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Abstract 

The role of spleen in hematopoiesis is not well understood. Recent studies now identify the presence 

of hematopoietic stem cells (HSC) in spleen although their numbers are far lower than HSC in bone marrow. 

Neonatal and pregnant mice contain higher numbers of HSC than do normal adults and have been used 

here as a model to investigate the localisation of HSC within the spleen.  

 Immunocytochemical staining of spleen sections has been used to identify stromal cell types in the 

microenvironment of spleen. These studies have demonstrated the stromal structure and splenic 

architecture of pregnant adult mice and neonatal mice compared with normal adult mouse spleen. Six-day 

(D6) neonatal spleen is characterised by small T and B cell areas in poorly formed white pulp areas, and a 

surfeit of red pulp marked by the presence of numerous sinusoids and stromal cells, and notably the 

presence of gp38-staining cells. These are absent from adult red pulp region, being confined to the white 

pulp region as fibroblastic reticular cells. Another model tested was extramedullary hematopoiesis induced 

in adult mouse given Flt3L. Quantification of hematopoietic stem and progenitor cells (HSPC) in the various 

models revealed that pregnant mice contained significantly more long-term (LT)-HSC than did neonatal or 

adult normal mice, and that the spleen of Flt3L treated mice was populated more by multipotential 

progenitors (MPP) than LT-HSC.  

 The pregnant and neonatal mice were subsequently analysed for localisation of LT-HSC in relation 

to various stromal cell types including endothelial cells (CD31), angiogenic vasculature (CD105), 

mesenchymal cells (CD29), fibroblastic reticular cells (gp38), myeloid cells (F4/80) and perivascular reticular 

cells (CD140b, CD51, Thy1.2/CD90). Multi-colour staining was used to colocalise LT-HSC with different 

region-specific stromal subsets. In both neonatal and pregnant mice, LT-HSC were located in red pulp. 

While many HSC colocalised with CD140b-exppressing stroma, some were found in association with 

myeloid cells, Thy1.2+ cells and in the case of neonates, with gp38+ cells.  

 CD140-expressing cells in spleen were investigated more fully through gene expression analysis 

using the Fluidigm platform. Clustering analysis of expressed genes identified 3 distinct cell types, one 

reflecting follicular dendritic cells that do not support HSC niches. These were in the white pulp of adult mice. 

Two further clusters reflected perivascular reticular cells, one subset expressing type-specific genes as well 

as mesenchymal lineage genes at a higher level. It was concluded that a subset of mature and immature 

perivascular reticular cells cells may exist in spleen. These data confirm the presence of HSC and HSC 

niches in spleen and identify mesenchymal CD140b-expressing perivascular reticular cells as important 

niche elements in line with similar findings on HSC niches in bone marrow.  
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Introduction  

Stem cell niches refer to a microenvironment 

comprising non-hematopoietic cells which interact 

with hematopoietic stem cells (HSC) via juxtacrine 

and paracrine signalling to regulate self-renewal and 

differentiation, as well as proliferation and quiescence 

[1]. In the bone marrow, hematopoietic niches reflect 

endosteal, perisinusoidal and periarteriolar 

microenvironments, and involve cells like 

osteoblasts, endothelial cells and perivascular 

reticular cells [2-8]. In bone marrow, the 

perisinusoidal niche maintains HSC and other 

hematopoietic progenitors, and the stromal 

components have been described as nestin+ 

mesenchymal stem cells, leptin receptor+ stromal 

cells and CXCL12-abundant reticular (CAR) cells [3-

5, 8, 9]. These cell types have been shown by 

immunofluorescence imaging to lie in close proximity 

to HSC [3-5], and to be localised adjacent to arterioles 

and sinusoids [3, 4, 9]. They are now generally 

classified as perivascular reticular cells. 

While HSC niches in bone marrow have been 

extensively studied, limited knowledge is available on 

niches for HSC in spleen. HSC have been localised 

in close contact with sinusoids in the red pulp of 

spleen [8, 10], and a perisinusoidal niche for HSC has 

been associated with extramedullary hematopoiesis 

[10]. Spleen contains HSC niches, similar to those of 

bone marrow comprising both mesenchymal 

perivascular cells and the endothelial cells of 

sinusoids [11]. Previous studies in this laboratory 

have determined that a stromal cell derivative of a 

murine, splenic long-term culture, termed 5G3, which 

resembles perivascular reticular cells, can support 

restricted in vitro hematopoiesis and production of 

specific myeloid cell subsets [12-14]. In addition, 

stromal fractions isolated from neonatal spleen were 

also shown to support in vitro hematopoiesis when 

overlaid with lineage-negative bone marrow cells, 

albeit at lower levels than achieved with the 5G3 

stromal cell line (HL). The gene profile and phenotype 

of 5G3 stroma reflects a mesenchymal cell 

expressing genes common to perivascular reticular 

cells like Cxcl12, Scf, Pdgfrb, Pdgfra, Endoglin, Itagv, 

Sca-1 and Thy1.2 [15], so that it may overlap with 

Tcf21+Pdgfr + cells, described by Inra et al (2015) 

as mesenchymal cells which form the perisinusoidal 

niche in the red pulp region of spleen [10]. 

Extramedullary hematopoiesis occurs as a natural 

process during fetal development and involves yolk 

sac, fetal liver and spleen [16]. Extramedullary 

hematopoiesis is also activated during stress 

conditions including infection and pregnancy, and is 

evidenced by studies showing that the low number of 

HSPC present in murine spleen in the steady-state 

increases quickly following inflammation [17, 18]. The 

presence of HSPC in spleen in the steady-state is not 

restricted to mouse since spleens of pigs, baboons 

and humans were also found to retain a low number 

of HSPC under steady-state conditions [19]. 

Moreover, in cell tracing experiments, spleen cells 

derived from both neonatal and adult mice were able 

to provide hematopoietic reconstitution of lethally 

irradiated host mice following adoptive transfer [20, 

21], confirming that spleen can house HSPC in the 

resting state, and can also increase numbers of 

HSPC during times of stress or inflammation. 

Evidence suggesting a role for spleen in 

hematopoiesis raises the possibility that splenic HSC 

niches can support maintenance of HSC both in the 

resting state, and following influx when 

extramedullary hematopoiesis is activated. 

Characteristics of splenic stroma in mice under these 

conditions has been investigated here to determine 

the defining characteristics of hematopoietic niches. 

Here, stromal cell niches for HSC have been 

investigated in neonatal and adult C57BL/6J mice, in 

pregnant mice undergoing extramedullary 

hematopoiesis, and in mice in which bone marrow 

HSPC have been mobilised out of bone marrow 

through administration of Fms-like tyrosine kinase 

(Flt)-3 ligand (Flt3L). The increase in oestrogen 

during pregnancy induces extramedullary 

hematopoiesis marked by increased numbers of 

HSC, higher HSC cell division and erythropoiesis 

[22]. Flt3L induction of HSPC mobilisation reflects a 

model for extramedullary hematopoiesis in which 

higher numbers of HSC are expected to localise in 

spleen [23-25]. 

