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Exploring the regenerative
capacity of the spleen
following irradiation
Christie T. M. Short, Helen C. O’Neill* and Jonathan K. H. Tan
Clem Jones Centre for Regenerative Medicine, Faculty of Health Sciences & Medicine, Bond
University, Gold Coast, QLD, Australia
Introduction: Haematopoietic stem cell transplantation (HSCT) is commonly
used to treat patients with haematological disorders. Myeloablative conditioning
is an important preparation for patients receiving haematopoietic stem cells
(HSC) or haematopoietic stem and progenitor cells (HSPC). While widely
successful, HSCT is still associated with high rates of mortality. The recovery
time between complete myeloablation and haematopoietic recovery is a large
factor in the recovery rate. Successful engraftment of HSC is also directly
correlated with the number of HSC niches available. This highlights the
importance of the haematopoietic niche and its recovery from myeloablation
as an important therapeutic target.

Methods: This murine model study speci�cally considers changes in spleen
tissue architecture and cellular composition involving stromal and vascular cells
that occur following lethal irradiation.

Results: Spleen recovered fully between 4- and 8-weeks after irradiation due to
reconstitution by HSPC from bone marrow. Speci�c temporal changes in spleen
architecture were identi�ed, and these were linked to the cell types that
constitute the white pulp, red pulp and marginal zones. Mesenchymal stromal
cells returned before endothelial cells, and reticular cell types recovered more
quickly in spleen following irradiation. Losses in gp38+ �broblastic reticular cells
and MAdCAM-1+ marginal reticular cells were associated with loss of the white
pulp in the �rst 4 weeks following irradiation. White pulp was restored following
recovery of supporting reticular cells.

Discussion: This study tests how spleen regeneration following a lethal dose of
irradiation can be in�uenced by co-infusion of bone marrow HSPC together with
either neonatal spleen stromal cells, or cells of the stromal STX3 line. Both the
infusion of neonatal spleen stromal cells and STX3 stromal cells hastened
recovery of both mesenchymal and vascular compartments. Following
neonatal spleen stromal cell infusion, endothelial cells increased early, but a
delay in structural reformation of distinct red and white pulp areas was found.
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Results from this study show that spleen regeneration can be in�uenced and
even hastened through cellular therapy. Neonatal spleen stromal cells, co-
infused together with HSPC following irradiation conditioning, represent a
potential therapeutic opportunity for hastening spleen regeneration.
KEYWORDS

haematopoiesis, haematopoietic stem cell niche, spleen, bone marrow, irradiation,
regeneration, spleen regeneration
Introduction
Haematopoietic stem cell transplantation (HSCT) is utilised to

treat patients with haematological disorders like leukaemia.
Myeloablative conditioning is routinely used to prepare patients
for transplantation. While HSCT is widely successful, it is still
associated with high rates of mortality. The recovery time between
complete myeloablation and haematopoietic recovery is a large
factor in recovery rate. Successful engraftment of transplanted HSC
is directly correlated with the number of HSC niches available (1).
The recovery of the haematopoietic niche following irradiation or
myeloablation is therefore an important therapeutic target.

The bone marrow HSC niche has diverse functionality, allowing
maintenance of a quiescent population of primitive HSC,
subsequent HSC differentiation and haematopoietic cell
development. The majority of active HSC reside in perisinusoidal
niches in bone marrow, with rapid availability of oxygen, nutrients
and cellular support (2). In bone marrow niches, the majority of cell
types are osteoblasts in the endosteal niche, and endothelial cells in
the perivascular niche. Leptin receptor+ (LepR+) mesenchymal
stromal cells and endothelial cells are responsible for the
maintenance and regulation of the bone marrow niche (3).
Distinct domains around sinusoids regulate HSPC, evidenced by
their spatial distribution throughout the bone marrow in proximity
to arterioles, sinusoids and the endosteum.

In the treatment of haematopoietic malignancies, myeloablative
irradiation causes damage to bone marrow and destroys HSC niche
space, particularly sinusoidal endothelial cells (4). Irradiation
damage to bone marrow stromal cells can be permanent
inhibiting their ability to interact with other niche cells and their
capacity to maintain and support HSC (1, 5). The success of HSC
transplantation is correlated with the number of niches available per
unit time (6). Thus, the damage caused to supporting cells in the
niche may in�uence the ef�cacy of HSCT. It has been shown that
transplantation of bone marrow endothelial cells can augment
haematopoietic recovery following myeloablation and HSC
transplantation (7). In these studies, bone marrow endothelial
structure was disrupted at 10-15 days post irradiation. Within 5
days of transplantation of bone marrow endothelial progenitors,
accelerated recovery of bone marrow cellularity, sinusoidal vessels,
HSC regeneration and mature blood cell counts was reported (7).
02
It was also shown that transfer of whole bone marrow cells
supplemented with bone marrow endothelial cells into
conditioned recipients resulted in long-term, multi-lineage
engraftment and increased host survival (8).

The spleen also has capacity to support haematopoiesis and
hosts a small population of distinct tissue-resident HSC (9). Murine
HSPC were �rst localised in proximity with the endothelium of red
pulp sinuses in postnatal murine spleen (2), and splenic red pulp
was found to retain haematopoietic activity. Extramedullary
haematopoiesis in spleen is dependent on the synthesis of
CXCL12 by TCF21+ perisinusoidal stromal cells, and stem cell
factor (SCF) by both endothelial cells and TCF21+ perisinusoidal
stromal cells (9). Other studies have shown that macrophages may
also be responsible for shaping and maintaining the niche in spleen
(10). While irradiation of spleen has been used to treat
haematopoietic malignancies, the importance of splenic stroma in
haematopoiesis has not been investigated as fully as in bone
marrow. The spleen is primed for myelopoiesis and is capable of
more expedient production of myeloid cells than bone marrow.
HSC in spleen are also quicker to enter the cell cycle than their bone
marrow counterparts (11). HSC engraftment is dependent on
available niche space in both spleen and bone marrow (1), so that
hastening the recovery of spleen and the splenic niche after
irradiation could increase the effectiveness of HSCT. Here, the
recovery potential of spleen following irradiation conditioning has
been analysed, and the impact of two distinct cellular
therapies investigated.

