFluor780 double positive gate, 

P3 = F/80 APC negative and Ly6b FITC negative, F4/80 APC positive and Ly6b FITC 

negative, F4/80 APC positive and Ly6b FITC positive gate.

Neutrophils—P1 = live cells, P2 = CD11b VioBlue and Gr-1 APC-eFluor780 double 

positive gate, P3 = F4/80 APC negative and Ly6b positive gate

Macrophages—P1 = live cells, P2 = CD11b VioBlue and F4/80 APC double positive gate, 

P3 = CD68 PE (intracellular staining) positive histogram gate

mDC—P1 = live cells, P2 = CD11b VioBlue and CD11c PE double positive gate

pDC—P1 = live cells, P2 = CD11b VioBlue negative and CD11c PE positive gate, P3 = 

B220 Vio770 and Siglec H FITC double positive gate

Statistical analysis

Data was analyzed with multi-variate analysis using two-way ANOVA with multiple 

comparisons corrected with the Tukey Test within Prism™. Results are represented as 

scatter plot graphs indicating each group’s Mean and SD. Differences were considered 

significant if p≤0.05. Sample values at or beyond +/− (1.7 × SD) were excluded from the 

analysis. Overall statistics describing the source of variation are listed in Supplementary 

Figure 3.

RESULTS

CD4+ T cells are significantly elevated in 129/SvHsd mice

CD4+ T cells are critical players in cell-mediated and humoral immunity and differentiate 

into specialized CD4+ subtype based on interaction with antigen-MHC complex and resident 

cytokine level 42. The percentages of CD4+ T cells in BM and spleen ranged from mean 

values of 3.15% to 7.76% and 18.80% to 31.67%, respectively, in the three murine strains 

analyzed (Figures 1A, B). In all cases, CD4+ T cells were significantly higher in the spleen 
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as compared to the BM (Figure 1). We observed many strain- and gender-specific variations 

in CD4+ T cells among all three strains. 129/SvHsd mice exhibited a significantly higher 

BM CD4+ T cell population in both genders (Figure 1A, p≤0.001♂ and p≤0.0001♀ for 

C57BL/6NCr; p≤0.0001 for BALB/cAnNCr). In BM, C57BL/6NCr males exhibited a 

significantly higher CD4+ T cell percentage in comparison to BALB/cAnNCr males (Figure 

1A, p≤0.01). As observed in BM, splenic CD4+ T cells in 129/SvHsd mice were also 

significantly elevated with respect to C57BL/6NCr (Figure 1B, p≤0.0001♂, p≤0.001♀). 

Splenic CD4+ T cells in male 129/SvHsd mice were significantly higher in comparison to 

BALB/cAnNCr, but this trend was reversed in female mice (Figure 1B, p≤0.05♂ and 

p≤0.001♀). Splenic CD4+ T cells were significantly elevated in BALB/cAnNCr in 

comparison to C57BL/6NCr (Figure 1B, p≤0.001♂ and p≤0.0001♀).

Bone marrow CD4+ T cells are elevated in female mice irrespective of mouse strains

Bone marrow CD4+ T cells were significantly elevated in females of BALB/cAnNCr (Figure 

1A, p≤0.01). Bone marrow CD4+ T cells were also elevated in females of other two strains, 

however the trend was not significant. Similarly, splenic CD4+ T cells were also higher in 

BALB/cAnNCr females although the trend was not statistically significant. This trend was 

reversed for splenic CD4+ T cells for C57BL/6NCr and 129/SvHsd, in which males had a 

higher percentage of CD4+ T cells in comparison to females (Figure 1B, n.s. for C57BL/

6NCr; p≤0.0001 for 129/SvHsd).