Immunofluorescence imaging has been used here to 

localise HSC, and to determine their spatial 

relationship with known stromal cell types in the 

spleen. Spleen sections were stained with CD29, 

Sca-1(Ly6A) and CD54/ICAM-1, known markers of 

many mesenchymal cell subsets in spleen [26, 27], 

CD105 which marks angiogenic vasculature [28], 

CD31 which identifies mature endothelial cells in both 

the red and white pulp regions of spleen [26, 29], 

gp38 (podoplanin) which identifies fibroblastic 

reticular cells [26, 30], CD140a/b (PDGFRa/b) which 

identifies fibroblastic reticular cells, red pulp 

fibroblasts, perivascular reticular cells and 

mesenchymal stem cells [10, 26, 27, 31], as well as 

CD90/Thy-1 which identifies mesenchymal stem 

cells, as well as T cells [31-34]. Immunofluorescence 

imaging has been used to localise primitive long-term 

(LT)-HSC in spleen through their well described 
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Lineage-c-Kit+Sca-1+CD41/48-CD150+ phenotype [8, 

35, 36]. By using a combination of markers for stromal 

and hematopoietic cells it has been possible to 

identify differences in the stromal architecture of 

neonatal, adult and pregnant mice. LT-HSC have also 

been shown to be present in highest number in 

pregnant mice. The CD140a/b (PDGFRa/b)+stromal 

cells which identify niches for HSC were further 

investigated through gene expression analysis to 

identify several subset types amongst these cells, 

raising the possibility of distinct niches within spleen. 

Materials and Methods  

Animals and spleen cell isolation 

Specific pathogen-free C57BL/6J (H-2Kb) mice aged 

6-weeks, or 6-days (D6), were obtained from the John 

Curtin School of Medical Research (JCSMR: 

Canberra, Australia). Pregnant mice were used at 

embryonic day (E)18. Fms-like tyrosine kinase (Flt)-3 

ligand treatment involved giving mice a subcutaneous 

inoculum of B16-Ft3L melanoma cells which secrete 

Flt3L [37]. After 7 days mice were sacrificed for 

analysis of HSC present in spleen. This treatment is 

known to mobilise HSC into blood and spleen [23, 

25]. All mice were housed and handled according to 

Protocol #A2013/11 approved by the Animal 

Experimentation Ethics Committee at the Australian 

National University (ANU: Canberra, Australia). For 

isolation of splenocytes, dissected spleen was 

pressed through a fine mesh sieve. Cells were 

resuspended into 1mL medium and treated with RBC 

lysis buffer, washed and counted. Cells from at least 

6 animals were pooled for each splenocyte 

preparation.  

Stromal cell isolation    

Murine spleens were dissociated between two sterile 

microscopic slides before filtering through a 70µm cell 

strainer. The stromal fraction was collected in a tube 

containing 2mL collagenase IV extraction buffer [(2% 

heat inactivated fetal calf serum, 1 mg/mL 

collagenase IV (Sigma-Aldrich: Castle Hill, NSW, 

Australia) and 40µg/mL DNaseI (Sigma-Aldrich) in 

RPMI medium (REF), and incubated for 20 minutes 

at 37oC with rotation.  2mL collagenase D extraction 

buffer [2% heat inactivated fetal calf serum, 1 mg/mL 

collagenase D (Roche Applied Science: North Ryde, 

NSW, Australia) and 40µg/mL DNaseI in RPMI 

medium] was added for another 20-minute incubation 

at 37oC with rotation. An additional 2mL of 

collagenase D extraction buffer was added and the 

cell suspension incubated for a further 20 minutes at 

37oC with rotation. The activity of collagenase was 

halted by addition of 60µl of 500mM EDTA to give a 

final concentration of 5mM. Dissociated stromal cells 

were washed twice with 5mL sDMEM [Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 

4g/L D-glucose, 6mg/L folic acid, 36mg/L L-

asparagine, 116mg/L L-arganine HCL, 10% heat 

inactivated fetal calf serum (JRH Biosciences: 

Lenexa, Kansas, USA), 10mM Hepes, 2mM L-

glutamine, 100 U/mL penicillin, 100µg/mL 

streptomycin and 5x10-5M 2-mercaptoethanol]. 

Washing involved centrifugation (300g, 4oC, 5 

minutes). Viable cell count was determined using 

trypan blue staining and the cell pellet resuspended 

in 1mL sDMEM for antibody staining, flow cytometric 

analysis and cell sorting. 

Antibodies 

Antibodies used for cell staining were purchased as 

affinity purified conjugates of either fluorochrome or 

biotin, along with isotype control antibodies and 

secondary fluoresceinated conjugates from 

Biolegend (San Diego, CA, USA). All antibodies were 

titrated before use on splenocytes to determine the 

concentration required to give minimum saturation 

binding. Antibodies used for flow cytometry had 

specificity for CD45.2 (clone 104), c-Kit (2B8), Sca-1 

(Ly6A: D7), CD150 (TC15-12F12.2), CD41 

(MWReg30), CD48 (HM48-1), Flt3(A2F10), CD140a 

(APA5) and CD140b (APB5). Antibodies used for 

immunocytochemistry were specific for CD3e (145-

2C11), B220 (RA3-6B2), F4/80 (BM8), CD29 (HMb1-

1), c-Kit(2B8), CD150 (TC15-12F12.2), CD41 

(MWReg30), CD48 (HM48-1), CD31 (390), gp38 

(8.1.1), CD105 (MJ7/18), Thy1.2 (30-H12), CD140b 

(APB5) and Sca-1 (Ly6A: D7). Lineage (Lin) staining 

of cells involved the Lineage Cell Depletion kit 

(Miltenyi Biotec, Bergisch-Gladbach, Germany). This 

cocktail of biotinylated antibodies was used to stain 

hematopoietic cells expressing CD5, B220, CD11b, 

Gr-1, Ly6C/G, 7-4 and Ter119 for magnetic bead 

depletion. The procedure followed supplier 

instructions. Magnetic bead depleted cells were 

subsequently sorted using gating on the flow 

cytometer for further purification of the Lineage-

depleted population.  The Lineage Cell Depletion kit 

(Miltenyi Biotec) followed by a secondary labelled 

conjugate was also used to stain sections for 

immunocytochemistry.  

Flow cytometric analysis of cell surface marker 

expression  

For staining, 5x105 - 1x106 cells in FACS buffer [1% 

fetal calf serum, 0.1% sodium azide in sDMEM] were 

sedimented into the wells of a 96-well polystyrene 

microtitre plate (Corning: New York, USA) by 
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centrifugation (1300 rpm, 4 oC, 5 minutes). 

Supernatant was discarded and cells resuspended in 

25µl anti-CD16/32 (FcBlock) (Biolegend) at 5µg/mL 

with incubation on ice for 15 minutes. The plate was 

centrifuged (1300 rpm, 4oC, 5 minutes), and 

supernatant discarded. Cells were then resuspended 

in 25µl of diluted primary antibody and incubated on 

ice for 25 minutes. Cells were washed twice with 

150µl/106 cells FACS buffer with centrifugation 

(1300rpm, 4oC, 5 minutes). Where necessary, 25µl of 

diluted secondary antibody or conjugate was added 

to each well, and cells incubated on ice for 25 

minutes. Cells were then washed again using the 

washing procedure and resuspended in 50µl FACS 

buffer with transfer to FACS cluster tubes (Corning) 

for analysis. For multicolour staining, up to five 

different primary antibodies were used. Where 

necessary, propidium iodide (PI: 1µg/mL) was added 

for dead cell discrimination on the flow cytometer.  