An irradiation model for HSCT was established using control
mice to assess damage to the multiple distinct regions present in
spleen using immuno�uorescent microscopy. The presence of
distinct cell types was assessed and quanti�ed by �ow cytometry.
Spleen recovery was then compared following irradiation using two
distinct cell therapy approaches. The �rst involved adoptive transfer
of neonatal spleen stromal cells. Since development of neonatal
spleen has been described as dependent on the interaction of
primitive lymphoid tissue inducer (LTi) cells with mesenchymal
lymphoid tissue organiser (LTo) cells (12), infusion of neonatal
spleen stromal cells into irradiated animals was hypothesised to
accelerate spleen recovery. The second approach involved transfer
of cells of the STX3 spleen stromal line, previously established in
this lab (13). STX3 is a cloned continuous stromal cell line that
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supports haematopoiesis (13, 14), and progeny clones of STX3
re�ect perivascular reticular cells of mesenchymal origin resembling
osteoprogenitors (15). These two distinct approaches have been
tested with a view to improve regeneration of spleen and its HSC
niches after myeloablative irradiation. Previously combined delivery
of bone marrow stromal cells and haematopoietic cells into
irradiated hosts was shown to improve the regeneration of bone
marrow HSC niches (7, 16).
Materials and methods

Animals

Speci�c, pathogen-free female C57BL/6JArc (C57BL/6J) mice
were obtained from the Animal Resource Centre (Perth, WA,
Australia). C57BL6J Nzeg-enhanced (e) GFP mice were derived
and kindly provided by Klaus Matthaei (John Curtin School of
Medical Research, Canberra, Australia). Adult female mice were
used at ages 6- to 16-weeks. Neonatal female and male mice were
used between 1- and 8-days of age. Adult euthanasia was performed
by cervical dislocation, and neonatal euthanasia was achieved
through hypothermia. Mice were housed in the Animal Holding
Facility (Bond University, Gold Coast, Australia) and handled
according to protocols approved by the Animal Ethics Committee
of the University of Queensland (Brisbane, QLD, Australia) under
protocol: BOND/027/18. Mice were irradiated at the University of
Queensland Biological Resources Centre at the Translational
Research Institute (Brisbane, Queensland, Australia). Mice were
housed for one week before irradiation which was delivered as a
split dose of 4.5 Gy initially, followed by a second dose of 5 Gy after
4 hours (9.5 Gy total). Animals were then transferred immediately
to the Animal Holding Facility at Bond University.

For adoptive cell transfer through the tail vein, animals were
placed beneath a heat lamp in a cylindrical restraint. A 26G insulin
syringe was used to deliver an infusion of bone marrow rescue cells
(105 cells in 200µL PBS) within 8 hours of irradiation. Further
adoptive cell transfers involved either neonatal spleen stromal cells
prepared from C57BL6J Nzeg-eGFP mice, or STX3 spleen stromal
cells (105 cells in 200µL PBS). Mice were sustained under
observation on antibiotic water (neomycin sulfate (1.1g/L) and
polymyxin B sulfate (106 U/L); Sigma-Aldrich Corporation; St.
Louis, Missouri, USA) following irradiation.

Cardiac perfusion with �xative was performed in some animals
prior to harvest of spleen. This applied to adult irradiated animals
previously infused with a combination of rescue bone marrow cells
and neonatal spleen stromal cells from C57BL6J Nzeg-eGFP mice.
Animals were anaesthetised using a Darvall Stinger Streamline
Iso�urane vaporiser (Darvall Vet; Gladesville, NSW, Australia).
They were placed in the induction chamber under a heat lamp
and exposed to iso�uorane set at 5% for induction and 3% for
surgery of the upper thorax. The underlying membrane was
separated from the skin and opened to cut the ribcage and expose
the heart. A small portion of the liver was excised, and a dish placed
under it to collect �uid �ow-through. A 25G butter�y needle was
inserted into the left ventricle at an inferior and lateral angle and
Frontiers in Hematology 03
8mL of PBS was delivered over 3 minutes. Following this, 8mL of
formalin solution (10%, neutral buffered) was delivered over 3
minutes. Following successful cardiac perfusion and animal
sacri�ce, splenectomy was performed.
Cell culture

Cells of the STX3 spleen stromal cell line were cultured as a
monolayer in supplemented Dulbecco’s Modi�ed Eagle Medium
(sDMEM) (Sigma-Aldrich Corporation) at 37°C in 5% CO2 air and
97% humidity as described previously (13). Cells were released
through scraping and repetitive pipetting at 90% con�uence, and
passaged by 1:3 dilution. For adoptive transfer, cells were harvested,
washed and resuspended in PBS.
Preparation of bone marrow rescue cells

Bone marrow cells were prepared from 8- to 10-week-old
C57BL/6J female mice. The femur and tibia of both hind legs
were dissected and the epiphyses cut off to expose the diaphyses.
Central bone marrow was ejected into a 14mL conical tube
containing 2mL ice-cold PBS using a 23G × 1 ¼” syringe,
followed by repetitive pipetting to dissociate cells and form a
single cell suspension. Cells were pelleted for 5 minutes at 200G
and 4°C, and then resuspended in 1mL red blood cell lysis buffer
(eBioscience Incorporated; San Diego, CA, USA) for 5 minutes at
room temperature. Cells were washed in medium and cell number
calculated by staining dead cells with trypan blue (12% in PBS)
(Sigma-Aldrich Corporation) and counting on a haemocytometer
using a Leitz Diavert Inverted microscope (Leica Microsystems
GmbH; Wetzlar, Germany).
Preparation of spleen stromal cells by
enzymic digestion

Spleen stromal cells were prepared from neonatal C57BL6J
Nzeg-eGFP mice for adoptive transfer as a cell therapy. The
spleen stromal cell fraction was also isolated from adult mice
undergoing HSCT for quanti�cation of stromal subsets by
�ow cytometry.

Spleens were physically dissociated using a 1mL syringe plunger
(Terumo Corporation; Shibuya, Tokyo, Japan) and cells resuspended in
a 14mL conical centrifuge tube containing 10mL DMEM and 2% FCS
(Sigma-Aldrich Corporation), before placement on ice for 1 minute to
settle. Supernatant was removed using a 70µm reversible cell strainer
(STEMCELL Technologies; Vancouver, British Colombia, Canada),
and stromal fragments collected on the strainer. Enzymic digestion of
stromal fragments involved addition of 2mL of Collagenase IV mix
(DMEM, 2% FCS, collagenase from Clostridium histolyticum (1mg/
mL), Deoxyribonuclease I from bovine pancreas (40µg/mL) (Sigma-
Aldrich Corporation)) to release stromal cells attached to the grid of the
strainer. Collected cells were incubated with rotation for 10 minutes at
37°C on a Bio RS-24 Mini-rotator (speed = 3) (Biosan: Riga, Latvia).
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https://doi.org/10.3389/frhem.2024.1396672
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org


Short et al. 10.3389/frhem.2024.1396672
The cell suspension was pipetted rapidly to disperse cell fragments
before incubation in an additional 4mL of Collagenase D solution
(DMEM, 2% FCS, Collagenase D (1mg/mL) and Deoxyribonuclease I
(40µg/mL)) for another 10 minutes at 37°C with gentle rotation. Cells
were washed with 8mL of ice-cold medium (DMEM with 2% FCS),
and centrifuged for 5 minutes at 200G and 4°C. Supernatant was
discarded, the pellet resuspended in medium, �ltered through a 100µm
cell strainer (Greiner Bio-One; Kremsmünster, Austria), and
cells counted.
Flow cytometry

