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Abstract

Outside-in integrin signaling regulates cell fate decisions in a variety of cell types, including
hematopoietic stem cells (HSCs). Our earlier published studies showed that interruption of
Periostin (POSTN) and Integrin-av (ITGAV) interaction induces faster proliferation in HSCs with
developmental stage dependent functional effects. Here, we examined the role of POSTN-ITGAV
axis in lympho-hematopoietic activity in spleen that hosts rare population of HSCs, the functional
regulation of which is not clearly known. Vav-iCre mediated deletion of /fgavin hematopoietic
system led to higher proliferation rates, resulting in increased frequency of primitive HSCs in
adult spleen. However, in vitro CFU-C assays demonstrated a poorer differentiation potential
following /tgav deletion. This also led to a decrease in the white pulp area with a significant
decline in the B-cell numbers. Systemic deletion of its ligand, POSTN, phenocopied the effects
noted in Vav-/tgav - mice. Histological examination of Postn deficient spleen also showed
increase in the spleen trabecular areas. Importantly, these are the myofibroblasts of the trabecular
and capsular areas that expressed high levels of POSTN within the spleen tissue. In addition,
vascular smooth muscle cells also expressed POSTN. Through CFU-S1, assays, we showed that
hematopoietic support potential of stroma in Postn deficient splenic hematopoietic niche was
defective. Overall, we demonstrate that POSTN-ITGAV interaction plays important role in spleen
lympho-hematopoiesis.
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Introduction

In adult mammals, blood cell production takes place in the bone marrow (BM), wherein
the hematopoietic stem cells (HSCs) reside and function, taking cues from extrinsic factors
(1). During the onset of postnatal hematopoiesis, thymus takes up specialized function

of lymphopoiesis, while spleen shows compartmentalization into lymphopoietic and non-
lymphopoietic zones (2). Both of these zones show developmental as well as structural
distinctions and support remarkable differences in function. Although spleen acts as a
secondary lymphoid organ that plays a crucial role in both innate and adaptive immune
system functions, neonatal splenectomy did not alter essential hematopoietic processes

(3). Apart from the active hematopoietic events during embryonic development or immune-
activation, spleen undertakes extramedullary hematopoiesis (EMH) during BM failure in
several pathological conditions, pregnancy and blood loss (4).

It is believed that EMH involves migration of HSCs from their normal niches; and

homing, proliferation and differentiation supported by the extramedullary sites (5). In this
process, a role of activated macrophages in modulating the capacity of spleen niche to
support incoming HSCs was demonstrated. Silencing of the receptor for macrophage-colony
stimulating factor (M-CSF) through nanoparticle encapsulated siRNA that caused decrease
in the macrophage numbers, led to a reduction in spleen resident HSCs (6). This study
further showed that M-CSF silencing selectively decreased the expression of vascular cell
adhesion molecule 1 (VCAM-1), primarily expressed by macrophages in spleen. VCAM-1
is a ligand for integrin heterodimer VLA-4 (Very Late Antigen-4, integrin-a4p1) (7),

well known for its role in homing, maintenance and functioning of HSCs in the BM (8).
Inhibition of VLA-4 using small molecule inhibitors (9) or specific antibodies (10) induced
mobilization of HSCs. Integrins are one of the most important classes of cell surface
receptors that mediate HSC interaction with their niche through outside-in and inside-out
signaling mechanisms (11, 12).

Although it was reported that HSCs might follow distinct mechanisms for homing and
functioning in the BM and spleen niche (13), evidence suggested that integrin signaling
was important for the establishment of hematopoietic activity in embryonic spleen (14).
Even homing of transplanted HSCs into spleen, similar to the BM, was shown to be
mediated via interaction of HSCs with their niche through integrins (8). Therefore, the
importance of cell adhesion, mediated by inside-out integrin signaling, in hematopoietic
processes in BM and spleen has been known. In contrast, the evidence of involvement of
ligand mediated outside-in integrin signaling is not clearly elucidated. The importance of
Osteopontin (OPN), a known factor that elicits outside-in integrin signaling as a negative
regulator of HSC function, has been well established (15, 16). OPN binds to a variety of
integrin heterodimers, most important being the ones with integrin-av (ITGAV) as one of
the monomers (17). In our recent findings, Periostin (POSTN) that shows binding specificity
to ITGAV-containing integrin heterodimers (18), is demonstrated as a negative regulator of
HSC proliferation (12). However, another study reported the involvement of integrin-avp3,
synergizing the effect of interferon-y (IFN-v) on HSC proliferation, resulting in the loss
of hematopoietic function (19). In fact, a clear role of ITGAV in TGF-p mediated T-cell
stimulation to mount Th17 response has been elucidated (20). Lack of /fgavexpression
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inhibited auto-immune response in experimental autoimmune encephalomyelitis (EAE)
model. Interestingly, POSTN has also been shown to mediate allergen induced inflammatory
response in skin (21). Inhibition of POSTN or ITGAV resulted in complete abrogation of
allergen-induced skin inflammation. However, the involvement of POSTN-ITGAV mediated
outside-in integrin signaling in splenic HSC function has not been established yet.

Spleen is a major site for extra-medullary hematopoiesis (EMH), where HSCs mobilized
from the BM play an important role. In this context, the role of spleen resident HSCs, a
rather rare population, is not well documented. It is important to note that at the cellular
level, spleen resident HSCs have been reported to possess function, equivalent to the BM
HSCs (22). However, their function in maintaining the supply of mature blood cells in

not clearly known and regulatory pathways remain elusive. Here we show that POSTN,
expressed majorly in the myofibroblasts of the splenic capsule and trabeculae, is involved
in spleen lympho-hematopoietic activity. Lack of its receptor, ITGAV, led to increased
proliferation rate in HSCs and decrease in the B-cell population with concomitant increase
in the megakaryocyte numbers. POSTN deficiency largely mimicked the phenotype with
additional defects in the spleen hematopoietic niche that led to poorer support for the
incoming hematopoietic progenitors. Overall, we show that ITGAV-mediated outside-in
integrin signaling plays an important role in the steady state hematopoietic activity in spleen.