Cells labelled with fluorochrome-labelled antibodies 

specific for markers of interest were analysed using 

an LSRII flow cytometer (Becton Dickinson: Franklin 

Lakes, New Jersey, USA). Parameters of voltage and 

event counts were preset using FACSDIVA software 

(Becton Dickson). For multicolour analysis, 

compensation was carried out manually using single 

colour controls. Isotype control antibodies were used 

to determine the background binding of each specific 

antibody and to set gates for delineation of positively 

stained cells. Live and dead cells were discriminated 

by exclusion of propidium iodide (PI). Analysis of data 

was performed using FACSDiva and Flow Jo 

software (Tristar: Phoenix, Arizona, USA). Data was 

collected as bivariate plots of side scatter (SSC), 

fluorescence or forward scatter (FSC). Percent 

positive cells was calculated using Flow Jo software 

(Tristar).  

Immunofluorescence microscopy 

Whole C57BL/6J adult or neonatal murine spleen was 

embedded in Tissue-Tek OCTTM compound [10.24% 

polyvinyl alcohol, 4.26% polyethylene glycol, 85.50% 

non-reactive ingredient]. Sections of 10µm thickness 

were then prepared using a Frigocut 2800 cryostat 

(Reichert-Jung: Depew, New York, USA). Spleen 

sections were then acetone-fixed for 15 minutes at 

4oC and air dried for an hour before storage at -80oC. 

Frozen slides were left to thaw at room temperature 

before staining for immunofluorescence microscopy.  

For antibody staining, tissue sections were first 

blocked with 10% heat inactivated fetal calf serum in 

PBS for 45 minutes at room temperature to prevent 

non-specific binding of antibodies. Sections were 

then stained with fluorochrome-labelled primary 

antibodies specific to antigens of interest for 45 

minutes at room temperature. Slides were then 

washed thrice by immersion in three consecutive 

chambers containing PBS, for 5 minutes each. 

Secondary antibodies were used to stain sections 

where necessary (for 45 minutes) and washed again 

as above. Nuclear DNA was stained with 4, 6-

diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 5 

minutes and washed thrice with PBS as above to 

delineate individual cell nuclei. Stained sections were 

examined using a Leica TCS SP5 Confocal 

microscope (Leica Microsystems: North Ryde, NSW, 

Australia).  

Single-cell transcriptome analysis  

Collagenase isolated splenic stromal cells were 

prepared for antibody staining. Cells were stained 

with the Lineage Depletion cocktail and enriched by 

magnetic bead depletion. The enriched cell 

population was then stained with Lineage antibodies 

as well as fluoresceinated antibodies to markers of 

interest. After washing, cells were stained with 

propidium iodide (PI) to identify dead cells and then 

run through a BD FACSAria™ II cell sorter (Becton 

Dickinson). Sorting involved initial gating out of dead 

(PI-) cells and doublets (FSC-A and FSC-H gating). 

Live cells were identified by marker expression, and 

gates for sorting were set using isotype control 

antibodies.    

Sorted stromal cells were suspended in 1mL sDMEM, 

the cells centrifuged and resuspended in 10μL of 

sDMEM for loading into the Fluidigm C1 Single-Cell 

Auto Prep IFC chip (5-10μm cell diameter) 

(Millennium Science: Victoria, Australia). The loaded 

chip was imaged with a phase-contrast microscope to 

confirm cell integrity and capture. cDNA was 

prepared from each cell on the chip using the 

SMARTer Ultra Low RNA kit for Fluidigm C1 system 

(Scientifix Life, Victoria, Australia). This step was 

carried out automatically in the Fluidigm C1 system. 

The mRNA library was constructed and sequenced 

using high output Next Seq 500 with a read length of 

75 bp, and 10 million reads per sample (Biomolecular 

Resources Unit: JCSMR, Canberra, ACT, Australia).  

Heat map analysis and agglomerative hierarchical 

clustering was performed using Ward’s minimum 

variance method and involved the use of R 

(http://www/r-project.org). Data mining on the basis of 

signal values was used to determine gene expression 

associated with known functions of cell lineages.  

Statistical analysis 

Data are presented as mean + standard error. The 

Student t-test was used to assess significance (p < 
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0.05) using Prism 5.0 software (Graphpad Software: 

San Diego, CA, USA).  

Results 

Stromal cell organisation in neonatal compared 

with adult spleen  

Initially single colour staining of spleen sections was 

used to optimise antibodies and to test their capacity 

to discriminate spleen architecture (Figure S1). 

These studies revealed distinct stromal cell 

organisation in neonatal spleen and associated 

distribution of hematopoietic cells typical of 

developing neonates. Subsequent studies then used 

multi-colour staining to verify differences in splenic 

architecture between different aged groups of mice.   

The adult spleen is uniquely arranged in a way that 

reflects its functional capacity in hematopoiesis and 

immunity. Three main regions can be delineated 

including B cell follicles, T cell zones and red-pulp 

regions, using antibodies specific for the B220, CD3 

and F4/80 markers, respectively (Figure 1a). Similar 

staining of 6-day old neonatal spleen indicated more 

extensive red pulp areas containing fewer F4/80+ 

myeloid cells, with smaller follicles showing 

separated B cell follicles and T cell zones (Figure 1b). 

Red pulp in adult spleen was marked by an extensive 

network of Ly6A/Sca-1 and CD29 staining stromal 

cells in close proximity to F4/80+ myeloid cells (Figure 

1c, c’, c’’). In contrast, the more extensive red pulp 

region of neonatal spleen was dominated by myeloid 

cells with very few mesenchymal stromal cells 

indicated by weak staining with CD29 and Ly6A/Sca-

1 (Figure 1d, d’, d’’). Adult spleen was also 

characterised by the presence of scattered CD29+ 

fibroblastic reticular cells in the white pulp, and 

densely staining CD29+Ly6A/Sca-1+ marginal zones 

(Figure 1c’’). By contrast, in neonatal spleen, 

CD29+Ly6A/Sca-1+ staining cells colocalised with the 

white pulp region and the central arteriole (Figure 1d, 

d’, d’’). CD29+Sca-1+ staining cells could be detected 

in red pulp although these were rare (Figure 1d’’’). 

While neonatal spleen reveals white pulp formation, 

the stromal network is distinctly different from adult 

spleen, both in terms of cell distribution and cell 

phenotype. This likely represents a developmental 

stage in formation of the distinct stromal subsets 

which underlie the spleen and support its role in 

hematopoiesis and immune response development.  

HSC in spleen   

The red pulp region of spleen is known to harbour 

HSC [10]. Since the red pulp was more extensive in 

neonatal over adult mice, we questioned whether 

neonates might house more HSC and so prove a 

better model for the study of hematopoietic niches. To 

this end, we also studied two models of 

extramedullary hematopoiesis, namely pregnant 

mice and mice given Flt3L to mobilise HSPC into 

blood and spleen. These two models have been 

reported to have higher numbers of HSC in spleen 

[22-25].  