CD8+ T cells are elevated in BM of C57BL/6NCr and reduced in spleens of 129/SvHsd mice

The BM represents a specialized niche for development of memory CD8+ T cells whereas 

spleen is a recognized organ for being abundant in all T cells 5, 6. The percentages of CD8+ 

T cells in BM and spleen ranged from 4.28% to 5.60% and 11.51% to 21.39% respectively 

in the three murine strains analyzed (Figures 1C, D). C57BL/6NCr females exhibited a 

significantly higher baseline BM CD8+ T cell population in comparison to BALB/cAnNCr 

and 129/SvHsd (Figure 1C, p≤0.0001 and p≤0.001, respectively). 129/SvHsd exhibited a 

significantly reduced splenic CD8+ T cell in comparison to C57BL/6NCr and BALB/

cAnNCr (Figure 1D, p≤0.0001 ♂ and p≤0.01 ♀ in C57BL/6NCr and p≤0.0001 for both 

genders in BALB/cAnNCr). In contrast to BM, splenic CD8+ T cells in C57BL/6NCr 

females were significantly reduced in comparison to BALB/cAnNCr females (Figure 1D, 

p≤0.01). In BALB/cAnNCr, splenic CD8+ T cells were significantly elevated in female in 

comparison to their male counterparts (Figure 1D, p≤0.01).

Bone marrow CD4+ regulatory T cells exhibit significant gender-dependent variation in all 
strains

CD4+ regulatory T cells have been suggested to reside in BM sinuses and under homeostatic 

conditions can be found mainly in thymus, peripheral blood, lymph nodes, and spleen 5, 43. 

In BM, CD4+ regulatory T were present in the range of 0.24% to 0.51% across three strains 

(Figure 1E, F). Like CD4+ T cells, the CD4+ Tregs were also elevated in splenic tissue in 

comparison to BM with a range of 2.04 to 3.15% (Figure 1F). BM CD4+ Tregs were 

significantly increased in male BALB/cAnNCr with respect to male 129/SvHsd mice; 

however this trend was reversed among females (Figure 1E, p≤0.001 ♂ and p≤0.05 ♀). We 

also observed some similarities in strain-specific distribution within different categories of 
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splenic T cells that were analyzed. All three classes of splenic T cells analyzed (CD4+, 

CD8+ and CD4+ Tregs cells) were significantly reduced in female C57BL/6NCr and 129/

SvHsd mice in comparison to female BALB/cAnNCr mice (Figure 1F, p≤0.0001 for C57BL/

6NCr and p≤0.01 for 129/SvHsd). Splenic CD4+ Tregs were significantly increased in male 

129/SvHsd in comparison to male C57BL/6NCr, a trend that was also observed in splenic-

CD4+ T cells (Figure 1B and Figure 1F, p≤0.0001 and p≤0.05 respectively).

Although there were many gender-specific variations in Treg frequency within both organ 

sites, unlike BM CD4+ T cells, there was no preponderance of one gender over the other 

(Figures 1E, F). Whereas BM CD4+ Tregs were higher in females of C57BL/6NCr and 129/

SvHsd, the trend was reversed for BALB/cAnNCr (Figure 1E, p≤0.0001 for 129/SvHsd). In 

spleen these trends appeared to be reversed for each case, being significant in BALB/

cAnNCr (Figure 1F, p≤0.01). Overall, the differences within various subsets of T cells 

suggest that even under normal physiological conditions, T cells exhibit significant strain- 

and gender-dependent variation, which could be an important factor to consider when 

designing in-vivo experiments. For instance, gender and strain-specific differences in CD8+ 

T cells might have important consequences on CTL response to either pathogenic or 

oncogenic stimuli. Similarly, differences in CD4+ Tregs could impact studies where 

immunosuppression plays a significant role.

B cells are significantly reduced in C57BL/6NCr mice

B cells can function as plasma cells that secrete antibodies against different antigens; or as 

memory B cells, which retain immunological memory of the antigen in order to proliferate 

and differentiate into plasma cells under appropriate stimuli 42. Within all the cell types 

analyzed, B cells were the most abundant immune cell type in both bone marrow and spleen 

(Figures 2A, B). Among the mouse strains characterized, B cell percentages in bone marrow 

and spleen were between 9.59% to 36.65% and 18.01% to 49.30%, respectively (Figures 

2A, B). In both organs sites, we observed a significantly reduced B cell percentage in 

C57BL/6NCr in comparison to the other two strains (Figures 2A, B, p≤0.0001). In BM, 

C57BL/6NCr cells also exhibited significant gender-specific divergence, as female mice 

exhibited almost twice the amount of B cells in comparison to males (Figure 2A, p≤0.05).