Materials and methods

Mice

Twelve to sixteen week-old FVB/NJ, C57BL/6J-CD45.2 (Centre d’Elevage R. Janvier, Le
Genest-St Isle, France), and Postn”~ mice (23) were maintained in the animal facilities at
IISER TVM and KU Leuven. /fga/’0X/flox mice (24) were crossed to Vav-iCre mice (25)
from Thomas Graf, Centre for Genomic Regulation, Barcelona) to obtain Vav-iCre;/tgay""
mice. Genotyping was performed on genomic DNA from tail tips, as described before

(12). The complete list of primers used for genotyping is provided in Supplementary table

1. Vav-iCre-;Itgav”" and Vav-iCre*; Itgav*’* littermates were used as controls. During the
experiments, mice were maintained in isolator cages, fed with autoclaved acidified water
and irradiated food ad libitum. All procedures involving the use of animals were approved
by the Institutional Animal Ethics Committees (IAEC) of IISER TVM and KU Leuven. At
IISER TVM, experiments were conducted following the guidelines of the Committee for the
Purpose of Control And Supervision of Experiments on Animals (CPCSEA), Government of
India.

Flow cytometry

Hematopoietic lineage analysis of spleen cells was performed by flow cytometry, using
specific antibodies. Cell cycle analysis was performed by Hoechst 33342 (Ho; 10ug/ml)
and Pyronin Y (PY; 1ug/ml) staining (26), in addition to labelling with Hematopoietic stem
and progenitor cell (HSPC) (LSKs; Lin-Sca-1*c-kit* cells) or HSC Hematopoietic stem cell
(SLAM LSKs; CD150*CD48 Lin"Sca-1"c-kit*) markers. Lineage specific antibodies used
were FITC conjugated Mac-1 and Gr-1 for myeloid cells, PECy7 conjugated B220 for
B-cells, PE conjugated anti-CD4 and anti-CD8 for T-cells were used. All antibodies were
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procured from BD Pharmingen at were used at 0.25pg/ml concentration. Flow cytometric
analysis for HSPC populations was performed using APC conjugated lineage antibody
cocktail, PE conjugated anti mouse c-kit, PerCPCy5.5 conjugated anti-mouse Sca-1, FITC
conjugated anti-mouse CD48 and PECy7 conjugated CD150 (0.25ug/ml; ebiosciences)
antibodies. ITGAV and ITGB3 expression in the spleen derived HSCs were analyzed by
using a-mITGAV and a-mITGB3 antibodies along with primitive HSC markers. Suitable
isotype controls for each antibody were used in all experiments. Complete list of antibodies
used for these experiments is provided in Supplementary table 1. The cells were analyzed by
flow cytometry using FACS Avria Il (BD Biosciences, San Jose, CA) and FlowJo software
(TreeStar, Ashland, OR). For all analyses, debris and platelets were excluded by setting up
suitable threshold while acquiring the samples. In addition, low FSC-A cells were gated out
to further analyze the splenocytes for various marker expressions.

Quantitative RT-PCR

Total RNA was prepared using the RNA Isolation Kit (Qiagen, Hilden, Germany), according
to the manufacturer’s protocol. 100ng-1ug of RNA from each sample was used to synthesize
cDNA using PrimeScript™ RT Reagent kit (Takara Bio Inc., Japan). Quantitative RT-PCR
was carried out using TB Green™ Premix EX Taq'" Il (Takara Bio Inc., Japan). The PCR
reactions were carried out in a CFX96 detection system (Thermal-Cycler C1000, Bio-Rad,
Hercules, CA, USA). List of primers used is provided in Supplementary table 1.

Radiation injury and colony-forming unit-spleen (CFU-S) assay

Histological

A single dose of 4.5 Gy (sub-lethal dose) radiation on a Rad Source RS-2000 Biological
Irradiator (Rad Source Technologies, Alpharetta, GA) was given to the animals to induce
hematopoietic injury. Splenic HSPC population in Postn*”* and Postn”~ mice was examined
using methylcellulose-based colony assay a week after irradiation dose was given.

For CFU-S;, assays, recipient Postn™* and Postn”- mice were lethally (10Gy) irradiated
and injected with 1x10° control FVB/NJ mouse BM derived cells. Three recipient animals
were used for each donor mouse and the experiment was repeated thrice. Recipients were
sacrificed 12 days after injection. Spleen colonies (CFU-S15) were visualized and counted as
described before (27).

and immunofluorescence studies

The spleen tissues were harvested, washed in PBS and fixed with 4% paraformaldehyde
(PFA) overnight at 4°C and washed with phosphate buffered saline (PBS) and stored.

The fixed tissues were dehydrated through gradient of ethanol and were cleared using
xylene followed by paraffin infiltration. Paraffin blocks were made by embedding tissue

in molten Paraplast X-Tra® using a Leica EG1150 Modular Tissue Embedding Centre.

For histological analysis, 10um thick tissue sections were cut using a microtome (Leica
RM2265). FFPE sections on glass slides were stained with Harris’ hematoxylin (HHS16;
Sigma Aldrich) and eosin solution (HT110116; Sigma Aldrich). The sections were mounted
using DPX mounting medium (DB6DF66104; MERCK) for microscopy. Brightfield images
were captured on an Olympus 1X83 inverted microscope, using 40X objective (UPlan FL
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N_40x/0.75_00/0.17/FN26.5). CellSens Dimension 2.3 (Build 18987) software was used to
capture and analyses of images.