While Ly6A/Sca-1 and c-Kit along with lineage 

markers, have been routinely used in flow cytometry 

to delineate bone marrow HSC, a report by Morita 

and colleagues [38] has confirmed that bone marrow 

HSC are phenotypically similar to splenic HSC. 

Therefore, antibodies to Sca-1 and c-Kit were used 

initially to delineate splenic HSC in spleen sections, 

along with the F4/80 marker of myeloid cells to 

delineate the red pulp region. Adult spleen sections 

stained with antibody for Ly6A/Sca-1, c-Kit, and F4/80 

showed no staining for Sca-1+c-Kit+ cells reflecting 

HSC, with Sca-1+ stromal cells present in the red pulp, 

and Sca-1 strongly staining the marginal zone region 

of the white pulp with very few c-Kit+ cells detected 

overall (Figure 2a). This result was not expected 

since adult murine spleen is known to harbour very 

low levels of Sca-1+c-Kit+ HSC under steady-state or 

normal physiological conditions [18, 19]. In contrast, 

antibody to c-Kit identified extensive distribution of c-

Kit+ cells in the red pulp of neonatal spleen. Cells 

which showed co-staining with Sca-1 were potentially 

HSC (Figure 2b) while cells staining only with c-Kit 

could reflect haematopoietic progenitors/precursors 

or even dendritic cells. Small numbers of c-Kit+ cells 

were also found in the white pulp, and these could 

reflect dendritic cells (Figure 2b). Co-staining of Sca-

1+c-Kit+ cells reflecting HSC in red pulp, along with a 

distinct population of c-Kit+ cells, was confirmed by 

high power microscopy (Figure2b’).    

In order to increase the possibility of detecting HSC 

in spleen, mice were treated with Flt3L, a cytokine 

which has been shown to mobilise bone marrow cells 

into blood and spleen when administered to mice [23, 

25]. Mice were given an inoculum of B16-Flt3L 

melanoma cells which secrete Flt3L [37] and after 7 

days were sacrificed for quantitation of HSC present 

in spleen. Spleens were also stained using two 

staining protocols to detect HSC. The detection of Lin-

Sca-1+c-Kit+ cells is known to detect a heterogeneous 

population of HSC [34, 39]. Staining for Lin-

CD150+CD41-CD48- cells is an alternative, more 

specific stain for long-term (LT)-HSC, but this is also 

known to be a heterogeneous population [8]. Section 

staining of spleens from Flt3L-mobilised mice using 

antibodies to Sca-1 and c-Kit confirmed co-staining of 

these two markers on some spleen cells in the red 
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pulp region consistent with the presence of 

HSC/HSPC (Figure 2c). Some cells in white pulp also 

stained only for cKit and these were possibly dendritic 

cells or other myeloid precursors (Figure 2c). Lineage 

staining of the same sections identified hematopoietic 

cells including lymphoid and myeloid cells in spleen 

(Figure 2d). However, these c-Kit expressing cells did 

not express lineage markers, a result also consistent 

with the hypothesis that HSC/HSPC have localised 

into spleen on mobilisation.  

When the more definitive CD150 and CD41/CD48 

staining was applied, spleens from Flt3L-mobilised 

mice revealed no clear population of 

CD150+CD41/48- cells identifiable as LT-HSC (Figure 

2f). These were also not identifiable in normal adult 

mice (Figure 2e). Several large CD150+CD41/48+ 

cells were identified however and were also in much 

higher number in untreated adult spleen (Figure 2e). 

Based on their large size and phenotype these cells 

were classified as megakaryocytes which have 

previously been reported in adult spleen [40, 41].  

Quantitation of HSC in spleen  

Flow cytometry was used to quantitate HSC and 

HSPC subsets present in spleens of adult, neonatal, 

pregnant and Flt3L-mobilised adult mice.  These 

studies confirmed the presence of rare primitive LT-

HSC in spleens of pregnant mice in higher numbers 

than were detected in either neonatal mice or normal 

adult control mice. This study involved multicolour 

staining for initial detection of the rare Lin-Sca-1+c-Kit+ 

(LSK) subset in spleen, followed by gating to identify 

CD150+Flt3- cells which were then tested for 

expression of CD41/CD48 (Figure 3a). The 

CD150+Flt3-CD41-CD48- LT-HSC subset was 

quantified in spleens, along with other HSPC subsets 

delineated on the basis of differences in expression 

of these markers including short-term (ST)-HSC (Lin-

Sca-1+c-Kit+Flt3-CD150-CD48-), multipotential 

progenitor subset 2 (MPP2) (Lin-Sca-1+c-Kit+Flt3-

CD150+CD48+) and MPP3 (Lin-Sca-1+c-Kit+Flt3-

CD150-CD48+) subsets [42, 43].  

These studies indicated a significant ~15-fold 

increase in the size of the LT-HSC population in 

pregnant mice over normal adult spleen (p=0.018) 

and ~10-fold increase over neonatal spleen 

(p=0.0623; not significant) (Figure 3c). While 

apparently higher numbers of ST-HSC, MPP2 and 

MPP3 were detected in pregnant spleens, the 

numbers of these cell types were not significantly 

different from either adult spleen or neonatal spleen, 

except for MPP3 which were in significantly higher 

number in pregnant over adult mice (p=0.0304). Quite 

large variation was detected in the numbers detected 

in pregnant mice and this would appear to be a 

biological feature related to pregnancy in mice and its 

effect on spleen hematopoiesis.  

In order to determine the specific subsets of HSPC 

which were increased in frequency in spleens of 

Flt3L-treated mice, a comparison was made of the 

relative numbers of LT-HSC, ST-HSC, MPP2 and 

MPP3. Figure 3b demonstrates the gating analysis 

used to identify these subsets in Flt3L-mobilised and 

control adult mice. These studies confirmed that the 

specific subset of MPP3 was present in significantly 

higher numbers in pregnant mice than LT-HSC, ST-

HSC or MPP2 (Figure 3d).  The numbers of LT-HSC, 

ST-HSC and MPP2 was similar, although the number 

of MPP3 was ~30-fold higher and significantly 

different than than the other subsets in pregnant 

mouse spleen (Figures 3c, d). MPP2 reflect 

megakaryocyte-biased progenitors while MPP3 are 

myeloid-biased progenitors [44]. Flt3L-mobilisation is 

therefore more selective for the MPP3 subset of 

myeloid progenitors than for HSC, in particular.  

Localisation of HSC amongst spleen stromal 

environments    

The different non-hematopoietic stromal cell types 

were then localised in spleen so that the stromal 

environment of HSC could be identified. Antibodies 

specific for cell surface markers were used to stain 

frozen sections including CD29, a marker of 

mesenchymal cells and some hematopoietic cells in 

spleen [26, 27], CD105 which marks angiogenic 

vasculature, marginal reticular cells and red pulp 

fibroblasts which appear in neonates ahead of full 

hematopoiesis [44], CD31 which identifies mature 

endothelial cells in red and white pulp of spleen [26, 

29], gp38 which has been used to identify fibroblastic 

reticular cells and follicular dendritic cells in spleen 

[26, 45] [26, 30], CD140a/b which identifies 

perivascular reticular cells and mesenchymal stem 

cells [10, 26, 31], CD51 which identifies perivascular 

reticular cells [31, 46], and Thy1/CD90 which 

identifies T cells and mesenchymal stem/progenitor 

cells [31-34]. By using a combination of markers for 

stromal and hematopoietic cell types, we have been 

able to investigate the localisation of different stromal 

subtypes in relation to HSC in neonatal and pregnant 

mouse spleen.    

