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SUMMARY

The bone marrow niche plays a critical role in controlling the fate of hematopoietic stem cells (HSCs) by integrating intrinsic and
extrinsic signals. However, the molecular events in the HSC niche remain to be investigated. Here, we report that intercellular adhe-
sion molecule-1 (ICAM-1) maintains HSC quiescence and repopulation capacity in the niche. ICAM-1-deficient mice (ICAM-1"/") dis-
played significant expansion of phenotypic long-term HSCs with impaired quiescence, as well as favoring myeloid cell expansion.
ICAM-1-deficient HSCs presented normal reconstitution capacity during serial transplantation; however, reciprocal transplantation
experiments showed that ICAM-1 deficiency in the niche impaired HSC quiescence and repopulation capacity. In addition, ICAM-1
deletion caused failure to retain HSCs in the bone marrow and changed the expression profile of stroma cell-derived factors, possibly
representing the mechanism for defective HSCs in ICAM-1~/~ mice. Collectively, these observations identify ICAM-1 as a regulator in

the bone marrow niche.

INTRODUCTION

Hematopoiesis is the process whereby the pool of all
mature blood cells is replenished throughout an organ-
ism’s life time (Doulatov et al., 2012; Sawai et al., 2016).
Hematopoietic stem cells (HSCs) have the capability of
both self-renewal and differentiation, which ensures their
homeostasis and maintains the hematopoietic system (Or-
ford and Scadden, 2008). Under steady-state conditions,
HSCs reside in a dormant state characterized by slow cell
cycling, such as quiescence or GO phase (Pietras et al.,
2011). In response to stress, injury, or infections, HSCs
exit the GO phase and proliferate to generate hematopoiet-
ic progenitor cells, which will subsequently differentiate
and reconstitute the blood and immune lineages (Naka-
mura-Ishizu et al., 2014; Wilson et al., 2008, 2009). The
bone marrow microenvironment, which is known as the
niche, has been shown to play a major role in the precise
equilibrium between quiescence, self-renewal, and differ-
entiation of HSCs (Crane et al., 2017; Schofield, 1978).
The bone marrow niche contains a variety of stroma
cells types that help maintain HSC function by providing
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extracellular matrix proteins, cytokines, chemokines, and
growth factors (Mendelson and Frenette, 2014). Stroma
cells can interplay with HSCs in the niche, either by
secreting certain factors or via direct cell-cell communica-
tion through signaling molecules expressed on the cell
surface; in this way, they are uniquely adapted to support
HSCs (Blaser et al., 2017; Greenbaum et al., 2013; Suda
et al., 2005).

The cellular and molecular mechanisms regulating the
interplay between HSCs and the bone marrow niche have
been extensively investigated (Arai et al., 2004; Goncalves
et al., 2016). Among these, adhesion molecules play an
important role not only in terms of anchoring hematopoi-
etic cells to the bone marrow niche but also by regulating
their functional status (Chen et al., 2013; Jeannet et al.,
2013; Simmons et al., 1997). HSCs express diverse adhesion
receptors, such as P selectin glycoprotein ligand-1 (PSGL-1),
integrins a4p1 and «5B1, and very late antigen-4 (VLA-4),
which interact with extracellular matrix proteins and cell
adhesion molecules expressed by niche cells (Prosper and
Verfaillie, 2001; Winkler et al., 2012). In addition to retain-
ing HSCs in the proper bone marrow niche, the interaction
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between adhesion receptors and their ligands could elicit
intracellular signaling in HSCs and thus regulate their func-
tionality (Papayannopoulouetal., 1995; Papayannopoulou
and Nakamoto, 1993; Vermeulen et al., 1998; Wilson and
Trumpp, 2006).

Intercellular adhesion molecule-1 (ICAM-1) is a mem-
ber of the immunoglobulin superfamily of adhesion pro-
teins, which share a similar structure of repeating immu-
noglobulin-like domains (van de Stolpe and van der Saag,
1996). Upon binding to its ligand B, integrin, lympho-
cyte function-associated antigen-1 (LFA-1), ICAM-1 medi-
ates cellular cross-talk, including among immune cells
(Carrasco et al., 2004). Their interaction enables leuko-
cyte trafficking and activation, the formation of the
immunological synapse between T cells and antigen-pre-
senting cells, as well as establishment of memory T cells
(Boyd et al., 1988; Long, 2011; Scholer et al., 2008). In
contrast to its broad effect on the functionality of im-
mune cells, the role of ICAM-1 in HSCs and hematopoi-
esis remains largely unknown. Treatment of human
CD34" cells with anti-LFA-1 antibody was reported
to significantly reduce HSCs engraftment (Peled et al.,
2000). These observations indicated a potential role of
ICAM-1 and LFA-1 in the regulation of HSC biological
functions.

In this study, we investigated the regulatory effect of
ICAM-1 in HSCs. We show that ICAM-1 is an important
regulator of HSC homeostasis, which acts in a niche-depen-
dent manner. Deficiency of ICAM-1 in mice resulted in
expansion of phenotypic long-term HSCs (HSC ") with
defective quiescence and repopulation capability. Either
the progenitor or progeny cells exhibited an increase in
the myeloid lineage, and a decrease in the lymphoid
lineage. Moreover, these effects were mediated by the
bone marrow niche rather than being intrinsic to HSCs.
ICAM-1 deficiency in the bone marrow niche results in dys-
regulation of stroma cell-derived factors, which may also
underlie the potential mechanism of action of the niche.
Taken together, our results reveal ICAM-1 as a regulator of
HSCs in the bone marrow niche.