NK cells are significantly elevated in male BALB/cAnNCr mice

Natural killer (NK) cells play a critical role in the anti-tumor surveillance, elimination of 

virally infected cells, and graft versus host disease (GVHD) 44. NK cell percentages in bone 

marrow and spleen were between 1.54% to 2.49% and 2.86% to 4.26%, respectively 

(Figures 2C, D). In the BM, NK cells were significantly reduced in C57BL/6NCr (Figure 

2C, p≤0.0001♂, p≤0.01♀ for BALB/cAnNCr and p≤0.001♂, p≤0.01♀ for 129/SvHsd). 

BALB/cAnNCr males had higher NK numbers than 129/SvHsd in the BM (Figure 2C, 

p≤0.05). In the spleen, male BALB/cAnNCr mice had higher NK numbers than either 

C57BL/6NCr or 129/SvHsd (Figure 2D, p≤0.001 and p≤0.0001, respectively). Additionally, 

male C57BL/6NCr had higher splenic NK cells than male 129/SvHsd (Figure 2D, p≤0.05). 

Examining differences by gender, male BALB/cAnNCr and 129/SvHsd had higher NK cell 

numbers in the BM (Figure 2C, p≤0.0001 and p≤0.05, respectively), while only male BALB/
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cAnNCr had significantly higher NK cell numbers compared to female counterparts in the 

spleen (Figure 2D, p≤0.0001).

Immature myeloid cells exhibit a male-bias in BM and spleen

Immature myeloid cells (iMCs) exist in the bone marrow as precursors for dendritic cells, 

macrophages and neutrophils 45. In the three strains that were assessed, iMC percentages in 

bone marrow and spleen ranged from 13.46% to 28.17% and 1.12% to 2.33%, respectively 

(Figure 3). BM iMCs were significantly elevated in C57BL/6NCr (Figure 3A, p≤0.0001♂, 

p≤0.01♀ for both BALB/cAnNCr and 129/SvHsd). BALB/cAnNCr female mice exhibited 

significantly reduced splenic iMCs in comparison to female C57BL/6NCr and 129/SvHsd 

mice (Figure 3B, p≤0.0001). In the BM, male C57BL/6NCr mice had significantly higher 

iMCs than female counterparts (Figure 3A, p≤0.0001). In the spleen, male BALB/cAnNCr 

mice exhibited greater iMC numbers in comparison to corresponding females (Figure 3B, 

p≤0.0001).

Splenic and BM macrophages in C57BL/6NCr females are significantly elevated

Macrophages are phagocytic immune cells residing in different tissues that function as 

antigen presenting cells (APCs) 42. Macrophages arise from monocytic lineage and 

differentiate in a tissue-specific manner 42. In our studies, macrophage percentages in bone 

marrow and spleen were between 3.48% to 9.30% and 0.50% to 4.58%, respectively, in the 

three murine strains analyzed (Figures 3C & D). We observed many interesting strain- and 

gender-dependent variations in macrophage population. Within the BM, C57BL/6NCr 

females had higher macrophage numbers than both BALB/cAnNCr and 129/SvHsd females 

(Figure 3C, p≤0.0001 and p≤0.001, respectively). BALB/cAnNCr females exhibited 

significantly reduced BM macrophages than 129/SvHsd females (Figure 3C, p≤0.05). 

Splenic macrophages were significantly elevated in C57BL/6NCr among both genders in 

comparison to BALB/cAnNCr and 129/SvHsd (Figure 3D, p≤0.0001). BM macrophages 

were significantly higher in male BALB/cAnNCr mice with respect to their female 

counterparts (Figure 3C, p≤0.0001), while the only gender bias noted in the spleen was 

among was C57BL/6NCr males which exhibited higher splenic-macrophage numbers in 

comparison to females of the same strain (Figure 3D, p≤0.01).