Initial studies involved neonatal spleens which have 

a more disorganised stromal cell distribution than 

adult spleen (Figure 1 & Supplementary Figure S1). 

Sections were stained with CD150 and co-stained 

with CD41/CD48/Lin to identify CD150+CD41/48/Lin- 

LT-HSC. F4/80 was used as a co-stain to demarcate 

the red pulp region filled with myeloid cells, and then 
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CD31, gp38 or CD105 were used as a co-stain to 

delineate different stromal cell types. Low power 

microscopy of sections stained with CD31and F4/80 

were used to identify white pulp with the central 

CD31staining central arteriole and red pulp filled with 

F4/80 staining myeloid cells (Figure 4a). The high-

power view identified CD150+CD41/48/Lin- LT-HSC 

in red pulp which are not specifically located in the 

vicinity of either F4/80+ myeloid cells or CD31+ 

vascular cells (Figure 4a’). Similar staining involving 

gp38 instead of CD31 identified a dense network of 

fibroblastic reticular cells in the red pulp, along with 

many Lin+ cells which demarcated the white pulp, and 

large, bright CD150+CD41/CD48+ megakaryocytes in 

the red pulp region (Figure 4b). High power 

microscopy identified CD150+CD41/48/Lin- LT-HSC 

in red pulp which appeared clustered amongst Lin+ 

cells. Some LT-HSC were located alongside gp38 

stromal cells (Figure 4b’). A final staining involved 

addition of CD105 which stains predominantly 

sinusoids in red pulp and also demarcates central 

arterioles and marginal zones (Figure 4c). 

Localisation of CD150+CD41/48/Lin- cells under high 

power revealed again that LT-HSC were present in 

the red pulp region and not associated closely with 

CD105 staining sinusoids (Figure 4c’).   

Further studies sought to localise LT-HSC in pregnant 

spleens. Staining involved detection of 

CD150+CD41/48/Lin- cells in relation to F4/80+ 

myeloid cells demarcating the red pulp and CD3 

demarcating the white pulp (Figure 5a). Pregnant 

adult spleen has much more pronounced regions of 

red pulp, and white pulp comprising T and B cell 

areas. A high-power view clearly localised LT-HSC in 

the red pulp, with cells clearly scattered in proximity 

with F4/80 staining myeloid cells (Figure 5a’). Co-

staining for CD31 clearly identified white pulp regions 

with a central arteriole, and other vasculature 

scattered across the red pulp (Figure 5c). A high-

power view clearly distinguished a small number of 

LT-HSC, but these were not associated with CD31 

staining endothelial cells (Figure 5c’). Co-staining for 

Thy1.2 /CD90 clearly stained T cells in the white pulp 

which was devoid of LT-HSC, and also showed 

scattered mesenchymal stem/progenitor cell staining 

in the red pulp (Figure 5d). A high-power view 

identified LT-HSC scattered amongst the myeloid 

cells in red pulp, with a small number in association 

with Thy1.2/CD90+ mesenchymal stem/progenitor 

cells (Figure 5d’). Further staining involved costaining 

for gp38 which clearly detects fibroblastic reticular 

cells in the white pulp (Figure 5e) in association with 

mature Lin+ cells (Figure 5e’’). Antibody to gp38 gave 

no staining of cells in the red pulp (Figure 5e’), 

although LT-HSC were detectable in clusters 

amongst the myeloid cells in red pulp (Figure 5e).  A 

final staining involved analysis of pregnant mouse 

spleen sections for CD140b, a marker which identifies 

mesenchymal perivascular reticular cells in red pulp, 

and in white pulp, a central clump of CD140b stained 

cells which represent follicular dendritic cells  [47]. 

Co-staining with c-Kit was used to identify HSPC in 

spleen and to determine any association with 

CD140b-staining cells. Figures 5 (f, g, h) identify c-Kit 

staining cells in red pulp, some of which co-stain with 

CD140b, suggesting close proximity between HSPC 

and perivascular reticular cells. Scattered c-Kit 

staining cells in the white pulp could reflect dendritic 

cells which do not co-stain with CD140b (Figure 5g). 

Also, some cells in the red pulp do not co-stain with 

c-Kit suggesting that only a subset of CD140b 

staining cells in the red pulp are localised in close 

proximity with HSPC, perhaps reflective of the stem 

cell niche. 

In summary, some although not all HSC in neonatal 

mice appeared to associate with gp38+ (% 

association: 32.50 ± 22.98) or with Lin+ cells (Figure 

4 b, b’). In contrast, in pregnant spleens, HSC 

appeared to associate with F4/80+ myeloid cells or 

Lin+ cells in the red pulp of spleen, in the presence of 

far fewer gp38+ cells (Figure 5 e, e’). A final study 

involving Thy1.2 staining and localisation of cells in 

red pulp of pregnant mouse spleen, revealed that 

some HSC in these mice were in close alignment with 

Thy1.2 staining mesenchymal cells (% association: 

26.17 ± 15.11), as well as F4/80 and Lin staining cells 

(Figure 5 d, d’). Thy1.2 staining would be consistent 

with the presence of mesenchymal perisinusoidal 

cells providing a niche in spleen supportive of HSC 

as reported by others [10]. 

Identification of cells which form hematopoietic 

niches in adult spleen   

Very little is known about the subsets of CD140-

expressing mesenchymal cell subsets which 

populate spleen, although their importance as niche 

elements for HSC has been recently described [10, 

15, 48, 49]. Since pregnant spleens contain 

quantifiable numbers of LT-HSC (Figure 3c), it was 

reasoned that adult spleens contain niches for HSC, 

and that adult spleen would be a more informative 

model to study stromal niches than neonates. The 

stromal fraction of adult mouse spleen was therefore 

isolated and sorted to isolate any CD140a/b 

expressing cells. Single cell sorting was used to 

isolate cells for preparation of RNA, and subsequent 

deposition into a Fluidigm chip. The presence of live 
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cells was verified microscopically, and cDNA 

prepared for each cell in the wells of the chip. RNA 

library preparation and sequencing led to 

identification of gene expression for each cell.  

Initial analysis involved RNA sequencing of 36 

isolated cells, but initial screening of gene expression 

identified 12 cells as non-viable with high expression 

of mitochondrial genes. Data analysis proceeded by 

clustering on the basis of gene expression in these 24 

cells. A first approach to subset identification involved 

selection of genes for clustering which had the 

highest variance across cells. Genes were only 

included in the analysis if they had signal value >100 

in every cell. Initial analysis involved clustering of 

8000 most variable genes, and this number was 

reduced until clear clustering was observed. 