RESULTS

ICAM-1 Deficiency Causes Expansion of HSC T with
Impaired Quiescence

To address the role of ICAM-1 in HSCs under steady-state
conditions, we evaluated the levels of hematopoietic
stem and progenitor cells (HSPCs) in the bone marrow
from ICAM-1-deficient (ICAM-1"/") mice and wild-type
(WT) littermate controls. Flow cytometric analysis showed
that ablation of ICAM-1 caused a minor increase in bone
marrow cellularity (Figure S1A), whereas the frequency
of Lin™ SCA-1* C-KIT" (LSK) did not differ statistically
between ICAM-1"/~ and WT mice (Figure S1B). However,
the proportion and absolute cell counts of long-term
HSCs (HSC™'T, LSK-CD150"CD48") in the bone marrow
were more than 2-fold higher upon ICAM-1 deletion (Fig-
ure 1A). Instead, no noticeable changes were detected for
short-term HSC (HSC~ST, LSK-CD150 CD48") cells (Fig-
ure 1A). Additionally, the level of multipotent progenitor
(MPP) 2 (LSK-CD150*CD48") was significantly elevated,
whereas the MPP3/4 (LSK-CD150~CD48%) subset was
reduced following ICAM-1 deletion (Figure 1A). The expan-
sion of HSC™" was further confirmed by staining with
another set of HSCs markers, CD34 and FLK2. These helped
to distinguish the HSC ™ (LSK-CD34 FLK2"), HSC ST
(LSK-CD34*FLK27), MPP (LSK-CD34*FLK2*) cell popula-
tion, and confirmed a roughly 2-fold increase in HSC™*"
(Figure S1C). The above observations prompted us to inves-
tigate the cycling status of HSC . Ki67 staining showed a
significant reduction in GO cells (Ki67 DAPI", 79.2% =+
10.56% in WT versus 48.2% + 5.56% in ICAM-1"/") and in-
crease in cycling cells (S/G2/M; Ki67*DAPI*, 3.58% =
1.47% in WT versus 14.12% = 3.14% in ICAM-1"/") in
ICAM-1-deficient HSC ™" compared with WT controls (Fig-
ure 1B). Another cell-cycle staining method, Pyronin Y/
Hoechst, produced the same results (Figure S1D). Further-
more, pulse bromodeoxyuridine (BrdU) labeling identified
a higher proportion of proliferating cells in ICAM-1-defi-
cient HSC™™ (13.5% + 3.27% in WT versus 21.0% =
3.57% in ICAM-1"'") (Figure 1C). Consistent with its

Figure 1. ICAM-1 Deficiency Causes Expansion of HSC™'" with Impaired Quiescence
(A) Flow cytometric analysis of HSPCs in bone marrow from WT and ICAM-1"/" mice. HSC™'T, long-term HSCs; HSC™>T, short-term HSCs;

MPPs, multipotent progenitors.

(B) Cell-cycle analysis of HSC™'" (LSK-CD48CD150*) from WT and ICAM-1"/" mice.

(C) BrdU incorporation analysis of HSC™'" from WT and ICAM-1"/~ mice. In (A)-(C), representative profiles are shown at left, and the
proportion and absolute cell numbers are shown at right. Data are shown as the mean + SEMs from three independent experiments (n = 6).
(D) The expression of cell cycle-related genes in HSC™'" was examined by absolute quantification real-time PCR. Data are shown as the

mean + SEMs from three independent experiments (n = 6).

(E) Survival curve of WT or ICAM-1~/~ mice following weekly 5-FU treatment (150 mg/kg body weight) (n = 12).
(F) Dynamic changes of bone marrow cell numbers (left) and HPCs numbers (right) in WT and ICAM-1~/~ mice during 5-FU challenge.

Mean = SEMs from six mice are shown.
*p < 0.05; **p < 0.01.
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higher proliferative status, cyclinD1 (Ccndl) expression
was upregulated, whereas multiple negative regulators of
cell proliferation, including cyclin-dependent kinase in-
hibitors p21 (Cdknla), p27 (Cdknlb), and Nurrl (Nr4a2),
were downregulated in ICAM-1~/~ HSC " (Figure 1D). In
contrast, no difference in cycling rate was observed for
HSC 5T and MPPs derived from WT and ICAM-1"/~ mice
(Figures S1E and S1F). The apoptotic rate of distinct
populations of HSPCs did not differ between WT and
ICAM-1"/~ mice (Figure S1G), suggesting that ICAM-1
did not affect the survival of HSPCs. These results collec-
tively demonstrate that loss of ICAM-1 causes expansion
of phenotypic HSC™*' with impaired quiescence under
steady-state conditions.

Cycling HSCs are more vulnerable to 5-fluorouracil
(5-FU) cytotoxicity, whereas quiescent HSCs remain viable
after 5-FU treatment (Cheng et al., 2000). ICAM-1"/" mice
challenged with sequential 5-FU dose died dramatically
faster than WT controls: 70% of ICAM-1"'~ mice suc-
cumbed at 14 days and all remaining mice died at
20 days after initiation of 5-FU injection. In contrast,
only 20% of WT mice succumbed at 14 days and 50%
died at 23 days after 5-FU injection (Figure 1E). Analysis
of another cohort of 5-FU-treated mice showed that
HSC™" from ICAM-1~/~ mice were less efficient at replen-
ishing bone marrow cells and hematopoietic progenitor
cells (HPCs) and tended to become exhausted (Figure 1F).
These observations support the importance of ICAM-1 in
the maintenance of HSC™"" quiescence.