Myeloid Dendritic Cells are significantly elevated in BM of 129/SvHsd and spleen of C57BL/
6NCr mice

Dendritic cells are professional APCs that play key roles in both the innate and adaptive 

immunity42, 46. Myeloid dendritic cells (mDCs) are specialized subsets of dendritic cells that 

capture, process, and present antigens on their surface to T cells42, 46. Percentages of mDCs 

in BM and spleen ranged from 2.78% to 7.45% and 1.19% to 3.83% respectively in the three 

murine strains analyzed (Figures 3E, F). 129/SvHsd mice exhibited significantly higher 

mDCs within BM (Figure 3E, p≤0.0001; both strains and in both genders). In contrast, 

splenic mDCs were significantly higher among C57BL/6NCr in comparison to 129/SvHsd 

(Figure 3F, p≤0.0001♂, p≤0.001♀). Male C57BL/6NCr also exhibited significantly higher 

splenic mDCs in comparison to BALB/cAnNCr mice, but in females this effect was not 

statistically significant among these two strains (Figure 3F, p≤0.0001). Splenic mDCs were 

significantly elevated in male BALB/cAnNCr mice in comparison to male 129/SvHsd mice, 
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(Figure 3F, p≤0.05). The only gender specific variation noted was a higher splenic mDC 

population within C57BL/6NCr males (Figure 3F, p≤0.0001).

Plasmacytoid dendritic cells exhibit a strong gender difference in bone marrow of all three 
strains and in C57BL/6NCr splenocytes

Plasmacytoid dendritic cells (pDCs) are specialized dendritic cells that perform a critical 

role in both innate and adaptive immunity 42, 47. Found in circulating blood and peripheral 

lymphoid organs, pDCs secrete IFNs, and mediate anti-viral immunity and anti-

inflammatory responses42, 47. In our studies, pDC percentages in bone marrow and spleen 

ranged from 1.06% to 1.93% and 0.12% to 0.55% respectively in the three murine strains 

analyzed (Figure 4A, B). Within the BM, C57BL/6NCr male mice exhibited a significantly 

higher pDC population in comparison to BALB/cAnNCr male mice (Figure 4A, p≤0.01). 

pDCs were significantly elevated in C57BL/6NCr female mice in comparison to 129/SvHsd 

female mice (Figure 4A, p≤0.01). pDCs were also significantly elevated in C57BL/6NCr 

male mice in comparison to BALB/cAnNCr male mice (Figure 4A, p≤0.01). On the other 

hand, C57BL/6NCr mice had a significantly reduced baseline percentage of pDCs within the 

spleen (Figure 4B, p≤0.01♂, p≤0.0001♀ for BALB/cAnNCr and p≤0.0001 in both genders 

for 129/SvHsd). Splenic pDCs were significantly elevated in 129/SvHsd female mice in 

comparison to BALB/cAnNCr female mice (Figure 4B, p≤0.001). There was clear gender-

specific difference in pDCs within the BM, with females from C57BL/6NCr and BALB/

cAnNCr strains exhibiting a significantly higher pDC population in comparison to the 

corresponding males (Figure 4A, p≤0.01 and p≤0.0001 respectively). This trend was 

observed to be significant in the spleen for BALB/cAnNCr, whose females were higher than 

male counterparts (Figure 4B, p≤0.05).

Neutrophils are elevated in C57BL/6NCr and exhibit gender-specific variation in both bone 
marrow and spleen

Neutrophils are the most abundant granulocytes, comprising 40% to 75% of peripheral 

blood immune cells42, 48. Formed within the bone-marrow, neutrophils play critical roles in 

phagocytosis of invading microbes42, 48. Neutrophil percentages were between 19.81% to 

34.67% and 0.88% to 3.45 % in BM and spleen, respectively, in the three murine strains 

analyzed (Figure 5A, B). In BM, C57BL/6NCr male mice exhibited a significantly higher 

neutrophil population in comparison to 129/SvHsd (Figure 5A, p≤0.001). This trend was 

observed in both genders when comparing C57BL/6NCr and BALB/cAnNCr (Figure 5A, 

p≤0.0001). Similarly splenic neutrophils of C57BL/6NCr were significantly higher than both 

BALB/cAnNCr and 129/SvHsd (Figure 5B, p≤0.0001). 129/SvHsd exhibited a significantly 

higher BM neutrophil percentage in comparison to BALB/cAnNCr strain (Figure 5A, 

p≤0.05♂, p≤0.01♀). Within the BM, gender bias was observed among 129/SvHsd, with 

females higher than males (Figure 5A, p≤0.01). Within the spleen, female C57BL/6NCr and 