Immunohistochemistry and imaging: Spleen tissues were harvested and washed in PBS and
fixed with 4% paraformaldehyde (PFA) for 2 hours on shaker at ice-cold temperature and
washed with PBS three times at 10 minutes interval and stored in 0.1% Sodium azide
(Sigma_71289-50G) solution in PBS at 4°C. Fixed tissues were subjected to 48 hours

30% sucrose gradient for cryo-protection prior to cryo-block preparation using Polyfreeze
(Sigma_P0091). Cryotome (Thermo Scientific HM525 NX) was used to obtain 10um thick
sections on frosted slides (VWR_631-0108). Immuno-labelling was performed using antigen
specific primary antibodies; anti-periostin antibody (R&D systems, Minneapolis, MN), anti-
a-smooth muscle actin antibody (abcam), anti-CD31 antibody (R&D systems, Minneapolis,
MN), anti-collagen 1V antibody (abcam), anti-laminin antibody (abcam) and fluorophore-
conjugated secondary antibodies (Jackson ImmunoResearch Laboratories Inc.) For each
experiment, appropriate matched-isotype antibody controls were used (Suppl. Fig. 1A-C).
Hoechst 33342 (Sigma) was used to counterstain the nuclei. Sections were mounted using
ProLong™ Gold antifade mounting medium (Invitrogen_P36934). Fluorescence imaging
was performed using Leica TCS SP5 Il upright confocal microscope. Images were captured
using 63X oil immersion objective (HCX PL APO CS 63.0x1.40 Qil) by software LAS

AF. Leica Application Suit X (Version: 3.3.016799) software was used for analyzing the
obtained images.

Statistical analysis

Results

Normal distribution of data was tested using the Shapiro-Wilk test. The data with

normal distribution is represented as mean * s.e.m. Data with non-normal distribution
was represented in box-and-whisker plots, indicating median in the box with 25t and

75t percentile (in box) and minimum and maximum values (top and bottom whiskers
respectively). The equality of group variance was tested using Brown-Forsythe test.
Comparisons between samples from two groups with normally distributed data with equal
variance were made using the unpaired two-tailed Student’s #-fest. Mann Whitney test was
used for comparing two groups where data were non-normally distributed. For multiple
comparisons of the normally distributed data with equal variance, one-way ANOVA was
performed followed by Tukey Kramer post hoc test. Non-normally distributed data was
analyzed by Friedman test. Statistical analyses were performed with Microsoft Excel or
GraphPad Prism 6. For all analyses, p-value <0.05 was accepted as statistically significant.

POSTN is expressed by capsular and trabecular myofibroblasts

We first examined the spatial localization of POSTN in the spleen tissue by performing
immunohistochemistry using anti-POSTN antibodies. As spleen is functionally divided
into two major regions, white pulp (WP; for lymphopoiesis) and red pulp (RP; for blood
filtration), we tested if the expression of POSTN was restricted to one of these regions.
We used anti-CD169 antibodies to detect macrophages of the marginal zone that clearly
demarcate WP from RP (28, 29). We performed tile scans of the transverse sections of
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spleen and observed that the expression of POSTN (isotype antibody controls for each
antibody are shown in Suppl. Fig. 1A-C) was mostly limited to the RP (Suppl. Fig. 1D).
However, modest level of POSTN expression was observed in the vascular region of WP

as well. Preliminary observations indicated that POSTN expression might be associated
with the capsular, trabecular and vascular regions of the spleen tissues. To confirm this, we
used anti-a-smooth muscle actin (a-SMA) antibodies to identify specific cells and splenic
regions with POSTN expression (Fig. 1A). We confirmed that POSTN expression was
mostly but not completely confined to the RP area. We also observed that the myofibroblasts
of the capsular (Fig. 1B) and trabecular regions (Fig. 1C), as well as the smooth muscle
cells of the vasculature (Fig. 1D) showed significant levels of POSTN expression. Although
capsular myofibroblasts expressed lower levels of POSTN, all a-SMA* cells in the spleen
tissue were seen to express POSTN. Our recent findings showed that vascular endothelium
was the key source of POSTN in the fetal liver (FL) HSC niche, with no significant
expression seen in the vascular smooth muscle cells (30). Therefore, we tested if the
vascular endothelium, in addition to the smooth muscle cells associated with vasculature
expressed POSTN. We noted that the endothelial lining (CD31*) of the blood vessels did
not express POSTN while the surrounding a-SMA* cells showed high level of POSTN
expression (Fig. 1E). These results show that cellular source of POSTN may vary between
different tissues or developmental stages.

As POSTN is an extracellular matrix (ECM) binding protein, we examined its association
with two of the most common ECM proteins in spleen tissue, Laminin and Collagen 1V,
in different anatomical locations within the tissue (Fig. 2). Distribution pattern of the two
proteins in vascular region was similar, except for the vascular basal lamina that was
composed mainly of laminin. Importantly, there was no clear preferential co-localization
of POSTN with either laminin (Fig. 2A, upper panel) or COL IV (Fig. 2A, lower panel).
Rather, it appeared to be determined by the closeness to the POSTN expressing cells.
Therefore, ECM associated POSTN was more closer to the smooth muscle cells underneath
the endothelial layer (white arrows) of the vessel. In the case of trabecular (Fig. 2B, upper
and lower panel) as well as lymphopoietic WP area (Fig. 2C, upper and lower panel),
POSTN localization was not determined by the ECM proteins rather by the presence of
smooth muscle cells/myofibroblasts in the region.

ITGAV and ITGB3 are expressed in the spleen hematopoietic stem cells

We next performed flow cytometry analysis to examine the expression of ITGAV and
ITGB3 in different sub-populations of spleen resident hematopoietic stem and progenitor
cells (HSPCs; Figure 3). On the basis of expression of SLAM markers, CD150 and