Clustering of the 80 most variable genes was most 

informative, since it revealed clear separation into 

three clusters of cells (Figure 1c). A second approach 

involved selecting the highest expressed genes for 

clustering and involved setting different cut-offs for 

gene expression. The criterion for gene selection was 

that at least one cell must express the gene > cut-off 

signal value. For example, cut-off 100 gave 7515 

genes for clustering, cut-off 1000 gave 6149 genes, 

cut-off 10,000 gave 2218 genes, and cut-off 100,000 

gave 27 genes. Cut-off 1000 was selected since it 

gave 3 clear clusters which mirrored the same 3 

clusters of cells identified on the basis of clustering 

the 80 most variable genes (Figure 6b). Only one 

discrepancy was evident whereby C82 was in cluster 

3 in the first analysis involving the 80 most variable 

genes, but in cluster 3 in the second analysis 

involving signal value cut-off of 1000. The outcome of 

finding three clear clusters suggests 3 possible cell 

subsets are present amongst the CD140a/b 

expressing cells.   

Data mining was then used to investigate the 

expression of genes reflecting distinct cell lineages 

based on knowledge of CD140a/b expression on 

cells. Initial studies showed an absence of genes 

reflective of common stromal cell types including 

endothelial cells, and smooth muscle cells or 

pericytes. Since CD140a and CD140b are known 

markers of several stromal cell subsets including 

mesenchymal stem cells (CD140a/b+), perivascular 

reticular cells (CD140b+) and follicular dendritic cells 

(CD140a+), sets of genes reflective of these three 

main lineages were compiled through literature 

searching. Gene expression values were ranked for 

each of the three cell clusters identified previously. 

These data showed clear delineation of the clusters 

into different cell type. Cluster 1 cells expressed high 

levels of genes most reflective of follicular dendritic 

cells including Cxcl13, Mfge8, Acta2 and Ccl19 which 

was not expressed by cells in clusters 2 and 3 (Figure 

6d). Cluster 1 cells also expressed high levels of 

many genes expressed by mature mesenchymal 

cells, also consistent with the classification of 

follicular dendritic cells. These genes included 

Col1a1, Igfbp3, Itgb1, Vcam1, Sept4, Lepr, Cd44, 

Pdgfrb, Bmpr2, Itga1, Itgav, Cd164 and Pdgfra 

(Figure 6d). Clusters 2 and 3 reflect more closely 

aligned cells, although Cluster 2 cells are 

distinguishable by lower expression levels of genes 

expressed by both mesenchymal and perivascular 

cells. The consideration is that Cluster 2 cells could 

reflect more immature mesenchymal or perivascular 

reticular cells than those in Cluster 3. Cluster 3 cells 

are characterised by expression of genes known to 

be highly expressed in perivascular reticular cells 

notably Cxcl12, KitL (SCF), Hmcn1, Tcf21, Ctnnb1, 

Alcam and Tlx1 (Figure 6d). These cells also 

expressed high levels of genes expressed by mature 

mesenchymal cells as identified for Cluster 1 cells, 

reflective of cells of the mesenchymal lineage but of 

a different functional type.  

Single cell studies using the Fluidigm technology 

represent a powerful tool to identify cell subsets and 

their gene profile. These data confirm the presence of 

CD140a/b follicular dendritic cells in spleen which 

were also detectable as a central clump in the B cell 

follicles, through immunocytochemical staining of 

spleen white pulp (Figure 5g & h). Gene expression 

data also confirms the presence of 2 clusters of 

CD140b-expressing cells subsets corresponding to 

perivascular reticular cells, which reflect those 

located in the red pulp of spleen by 

immunocytochemical staining (Figure 5g & h), only 

some of which colocalise with c-Kit staining 

hematopoietic progenitor cells. 
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Fig 1: Comparison of spleen morphology between adult and neonates 

Spleens were collected from D6 neonatal and adult W6 mice. Acetone-fixed frozen sections were stained with specific fluorochrome-conjugated antibodies and representative images 
are shown for CD3, B220 and F4/80 staining of T cell zones (T), B cell follicles (B) and red pulp (RP) in both adults (a) and neonates (b). Scale bar: 250mm. Spleen stroma was 
investigated through staining of CD29 and Sca-1, using F4/80 to delineate myeloid cells in RP of adults (c, c’, c’’) and neonates (d, d’ d’’). Scale bar: 250mm (c, d). High power view 
of neonatal spleen (d’’’) indicates CD29+Sca-1+/- stromal cells in RP (red arrows). Scale bar: 25mm. Images representative of 3 mice are shown.
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Fig 2: Detection of HSPC in spleens of neonates and adults 

In order to detect HSPC is spleen, acetone-fixed frozen sections were stained with specific fluorochrome-conjugated antibodies. Adult (a) and neonatal (b, b’) spleen were investigated 
for Sca-1 and c-Kit staining to detect cKit+Sca-1+ HSPC. F4/80 staining was used to detect myeloid cells and so delineate red pulp (RP) from white pulp (WP). Scale bar: 250μm) (a, 
b) and 50mm (b’). Spleen of adult mouse treated with Flt3L was stained for Sca-1 and c-Kit (c) and Lin and c-Kit (d) to detect HSPC as cKit+Sca-1+ cells but not Lin+c-Kit+ cells. Scale 
bar: 50mm (c) and 25 mm (d). Spleens of adult normal mice (e) were compared with Flt3L treated mice (f) for CD150, CD41 and CD48 staining to identify any CD150+CD41/48- 
HSPC. Scale bar: 100mm. Images representative of 3 mice are shown.
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Fig 3: Flow cytometric detection of HSPC in spleen 

(a) Spleen cells from pregnant (E18.5), neonatal (D6) and adult mice were subjected to magnetic bead cell separation to deplete Lin+ cells and then labelled with antibodies specific 
for Lin and the markers Sca-1, c-Kit, CD150, Flt3, CD41 and CD48 to gate LT-HSC as a Lin-Sca-1+c-Kit+CD150+Flt3-CD41-CD48- subset. (b) Spleen cells from Flt3L-mobilised and 
normal adult mice were stained as in (a) and gated to identify LT-HSC (Lin-Sca-1+c-Kit+Flt3-CD150+CD48-), ST-HSC (Lin-Sca-1+c-Kit+Flt3-CD150-CD48-), MPP2 (Lin-Sca-1+c-Kit+Flt3-

CD150+CD48+) and MPP3 (Lin-Sca-1+c-Kit+Flt3-CD150-CD48+) subsets. (c) Absolute number of each HSPC subset identified in spleens of adult (W6), pregnant and neonatal (D6) 
mice (E18). (d) Absolute number of HSPC subsets present in spleen of Flt3L-treated adult mice. Data are shown as mean + SE (n=3). * significantly different (p<0.05).
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Fig 4: Localisation of HSC in neonatal spleen 

Acetone-fixed frozen neonatal spleen sections were stained with fluorochrome-conjugated antibodies specific to CD150, 
CD41, CD48 and Lin to identify HSC as CD150+CD41/48-Lin- cells along with antibodies to F4/80 (staining myeloid cells in 
red pulp) and either CD31 (a, a’), gp38 (b, b’) or CD105 (c, c’) to assess HSC association with different stromal cell types. 
Red pulp (RP), white pulp (WP) and central arteriole (CA) regions are identified. White arrows identify HSC (a’, b’, c’). Scale 
bar: 250μm (a, b, c) 50μm (a’, b’, c’). Images representative of 3 mice are shown. 
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Fig 5: Localisation of HSC in pregnant spleen 