Antibody staining and �ow cytometry was used to characterise
and quantify stromal cell populations in spleen. Spleen stromal cells
were prepared through enzymic digestion and resuspended in
staining buffer (1% FCS, 0.1% sodium azide in PBS), and
aliquoted at 106 cells/well into a 96-well U-bottom plate (TPP
Techno Plastic Products AG; Trasadingen, Switzerland),
sedimented for 5 minutes at 200G and 4°C, and supernatant
discarded. Cells were resuspended in 10mL antibody cocktail
prepared by diluting antibody 1:100 in staining buffer, followed
by incubation for 10 minutes at 4°C protected from light. Wells
were washed once with 150mL staining buffer before supernatant
was discarded and secondary reagents added (1:400 dilution) as
needed for a further 10-minute incubation. After a �nal wash,
samples were resuspended into 150mL staining buffer and
transferred into 12 × 75mm labelled Falcon tubes (Becton
Dickinson; Franklin Lakes, New Jersey, USA.).

To discriminate live cells, 40mg/mL propidium iodide (PI;
Sigma-Aldrich Corporation) was prepared and 2mL added to
samples. Flow cytometry was performed on a BD FACSAria™

Fusion �ow cytometer (Becton Dickinson) using single-colour
controls (SCC) to adjust compensation for spectral overlap. For
all antibody-based SSC, cells were used for staining. Where possible,
�uorescence-minus-one controls (FMOC) were used to set gates to
distinguish staining. These antibody cocktails contain all but one
antibody to de�ne the negative population boundaries for the
excluded antibody. Acquired data was analysed using FlowJo
v10.2 software (FlowJo LLC; Ashland, Oregon, USA).

Fluorochrome conjugated antibodies used to detect both
endothelial and mesenchymal stromal cells included CD45-APC-
eFluor® 780 (30-F11), MAdCAM-1-biotin (MECA-367) and
CD105-PE-Cy7 (MJ7/18) from eBioscience; and TER-119-BV421
(TER-119), gp38-PE (8.1.1), CD31- Alexa Fluor® 647 (MEC13.3)
from BioLegend (San Diego, CA, USA). Secondary conjugates used
were Streptavidin (SA)-BV510 from BioLegend.
Immunocytochemistry

Changes in spleen structure and architecture were determined
using immuno�uorescence staining of tissue sections to distinguish
known cells and regions of spleen. Spleens were harvested and
frozen in Tissue-Tek ® O.C.T Compound (Sakura Finetek Japan
Frontiers in Hematology 04
Co., Ltd; Tokyo, Japan). Frozen spleens were sectioned at 6-8µm
thickness (-12 to -14˚C) using a Leica CM1800 Cryostat (Leica
Microsystems GmbH) and applied to Sodalime white glass
(UberFrost) Printer Slides (InstrumeC; Victoria, Australia).
Sections were �xed in acetone for 5 minutes at room temperature,
then washed 3 times in PBS for 3 minutes at room temperature.
Tissues were blocked before addition of primary antibodies. This
involved Fc block (CD16/32 [1:100]: BioLegend) unless puri�ed
antibodies were used, in which case blocking was achieved using
FACS buffer only. Incubations were performed inside an incubation
chamber away from light. Primary antibodies were applied and
incubated for 8 hours at 4°C. Slides were washed 3 times in PBS for
3 minutes at room temperature, before application of secondary
antibodies, which were incubated for 1 hour at 4°C. Slides were
washed again 3 times in PBS at room temperature, then a coverslip
applied using Dako Fluorescence Mounting Medium (Agilent
Technologies; Santa Clara, California, USA). Antibodies used
included MOMA-1-biotin (MOMA-1) from Abcam (Cambridge,
United Kingdom); FDC-M1-puri�ed (FDC-M1) from BD
Pharmingen (San Diego, CA, USA); B220-Alexa Fluor® 647
(RA3-6B2), CD29-PE (HMb1-1), CD31-Alexa Fluor® 647
(MEC13.3), CD31-PE (390), CD105-Alexa Fluor® 488 (MJ7/18),
CD105-PE (MJ7/18), F4/80-biotinylated (BM8), F4/80-FITC
(BM8), gp38-PE (8.1.1) and MAdCAM-1-Alexa Fluor® 488
(MECA-367) from BioLegend; and CD11b-biotin (M1/70), CD3e-
APC (145-2C11), MAdCAM-1-biotin (MECA-367) and TER-119-
biotin (TER-119) from eBioscience. Secondary conjugates used
were streptavidin (SA)-Alexa Fluor® 488 (BioLegend); SA-APC
and SA-PE (eBioscience); and Donkey anti-Rat IgG-Alexa Fluor®

488 (Life Technologies; Carlsbad, CA, USA). All antibodies were
screened and tested to ensure no background staining before use.

Spleen sections were imaged using a Nikon Eclipse Ti2-E
�uorescent microscope (Nikon Corporation; Tokyo, Japan)
commonly at 10X magni�cation. Images were processed in NiS
Elements AR software (Nikon Eclipse Ti2-E; Nikon Corporation)
and FIJI v2.0.0 open-source software (Laboratory for Optical and
Computational Instrumentation; Maddison, Michigan, USA)
including the QuickFigures plugin (17, 18).
Statistics

All experiments used biological triplicates as a minimum and
individual experiments compared one control and one test sample
as a minimum. Statistical analyses were performed in GraphPad
Prism v9 software (GraphPad; San Diego, CA, USA) and power and
sample sizes were calculated in G*Power software (Heinrich Heine
University Düsseldorf, Düsseldorf, Northrhine-Westphalia,
Germany). Data are expressed as mean ± SEM. Outliers were
identi�ed using the ROUT method (Q = 5%). Signi�cance was
assessed using unpaired t-tests with Welch’s corrections.
Signi�cantly different values are indicated as (*) when p � 0.05,
(**) when p � 0.005, (***) when p � 0.0005, (****) when p � 0. 0001
and non-signi�cant (ns) when p > 0.05. Graphs identify only paired
comparisons which are signi�cantly different.
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Results

Recovery of spleen following
lethal irradiation

To understand the capacity of spleen to regenerate following
irradiation, spleen structure based on cellularity was analysed in
young adult mice following total body irradiation as a lethal dose
(split dose of 9.5Gy), and transfer of rescue bone marrow cells.
Spleen stromal cells were stained through immunocytochemistry at
multiple time points for 8 weeks following irradiation.