ICAM-1 Deficiency Favors Myeloid Cell Expansion

Next, we studied whether the absence of ICAM1 affects
the differentiation potential of HSCs. Distinct populations
within the HSC pool present different lineage differentia-
tion potentials, which could be distinguished by diverse
levels of CD150 (SLAM) expression: CD150™, CD150™,
and CD150'°% (Beerman et al., 2010; Kent et al., 2009; Mor-
ita et al., 2010). Flow cytometric analysis revealed a sub-
stantial change in the levels of HSC compartments upon
ICAM-1 deletion: the proportion of CD150™ in the
ICAM-1"/~ HSC (LSK-CD34") pool was more than 2-fold
higher than in WT littermates (7.75% = 1.79% in WT

versus 20.6% + 5.20% in ICAM-17/7), whereas the
CD150'" subset decreased to half that of WT controls
(42.5% =+ 8.76% in WT versus 22.3% =+ 4.20% in
ICAM-1777) (Figure 2A). We further evaluated the levels
of lineage-committed progenitors. Flow cytometric
analysis showed that the proportion and absolute cell
counts of common myeloid progenitors (CMPs) and gran-
ulocyte/monocyte progenitors (GMPs) were significantly
elevated, whereas megakaryocyte-erythroid progenitors
(MEPs) were dramatically decreased in ICAM-1"/~ mice
compared with WT controls (Figure 2B). However, the
frequencies of common lymphoid progenitors (CLPs) dis-
played no variation (Figure 2C). These changes in lineage
specification were accompanied by an expansion of imma-
ture myeloid cells (MAC1*GR1"), as well as lower levels of
lymphocytes (T and B cells) and erythrocytes (Ter119%)
in the bone marrow, spleen, and peripheral blood of
ICAM-1"/~ mice compared with their WT littermates (Fig-
ure 2D). In addition to the lower levels of lymphocytes,
further analysis showed a systematic reduction of devel-
oping B cells in the bone marrow (Figure 2E) and the reduc-
tion of different stages of T lymphocytes in the thymus of
ICAM-1"/" mice (Figure 2F). Complete blood count anal-
ysis of key hematological parameters revealed higher
neutrophil levels but fewer lymphocytes, and a substantial
drop in the levels of red blood cells, hemoglobin, and plate-
lets in ICAM-1"/~ mice (Table S1). These observations indi-
cate that loss of ICAM-1 favors myeloid cell expansion.

HSCs with ICAM-1 Deletion Display Normal
Quiescence and Transplantation Capability after
Transplantation

Based on the observation that ICAM-1 could regulate the
quiescence of HSCs, we sought to determine whether this
was intrinsic to HSCs or was mediated by the bone marrow
niche. It should be noted that ICAM-1 is expressed on both
hematopoietic cells and major bone marrow niche cells,
including endothelial cells (Ecs), mesenchymal stem cells
(Msc), osteoblasts (Obs), and CXCL12-abundant reticular
cells (CARs) (Figure S2A). First, serial competitive trans-
plantation experiments were performed: HSC™'T from
WT or ICAM-1~/~ mice (donor, Ly5.2%) were mixed with

Figure 2. ICAM-1 Deficiency Favors Myeloid Cell Expansion

(A) Flow cytometric analysis of HSC compartments based on CD150 expression in bone marrow from WT and ICAM-1"/~ mice. Both
representative profile (left) and data are shown as the mean + SEMs from three independent experiments (n = 6, right).

(B and C) Flow cytometric analysis of CMPs, GMPs, MEPs (B) and CLPs (C) in bone marrow from WT and ICAM-1"/" mice. Both representative
profile (upper) and data are shown as the mean + SEMs from three independent experiments (n = 6, lower).

(D) Absolute number of distinct mature cells in bone marrow (BM), spleen (SP), and peripheral blood (PB), including myeloid cells
(MAC1*GR1%), T cells (CD3*CD4*/CD3*CD8*), B cells (B220CD19"), and erythrocytes (TER119%), in WT and ICAM-1"/" mice.

(E and F) Absolute number of developing B cells in bone marrow (E) and developing T cells in thymus (F) from WT and ICAM-1"/" mice. Data
are shown as the mean + SEMs from three independent experiments (n = 6).

*p < 0.05; **p < 0.01.
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(A) Experimental schematic for serial competitive transplantation with HSC™" from WT and ICAM-1"/" mice (n = 6); results in (B)-(E).
(B) Representative flow cytometric profiles of chimerism in peripheral blood at the indicate time points.
(C) Dynamic analysis of donor-derived cells in peripheral blood (PB) at the indicated time points.

(legend continued on next page)
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bone marrow cells from congenic mice (competitor,
Ly5.1%), followed by transplantation into lethally irradi-
ated recipients (Ly5.1%/Ly5.2%). The secondary transplanta-
tion was performed 16 weeks later; bone marrow cells were
harvested from the primary recipient mice and were trans-
planted into a secondary set of lethally irradiated animals
(Figure 3A). Deletion of ICAM-1 in HSC™*" did not affect
their repopulation capabilities (Figure 3B). As expected,
WT HSC™'" gave rise to stable long-term multi-lineage
reconstitution in peripheral blood in recipient mice. No
difference was observed between ICAM-1"/~ and WT con-
trol up until 16 weeks after secondary transplantation,
except a transitory defect in B cell engraftment during
the first transplantation with ICAM-1~/~ HSC™™" (Fig-
ure 3C). Flow cytometric analysis revealed no difference
in the frequencies of distinct HSPCs, lineage-committed
progenitors, and mature cells in the bone marrow (Fig-
ure 3D). No change was observed in the proliferative status
of HSC™'T derived from ICAM-1"'~ and WT mice (Fig-
ure 3E). Conditional deletion of ICAM-1 (ICAM-1""-Vav1-
Cre) in hematopoietic cells by breeding ICAM-17/ mice
with VavI-Cre transgenic mice failed to cause any notice-
able effects on the HSC compartment (Figures S3A-S3F).