CD48, linc-kit*Sca-1* (LSK) population was subdivided into four sub-populations;
CD150*CD48" (P1), CD150*CD48* (P2), CD150°CD48* (P3) and CD150"CD48" (P4) (Fig.
3A). Subsequently, the expression of ITGAV (Fig. 3B, upper panel) and ITGB3 (Fig. 3B,
lower panel), in each of these populations was examined (isotype controls for each antibody
are shown in Suppl. Fig. 1E,F). Results showed that among all the sub-populations, primitive
HSCs (P1) expressed the highest level of ITGAV expression (57.46+3.55%). However, the
short-term (ST-) HSCs (P4; 36.06+3.21%) as well as other multipotent progenitors (P2;
38.58+4.44% and P3; 26.42+2.83%, and) also expressed significant levels of the protein
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(Fig. 3C). As ITGAV has been shown to partner with ITGB3 to form a heterodimeric
integrin receptor in a variety of cell types (31), including a number of cancers (32),

we investigated the expression of ITGB3 in the stem cell sub-populations. We observed
that the proportion of most primitive HSCs (P1) that expressed ITGB3 (68.88+3.97%)
was higher than both CD150"CD48* (50.96+3.7%) and CD150"CD48* (37.82+4.3%)
LSK sub-populations (Fig. 3C). Thus, a significant proportion of all sub-populations,
most importantly the primitive HSCs, expressed ITGAV and ITGB3. To confirm the
co-expression of ITGAV and ITGB3 on primitive HSCs, we repeated flow cytometry
experiments. The primitive HSCs (P1) was analyzed for the expression of both of the
integrin chains (Fig. 3D,E). We observed that 31.70+£2.81% of the most primitive spleen
resident HSCs co-expressed ITGAV and ITGB3. Of note, 49.41+3.09% of the HSCs that
expressed ITGAV also expressed ITGB3 (Fig. 3E).

In order to understand if POSTN-ITGAV interaction played any role in spleen lympho-
hematopoietic activity, we conditionally deleted /fgavin hematopoietic cells by crossing
Itga" (24) with Vav-iCre mice (25). Genotyping was performed on the DNA isolated
from tail tip tissues of adult animals and Vav-/tgav*’* and Vav-/tgav’- mice were identified
and used for further analysis (Suppl. Fig. 2A-C). We confirmed the loss of ITGAV
expression in the splenic HSPC population by flow cytometry (Suppl. Fig. 2D). Spleen
derived LSK cells were examined for cell surface expression of ITGAV and comparison
was made between Vav-/tgav*’* and Vav-/tgav’- mice. Results showed significantly
reduced expression of ITGAV on HSPCs from Vav-/tgav”- mice (Suppl. Fig. 2D). Initial
observations suggested little change in the gross morphology of spleen, upon /fgav deletion
(Fig. 3F). However, we observed a modest increase in spleen weight (Fig. 3G) and total
cellularity (Fig. 3H). Analysis of the transverse sections through the tissue showed an
increase in the cross-sectional area (Fig. 31).

Itgav deletion leads to increased HSC proliferation and poorer lymphopoietic function

To examine the effect of loss of ITGAV in spleen hematopoietic system, we compared
Vav-Itgav*”* and Vav-Itgav” mice for the frequency of HSPCs (lin“c-kit* cells; Suppl.

Fig. 2E), LSK cells and primitive HSCs in spleen tissues (Fig. 4A-C). Although we did

not observe any significant change in the frequency of lin-c-kit* cells (Suppl. Fig. 2E),

we did observe a significant increase in the frequency of LSK cells (Fig. 4B) as well as
primitive HSCs (Fig. 4C) following /fgav deletion. We then examined if this increase in the
frequencies of HSPC populations was accompanied by an altered proliferation status. Cell
cycle analysis of the control spleen derived mononuclear cells (MNCs), using Hoechst and
Pyronin Y staining (Fig. 4D,E), showed 64.23+1.44% of the spleen resident primitive HSCs
to be quiescent (in GO stage). Upon /fgav deletion, we observed a significant decrease in
the proportion (49.44+1.48%) of quiescent HSCs (Fig. 4E). No significant difference upon
Itgav deletion was observed in the proportion of spleen HSCs in G1 phase of cell cycle
(20.74+1.44% in WT and 26.64+1.96% in Vav-/tgav”’"). However, we observed an increase
in the proportion of cells in S phase, from 9.44+1.33% to 13.45+0.67% and in G2/M phase,
from 5.59+0.0.42% to 10.48+1.58% upon /fgav deletion in hematopoietic system (Fig. 4E).
These results indicate that the loss of ITGAV in the hematopoietic system leads to increased
proliferation rates. We next examined a possible impact of increased proliferation rates on
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the function of stem cell population by performing methylcellulose-based colony assays
(Fig. 4F,G). Results showed no difference in total colonies formed (Fig. 4F) but the number
of CFU-GEMMs per spleen (Fig. 4G) was significantly decreased, showing a functional
decline in more primitive progenitors in the spleen, following /fgav deletion.

Our earlier published results showed significant loss of long-term engraftment potential

in the Vav-/tgav”’- HSCs from BM, with concomitant loss of lymphocytes in peripheral
blood (12). Here, we performed experiments to understand if /fgav deletion led to any

loss of lympho-hematopoietic activity in spleen. We first performed H&E staining based
histological analysis on 10um thick spleen sections (Fig. 4H) and observed a significant
decrease in the WP area (Suppl. Fig. 2F) and a corresponding increase in the RP area
(Suppl. Fig. 2G) upon Vav-iCreinduced /fgav-deletion. This resulted in an overall increase
in the RP/WP ratio in the spleen tissues from Vav-/tgav”- mice (Fig. 41). Splenic WP area
is associated with lymphopoietic activity. To confirm any change in T- or B- lymphopoietic
activity, we performed flow cytometry analyses of the MNCs from spleen tissue (Fig. 4J-M).
We observed increase in the myeloid population (CD11b/Gr-1*) in Vav-/tgav”~ spleen (Fig.
4K). While no difference was observed in T-cell population (CD4/CD8*; Fig. 4L), /tgav-
deletion led to a significant decrease in the B-cell population (B220*; Fig. 4M). Careful
observations on the spleen tissue sections from Vav-/fgav”- mice showed an increase in the
megakaryocyte frequency compared to the control (Suppl. Fig. 2H,1).