Distinct subsets of stromal and haematopoietic cells are located in
the white pulp, red pulp and marginal zone areas of the spleen. Staining
for these cells can be used to monitor the integrity of spleen and its
cellularity. In red pulp, staining detected CD11b+ myeloid cells,
Frontiers in Hematology 05
CD105+ red pulp sinusoids, CD31+ mature endothelial cells, F4/80+

red pulp macrophages and TER-119+ erythroid. In white pulp B220+ B
cells, CD3+ T cells, FDC-M1+ follicular dendritic cells and gp38+

�broblastic reticular cells were distinguished. The marginal zone was
delineated by MOMA-1+ marginal metallophilic reticular macrophages
and MAdCAM-1+ marginal reticular cells. These markers were used to
de�ne the regions of spleen and any loss and recovery of region
integrity following irradiation.

Structural integrity of the spleen compartments was lost through
whole body lethal irradiation, but this loss resolved after 8 weeks in
mice given a rescue bone marrow infusion (Figures 1–3). At 1-week
post-irradiation, major loss of the white pulp was evident through loss
of CD3 staining for T cells and gp38 staining for �broblastic reticular
cells (Figure 1). Myeloid cells were still visible in the red pulp by
staining for CD11b, but red pulp was disorganised in comparison with
FIGURE 1

Changes in spleen red and white pulp following irradiation. Frozen spleen sections were prepared from a female adult C57BL/6J mouse that
received a split dose of lethal irradiation (9.5Gy total) and 105 syngeneic bone marrow rescue cells at 8 hours post-irradiation. Cryosections were
prepared and �xed with acetone. Antibodies speci�c for CD11b (biotinylated; secondary conjugate SA-Alexa Fluor® 488), gp38 (PE) and CD3 (APC)
were used for staining. Scale bar represents 500µm.
frontiersin.org
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control spleen tissue. Additionally, clusters of myeloid cells were
observed in some parts of the tissue that appear to correlate with the
marginal zone. By 4-weeks post-irradiation, some recovery of the white
pulp regions was evident through organisation of gp38+ �broblastic
reticular cells and appearance of CD3+ T cells (Figure 1). These cells
provide a necessary role for support of CD3+ T cells. By 4 weeks, spleen
repair was also evident with morphological appearance resembling
control spleen. However, it is notable that the white pulp areas
remained weakly populated by T cells and �broblastic reticular cells.
After 8-weeks, structural morphology had returned, and cellular losses
experienced through irradiation appear to have fully resolved.

A second set of stainings was used to analyse the impact of
irradiation on vasculature. At 1-week post-irradiation, some loss of
structure in relation to CD105+ red pulp staining was observed,
with loss of de�nition of white pulp evident at 2-weeks post-
irradiation (Figure 2). By comparison, structure dependent on
Frontiers in Hematology 06
mature CD31+ endothelial cells was largely unaffected, and the
staining pattern resembled that of control spleen. The area of
staining for MOMA-1+ marginal metallophilic reticular
macrophages appeared to be slightly increased in relation to
control spleen and the white pulp areas demarcated by MOMA-1
staining of marginal metallophilic macrophages appeared to remain
intact. Some loss of cells in these compartments was evident at 2-
weeks post-irradiation, but by 4-weeks the delineation of white pulp
areas and the marginal zone was restored, although these areas
appeared smaller than in control spleens (Figure 2). Spleen
structure in relation to CD105, CD31 and MOMA-1 staining cells
was rescued completely by 8-weeks post-irradiation.

Further staining identi�ed changes in marginal zones identi�ed
by staining of marginal reticular cells with MAdCAM-1+, red pulp
macrophages through F4/80 staining and the B220+ B cell areas of
the white pulp follicles. By 1-week post-irradiation, MAdCAM-1+
FIGURE 2

Vasculature change in irradiated adult spleen. Frozen spleen sections were prepared from a female adult C57BL/6J mouse lethally irradiated (9.5Gy
total) and given 105 syngeneic bone marrow rescue cells at 8 hours post-irradiation. Cryosections were prepared and �xed with acetone. Antibodies
speci�c for CD105 (Alexa Fluor® 488), CD31 (PE) and MOMA-1 (biotinylated; secondary conjugate SA-APC) were used for staining. Scale bar
represents 500µm.
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marginal reticular cells became reduced in number and bordered
smaller white pulp areas (Figure 3). Clear borders of marginal
reticular cells were not observed again until 8-weeks post-
irradiation. Increased staining for F4/80+ red pulp macrophages
was observed at 1-week post-irradiation, coupled with a
proportional decrease in white pulp areas as shown by smaller
areas of B220+ B cell follicles. This suggests loss of B cells and
possibly an in�ux of in�ammatory myeloid cells. By 2-weeks, F4/
80+ red pulp macrophages continued to occupy the red pulp, and
the area of white pulp was depleted. Quite small B cell follicles were
evident at 4-weeks, and organisation of the surrounding red pulp
and interfacing marginal zone was unclear (Figure 3). By 8-weeks
post-irradiation, B cells re�lled the follicles and splenic structure
appeared to have regenerated and was comparable to control spleen.

A �nal staining involved FDC-M1 staining of follicular
dendritic cells, which support B cell development in white pulp.
TER-119 staining of red blood cells was used to delineate red pulp
Frontiers in Hematology 07
regions (Appendix A.1). At 1-week post-irradiation, an increase in
staining for FDC-M1 was evident with distribution of follicular
dendritic cells into the red pulp region. Across the 8-week recovery
period, red pulp maintained TER119+ red blood cells. The tissue
also maintained structural integrity of red pulp comparable with
control spleen, although white pulp areas became smaller in size
and more disorganised with respect to FDC-M1 staining of
follicular dendritic cells. By 4-weeks after irradiation, spleen white
pulp areas were very small in size, yet still showed staining for
underlying follicular dendritic cells (Appendix A.1). The
proportional increase in red pulp could be a result of an in�ux of
red blood cells and increased vasculature. Like other staining panels,
the structure of the spleen was completely regenerated and
resembled control spleen by 8-weeks.