ICAM-1 Deficiency in the Niche Regenerates HSCs
with Defective Quiescence and Transplantation

Next, we performed reciprocal transplantation to investi-
gate whether these defects were mediated by the bone
marrow niche. As shown in Figure S4A; Ly5.2* WT bone
marrow was transplanted into lethally irradiated LyS.1*
WT mice (WT-to-WT, blue), Ly5.2* ICAM-1"'~ bone
marrow was transplanted into lethally irradiated LyS5.1*
WT mice (ICAM-1"/"-to-WT, red), Ly5.1* WT bone marrow
was transplanted into lethally irradiated Ly5.2* ICAM-1"/~
mice (WT-to-ICAM-1"/~, green), and Ly5.2* ICAM-1"/~
bone marrow was transplanted into lethally irradiated
Ly5.2* ICAM-1"/~ mice (ICAM-1"/"-to-ICAM-1"/~, pur-
ple). At 8 weeks post transplantation, bone marrow analysis
revealed a systematic decline in absolute cell counts of
HSPCs population, lineage-determined progenitors, as
well as mature cells in ICAM-1"/~ recipients compared
with WT controls (Figure S4B). These changes were accom-
panied by a higher level of proliferative HSC™'' (Fig-
ure S4C). However, the defects of WT bone marrow trans-
plants into ICAM-1"/~ recipients (green) failed to persist
for a long time; indeed, the parameters were restored to
levels comparable with those of WT recipients at 16 weeks

post transplantation (Figures S4D and S4E). When
ICAM-1"/"~ bone marrow was transplanted into ICAM-1"/~
recipients (purple), defects in reconstitution and prolifera-
tive of HSC ™ were persistently observed (Figures S4D and
S4E). These observations indicate that the transplanted WT
bone marrow niche could gradually reconstitute the bone
marrow microenvironment in ICAM-1"/~ mice (Liang
et al, 2013). To further confirm this possibility, WT
hematopoietic cells (HEM: CD45%/TER119") were com-
bined with non-hematopoietic cells (non-HEM: CD45 /
TER1197) from WT (black) or ICAM-1~/~ (red) mice,
followed by transplantation into lethally irradiated
ICAM-1~/~ recipients (Figure 4A) (Liang et al., 2013). Gen-
otyping proved the presence of donor-derived non-he-
matopoietic cells in the recipients (Figure S4F). Significant
defects in long-term reconstitution, as well as a dramatic
expansion of myeloid cells and a lower proportion of
lymphocytes, were observed in donor hematopoietic cells
combined with ICAM-1""~ non-HEM in the serial trans-
plantation (Figures 4B and 4C). Recipients transplanted
with donor hematopoietic cells combined with ICAM-1~/~
non-HEM also displayed a remarkable reduction in HSPCs,
lineage-defined progenitors, and mature cells in the
bone marrow (Figure 4D), as well as an expected higher
proportion of cycling HSC™*T (Figure 4E). Consistently,
when ICAM-1"/~ HSC " was combined with non-HEM
(CD457/TER1197) from WT (black) or ICAM-1"" (red)
mice, similar results were observed (Figures S5A-S5C).
Further hematopoietic colony-forming units (CFUs) assay
showed that WT HSPCs (Lin~) gave smaller colony
numbers after co-culture with stromal cells with ICAM-1
deletion (Figure S5D). Collectively, these observations
support the notion that ICAM-1 deficiency in niche regen-
erates HSCs with defective quiescence and repopulation, as
noted in ICAM-1"/" mice.

The Mechanism Responsible for Defective HSCs Is
Traced to the ICAM-1"/"-Derived Niche

Retention of HSCs in the bone marrow is a prerequisite for
maintaining their biological function (Mendelson and
Frenette, 2014). This is reflected by the capability of HSCs
to be mobilized from the bone marrow in response to stim-
ulation, as well as efficient homing to bone marrow upon
transplantation (Xing et al., 2006). Based on our observa-
tions that ICAM-1 regulated HSC function in a niche-
dependent manner, we speculated that ICAM-1 might
affect the retention of HSCs in the bone marrow. We

(D) Absolute number of donor-derived HSPCs, progenitors, and mature cells in bone marrow (BM) at 16 weeks after second transplantation.
(E) Cell-cycle (left) and BrdU analysis (right) of donor-derived HSC™'" in bone marrow at 16 weeks after second transplantation. Mean +

SEMs were shown.
*p < 0.05.
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Figure 4. ICAM-1 Deficiency in Niche Regenerates HSCs with Defective Quiescence and Transplantation

(A) Experimental schematic for the mixture transplantation: WT hematopoietic cells (WT: HEM) were combined with non-hematopoietic
cells (non-HEM) from WT (black) or ICAM-1~/~ (red), followed by transplantation into ICAM-1~/" mice (n = 6); results in (B)-(E).