BALB/cAnNCr mice had higher neutrophils in comparison to males (Figure 5B, p≤0.0001 

and p≤0.01, respectively).
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DISCUSSION

The methodology of conducting immunophenotypic analysis of different cell populations 

can vary considerably from one study to another based on the endpoints and the goals of the 

study24, 29, 31, 32. For instance, different studies may report immune cell percentages in 

distinct ways based on normalization strategies and gating methods (e.g. percent of total 

lymphocytes, percent of total T cells, percent of total CD4+ T cells, absolute T cell number 

etc.), which can result in substantial differences in the interpretation of the results even while 

evaluating the same cell type 31, 32. Importantly, although some studies have determined 

immune cell frequencies in peripheral blood, only minimal inference is gleaned for the 

expected immune profile in bone marrow and spleen from such studies12–15. Bone marrow 

and spleen serve as major reservoirs of immune cells in mice and maintain immune 

homeostasis in peripheral tissue 49. As observed in this detailed study, a summary of 

immune cell distribution in BM and spleen of C57BL/6NCr, BALB/cAnNCr and 129/SvHsd 

mice, indicates that this homeostasis varies significantly between the commonly used in vivo 
mouse models (Figure 6; 50, 51). In the absence of an organ-specific baseline immune profile 

in normal mice, a comparative analysis within different strains and/or gender following 

experimental stimuli can be challenging, and may impose inherent bias while extrapolating 

experimental data. Therefore, there is a pressing need for unified studies cataloguing 

baseline immune cell distribution in different strains of mice 31.

From the results of the present study, it is encouraging to find that overall immune cell 

percentages observed by us in BM and spleen was in close agreement to previously 

published murine and human studies examining other organs 12–15, 25–27, 45, 52–55. Our 

comprehensive analysis reveals many interesting findings. For instance total neutrophils and 

splenic macrophages are significantly higher in C57BL/6NCr; whereas total B-cells are 

lower, compared to BALB/cAnNCr and 129/SvHsd mice. Similarly, the significantly higher 

number of mDCs in BM from 129/SvHsd is also apparent. There are many critical trends 

that become apparent upon careful examination of immune cell subtypes through the present 

study. The identified strain-specific variation, both in CD4+ and CD8+ T cells underscores 

the importance of this difference when using different strains and gender of mice in 

preclinical studies mimicking human diseases, including cancer, which responds differently 

based on the profile of the adaptive immune system 50, 51. Notably, C57BL/6NCr and 

BALB/cAnNCr mice, which exhibited strain- and gender-specific differences in T-cell 

profile, are recognized as prototypical Th1- and Th2 responders, respectively 56. These 

strains are known to have distinct differences in sensitivity to pathophysiological challenge 

and kinetics of tumor growth 56–61. Given the observed differences in T cell profile observed 

by us across these strains, it can be surmised that mice strains with differing baseline T cell 

profiles would respond differently in pre-clinical evaluation of new immunotherapeutic 

drugs 50, 51, 57, 60.

Many in vivo murine studies are often conducted in female mice due to ease of handling 62. 

Due to inherent genetic characteristics favoring tumor susceptibility, BALB/cAnNCr mice 

are frequently employed in cancer related studies 36, 37. We found that within BALB/

cAnNCr, female mice had significantly elevated CD8+ T cells. This higher baseline of CD8+ 

T cells noted in female mice could skew observations related to tumor kinetics, leading to 
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contrasting experimental results dependent on gender. We also observed considerable 

gender-specific differences in BM CD4+ Tregs. Th2 cytokines in bronchoalveolar lavage 

fluid are significantly elevated in females of certain mouse strains upon ovalbumin challenge 
63. CD4+ Tregs, which are recognized as suppressors of inflammation and critical mediators 

in airway hyper-responsiveness, exhibited significant gender dependent difference in this 

study, suggesting that baseline, gender-variation in Tregs may skew the results in murine 

asthma studies 64. Overall, we observed both strain and gender-specific differences in 

baseline T cell population, both of which can skew experimental results of in-vivo 
pathophysiological studies and lead to discordance within clinical results61.