Acetone-fixed frozen spleen sections from adult pregnant (E18.5) mice were stained with fluorochrome-conjugated antibodies specific to CD150, CD41, CD48 and Lin to identify HSC 
as CD150+CD41/48-Lin- cells, along with antibodies to F4/80 to delineate myeloid cells in red pulp. Other antibodies used were specific for CD3 (a), CD31 (c, c’), Thy1.2 (d,d’) and 
gp38 (e, e’, e’’) to assess HSC association with different cell types. Red pulp (RP), white pulp (WP), T cell areas (T), B cell areas (B) and fibroblastic reticular cells (FRC) are identified. 
White arrows identify HSC (b, c’, d’, e’). c-Kit+ cells localised in RP were localised in association with CD140b+ stromal cells (f, g, h). Scale bar: 250μm (a, c, d, e), 50μm (b, c’,), 25μm 
(d’, e’, e’’, f, g, h). Images representative of 3 mice are shown. 
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Fig 6: Characterisation of HSC niches in neonatal spleen 
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Gene expression analysis through single cell 

sequencing employed the C1 Fluidigm system to 

investigate the CD140a/b+ subset of splenic stroma. 

(a) Initial analysis compared the number of stromal 

cells which could be isolated from adult W6 and 

neonatal mice D6 through cell sorting to gate out 

CD45.2+ lymphoid cells for the identification of 

CD140a/b+ cells for sorting. Single cell deposition, 

library production and sequencing were performed on 

CD140a/b+ cells sorted from neonatal spleen. 

Twenty-four cells were selected for analysis. (b) 

Hierarchical clustering of highly expressed genes is 

shown for 6149 genes expressed at a signal value 

>1000 in at least one cell, giving three main clusters. 

(c) Hierarchical clustering of the 80 most variable 

genes also revealed the same three main clusters. (d) 

Data mining was used to detect expression of known 

genes by these clusters. Genes were selected known 

to be expressed in perivascular reticular cells 

(PVRC), mesenchymal stem cells (MSC) and 

follicular dendritic cells (FDC). Genes expressed at 

signal levels of >1000 in more than one cell are 

shown in the heat map. Heat maps show ln 

expression for each cell across the signal level of 0 

(red) to maximum signal (yellow). 

Discussion  

While the concept of an HSC niche was developed a 

few decades ago, it has only been recent 

technological advances which have permitted 

experimental investigation at the level of single cell 

identification and interaction. Indeed, those studies 

have uncovered multiple niche elements in bone 

marrow and described the possible interplay between 

distinct cell types. Unfortunately, investigation into 

HSC niches in spleen is only in its infancy and made 

more difficult because of the rarity of HSC in that 

organ. Information on the cell surface markers of 

splenic stroma has been used here to investigate 

niches for HSC in spleen. 

Previous studies have shown that the adult spleen 

contains a very small population of HSC capable of 

long-term hematopoietic reconstitution [18, 50]. HSC 

in spleen were also found to be phenotypically and 

functionally similar to HSC in the bone marrow [38]. 

However, since HSC exist in far lower number in the 

adult spleen than that in the bone marrow [38], it has 

been extremely challenging to detect HSC in steady-

state adult spleen using immunofluorescence 

imaging. We have therefore tested animal models 

where the numbers of HSC might be expected to 

increase above normal adult levels. These included 

neonatal mice (D6), pregnant (E18.5) mice and Flt3L 

treated mobilised mice. There are two main reasons 

for the choice of the neonatal spleen model. Firstly, it 

is known that the spleen harbours high number of 

HSC until 2 weeks of age [18, 51]. Secondly, splenic 

long-term cultures were most readily established from 

neonatal D6 spleen, producing myeloid dendritic-like 

cells which develop directly from LT-HSC [52]. The 

choice of the pregnant model is largely based on a 

recent report which showed that pregnant adult 

spleen contains more HSC than non-pregnant adult 

spleen, along with increased erythropoiesis and 

myelopoiesis [10]. In addition, the documented effect 

of Flt3L on myeloablation and HSC mobilisation from 

bone marrow to peripheral blood and spleen [23-25], 

was the main reason for the choice of Flt3L 

mobilisation model. 

In this study, we did localise Lin-CD150+CD41-CD48- 

LT-HSC in the red pulp of neonatal spleen by section 

staining, although they were present in low numbers. 

Our data therefore parallel a recent report showing 

that HSC in spleen are localised in the red pulp 

following induction of extramedullary hematopoiesis 

[10]. In that report, extramedullary hematopoiesis 

was induced in spleen using combined administration 

of cyclophosphamide and G-CSF which results in 

increased numbers of HSPC migrating into spleen 

and allowed detection of HSC in spleen by 

immunofluorescence imaging [8, 10, 53, 54]. The 

same group also showed that extramedullary 

hematopoiesis was prominent in spleens of pregnant 

mice [22]. Consistent with their findings, we found that 

the number of Lin-CD150+CD41-CD48- LT-HSC in 

pregnant adult mice was significantly greater by ~15-

fold than in normal adult spleen (Figure 3c). In 

addition, Lin-CD150+CD41-CD48- LT-HSC were 

located in the red pulp of pregnant spleens (Figure 5). 

These results are consistent with increased 

erythropoiesis and myelopoiesis in spleen during 

pregnancy dependent on an increased supply of 

HSPC to that organ [10, 22].  In contrast, 

extramedullary hematopoiesis in neonatal spleen 

progressively decreases to a steady-state level 

during development to adulthood as the bone marrow 

takes over as the main hematopoietic organ. The 

same population of LT-HSC is in far lower in number 

in Flt3L mobilised spleens compared with control 

adult spleens. It has been shown in our study that 

Flt3L treatment resulted in high numbers of MPP3, a 

myeloid biased MPP in the spleen (Figure 3d). 

However, it is unclear if the differentiation of HSC to 

MPP occurred prior to mobilisation, or within the 

splenic microenvironment.  

This study also looked at the stromal cells which lay 
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in association with HSC as a first attempt to describe 

stromal niches in spleen. Multiple cell surface 

markers including CD31, gp38, CD105 and Thy1.2 

were used in this study. Amongst those tested, no 

association was observed with CD31 and CD105 

cells in either neonatal or pregnant spleens (Figures 

4 & 5). Staining for CD105, a marker of angiogenic 

vasculature, marginal reticular cells and red pulp 

fibroblasts, gave a similar staining pattern to CD31 in 

both pregnant adult and neonatal spleens (Figure 

3B). However, CD105 staining in red pulp (F4/80+) of 

neonatal spleen was stronger than in pregnant adult 

spleens, consistent with a predominance of CD105+ 

stromal cells during neonatal development [55].  