All �gures show how an irradiation dose of 9.5Gy sustains
immediate damage to multiple cell types and regions in the spleen.
White pulp areas reduce in size and are impacted the most, while
FIGURE 3

Architecture of irradiated adult spleen. Frozen spleen sections were prepared from a female adult C57BL/6J mouse lethally irradiated (9.5Gy total)
and given 105 syngeneic bone marrow rescue cells at 8 hours post-irradiation. Cryosections were prepared and �xed with acetone. Antibodies
speci�c for MAdCAM-1 (Alexa Fluor® 488), F4/80 (PE) and B220 (Alexa Fluor® 647) were used for staining. Scale bar represents 500µm.
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the splenic structure transforms to accommodate new vasculature
in the red pulp. Marginal metallophilic reticular macrophages
increase in number immediately following irradiation, and then
decrease over time to control numbers. Cells forming and
inhabiting the red pulp increase in number between 1- and 4-
weeks post-irradiation with corresponding loss of white pulp.
Spleen structure at 8-weeks post-irradiation is comparable with
normal spleen, indicating that most regeneration is achieved
between weeks 4 to 8.
Regenerative capacity of the spleen
following irradiation

To further assess damage to spleen following irradiation, �ow
cytometry was used to quantify cell subset changes. The rationale
was that changes to particular cell types after irradiation would
re�ect the effect of the lethal irradiation dose and could be used
alongside immuno�uorescence staining showing structure to
interpret damage to the spleen and haematopoietic niches. It will
also inform the availability and provision of cells for recovery.
Antibodies were combined in a staining panel speci�c to endothelial
cells and mesenchymal cells, since HSC are known to reside in
perisinusoidal niches containing these two main cell types. A gating
strategy was developed and is shown in Figure 4A. This identi�es
the procedure to gate out singlets (FSC, SSC-H, SSC-W) and live
cells (PI), and then to gate out erythrocytes (TER119-) and to select
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stromal cells (CD45-) (Figure 4A). Representative plots of each
timepoint are included in Appendix A.2. As spleen weight varies
with time post-irradiation, changes to endothelial and
mesenchymal cell compartments was analysed by comparing cell
frequencies between timepoints of 1-, 2-, 4- and 8-weeks, in line
with spleen structural analyses.

The �rst analysis involved assessment of gp38+ �broblastic
reticular cells and MAdCAM-1+ marginal reticular cells in
irradiated mice (Figures 4B, C), as a �rst representation of the
tissue response to irradiation damage. Frequencies of CD31+

mature endothelial cells, CD31+CD105+ vascular endothelial cells
and CD105+ red pulp sinusoids were also analysed (Figures 4D, E,
F). For �broblastic reticular cells, no signi�cant change in cell
frequency amongst gated CD45- cells was detected at 1-week
post-irradiation in comparison to control spleen (11.89% ±
12.54% and 2.787± 2.79% ± 2.79%, respectively; p = 0.0895)
(Figure 4B). However, signi�cant differences were observed
between the timepoints tested. Cell frequency reduced at the 2-
week timepoint (p = 0.0322) to 0.07% ± 0.05%, increasing
marginally at 4-weeks (p = 0.0059) to 1.80% ± 1.10% (Figure 4B).
This increased again at 8 weeks (p = 0.0392) to 23.68% ± 16.23%,
which was signi�cantly higher than control spleen (p = 0.0434)
(Figure 4B). This rapid loss with delayed recovery of �broblastic
reticular cells is re�ected by staining patterns for gp38 in spleen
sections shown in Figure 1.

For marginal reticular cells, no differences were found between
control spleen and the timepoints tested (Figure 4C). However,
FIGURE 4

Stromal cell subset changes in spleen following irradiation. Spleen cells were prepared from 9-week-old female C57BL/6J mice at 1-, 2-, 4- and 8-
weeks following total body irradiation (split dose of 9.5 Gy) followed by adoptive transfer of 105 syngeneic rescue bone marrow cells at 8 hours
post-irradiation. Stromal cells were dissociated through enzymatic digestion and then cells stained with antibodies speci�c for CD45 (APC-eFluor®

780), TER-119 (Brilliant Violet 421), MAdCAM-1 (Brilliant Violet 510), gp38 (PE), CD31 (Alexa Fluor® 647) and CD105 (PE-Cy7) and analysed �ow
cytometrically. (A) Gating strategy is shown to remove singlets (FSC, SSC-H, SSC-W) and live cells (PI-), erythrocytes (TER119-). Distinct populations
of CD45- stromal cells were then gated based on staining. (B) gp38+ �broblastic reticular cells; (C) MAdCAM-1+ marginal reticular cells; (D) CD31+

mature endothelial cells; (E) CD31+CD105+ vascular endothelial cells; (F) CD105+ red pulp sinusoids. All error bars represent SEM. Signi�cantly
different values are indicated as (*) when p � 0.05, (**) when p � 0.005, (***) when p � 0.0005 and non-signi�cant (ns) when p > 0.05.
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marginal reticular cell frequency dropped between 2- and 4-weeks
post-irradiation from 0.78% ± 0.32% to 0.03% ± 0.04% (p = 0.0007)
(Figure 4C). This increased at the 8-week timepoint to 4.36% ±
2.22% (p = 0.0120), though this was lower than controls (8.20% ±
8.67%; p = 0.4454) (Figure 4C). Section staining for MAdCAM-1 in
Figure 3 shows this loss at 4 weeks.

Endothelial cells were investigated as a representation of
vascular niches involved in HSPC regulation (Figures 4D–F). A
signi�cant (p = 0.0074) increase in CD31+ mature endothelial cell
frequency was observed at 2-weeks compared to controls (43.72% ±
30.29% and 3.89% ± 1.27%, respectively), which was also a
signi�cant increase over 1-week post-irradiation (11.09% ±
12.05%; p = 0.0193) (Figure 4D). This marked increase was
followed by a signi�cant loss at 4 weeks (0.38% ± 0.29%; p =
0.0049), which was then signi�cantly recouped at 8-weeks (6.49% ±
3.84%; p = 0.0233) (Figure 4D).

For vascular endothelial cells, frequency was highest at 1-week
compared to controls (44.65% ± 30.89% and 10.97% ± 15.23%,
respectively; p = 0.0299) (Figure 4E). This high frequency was
followed by a signi�cant loss at 2-weeks (1.64% ± 0.71%; p = 0.0056)
and then at 4-weeks (1.01% ± 0.51%; p = 0.0052) but return to levels
comparable with controls at 8-weeks (11.08% ± 17.81%; p = 0.9917)
(Figure 4E). CD105+ cells, indicative of angiogenic vasculature or
red pulp sinusoidal endothelial cells, decreased at 1-week post-
irradiation, before gradually increasing over the following
timepoints tested, but these frequencies were not signi�cantly
different to controls (Figure 4F). These changes in endothelial cell
numbers post-irradiation are also re�ected by staining shown
in Figure 2.
Impact of cellular therapy on
spleen regeneration

Two potential cell therapies for augmentation of spleen recovery
were explored and compared. In the �rst group, 105 cells of the STX3
spleen stromal line were infused with 105 bone marrow cells into
irradiated hosts. In the second group, irradiated animals received an
infusion of 105 neonatal spleen stromal cells along with 105 rescue
bone marrow cells. Neonatal spleen stromal cells were prepared from
C57BL6J Nzeg-eGFP mice by isolation of the stromal cell fraction,
and then enzymatic digestion to ensure dissociation of cells. Their
eGFP expression allowed detection of donor stromal cells. Fixation of
spleen through cardiac perfusion before euthanasia was found to
preserve eGFP expression. Results of the irradiation recovery
experiment outlined in Figures 1-3 show that spleen recovery is
evident by 4-weeks post-irradiation. Transplantation of HSC into
irradiated mice shows that engraftment in spleen is evident as early as
6 days post-irradiation, and increases steadily until signi�cant
engraftment is achieved by 21 days (Cao et al., 2004). Thus, for the
two cell therapy experiments, spleen regeneration was monitored
over a shorter time period out to 20-days, and host spleens were
analysed at 5-, 10-, 15- and 20-days following irradiation.