Postn deletion partially mimics the effects observed in Vav-ltgav™’ mice

To confirm that the effects of /fgav deletion reflected the importance of POSTN-ITGAV
interaction specifically, we analyzed spleen hematopoietic system following Postn deletion.
Lack of Postnexpression in the spleen tissue was confirmed by performing quantitative
RT-PCR on magnetically isolated lin"CD45" fraction of splenocytes (Suppl. Fig. 3A). We
did not detect POSTN expression in the Postn”- samples. Surprisingly, unlike in the case
of Vav-Itgav’ mice, Postn” mice showed significantly smaller spleens (Fig. 5A), as can
be seen through a significant decrease in spleen weight (Fig. 5B), total cellularity (Fig.
5C) as well as average cross-sectional area (Fig. 5D). Next, we performed flow cytometry
experiments (Fig. 5E) to examine the frequency of HSPCs (lin"c-kit* cells; Suppl. Fig.
3B), LSKs (lin"c-kit*Sca-1* cells; Fig. 5F) and primitive HSCs (CD150*CD48°LSKs; Fig.
5G) in total spleen MNCs. While we did not observe any change in the HSPC population
(Suppl. Fig. 3B), there was a significant increase in the frequency of LSK cells (Fig. 5F)
and primitive HSCs (Fig. 5G). We then asked if this increase in the stem cell frequency
was linked to altered proliferation status (Fig. 5H,1). The LSK population was analyzed
for cell cycle status using Hoechst 33342 and Pyronin Y staining (Fig. 5H, gated on LSK
cells). Although we did not observe any significant change in the proportion of quiescent
LSK cells (GO stage), we observed a decrease in the cells in G1 (from 33.18+2.05%

to 25.46+2.59%; Fig. 51). Concomitantly, we found increase in the proportion of cells

in S (from 9.16+1.60% to 15.52+1.31%) as well as G2/M phase (from 8.79+1.25% to
13.07+0.87%) of cell cycle. These results demonstrate faster proliferation of the spleen
resident hematopoietic progenitors, as observed in the case of Vav-/tgav”’- mice.
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Through careful histological analyses, we observed that Postn deletion led to an increase in
the trabecular area (Fig. 6A,B). In addition, as in the case of Vav-/fgav”- mice, we observed
a significant increase in the RP area (Fig. 6C; Suppl. Fig. 3C), with a corresponding
decrease in the WP area (Fig. 6C, Suppl. Fig. 3D) resulting in overall increase in the RP/WP
ratio (Fig. 6D). However, Postn deletion did not result in any change in the proportion of
myeloid (CD11b/Gr-1%; Suppl. Fig. 3E), T-(CD4/CD8*; Suppl. Fig. 3F), or B- cell (B220™;
Suppl. Fig. 3G) populations. Flow cytometry analysis also showed a significant increase in
the proportion of CD41* cells in the spleen MNC population (Suppl. Fig. 3H). In order to
confirm that the increase in CD41* cells indicated a rise in the megakaryocytic population,
we performed H&E staining and compared the density of megakaryocytes, identified based
on their morphology (number per unit area) and confirmed increase in the megakaryocyte
population (Fig. 6E,F).

POSTN deficient spleen provides poor support to transplanted HSCs

Integrins are known for their role in cellular attachment in several cell types, including

the hematopoietic system. Our studies published before, did not find any difference in the
adhesion of /fgav deficient HSCs in vitro, also reflected in their homing potential in vivo
(12, 30). Therefore, we examined if there was any mobilization of BM HSPCs that could
aid in splenic extramedullary hematopoietic activity. Peripheral blood borne hematopoietic
progenitors in Postn*’* versus Postr”’~ mice were quantified using CFU-C assays (Fig.

6G). We did not find any significant increase in the circulating hematopoietic progenitors
in mice lacking POSTN expression. These results indicated that the phenotypes observed
were due to spleen-intrinsic effects of Postn deletion. Next, we examined if hematopoietic
stress condition further impacted the HSPC population in spleen. We used sub-lethal dose
of radiation to inflict hematopoietic injury and assessed the impact on the splenic HSPC
population in Postn*’* versus Postr”~ mice using methylcellulose-based colony assays (Fig.
6H). As expected, we observed a decrease in the number of splenic CFU-Cs following
radiation in both the groups. However, the radiation induced decrease in CFU-Cs was
significantly more pronounced in Postr-deficient mice. We hypothesized that these effects
might be due to poor support for the HSPC function in splenic niche lacking POSTN. To
confirm this, we tested if there was any change in niche support for the incoming HSCs
following BM transplantation in irradiated mice. We performed colony forming unit-spleen
assay (CFU-S;5), wherein we transplanted healthy BM derived cells into WT (Postr*/#) or
KO (Postn”") mice and compared the number of spleen colonies formed after 12 days (Fig.
61,J). We normalized the number of colonies formed with the weight of the spleens and
observed a significantly decreased number of spleen colonies in KO mice after 12 days of
transplantation (Fig. 6K). We also compared the frequency of HSC sub-populations in the
spleen tissues in the mice by flow cytometry analysis (Fig. 6L-N). While we observed a
significant decrease in the frequency of linc-kit* hematopoietic progenitors (Fig. 6L) and
LSK cells (Fig. 6M), there was no difference in the frequency of the primitive HSCs (Fig.
6N). We did not observe any difference in the frequency of the lin-c-kit* (Suppl. Fig. 3I),
LSK cells (Suppl. Fig. 3J) and the primitive HSC populations (Suppl. Fig. 3K) of the BM.
These results indicate that POSTN deficient spleen microenvironment might be poorer in its
potential to maintain incoming hematopoietic progenitors.