(B) Representative flow cytometric profiles of chimerism and proportions of donor-derived cells in peripheral blood at 16 weeks after
second transplantation.

(C) Dynamic analysis of donor-derived cells in peripheral blood (PB) at the indicated time points.

(legend continued on next page)
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performed a standard mobilization experiment by intraper-
itoneal injection of granulocyte colony-stimulating factor
(G-CSF), the regimen used for clinical HSC mobilization
(Chitteti et al., 2014). Spleen cellularity (Figure 5A) and ab-
solute cell number of LSK in the spleen (Figure 5B) were
significantly higher in ICAM-1"/~ than WT animals upon
G-CSF administration. Elevation of circulating clonogenic
progenitors in ICAM-1~/~ mice was confirmed by a CFU
assay (Figure 5C). Similar results were observed in periph-
eral blood (Figures S6A and S6B). These findings indicated
that ICAM-1 deletion may facilitate HSC mobilization to
peripheral tissues. We next determined whether ICAM-1
deletion in the niche could impair the adhesive properties
of HSPCs. HSPCs from WT mice were plated on top of
distinct stroma cells derived from WT or ICAM-1"/" mice,
including Msc, CAR, Ecs, and Obs. Results showed that
WT HSPCs showed a clear reduction in their adhesive
ability upon co-culture with ICAM-1"/"-derived Ecs or
Obs, but no effects were observed for Msc or CAR (Fig-
ure 5D). Similar defects were observed when ICAM-1~/"-
derived HSPCs were made to adhere to stroma cells from
ICAM-1"/" mice (Figure S6C). Accordingly, ICAM-1 expres-
sion in Ecs and Obs niche cells could promote HSC
adhesion. Meanwhile, the homing index of HSC™' to
ICAM-1"/" recipients was lower than in the case of WT
recipients, whereas no defects were observed for other
subsets of HSPCs (Figure 5E). In addition, HSCs from
ICAM-1"~ mice resided closer to the central vein,
compared with WT littermates (Figure S6D), which might
indicate easier mobilization to the peripherals. These
results suggest that ICAM-1 expression in certain types of
stroma cells plays an important role in facilitating reten-
tion of HSCs in the bone marrow.

Although flow cytometric analysis failed to reveal any
difference in the levels of distinct stroma cells between
WT and ICAM-1~/~ mice, including Ecs, Msc, Obs, and
CAR (Figure 5F), HSC™™ displayed higher proliferation
upon co-culture with Obs and Ecs from ICAM-1"/" mice,
including both Ki67 staining (Figure 5G) and BrdU staining
(Figure S6E). No noticeable differences were observed upon
co-culture with Msc or CAR (Figures 5G and S6E). Further
gene expression analysis showed that cytokines important
for HSC maintenance, such as stem cell factor (Scf), stromal
cell-derived factor-1 (Sdf-1), and angiopoietin 1(Ang-1) in
Obs, or Scf and Ang-1 in Ecs, were significantly downregu-
lated upon ICAM-1 deficiency (Figures SH and 5I). Instead,
cytokines responsible for promoting HSC mobilization and

myeloid cell differentiation, including G-csf, granulocyte-
macrophage colony-stimulating factor (Gm-csf), and che-
mokine (C-C motif) ligand 5 (Ccl5), were significantly upre-
gulated in ICAM-1"/"-derived Obs, and the expression
of G-CSF, transforming growth factor B (Tgf-8), and Ccl5
were also upregulated in ICAM-1-deficient Ecs (Figures 5SH
and 5I). These observations indicate that loss of ICAM-1
in niche affected the production of stromal cell-derived
cytokines and chemokines, which may contribute to
their defects. To gain insight into the mechanism, WT
donor LSK (Ly5.1%) were sorted after transplanted into
WT or ICAM-1"/~ recipients (Ly5.2%) for 8 weeks. High-
throughput RNA sequencing was performed to evaluate
the transcriptional profile. A total of 564 genes with more
than 2-fold difference were identified (Figure S7A). Among
the differentially expressed genes, those related to HSC
stemness, cell adhesion, and cell cycle were most changed
(Figure S7B), and were validated by qRT-PCR (Figures
S7C-S7E). These results indicated that ICAM-1 deficiency
in the bone marrow niche may elicit intracellular reprog-
ramming of HSCs.

Significance of ICAM-1 Expression in the Human Bone
Marrow Niche

To determine the potential significance of ICAM-1 in
human HSCs, we first evaluated ICAM-1 expression in
niche stroma cells (CD45 /Lin") from human bone
marrow. Flow cytometric analysis showed that stroma cells
expressed relatively high levels of ICAM-1 (Figure 6A).
Neutralization of ICAM-1 significantly increased the level
and proliferation of primitive HSCs when co-cultured
with bone marrow stroma cells (Figure 6B). Expression of
several cyclin-dependent kinase inhibitors, including P16
(CDKNZ2A), P21 (CDKN1A), and P27 (CDKN1B), was consis-
tently downregulated upon anti-ICAM-1 treatment (Fig-
ure 6C). These observations supported the functional
requirement of ICAM-1 for human HSCs. Loss of quies-
cence in HSCs and their detachment from the niche lead
to expansion of myeloid progenitors in human chronic
myeloid leukemia (CML) (Bruns et al., 2009). Bone marrow
stroma cells from myelocytic leukemia (CML [chronic
myeloid leukemia] and AML [acute myeloid leukemia]) pa-
tients expressed ICAM-1 at a much lower level than healthy
donors, both at mRNA and protein levels (Figures 6D
and 6E). Although no differences were observed for lym-
phocytic leukemia (ALL [acute lymphoblastic leukemia]
and CLL [chronic lymphoblastic leukemia]) (Figures 6D