In neonatal spleens which have a predominance of 

gp38+ stromal cells in red pulp, some LT-HSC 

appeared to associate with gp38+ stromal cells 

(Figure 4b, b’). This however was not the case in adult 

pregnant spleen where fewer gp38+ cells can be 

found and very few LT-HSC appeared to colocalise 

with these cells (Figure 5e, e’ e’’). Thy1.2 staining 

stromal cells did however appear to lie in close 

proximity with some LT-HSC in pregnant spleens 

(Figure 5 d, d’), consistent with a niche involving 

mesenchymal, perhaps perisinusoidal reticular cells 

as described previously by others [10].   

It was also noted that some LT-HSC were associated 

with Lin+ hematopoietic cells or myeloid cells. It is 

possible that these cells act to maintain LT-HSC 

within the splenic red pulp micro-environment which 

is otherwise inhospitable, owing to the highly 

immunoreactive nature of the organ. Consistent with 

this finding is the reported role of bone marrow 

CD169+ macrophages in HSC maintenance [56], so 

that splenic macrophages may also promote HSC 

maintenance. Indeed, Dutta and co-workers recently 

reported that macrophages retain HSC in spleen 

using VCAM1, and it was found that reduction of 

VCAM1 expression leads to egression of HSC into 

the circulation [57]. Tang and co-workers also 

demonstrated that splenic stroma promotes 

differentiation of bone marrow HSC into regulatory 

dendritic cells [58]. It is interesting to speculate that 

some of these Lin+ cells are regulatory dendritic cells, 

which themselves promote the generation of 

regulatory T cells. Recently, FoxP3 regulatory T cells 

were reported to provide an immune-privileged site 

for the HSC niche in bone marrow [59]. It is possible 

that these regulatory T cells reside in close proximity 

to HSC to protect them from the immune environment 

in spleen. Indeed, several immune cell types might be 

involved in the support and regulation of HSC in 

spleen.  

Although direct contact of HSC with stromal cells is in 

keeping with a niche model for hematopoiesis, it is 

still possible that stromal cells could act in a paracrine 

fashion. We are therefore unable to conclusively 

interpret the hematopoietic support role of stromal 

cells which were not in direct contact with HSC 

without using a conditional knock out mouse model to 

undertake a study. A splenic niche involving Tcf21+ 

stromal cells has been recently reported [10]. Tcf21+ 

cells were shown to be located around sinusoids in 

red pulp of spleen and most HSC were found to be 

associated with those cells [10]. The production of 

SCF and CXCL12 by Tcf+ stromal cells, and their 

important role in extramedullary hematopoiesis, was 

demonstrated in knock-out mouse models [10]. That 

study identified Tcf21-expressing stroma as CD140b+ 

perivascular cells in spleen red pulp as we have 

shown here. Our study also shows high levels of 

expression of Scf and Cxcl12 by cells expressing 

Tcf21 (Figure 6d). They were unable to show that 

some CD140b+ cells like the follicular dendritic cells 

identified here do not express Tcf21 and are unlikely 

to be HSC niches. These experiments are an insight 

into splenic niches, but not a full characterisation of 

stromal subsets and their capacity to support 

hematopoiesis.  

Distinct architectural differences were also noted 

between adult and neonatal spleens in this study. The 

more developed white pulp region of the adult spleen 

as compared to the neonatal spleen is consistent with 

earlier findings that the white pulp of murine spleen is 

poorly organised at birth and that extensive cellular 

organisation only occurs after birth [60, 61]. This 

greatly contrasts with the human spleen which is 

apparently fully developed at birth [62]. To this end, 

we have shown that HSC localise in the red pulp of 

neonatal and pregnant spleens. While only gp38+ 

stromal cells were found to associate with HSC in 

neonatal spleens, there appear to be mesenchymal 

stromal cell types which form a niche in adult spleen, 

with the possibility that endothelial and vascular cells 

may contribute in a paracrine fashion to aid in the 

regulation of splenic extramedullary hematopoiesis.  
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Fig: S1 

Distinct stromal cell distribution in neonatal compared with adult spleen 

Initially, spleen cells expressing various markers of hematopoietic and stromal cells were localised in single colour studies using specific antibodies (Figure S1). 
Adult 6-week and neonatal D6 spleens were compared for staining of markers reflecting T cells (CD3e), B cells (B220) and myeloid cells (F4/80). These stains 
revealed the distinctive T cell zones and adjacent B cell follicles which make up the white pulp regions. F4/80 staining of myeloid cells demarcated the red pulp 
region of spleen. Neonatal D6 spleens had notably larger red pulp regions and smaller white pulp regions for T and B cells (Figure S1B a, b, c), while these areas 
were larger and more demarcated in adult spleen (Figure S1A a, b, c).  The more organised architecture of the splenic stroma in adult compared with neonatal 
spleen is identified through staining with CD29 and CD54 (Figure S1A d, g; Figure S1B g). Staining adult spleen for CD45.2 revealed high numbers of lymphoid 
cells in the follicles as well as myeloid and lymphoid cells migrating through the red pulp (Figure S1A h). Staining for c-Kit, a receptor for stem cell factor (SCF), was 
used to detect HSPC as well as mesenchymal progenitors and stromal cells. While c-Kit staining was restricted to the red pulp region in adult spleen consistent 
with staining of HSPC and red pulp stroma (Figure S1A e), it was more evenly spread over all regions in neonatal spleen consistent with the presence of HSPC, as 
well as developing mesenchymal cells across all regions (Figure S1B f). Staining for CD150 in neonatal spleen was used to confirm HSC staining, and cells were 
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detected predominantly in the red pulp region (Figure S1B e). CD150 staining revealed no cells in adult spleen (see Figure 3). Spleen sections were also stained 
for CD29, a β-1 integrin, expressed by red pulp fibroblasts and fibroblast reticular cells in the T cell zones, and also in the region of the central arteriole (Figure S1A 
f). Neonatal spleen staining for CD29 was distinctly different to adult spleen, with scattered clusters of CD29+ cells in the red pulp region, high numbers of CD29+ 
cells in the marginal zone and the T cell areas, and in periarteriolar regions (Figure S1B g). Antibody to Sca-1/Ly6A, a marker expressed by activated lymphocytes, 
HSPC and mesenchymal stem cells, clearly stained adult spleen cells on the edge of the follicles, or in the red pulp region of adult spleen (Figure S1A d). Conversely, 
Sca-1 staining cells in neonatal spleen were localised in the white pulp, with scattered clusters of Sca-1+ cells in the red-pulp (Figure S1B h). The general stromal 
markers Sca-1, CD54 and CD29 serve to demonstrate clear structural differences between neonatal and adult spleen. Adult spleen sections were densely stained 
by antibody specific for CD54 (ICAM1), with highest staining in the red-pulp, marginal zone, and region of central arteriole in the white pulp, consistent with evidence 
that CD54 is expressed by fibroblast reticular cells, follicular dendritic cells, marginal zone reticular cells and red pulp fibroblasts (Figure S1A g). Staining for CD140a 
(PDGFα) in neonatal spleen was found predominantly in the marginal zone on marginal zone reticular cells, with evidence for staining of fibroblast reticular cells in 
T cell zones as well as red pulp fibroblasts (Figure S1B i). Staining for gp38 (podoplanin) in adult spleens identified cells distributed in clusters, in the T cell zones 
reflecting FRC (Figure S1Ai). 

https://www.mediresonline.org/journals/international-journal-of-stem-cells-and-medicine