It was hypothesised that acceleration of spleen regeneration
would be evident by reduced loss of speci�c cell subsets determined
through �ow cytometry. We also hypothesised that spleen
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architecture would recover sooner given the infusion of additional
cells available to support spleen development, and that this would
be evident through section staining. The plasticity of the spleen, its
ability to increase haematopoiesis during stress, and its ability to
reduce cell production and to return to steady-state homeostasis,
also supports a study which aims to hasten spleen regeneration
through an infusion of stromal cells.

Following neonatal spleen stromal cell transfer, staining for
eGFP identi�ed uptake of stromal cells into spleen between 5- and
10-days after infusion (Figure 5). Spleen vasculature changes were
assessed through staining for CD105+ red pulp sinusoids and
CD31+ endothelial cells. Spleen showed a notable loss of
organised structure at 5-days post-irradiation with loss of white
pulp areas, and retention of CD105 staining of red pulp sinusoids
(Figure 5). This is consistent with control irradiated spleen seen at
1-week in Figure 2. By 20-days post-irradiation, these losses were
recouped, despite a delay in structural organisation. CD31+ central
arterioles were preserved at 1-week, although CD31dim red pulp
endothelial cells were lost by 10-days but began to recover after 15
days with more normal follicle de�nition by 20-days (Figure 5).
Infused eGFP+ spleen stromal cells and CD105+ red pulp sinusoids
clearly co-localised with CD31+ central arterioles and CD105+ red
pulp sinusoids from 10- to 20-days (Figure 5).

Changes in mesenchymal and reticular cell subsets were
examined in irradiated spleens given cellular therapy at 5-, 10-,
15- and 20-day timepoints. However, following neonatal spleen
stromal cell transfer staining for only the 15-day timepoint was
successfully achieved (Figure 6). In these experiments, eGFP
staining identi�ed in�ux of infused stromal cells into the
irradiated spleen (Figure 6A). Also notable was the appearance of
gp38+ �broblastic reticular cells at 15-days (Figure 6A), as seen in
Figure 1 with irradiated spleens given only rescue bone marrow.
This staining is localised in T cell areas, and does not overlap with
F4/80 staining in the red pulp. Furthermore. eGFP staining across
all regions coincided with CD29 staining and identi�es the in�ux of
spleen stromal cells and could identify the origin of both myeloid
and �broblastic reticular cells (Figures 6A, B). MAdCAM-1+

marginal reticular cell areas were reduced in size in spleens of
animals given neonatal stromal cells by 15-days, although these
areas were few in number and small in size (Figure 6B) compared to
control spleen (Figure 2). The earlier recovery of irradiated spleen
given an infusion of neonatal spleen stromal cells was also re�ected
in the earlier recovery of T and B cell areas by 15-days compared
with 4-weeks for T cells and 8-weeks for B cells (Appendix A.3)
compared with controls shown in Figures 1, 3. These results suggest
that cellular therapies can contribute to the regeneration of spleen
vasculature, most notably evident by recovery of CD105+ red pulp
sinusoids in animals given neonatal spleen stromal cells.

Following STX3 spleen stromal cell transfer (Figure 7), recovery
of CD105+ red pulp sinusoids was restrained by loss of distinct red
pulp structure observed by 5-days post-irradiation which was not
restored by 20-days post-irradiation. This was also seen with
control mouse spleen (Figure 2), and with mice given neonatal
spleen stromal cells (Figure 5). STX3-treated spleens showed
mature CD31+ endothelial cells located in central arterioles which
appeared to remain unaffected by irradiation, with structures
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present across the 5- to 20-day time course (Figure 7), resembling
control irradiated spleens (Figure 2).

Following STX3 spleen stromal cell transfer, mesenchymal
gp38+ cells and also CD29+ cells were visible at all tested
timepoints and were not restricted in location to white pulp
(Figure 8) as was seen in controls given no cellular therapy
(Figure 1). Widespread gp38+ staining was observed from 5-days
to 15-days post-irradiation, and showed some alignment with white
pulp by 20-days (Figure 8). Comparatively, in STX3-treated spleens,
MAdCAM-1+ marginal reticular cells formed distinct structures
between 5- and 15-days post-irradiation, although this was lost at
20-days post-irradiation (Figure 8). These marginal zone structures
were more de�ned than those seen post-irradiation in control
irradiated spleen (Figure 3).

Recovery of white pulp regions of T and B cells also lends support
to these �ndings. B cell follicles are detectable by 10-days in hosts given
Frontiers in Hematology 10
STX3 stromal cell therapy (Appendix A.4) which is earlier than in hosts
given neonatal spleen stromal cells (15-days) (Appendix A.3), or in
recovering control mice (between 4- and 8-weeks) (Figure 3). T cell
areas recover by 10-days (Appendix A.4) which is also earlier than in
mice given neonatal spleen stromal cells (15-days) (Appendix A.3) or
in control mice between 4- and 8- weeks (Figure 1).
Impact of cell therapy on cell development
post lethal irradiation

Flow cytometry was then used to identify cell subsets and to
quantitate changes in subset representation following irradiation
and cellular therapy. Since cell subsets were compared across
treatments at several different time points, absolute numbers of
cells were quanti�ed. Representative gating for each therapy is
FIGURE 5

Changes in splenic vasculature following neonatal spleen cell infusion. Female adult C57BL/6J mice following lethal irradiation were given a rescue
transfer of 105 syngeneic bone marrow cells and 105 neonatal C57BL6J Nzeg-eGFP enzymatically digested spleen stromal cells. Frozen spleen
sections were prepared from animals sacri�ced at 5-, 10-, 15- and 20-days post-irradiation and adoptive cell transfer. Cryosections were �xed with
acetone. Staining involved antibodies speci�c for CD105 (PE) and CD31 (Alexa Fluor® 647). Scale bar represents 400µm.
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included in Figure 9A; representative plots for all timepoints are
included in Appendices A.5 and A.6. Comparison of the
two cellular therapies showed that infusion of neonatal spleen
cells led to a signi�cantly greater number of gp38+ �broblastic
reticular cells at 15 days post-irradiation compared to STX3
spleen stromal cells (2927.0 ± 1505.0 compared to 781.5 ± 1082.0;
p = 0.0194) (Figure 9B).