J Immunol. Author manuscript; available in PMC 2021 September 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mehatre et al. Page 10

Discussion

We here present evidence for a role of POSTN-ITGAV interaction in spleen lympho-
hematopoietic activity. Interruption in this interaction in Postn”- as well as Vav-/tgav”- led
to increased proliferation rates in spleen HSC population. The impact of altered inside-out
integrin signaling has been reported to affect spleen hematopoiesis through mobilization of
hematopoietic progenitors due to altered BM hematopoietic niche (33). These effects could
also be linked to poor homing of HSCs during embryonic development (34). Although,
yolk sac (YS) did show the presence of /fgh1”- HSCs in the chimeric mice, they were not
detected in embryonic blood or the hematopoietic sites including spleen. Later, Alexander
Medvinsky’s group through a comprehensive study showed that ITGA4, a key partner in
integrin heterodimers with 1 chain, was not crucial for differentiation program in definitive
HSCs (35). Furthermore, Talinl that mediates association between integrin chains to actin
cytoskeleton for cellular adhesion, was also shown to be dispensable for follicular B-cell
maturation in spleen (36). While these and several other studies explored the role of inside-
out integrin signaling in hematopoiesis, a role of outside-in integrin signaling in spleen
hematopoietic function has not been characterized yet. In corroboration of our previous
studies, we observed increased rate of HSC proliferation in both Postn”- and Vav-/tgav”-
spleen. Importantly, methylcellulose-based colony assays showed a clear decline in their
multi-lineage differentiation potential as fewer CFU-GEMMs were observed in Vav-/tgav”
spleen, despite an increase in the frequency of LSK and CD150*CD48"LSK cells.

It has been previously shown through /in vitro experiments that POSTN plays a role in
B-lymphopoiesis (37). Our previous study showed a decrease in the number of lymphocytes
in PB of Postn deficient mice (12). The experiments presented in this study, clearly

showed a decrease in the WP area indicating an effect on lymphopoietic activity. Flow
cytometry experiments confirmed a B-cell specific effect upon Vav-/Cre mediated loss

of /tgav. Apart from an increase in the RP/WP ratio and a modest increase in overall

spleen size, there was no indication of extramedullary hematopoiesis. Both Postn”-and Vav-
Itgav”- mice showed increase in megakaryocyte numbers. In fact, there was a remarkable
similarity in the phenotype of the two mouse lines used in this study. This, despite the

fact that there are other known ligands for integrin heterodimers with ITGAV as one of the
components. Although, integrins with ITGAV chain have been shown to act as the common
receptors for POSTN (38), it has been shown to have binding affinity for other integrin
heterodimers, such as ITGAM-B2, as well (39). A number of terminally differentiated
blood cells, such as macrophages and monocytes express ITGAM-B2 (40). A direct effect
of loss of POSTN on their function cannot be ruled out, but our results show a clear
alteration in the function of hematopoietic stem and progenitor cell population upon the
loss of POSTN-ITGAV interaction. Moreover, largely overlapping splenic phenotype seen
in Postr”~and Vav-Itgav”’- mice also indicates the importance of their association. Several
ECM proteins, soluble factors as well as ECM binding proteins such as Osteopontin (OPN)
have been shown to bind heterodimers containing ITGAV (41). OPN is an established
negative regulator of HSC function and Opn”” mice showed increased numbers of HSCs

in the BM as well as spleen (16). Under pathological conditions, soluble isoform of

OPN increased lymphoid cell population in BM chimeras (42). In our earlier published
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work, Vav-iCre mediated deletion of /fgav led to decline in HSC function with increased
proliferation rates. Our recent studies on fetal liver hematopoiesis also showed increase in
HSC proliferation rates both in the case of Postn”-and Vav-/tgav’- embryos (30). Through
the results presented in this manuscript, we further establish the role of POSTN-ITGAV
interaction in the regulation of HSC proliferation.

We made another curious observation on spleen tissues from Postn deficient mice. The tissue
showed an increase in the trabecular area. We did not observe this phenotype in Vav-/tgav”-
spleen and hypothesized the presence of an additional hematopoietic-extrinsic effect of loss
of Postn. This was corroborated by an overall small size of Postn deficient spleen, unlike

in the case of Vav-iCre mediated /fgav deletion. Further proof came from CFU-S1, assay,
wherein transplanted WT BM cells were poorly supported by the Postn deficient spleen
niche and resulted in fewer spleen colonies. It is interesting to note that we observed POSTN
expression mainly in the myofibroblasts of spleen trabeculae. It has been shown before

that POSTN is expressed in myofibroblasts in a variety of tissues including skin (43).

In fact, Postrgene targeted mouse line was raised to delineate the developmental origin

of myofibroblasts in cardiac tissue (44). Increase in the trabecular area in Postn deficient
mice points towards a feedback regulatory mechanism connecting POSTN expression and
function. These observations warrant further investigation into the role of POSTN in the
creation of splenic niche and its impact on the non-hematopoietic compartment of the tissue.
Vav-iCre mediated transgenesis targets cells of endothelial and hematopoietic origin (45)
not affecting the other cell types such as mesenchymal cells and myofibroblasts. Therefore,
phenotypic differences between the Postr”~and Vav-/tgav”’- mice, including overall decrease
in spleen size in Postn”” mice, is not unexpected. In fact, expansion of the trabecular

area that is also the key source of POSTN expression and secretion, indicates a possible
autocrine regulation. Poorer support for the incoming hematopoietic progenitors HSCs
observed through CFU-S4, assays could also have resulted due to altered physico-structural
support from the spleen niche in Postn”~ mice. Further studies could shed light on many of
the pathological conditions that lead to fibrous splenic areas (46).

Niche regulation of spleen resident HSCs has not been worked out yet. Using
extramedullary hematopoiesis model, Sean Morrison’s group through elegant experiments
showed the involvement of 7c721-expressing endothelial and stromal cells in supporting
HSCs in spleen (47). HSCs were found to be located close to the 7¢f217 stromal cells

in the red pulp of spleen. These cells expressed SCF and SDF-1a.; conditional deletion

of anyone of these two genes, resulted in severely reduced spleen EMH. Potential of

spleen stroma to support hematopoietic activity through 7n vitro experiments had been
described (48). These cells supported the lymphoid cells from BM, spleen, thymus and
blood in secondary cultures and led to robust differentiation into dendritic cells. Spleen
stromal cell lines were later established that showed potential to support the development

of hematopoietic cells including immature dendritic-like cells (49). Recently, these stromal
cells that showed a rather restricted support of hematopoietic processes were found to be
equivalent to Sca-1*gp38*Thy1.2*CD29*CD51* fraction of spleen stroma (50). However,
mechanisms that regulate the function of spleen resident HSCs have not been uncovered thus
far. Associated phenotype of increased trabecular area in spleen from Postn”~ mice indicates
a possible regulation by the physical components of the niche. Further investigation could
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also be important to understand spleen fibrotic pathologies better. In the case of liver
cirrhosis, it has been shown that transforming growth factor (TGF)-p expressed in spleen
plays an important role (51). While TGF-B is known to be an important regulator of Postn
expression (52), a number of POSTN-induced functions, such as collagen production, were
mediated by TGF-B (53). In our experiments however, we did not observe any significant
change in 7g7f-B1 expression in Postn deficient spleen tissue (data not shown).