(D) Absolute number of donor-derived HSPCs, progenitors, and mature cells in bone marrow (BM) at 16 weeks after second transplantation.
(E) Cell-cycle (left) and BrdU analysis (right) of donor-derived HSC™'" in bone marrow at 16 weeks after second transplantation. Mean +

SEMs were shown.
*p < 0.05; **p < 0.01.
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and 6E). Furthermore, co-culture with stromal cells with
ICAM-1 overexpression suppressed the proliferation of
CML-derived HSCs, compared with normal stromal cells
(Figures 6F and 6G). These observations indicate that
ICAM-1 expression in stroma cells might regulate HSC
function and participates in the progression of myelocytic
leukemia.

DISCUSSION

In this study, we have identified ICAM-1 as a contributory
regulator of HSCs, whose action is bone marrow niche
dependent. Deficiency of ICAM-1 in the bone marrow
niche causes expansion of long-term HSCs characterized
by impaired quiescence and repopulation capability, as
well as myeloid cell expansion. Changes in HSC retention
in the bone marrow and stroma-derived factor expression
profiles represent the potential mechanisms underlying
this phenomenon.

Bone marrow transplantation showed that HSCs from
ICAM-1"/~ mice displayed similar engraftment potential
to WT controls, upon transplantation into WT hosts,
whereas ablation of ICAM-1 in the bone marrow niche
impaired the long-term repopulation and quiescence of
long-term HSCs, as shown by the reciprocal bone marrow
transplantation and transplantation of combined hemato-
poietic cells with non-hematopoietic cells. The defects in
HSC repopulation caused by the ICAM-1-deficient niche
even persisted until 16 weeks after the second transplanta-
tion. However, it is possible that the donor-derived stromal
cells may exert their effect early in the transplantation
period and have long-lasting functional consequences on
the transplanted HSCs and their progeny. These results sup-

port that the observed defects of HSCs from ICAM-1""" mice
were non-cell-autonomous defects, rather than intrinsic to
HSCs. Moreover, these defects were reversible, depending
on the presence or absence of ICAM-1 in niche cells.

ICAM-1 deficiency in the niche did not affect the levels of
distinct stroma cells. Factors production from Obs and Ecs
were altered, which may contribute to defective HSC func-
tion. Elevated expression of G-CSF and Ccl5 in the ICAM-1-
null niche may facilitate HSC mobilization and myeloid
cell differentiation (Akashi et al., 2000; Ergen et al., 2012;
Schepers et al., 2012; Suh et al., 2009), whereas downregu-
lation of Scf and Angl may be related to impaired HSC
maintenance (Itkin and Lapidot, 2011; Zhang et al.,
2006). We observed that ICAM-1 deficiency in mice led to
increased HSC mobilization, which supports the essential
role of the bone marrow niche in ICAM-1-mediated HSC
mobilization. Understanding the exact mechanism under-
lying ICAM-1 function in HSCs, however, will require dele-
tion of ICAM-1 in specific stromal cell lineages.

The HSC pool is composed of different populations that
display distinct lineage potentials and could be distin-
guished by CD150 expression (Dykstra et al., 2011; Beer-
man et al., 2010). Flow cytometric analysis revealed that
ICAM-1"'~ mice displayed a markedly higher ratio of
myeloid cells versus lymphoid cells. The proportions of pro-
genitors, such as GMPs, CMPs, and MEPs, were consistently
altered. These led to significantly higher levels of myeloid
cells and compensatory fewer T and B lymphocytes in
ICAM-1"/~ mice. Besides their decreased self-renewal po-
tential, one of the hallmarks of aging HSCs is skewing
toward myeloid cells (Geiger et al., 2014; Chambers et al.,
2007). The expansion of myeloid cells, as well as impaired
HSC quiescence in ICAM-1-deficient mice, raises the possi-
bility that deficient ICAM-1 expression in the niche may be

Figure 5. The Mechanism Responsible for Defective HSCs Is Traced to the ICAM-1"/"-Derived Niche

(A-C) Mobilization assay: G-CSF was administered intraperitoneally to WT and ICAM-1"/" mice (12.5 g/kg body weight, daily) for 5 days
(n = 6). Total splenocytes (A), numbers of LSKs (B), and CFU counts (C) in 10° splenocytes (SP) were measured.

(D) Adhesion assay: HSPCs from WT mice were plated on the top of stroma cells from WT or ICAM-1"/" mice, including Msc, CAR, Ecs, and
Obs, and non-adhesive cells were washed off after 2 hr (n = 8). The percentages of HSPCs adherent to stroma cells were evaluated by flow
cytometry.

(E) Homing assay: bone marrow cells (2 x 107) from either WT or ICAM-1"/" mice were labeled with CFSE and used as donor cells for
homing assay. The proportions of HSPCs before (R1) and after (R2) transplantation were analyzed by flow cytometry. The homing index was
calculated based on the ratio of R2 to R1. Mean + SEMs from six mice in each groups were shown.

(F) Frequency of stroma cells in bone marrow from WT and ICAM-1"/" mice, including Msc, Ecs, Obs, and CAR.