An early signi�cant increase in MAdCAM-1+ marginal
reticular cells was observed at 5-days in mice given STX3
spleen stromal cells (4996.0 ± 3270.0; p = 0.0162) compared
with neonatal spleen stromal cell transfer, which was also
signi�cantly higher than control spleen (251.3 ± 197.5; p =
0.0162) (Figure 9C). In terms of mature CD31+ endothelial cells,
a signi�cant increase in the number of cells was observed at 15-
days post-irradiation following infusion of neonatal spleen
stromal cells (4605.0 ± 1754.0) (Figure 9D), compared with
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controls (p = 0.0017). This increase at 15-days was also
signi�cantly higher than observed for STX3-treated spleens
(1760.0 ± 1513; p = 0.0134) (Figure 9D).

STX3 spleen stromal cell transfer regenerated signi�cantly more
(p = 0.0474) CD31+CD105+ vascular endothelial cells (10169.0 ±
9009.0) than did neonatal spleen stromal cells (552.5 ± 387.4) in the
�rst 5 days post-irradiation (Figure 9E). This was also observed
at 15-days post irradiation (2623 ± 2686 compared to 443.7 ± 546.4;
p = 0.0203) (Figure 9E). Finally, infusion of either neonatal
spleen stromal cells and STX3 spleen stromal cells showed loss of
CD105+ red pulp sinusoids following irradiation, although these
numbers were not signi�cantly different to controls (Figure 9F).
Neonatal spleen stromal cell transfer showed an earlier and higher
(1119.0 ± 747.0) reconstitution of CD105+ red pulp sinusoids than
did STX3 spleen cell transfer at 5-days (159.4 ± 111.0; p = 0.0249)
(Figure 9F). At the 15-day timepoint, however, mice given STX3
FIGURE 6

Mesenchymal architecture of spleen following neonatal spleen cell transfer. Female adult C57BL/6J mice following lethal irradiation were given a
rescue transfer of 105 syngeneic bone marrow cells and 105 neonatal C57BL6J Nzeg-eGFP enzymatically digested spleen stromal cells. Frozen
spleen sections were prepared from animals sacri�ced at 5-, 10- and 15-days post-irradiation and adoptive cell transfer. Cryosections were �xed
with acetone. Spleen sections from only 15-day timepoints are shown. Staining involved antibodies speci�c for (A) gp38 (PE) and F4/80 (biotinylated,
followed by SA-APC), and for (B) CD29 (PE) and MAdCAM-1 (biotinylated, streptavidin-APC). Scale bars represent 400µm.
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spleen stromal cells displayed a signi�cant increase (1692.0 ± 235.6;
p < 0.0001) in red pulp sinusoids over mice given neonatal spleen
stromal cells.

Together, these results indicate that both neonatal spleen
stromal cell infusion and STX3 spleen stromal cell infusion
following irradiation contribute to earlier recovery of splenic
stromal cells. STX3 spleen stromal cell infusion also contributed
Frontiers in Hematology 12
more signi�cantly to regeneration of vascular endothelial cells and
red pulp sinusoids than did neonatal spleen stromal cell infusion.
The earlier rescue of mature CD31+ endothelial cells following
neonatal spleen stromal cell transfer suggests that these cells can be
very effective in splenic regeneration following irradiation. Future
studies could test the role of speci�c neonatal spleen stromal subsets
in regeneration.
FIGURE 7

Changes in splenic vasculature following STX3 stromal cell transfer. Female adult C57BL/6J mice following lethal irradiation and rescue transfer of
105 syngeneic bone marrow along with 105 cultured STX3 spleen stromal cells. Frozen spleen sections were prepared from animals sacri�ced at 5-,
10-, 15- and 20-days post-irradiation and cell transfer. Cryosections were �xed with acetone and stained with antibodies speci�c for CD105 (PE) and
CD31 (Alexa Fluor® 647). Scale bar represents 500µm.
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Discussion
This study speci�cally considers changes in spleen structure and

cellularity involving stromal and vascular cells that occurs following
lethal irradiation used as a conditioning regimen during HSCT. Spleen
tissue recovers fully between 4- and 8-weeks after irradiation due to
reconstitution of hematopoietic cells by HSPC from bone marrow.
Speci�c temporal changes have been identi�ed and linked to loss and
reformation of cell structures that constitute the main compartments of
spleen identi�able as white pulp, red pulp and marginal zones. This
study goes further to test how spleen regeneration following damage
from a lethal dose of irradiation can be in�uenced by co-infusion of
neonatal spleen stromal cells or the cells of the splenic stromal cell line
STX3 along with rescue bone marrow HSPC. Vascular or endothelial
cell compartments are rescued sooner following co-infusion of
neonatal spleen cells, while both mesenchymal and vascular
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compartments recover more quickly following infusion of STX3 cells.
Following neonatal spleen stromal cell infusion, endothelial cell
numbers increased early, but a delay in structural reformation to give
distinct red and white pulp areas was identi�ed. This is interpreted to
mean a temporal change in reorganisation impacted by stromal cell
content in the recovering spleen.

The impact of irradiation on HSC niches in spleen has not been
well investigated, but the expectation is that the radiation sensitivity
of endothelial and mesenchymal cells in spleen would be consistent
with that of bone marrow. Most HSC in bone marrow reside
adjacent to sinusoidal blood vessels (2). Endothelial cells are a
main component of perivascular niches, and in postnatal mice,
spleen HSPC are localised with the endothelium of red pulp sinuses
(2). Irradiation used as part of HSCT conditioning regimes damages
bone marrow and ablates HSC niches, in particular the sinusoidal
blood vessels and the sinusoidal endothelial cells. Irradiation can
FIGURE 8

Splenic mesenchymal architecture following STX3 stromal cell transfer. Female adult C57BL/6J mice following lethal irradiation and rescue transfer
of 105 syngeneic bone marrow and 105 cultured STX3 spleen stromal cells. Frozen spleen sections were prepared from animals sacri�ced at 5-, 10-,
15- and 20-days post-irradiation and cell transfer. Cryosections were �xed with acetone and stained with antibodies speci�c for gp38 (Alexa Fluor®

488), CD29 (PE) and MAdCAM-1 (biotinylated; followed by SA-APC). Scale bar represents 500µm.
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permanently damage bone marrow stromal cells, inhibiting their
capacity to maintain and support HSC (5). The interaction of bone
marrow niche cells and HSC rapidly reconstitutes haematopoiesis
(1), thus the success of haematopoietic recovery is connected with
the recovery of the bone marrow stromal microenvironment
involving both endothelial and mesenchymal cells.
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To identify irradiation damage to spleen architecture, we measured
changes in spleen stromal and endothelial cell content over a period of
8-weeks following lethal irradiation and infusion with HSPC from bone
marrow. Irradiation damage to the spleen under this regime is not
permanent and complete regeneration of spleen tissue was achieved
between 4- and 8-weeks. Mesenchymal stromal cells returned before
FIGURE 9