We identified that C57BL/6NCr exhibited a dramatically reduced B cell percentage with 

respect to the other two strains. Interestingly, our results demonstrate B-cells to be elevated 

in BALB/cAnNCr (Th2 responder) compared to C57BL/6NCr (Th1 responder). In this 

regard, it is noteworthy that a study documented that Th2 responders preferentially activate 

B cells 65. Studies have demonstrated that BALB/cAnNCr mice exhibit a higher IgG titer 

than C57BL/6NCr following infection with T. cruzi 66. Strain-specific benchmarking of B 

cell percentage in healthy organisms could prove useful for selecting appropriate murine 

models to study lymphomas and autoimmune diseases where the B cell population is 

significantly altered67. We also noticed both inter-strain and intra-strain gender differences 

in NK cells. In light of these observations, it is notable that different strains of inbred mice, 

including C57BL/6NCr and BALB/cAnNCr, exhibit marked differences in susceptibility to 

MCMV infection based on their NK cell profile 68, 69.

We observed distinct gender bias in BALB/cAnNCr, with males displaying a higher 

percentage of iMCs both in BM and spleen. In fact, within the BM, the males were found to 

have higher iMCs in comparison to their female counterparts. Under the influence of tumor 

derived trophic factors such TGF- β, IL-1β, IL-6, IL-10 and VEGF, CD11b+Gr1+ cells lose 

their capacity to differentiate and inhibit the function of T cells, dendritic cells, 

macrophages, and natural killer (NK) cells, thereby creating an immunosuppressive pro-

tumorigenic environment 45. It can be inferred that a baseline difference in iMCs impacts 

general immune-surveillance and is a critical factor mediating differences in tumor kinetics 

among mouse strains 70. It was recently shown that iMCs directly contribute to skin tumor 

development by recruiting IL-17–producing CD4+ T cells71. Differences in baseline iMC 

population could in principle also impact MDSC profile upon pathological challenge and 

result in varying immunosuppressive characteristics based on gender and strain of the 

mice70–72. In fact, genetic background of C57BL/6NCr and BALB/cAnNCr defines the 

levels of MDSCs and subsequent immunosuppressive effect following parasitic 

infections72, 73. Similarly, our findings showing gender bias within the same mouse strain 

suggest the need to consider baseline iMCs prior to experiments that may be affected by 

immunosuppression.

There were also significant strain-specific differences in splenic macrophages, with C57BL/

6NCr exhibiting a higher frequency when compared to the other strains. Murine macrophage 

polarization and activation in response to pathogen challenge varies dramatically based on 

strain74–76. Similarly, the strain and gender differences within myeloid dendritic cells 

observed by us could impact susceptibility from infectious agents such as Brucella and 
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Paracoccidioides 77, 78. Antigen presentation by pDC is known to induce a context-

dependent regulation of CD4+ T cell activation and B-cell growth and differentiation79, 80. 

Interestingly, we observed that splenic CD4+ T cells, pDCs and B cell populations were 

significantly reduced in C57BL/6NCr mice. Furthermore, BM CD4+ T cells, CD8+ T-cells 

and pDCs were elevated in females of all strains.

C57BL/6NCr mice exhibited significantly higher neutrophils with respect to the other two 

strains. Studies indicate sensitivity of C57BL/6NCr and BALB/cAnNCr strains to infections 

correlate with neutrophil activity81, 82. Given that these mice strains are frequently employed 

to assess changes in infectious burden upon experimental stimuli, a baseline evaluation of 

neutrophil content in these strains is critical 9. Similarly, in light of many studies that have 

reported strain and gender discrepancies in clinical asthma studies, considering the gender in 

such murine studies is also critical in evaluating neutrophil recruitment 58, 63, 83. Results of 

this study indicate that it is important to evaluate a baseline immune profile of mice before 

embarking upon on in vivo studies as frequency of immune cell types may skew results. A 

rational choice of mouse strain and gender, based on immune specificity profile should 

provide better experimental readouts. While further information can be gleaned from other 