(G) Purified WT HSPCs were co-cultured with distinct stroma cells from WT and ICAM-1"/" mice for 10-12 days, and the cycling status of
HSC™" was evaluated by flow cytometry. Both representative results (left) and mean + SEMs from three independent experiments (right)
were shown.

(H and I) Expression of indicated genes, including stem cell factor (Scf), stromal cell-derived factor-1 (Sdf-1), chemokine (C-X-C motif)
ligand 12 (Cxcl12), angiopoietin 1(Ang-1), thrombopoietin (Tpo), pleiotrophin (Ptn), granulocyte colony-stimulating factor (G-csf),
granulocyte-macrophage colony-stimulating factor (Gm-csf), tumor necrosis factor alpha (7nf-a), transforming growth factor B (7Tgf-8),
chemokine (C-C motif) ligand 5 (Ccl5), and interleukin 6 (I(6) were analyzed by absolute quantification real-time PCR in purified Obs (H)
and Ecs (I). Mean + SEMs from three independent experiments were included.

*p < 0.05; **p < 0.01.
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Figure 6. Significance of ICAM-1 Expression in Human Bone Marrow Niche

(A) Flow cytometric analysis of ICAM-1 expression in stroma cells (CD45~/Lin™) from bone marrow of healthy donors (n = 6). Both
representative results (upper) and mean + SEMs of mean fluorescence index (MFI) (lower) were shown.

(B) Human HSPCs (Lin™ cells) were co-cultured with bone marrow stroma cells in the presence of anti-ICAM-1 or anti-IgG. Flow cytometric
analysis of primitive HSCs (Lin~CD45RA~CD93"9"CD38~CD34*) (upper) and their cell-cycle status (lower) are shown. Both representative
results (left) and mean + SEMs (right) from six independent experiments were included.

(C) The expression levels of cell-cycle-related genes from samples in (B) were evaluated by absolute quantification real-time PCR.

(D and E) ICAM-1 expression in bone marrow stroma cells from healthy donors and CML, AML, ALL, and CLL patients (n=11) was analyzed by
absolute quantification real-time PCR (D) and flow cytometry (E).

(F) Bone marrow stroma cells were infected with lentivirus with control vector (central polypurine tract [CPPT]) or ICAM-1 overexpression
(CPPT- ICAM-1). ICAM-1 expression was measured by infected absolute quantification real-time PCR.

(legend continued on next page)
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associated with HSC aging. Our preliminary results showed
that young ICAM-1"/~ mice displayed similar changes in
HSPCs to aged WT mice, including higher levels of pheno-
typic HSC™'T, CD150"-HSCs, and myeloid cells (our un-
published data), indicating that HSCs from ICAM-1""/~
mice displayed a phenotype of aging. The reduced homing
capability and enhanced mobilization further support this
possibility. Further investigation is needed to study the
detailed role of ICAM-1 in HSC aging.

The capability of HSC retention in the bone marrow is
a prerequisite for proper HSC function (Nilsson et al.,
2001). Immunofluorescence staining showed that HSCs
from ICAM-1"/~ mice resided closer to the central vein
compared with WT littermates. It was reported that quies-
cent HSCs are adjacent to the endosteal niche, whereas
activate HSCs are surround by sinusoids (Mendelson and
Frenette, 2014). Our result indicates that alteration of HSC
location within the bone marrow microenvironment may
be relevant to their impaired functionality in [CAM-1"/~
mice. Furthermore, the interplay between HSCs and stroma
cells, mediated through adhesion receptors and their
ligands, is also critically important for HSC retention in
the bone marrow. ICAM-1 is expressed at higher levels in
specific stroma cells (such as Ecs), whereas its ligand LFA-1
was dominantly expressed in hematopoietic cells (HSPCs)
in the bone marrow niche (Figure S2B). It is plausible that
binding of ICAM-1 expressed on stroma cells with LFA-1
on HSCs facilitates the proper retention of HSCs in the
bone marrow, thus contributing to their maintenance. It
was reported that anti-LFA-1 treatment could significantly
reduce the levels of engraftment of human CD34" cells
(Peled et al., 2000). It is therefore possible that interaction
between HSCs and niche cells mediated by ICAM-1 and
LFA-1 could regulate HSC functionality. This interaction
may modulate the capability of HSC retention in the bone
marrow or lead to alterations in stroma-derived cytokine
production, which eventually contribute to HSC mainte-
nance. Interestingly, even the expression of LFA-1 in
HSC " was comparable with other types of HSPCs; HSC ™"
under quiescence (GO phase) expressed a significantly
higher level of LFA-1 compared with cycling HSCs (Figures
S2C-S2D). These results support the importance of LFA-1 in
the maintenance of HSC T quiescence. The detailed mech-
anism of ICAM-1/LFA-1 axis-mediated regulation of HSC,
however, remains to be fully understood.

RNA sequencing analysis revealed that LSK, upon inter-
action with ICAM-1-deficient niche, showed dramatic

changes in the profile of transcription: genes related to
cell adhesion (such as Rtn4, Wafs2, Mef2c, and Arhgef1)
and HSC stemness (Satb1, Runx1, Notchl) were significantly
downregulated, while several positive cell-cycle regulators
(Cdk1, Cdc45) were upregulated. These results indicate
that ablation of ICAM-1 in stroma cells leads to reprogram-
ming of the intracellular signaling events in HSCs.