As there was no induction of EMH upon Postr-deletion, we considered that the

phenotypes observed were mediated via the effects on spleen resident HSCs. Although

their physiological relevance in the regular supply of blood cells or even EMH is not clearly
understood, at clonal level their in vivo function was found to be equivalent to that of the
BM HSCs (22). It has been reported that suppression of BM hematopoiesis is not crucial

for the induction of EMH and extrinsic factors could stimulate increase in the number of
hematopoietic progenitors in spleen and liver (54). A double transgenic mouse co-expressing
IL-6 and soluble IL-6R showed elevated levels of EMH in spleen in addition to liver, without
impacting BM hematopoiesis. IL-6 is a well-known player in inflammation and various
related immunological responses (55). Work in the recent years has elucidated a clear

effect of infections and inflammation in affecting HSC function (56, 57). However, if IL-6
mediated any of these effects is not very clear. Spleen function is more intricately connected
with the immunological status of the organisms. A recent report suggested regulation of 1L-6
expression by POSTN, as in the Postr”~ colonic tissues 1L-6 expression was found to be
reduced. Interestingly, IL-6 in turn induced STAT3 mediated Postn expression in colonic
myofibroblasts (58). Similar findings were made in the case of keratinocyte proliferation
where POSTN regulated its own expression through a IL-1a/IL-6 loop (59). As IL-6 also, is
a known regulator of collagen (60), its role on mediating some of the phenotypes observed

in Postr’~ mice could not be ruled out.

In contrast, /ick”-Src” mice showed activation of EMH followed by severely affected BM
hematopoiesis due to extreme form of osteopetrosis (61). Therefore, it has been challenging
to understand the regulatory mechanisms that are played specifically in the spleen and their
physiological relevance. Our report shows the involvement of outside-in integrin signaling
not only in the regulation of spleen HSC function but possibly also in the creation of
hematopoietic niche in this tissue.
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Refer to Web version on PubMed Central for supplementary material.
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Key points
. Outside-in integrin signaling regulates splenic HSC proliferation and
function.
. Lack of Postn-Itgav interaction affects myofibroblasts in splenic trabecular
area.
. Periostin modulates splenic niche creation and support for splenic and

incoming HSCs.
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Overlay

Overlay

C. Overlay

D. Overlay

Figure 1. POSTN is expressed by myofibroblasts in adult spleen
(A) POSTN expression in adult spleen tissues was examined using immunohistochemistry

on 10um cryo-sections. WP areas were identified by using marginal zone macrophage
marker CD169; trabecular, capsular and vascular regions were identified by using antibodies
against a-SMA. Specific antibodies were used to identify the cells expressing POSTN,
nuclear counterstaining was done using Hoechst 33342. The sections were visualized and
tile scan was performed on confocal microscopes. (n=2, N=8, scale bar=0.5mm).
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(B-D) Regions with compelling levels of POSTN expression; namely, the capsule (B),
trabeculae (C), and vasculature (D) were analyzed by immunostaining with myofibroblast/
smooth muscle cell marker a-SMA. (n=5, scale bar= 20um for panel B,C and 10pum for
panel D).

(E) The endothelial and smooth muscle lining of the vessels were identified using antibodies
against endothelial marker CD31 and a-SMA, along with anti-POSTN antibody (n=3, scale
bar=20um).
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Overlay.

:
- POSTN

Figure 2. POSTN colocalizes with ECM proteins close to myofibroblasts
Immunostaining experiments were performed to examine colocalization of POSTN with

ECM proteins laminin and collagen IV in various anatomical locations within spleen

tissue. (A) Vascular region of spleen identified by CD31 immunostaining. Colocalization of
POSTN with laminin (upper panel) and collagen IV (lower panel) visualized using specific
antibodies. (B) Staining for a-SMA was used to identify trabecular area, wherein POSTN
colocalization with ECM was examined by counterstaining with laminin (upper panel) and
collagen 1V (lower panel). (C) White pulp area, identified by the laminin (upper panel) and
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collagen IV (lower panel) expression on the periphery and in red pulp. Identification of
smooth muscle cells/myofibroblasts and POSTN using specific antibodies.
n=3, Scale bar=20pum
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Figure 3. Expression of ITGAV and ITGB3 in hematopoietic stem cell sub-populations in spleen
Adult spleen derived MNCs were analyzed for the cell surface expression of ITGAV and

ITGB3 on various HSC sub-populations by flow cytometry. (A) The LSK population
from the spleen MNCs was further divided into four sub-populations on the basis of
expression of SLAM markers CD150 and CD48. (B) All four sub-populations of the
LSK cells were examined for the expression of ITGAV (upper panel) and ITGB3 (lower
panel), separately. (C) Comparison of ITGAV and ITGB3 expression on different HSC
sub-populations. Proportion of each LSK sub-population based on CD150 and CD48 that
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expressed ITGAV or ITGB3 was plotted. One-way ANOVA followed by Tukey-Kramer
Post Hoc test was performed * p<0.05, ** p<0.01. (D) Co-expression analysis of ITGAV
and ITGB3 on the primitive HSCs. The adult spleen derived HSCs were identified as
lin"CD48 c-kit*Sca-1*CD150* cells and were examined for the expression of ITGAV and
ITGB3 based on flow cytometry. (E) Proportion of primitive HSCs expressing ITGAV and
ITGB3 in combination or separately. (F) Gross morphology of the spleen from Vav-/tgav*’*
(WT) and Vav-/tgav”~ (conditional knockout; cKO) mice obtained following crossing Vav-
iCreand /tga/" lines. (G) Comparison of whole spleen weight from WT and cKO mice.
(H) Comparison of total spleen cellularity (total mononuclear cells) in the WT and cKO
mice. (I) Cross-sectional area quantified using transverse sections through the spleen tissues.
Six 10um thick sections (every fifth section used for analysis), were analyzed for total
cross-sectional area. n=4, N=24, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns
indicates not significant.
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Figure 4. Increased frequency of phenotypic HSCs and poor B-lymphopoiesis in Vav-Itgav'/'