The impact of neonatal spleen cell transplantation and STX3 spleen stromal cell transplantation on mesenchymal and vascular subsets. Spleen cells
were prepared from adult female C57BL/6J mice 5-, 10-, 15- and 20-days after receiving total body irradiation (split dose of 9.5 Gy). The host
received adoptive transfer of 105 syngeneic rescue bone marrow cells at 8-hours post-irradiation and either 105 C57BL6J Nzeg-eGFP spleen cells
enzymatically digested spleen stromal cells, or 105 cultured STX3 stromal cells. Host spleens were isolated and cells prepared and stained for subset
identi�cation using �ow cytometry and the antibodies outlined in Figure 4. Distinct populations of CD45- stromal cells were gated based on staining
as shown in Figure 4A. (A) Representative plots of each cellular therapy tested. Data shows total cell numbers for each cell subset investigated:
(B) gp38+ �broblastic reticular cells; (C) MAdCAM-1+ marginal reticular cells; (D) CD31+ mature endothelial cells; (E) CD31+CD105+ vascular
endothelial cells; (F) CD105+ red pulp sinusoids. All error bars represent SEM. Signi�cantly different values are indicated as (*) when p � 0.05,
(**) when p � 0.005, (****) when p � 0.0001 and non-signi�cant (ns) when p > 0.05.
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endothelial cells, and several reticular cell types including gp38+

�broblastic reticular cells and MAdCAM-1+ marginal reticular cells
were the �rst to recover in spleen following irradiation (Figures 1–3).
T and B cells located in white pulp areas are situated atop a physical
scaffold of �broblastic reticular cells and follicular dendritic cells that
release cytokines and chemokines to facilitate ef�cient communication
between immune cells (19, 20). Selective loss of white pulp reticular
cells is associated with profound immunode�ciency. This is
demonstrated by losses in gp38+ �broblastic reticular cells
and MAdCAM-1+ marginal reticular cells seen here (Figures 1, 3).
This was associated with loss of white pulp in the �rst 4 weeks
following irradiation (Figures 1, 3). Restoration of reticular cell
structures is essential to reinstate T and B cells in these regions. Full
immune functionality is evident by the full restoration of T and B cell
areas of white pulp by 8-weeks. This coincides with restoration of
supporting reticular cells (Figures 1, 3).

Here we show that infusion of neonatal spleen cells,
enzymatically dissociated to release all stromal cells in the tissue,
hastens spleen recovery following irradiation for HSCT. This was best
demonstrated by an increase in the frequency of �broblastic reticular
cells at 15-days after irradiation (Figure 9B) and mature endothelial
cells present in spleen at 10-days after treatment (Figure 9D).
Neonatal spleen stromal cell infusion, coupled with bone marrow
HSPC transfer into irradiated mice, provides a burst of proliferative
cells that shifts the regeneration dynamic towards earlier recovery of
these stromal and endothelial cell subsets compared with that
observed in control irradiated spleen given only HSPC from bone
marrow. Notably, spleens from irradiated animals treated with
neonatal spleen cells showed increased cell viability at 15-days
post-irradiation compared with STX3-treated spleens, which may
re�ect the increases seen in gp38+ �broblastic cell and CD31+

endothelial cell numbers (Figures 9B, D). Variable spleen size,
observed following irradiation and cellular therapy, can limit direct
comparisons of the treatments explored. While further analysis could
correct this by comparing cell proportionality rather than absolute
numbers of cells, results still are subject to gating strategies and may
not accurately re�ect changes in cell populations. Direct comparison
of the changes in cell populations following application of two
distinct stromal cell therapies may therefore be limited by the low
number of some stromal cell types and the dif�culty in the isolation of
viable cells. Despite these limitations, data shown here does however
inform of the changing dynamics of cell repopulation of spleen
following irradiation.

The co-infusion of STX3 spleen stromal cells showed greater
increases in frequencies of marginal reticular cells, vascular
endothelial cells and red pulp sinusoids than did neonatal spleen
stromal cell transfer (Figures 9C–F). Microscopic imaging of spleen
shows loss of CD105+ red pulp sinusoid structure over 20-days
following STX3 stromal cell infusion (Figure 6). However, in �ow
cytometric analysis, increased CD105+ red pulp sinusoid frequency was
observed at 15-days (Figure 9F). STX3 cells express CD105 (21), and
increased expression of this marker may be more indicative of STX3
localisation in the spleen than speci�c regeneration of red pulp
sinusoids. Overall, infusion of STX3 spleen stromal cells had a
greater impact on the regeneration of the spleen than did neonatal
spleen stromal cell infusion.
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An important caveat to our results is that under the current
experimental protocol we cannot be certain how many infused
stromal cells homed to spleen. Neonatal spleen stromal cells from
C57BL/6J Nzeg-eGFP mice did however localise in spleens between 5-
and 10-days based on detection of eGFP staining. Cells delivered
intravenously are known to localise in the capillary beds of the lungs
and reside there for 2-days post-transplantation (22). However,
transplanted mesenchymal stem cells can also home to several sites
other than the lungs, such as liver, heart and, of relevance to this
study, spleen (23). Additionally, the spleen is the most frequent site of
engraftment following HSC transplantation, with over one third of
HSC homing to spleen (23). This study shows that it is possible to
in�uence the recovery of spleen through infusion of neonatal spleen
stromal cells which boosts stromal and endothelial cell numbers.
However, we also show evidence that increased numbers of stromal
cells can delay the reorganisation of structure and the formation of
the white pulp compared with control irradiated spleen. In future, the
dynamics of enhanced recovery will be better investigated through
infusion of speci�c stromal cell subsets, and through optimisation of
the number and type of cells infused. Inclusion of timepoint-matched
analyses of irradiated spleens without infusion of either cell therapy
explored here, along with more intermediate timepoints, would allow
greater understanding of the impact of these therapies on splenic
regeneration kinetics. In addition, the use of other techniques to track
transplanted cells, as well as analysis of changes in extracellular
matrix components and growth factors involved in splenic
regeneration could further augment the interpretation of results.

In summary, the results of this study show that the regenerative
capacity of spleen can be hastened through cellular therapy.
Neonatal spleen cell transfer or fractionated spleen stromal cells,
co-infused together with HSPC following irradiation conditioning,
represent a potential therapeutic opportunity to explore the
dynamics of spleen regeneration in more detail.
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