strains, organ sites (lymph nodes, pulmonary sites, etc.), cytokine profiles and immune cell 

subtypes (Th1 vs. Th2, M1 vs. M2, etc.), this study provides an important point-of-

comparison resource for studies utilizing these mice strains by highlighting critical strain- 

and gender-specific trends that could influence experimental results.
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Figure 1: Immune cell distribution of T cells in C57BL/6NCr, BALB/cAnNCr and 129/SvHsd 
male and female mice.
Cell suspensions from BM and spleen were isolated from 8-week old mice. The cells were 

stained with CD3 and CD4 antibodies for CD4+ T cells, CD3 and CD8 antibodies for CD8+ 

T cells, and CD3, CD4, CD25 and FoxP3 antibodies for T-regs. The cells were then 

subjected to flow cytometry to determine cell-type percentages. (A) CD4+ T cells in BM, 

(n≥8). (B) CD4+ T cells in the spleen, (n≥8). (C) CD8+ T cells in BM, (n≥5). (D) CD8+ T in 

spleen, (n≥6). (E) CD4+ T-regs in BM, (n≥8). (F) CD4+ T-regs in spleen, (n≥7). Results, 
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shown as scatter plots, depict average cell percentages (percent of live cells). Error bars 

denote SEM. Each dot represents the value from a single mouse. (♂) and (♀) represent male 

and female mice, respectively.*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤0.0001.
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Figure 2: Immune cell distribution of B cells and NK cells in C57BL/6NCr, BALB/cAnNCr and 
129/SvHsd for male and female mice.
Cell suspensions from BM and spleen were isolated from 8-week old mice. The cells were 

stained with B220 and CD19 antibodies for B cells, and CD3 and NKp46 antibodies for NK 

cells. The cells were then subjected to flow cytometry to determine cell-type percentages. 

(A) B cells in BM, (n≥10). (B) B cells in the spleen, (n ≥11). (C) NK cells in BM, (n≥9). (D) 
NK cells in the spleen, (n≥7). Results are shown as scatter plots depicting average cell 

percentages (percent of live cells). Error bars denote SEM. Each dot represents the value 

from a single mouse. (♂) and (♀) represent male and female mice respectively. **p ≤ 0.01, 

***p ≤ 0.001, ****p≤0.0001.
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Figure 3: Immune cell distribution of immature myeloid cells (iMCs), macrophages and myeloid 
dendritic cells (mDCs) in C57BL/6NCr, BALB/cAnNCr and 129/SvHsd for male and female 
mice.
Cell suspensions from BM and spleen were isolated from 8-week old mice. The cells were 

stained with CD11b, F4/80 and CD68 antibodies for macrophages, CD11b and Gr-1 

antibodies for iMCs, and CD11b and CD11c antibodies for mDCs. Ly6B was used as 

negative marker for iMCs. The cells were then subjected to flow cytometry to determine 

cell-type percentages. (A) iMCs in BM, (n≥7). (B) iMCs in the spleen, (n≥7). (C) 
Macrophages in BM, (n≥ 6). (D) Macrophages in spleen, (n≥9) (E) mDCs in BM, (n ≥ 10). 
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(F) mDCs in the spleen, (n ≥ 13). Results are shown as scatter plots depicting average cell 

percentages (percent of live cells). Error bars denote SEM. Each dot represents the value 

from a single mouse. (♂) and (♀) represent male and female mice, respectively. **p ≤ 0.01, 

***p ≤ 0.001, ****p≤0.0001.
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Figure 4: Immune cell distribution of plasmacytoid dendritic cells in C57BL/6NCr, BALB/
cAnNCr and 129/SvHsd male and female mice.
Cell suspensions from BM and spleen were isolated from 8-week old mice. The cells were 

stained with CD11c, B220 and Siglec H antibodies. CD11b antibody was included as a 

negative marker for pDCs. The cells were then subjected to flow cytometry to determine 

cell-type percentages. (A) pDCs in BM, (n≥11). (B) pDCs in the spleen, (n ≥9). Results are 

shown as scatter plots depicting average cell percentages (percent of live cells). Error bars 

denote SEM. Each dot represents the value from a single mouse. (♂) and (♀) represent male 