spleen

(A-C) Mononuclear cells from Vav-/tgav*’* (WT), Vav-Itgav’- (cKO) spleen tissues were
used for the analysis of HSC frequency by flow cytometry. Quantification of frequency

of hematopoietic stem and progenitor cell populations in the spleen from WT and cKO
mice; (A) The LSK population from the spleen MNCs was further divided on the basis

of expression of SLAM markers CD150 and CD48, (B) LSK cells, (C) primitive HSCs
(n=8). (D,E) Cell cycle analysis of the primitive HSCs population from spleen by Hoechst
33342/Pyronin Y staining. Comparison of the proportion of spleen LSK cells in various
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stages of cell cycle is shown (n=6). (F,G) CFU-C assay performed on total splenocytes

to compare the frequency of hematopoietic progenitors. Total number of CFU-Cs (F) and
CFU-GEMMs (G) were compared between WT and cKO mice (n=6). (H) Spleen tissues
from Vav-/tgav*’* (WT) and Vav-/tgav’~ (cKO) animals were harvested. The formalin-fixed,
paraffin-embedded tissues were used to cut 10um sections that were used for H&E staining.
(I) The ratio between the cross-sectional area under red pulp (RP) and white pulp (WP)
was compared between WT and cKO spleen tissues (n=4, N=24). (J-M) Mononuclear cells
harvested from WT and cKO spleen tissues were used for flow cytometry analysis. The
proportion of CD11b/Gr-1* myeloid cells (K), CD4/CD8* T-cells (L) and B220* B-cells
(M) was compared between WT and cKO mice derived spleen tissues (n=6).

Unpaired two-tailed Student’s t-test was performed. * p<0.05, ** p<0.01, *** p<0.001, ns
indicates not significant.
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Figure 5. Loss of POSTN expression affects proliferation of hematopoietic progenitors in spleen
(A) Spleen tissues from Postn*”* (WT) and Postrr”’~ (KO) mice were harvested. (B)

Comparison of whole spleen weight from WT and KO mice. (C) The total number of MNCs
from spleens of WT and KO mice. (D) Cross-sectional area quantified using transverse
sections of spleen tissues from WT and KO mice. The formalin-fixed, paraffin-embedded
tissues were used to cut 10um sections that were used for H&E staining and analysis. (E-G)
Quantification of frequency of various hematopoietic stem and progenitor cell populations
in the spleen from WT and KO mice; (F) LSK cells, (G) primitive HSCs. (H) Cell cycle
analysis of the spleen LSK cells. Total MNCs from spleen tissues were used to first label

the cells with lineage, Sca-1 and c-kit antibodies followed by Hoechst 33342/Pyronin Y
staining. Samples acquired on a flow cytometer were analyzed and LSK cells were gated
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for further analysis for Hoechst 33342 and Pyronin Y intensity. (I) Comparison of the
proportion of spleen LSK cells in various stages of cell cycle (n=6).

Unpaired two-tailed Student’s t-test was performed. * p<0.05, ** p<0.01, ***p<0.001. ns
indicates not significant.
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Figure 6. Postn deletion leads decline in spleen lympho-hematopoietic function
(A-D) Histological examination of spleen tissue sections from Postn*/* (WT) and Postn™”

(KO) mice. Tissues fixed in 4% paraformaldehyde were cut into 10pum sections and H&E
staining was performed. Brightfield images were captured for histological analysis. (A)
Examination of the trabecular area by H&E staining. (B) Quantification of trabecular area
as proportion of the total cross-sectional area of spleen tissues from WT and KO mice. (C)
H&E stained sections analyzed for spleen cross-sectional area under red and white pulp. (D)
Comparison of the ratio of red versus while pulp in the spleen tissues from WT and KO
mice. n=4, N=23-24

(E) Histological examination of the WT and KO spleen sections to identify megakaryocytes
(white arrowheads) on the basis of morphological features. (F) Comparison of
megakaryocyte frequency in spleen sections per mm? of the total cross-sectional area. n=4,
N=24, unpaired two-tailed Student’s t-test was performed, * p<0.05, ** p<0.01, ns indicates
not significant.

(G) Methylcellulose-based colony assay performed to quantify HSPCs in peripheral blood
of WT and KO mice. n=7, unpaired two-tailed Student’s t-test, ns indicates not significant
(p>0.05).

(H) Postn** (C) and Postn™~ (KO) mice with (IR) or without (NIR) radiation injury
compared for HSPC frequency, using methylcellulose-based colony assay. Colony assays
were performed one week after radiation injury and colonies were counted after 12 days.
n=2, N=7 unpaired two-tailed Student’s t-test, * p<0.05

(1) CFU-S15 assay performed to assess the support potential of splenic niche for the
incoming hematopoietic progenitors. Overall morphology of the WT and KO spleen tissues,
12 days after the mice received WT BM cells following lethal dose of irradiation.

(J) Comparison of the total number of spleen colonies in recipient WT and KO mice from
CFU-S¢, assay.
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(K) Comparison of the number of spleen colonies in WT and KO mice following
normalization with the spleen weight.

(L-N) Flow cytometry analysis of spleen MNCs for comparison of the HSC sub-

populations in spleen, following CFU-S15 assay. Quantification of the frequency of various
hematopoietic stem and progenitor cell populations in the spleen from WT and KO mice; (L)
linc-kit* cells, (M) LSK cells, (N) primitive HSCs.

Unpaired two-tailed Student’s t-test was performed. n=3, N=9, t test: * p<0.05, ns indicates
not significant.
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