The significant changes in hematological parameters
caused by niche ICAM-1 deficiency may have clinical rele-
vance in hematopoietic disease, such as myelocytic leuke-
mia. It was reported that mice with deletion of ICAM-1
and P selectin developed BCR/ABL-induced CML-like leu-
kemia at a significantly faster rate than control littermates
(Pelletier et al., 2004). We found that the expression of
ICAM-1 in bone marrow stroma of myelocytic leukemia
patients was significantly lower than that in healthy
donors, indicating a potential pathological significance of
ICAM-1 in myelocytic leukemia diseases.

In summary, our study identifies a regulatory mechanism
whereby niche ICAM-1 preserves HSC functions. These
findings will improve our understanding of how the niche
contributes to HSC maintenance, which may lead to a ther-
apeutic strategy to enhance bone marrow transplantation
and treatment of leukemia in the future.

EXPERIMENTAL PROCEDURES

Mice

ICAM-1"/" mice (B6.129S4-Icam1tm1]jcgr/]) were purchased from
Jackson Laboratory. Age- and gender-matched WT littermates
were used as controls. [CAM-17 mice were generated in Nanjing
Biomedical Research Institute of Nanjing University (China), and
crossed to Vavl-Cre transgenic mice (Jackson Laboratory) to
produce the conditional knockout mouse (ICAM-17"-Vav1-Cre).
The recipient mice used in bone marrow transplantation assays
were Ly5.1%/Ly5.2* (CD45.1*CD45.2%) heterozygotes. All animal
experiments in this study were approved by The Animal Care
and Ethics Committee of Sun Yat-sen University. All animals
were maintained under specific pathogen-free conditions and fed
with standard diet.

Flow Cytometric Analysis and Cell Sorting

Single-cell suspensions were prepared, and red blood cells were
lysed. For staining, cells were washed once with fluorescence-acti-
vated cell sorting (FACS) buffer (0.1% BSA in PBS), and then 10°
cells were resuspended in 200 pL of FACS buffer for the following
staining using 1:200 dilutions of primary antibodies unless other-
wise indicated. Flow cytometric analysis was performed with a BD

(G) Bone marrow stroma cells with ICAM-1 overexpression were co-cultured with CML patient-derived HSPCs (Lin~ cells) for 10 days,
and cell cycle of primitive HSCs was determined by flow cytometric analysis. Both representative results (left) and data are shown as the

mean + SEMs from three independent experiments (n = 6).
*p < 0.05; **p < 0.01.
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LSRFortessa cell analyzer (BD Biosciences, San Jose, CA), and
data were analyzed with FlowJo software (Tree Star, Ashland,
OR). All antibodies are identified in the Supplemental Information
(Tables S2 and S3).

Bone Marrow Transplantation Experiment

For serial competitive transplantation, 200 HSC™*" from WT and
ICAM-1/~ donor mice (Ly5.2*) were mixed with 1 x 10° bone
marrow cells from age-matched WT mice (competitor, Ly5.1%),
and injected into lethally irradiated recipient mice (Ly5.1%/
Ly5.2*). For secondary transplantation, 1 x 10° chimeric bone
marrow cells from the primary recipients were transplanted into
the secondary recipient (Ly5.1*/Ly5.2*) mice 16 weeks after pri-
mary transplantation.

5-FU Treatment

WT and ICAM-1"/~ mice (10-12 weeks) were intraperitoneally
injected with a single dose (150 mg/kg body weight) of 5-FU.
Mice were then euthanized at different time points, and bone
marrow cells were isolated and counted. The proportions of
HSPCs (Lin"SCA-1"C-kIT") were analyzed by flow cytometry
and then multiplies by the absolute number of bone marrow
cells to calculate the absolute number of HSPCs. For serial 5-FU
treatments, mice were injected intraperitoneally with 5-FU
(150 mg/kg body weight) weekly, and survival was monitored
daily.

Cell-Cycle Analysis

Bone marrow cells were first stained with specific cell surface
markers for HSPC subpopulations, then fixed and permeabilized
using the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD)
according to manufacturer’s instructions. Cells were then stained
with Ki67 fluorescein isothiocyanate (1:100 in BD Perm/Wash
buffer for 30 min)/DAPI (2 pg/mL for 10 min prior to analysis)
or Pyronin Y/Hoechst staining, and results analyzed using the
LSRFortessa flow cytometer.

BrdU Incorporation

For BrdU incorporation assay, BrdU (100 mg/kg body weight; BD
Biosciences) was injected intraperitoneally into mice for 12 hr
before analysis. BrdU incorporation was determined by flow cyto-
metric analysis using the BrdU Flow Kit (BD Biosciences) according
to the manufacturer’s instructions.

Homing Assay

Bone marrow cells (2 x 107) from either WT or ICAM-1"/" mice
were labeled with carboxyfluorescein succinimidyl ester (CFSE)
and used as donor cells for the homing assay (Cancelas et al.,
2005). The proportions of HSPCs before (R1) and after (R2) trans-
plantation were analyzed by flow cytometry. The homing index
was calculated based on the ratio of R2 to R1.

Statistical Analysis

Data were analyzed with GraphPad Prism 5.0 software (La Jolla,
CA). Results were expressed as mean + SEM and analyzed with
the Student t test, Wilcoxon test, and one- or two-way ANOVA,

as appropriate, followed by the relevant post hoc t test to determine
p values. All data are derived from three to four independent exper-
iments. The survival was analyzed using a log rank (Mantel-Cox)
test.

Others experimental procedures are given in the Supplemental
Information.

ACCESSION NUMBERS

The accession number for the RNA sequencing data reported in
this report is GEO: GSE114836.
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Procedures, seven figures, and five tables and can be found
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