and female mice respectively.*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤0.0001.
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Figure 5: Immune cell distribution of neutrophils in C57BL/6NCr, BALB/cAnNCr and 129/
SvHsd for male and female mice.
Cell suspensions from BM and spleen were isolated from 8-week old mice. The cells were 

stained with CD11b, Gr-1 and Ly6b antibody. F4/80 antibody was included as a negative 

marker for neutrophils. The cells were then subjected to flow cytometry to determine cell-

type percentages. (A) Neutrophils in BM, (n≥7). (B) Neutrophils in spleen, (n ≥7). Results 

are shown as scatter plots depicting average cell percentages (percent of live cells). Error 

bars denote SEM. Each dot represents the value from a single mouse. (♂) and (♀) represent 

male and female mice respectively.*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤0.0001.
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Figure 6: Strain and gender-specific immune cell distribution of critical cell types in three mouse 
strains commonly used in pre-clinical research.
(A) Pie charts representing the frequency of CD4+ and CD8+ T cells, Tregs, B cells, NK 

cells, iMCs, pDCs, mDCs, macrophages, and neutrophils in BM cells for C57BL/6NCr, 

BALB/cAnNCr, and 129/SvHsd mice. The upper three panels represent distribution in 

female mice and lower panels depict similar distribution in male mice. (B) Strain and 

gender-specific immune cell distribution for CD4+ and CD8+ T cells, Tregs, B cells, NK 

cells, iMCs, pDCs, mDCs, macrophages, and neutrophils in spleens of C57BL/6NCr, 
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BALB/cAnNCr, and 129/SvHsd mice. The upper and lower three panels represent 

distribution in female and male mice, respectively.
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Table 1

Antibody combinations used in immunophenotyping

iMC CD11b Vio Blue Gr-1 APC-eFluor780 *Ly6b FITC

Macrophages CD11b Vio Blue F4/80 APC CD68 PE

mDC CD11b Vio Blue CD11c PE CD80 APC CD86 FITC

pDC *CD11b Vio Blue CD11c PE B220 Vio770 Siglec H FITC

CD4 T-cells CD3 APC-Cy7 CD4 eFluor450

CD4 T-regs CD3 APC-Cy7 CD4 eFluor450 CD25 PE FoxP3APC

CD8 T-cells CD3 APC-Cy7 CD8 FITC

B cells B220 Vio770 CD19 PE

NK cells CD3 APC-Cy7 NKp46 FITC

Neutrophils CD11b Vio Blue Gr-1 APC-eFluor780 Ly6b FITC *F4/80 APC

*
negative tor this antibody
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Table 2

Details of antibodies used in the study

Antibody Fluorochrome Vendor Clone Catalogue # Antibody Concentration (in 100 pL FACS buffer)

CD3e APC-Cy7 Fisher Scientific 145–2C11 BDB557596 1 pL

CD4 eFluor450 eBioscience GK1.5 48–0041-82 1 pL

CD8 FITC eBioscience 53–6.7 11–0081-82 0.6 pL

CD11b Vio Blue Miltenyi M1/70.15.11.5 130–097-336 3.75 pL

CD11c PE Miltenyi N418 130102545 3.75 pL

CD19 PE Miltenyi 6D5 130–102-598 5 pL

CD25 PE eBioscience PC61.5 12–0251-81 0.5 pL

CD68 PE Miltenyi FA-11 130–102-614 3.75 pL

CD80 APC Miltenyi 16–10A1 130–102-584 3.75 pL

CD86 FITC Miltenyi PO3.3 130–102-506 5 pL

B220 APC-Vio770 Miltenyi RA3–6B2 130–102-267 3.75 pL

F4/80 APC Miltenyi REA126 130–102-379 3.75 pL

FoxP3 APC eBioscience FJK-16s 17–5773-82 5 pL

Gr1 APC-eFluor780 eBioscience RB6–8C5 47–5931-80 1.2 pL

Ly6b FITC abcam 7/4 ab53453 0.65 pL

NKp46 FITC Miltenyi 29A1.4.9 130–102-300 3.75 pL

SiglecH FITC eBioscience eBio440c 11–0333-82 0.5 pL
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