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S T E M  C E L L S

CCR2 cooperativity promotes hematopoietic stem cell 
homing to the bone marrow
Stephanie N. Hurwitz1,2*†, Danielle R. Kobulsky2, Seul K. Jung2, Jennifer J. Chia3,4, 
Jason M. Butler5, Peter Kurre2,6*

Cross-talk between hematopoietic stem and progenitor cells (HSPCs) and bone marrow (BM) cells is critical for 
homing and sustained engraftment after transplantation. In particular, molecular and physical adaptation of sinu-
soidal endothelial cells (ECs) promote HSPC BM occupancy; however, signals that govern these events are not well 
understood. Extracellular vesicles (EVs) are mediators of cell-cell communication crucial in shaping tissue micro-
environments. Here, we demonstrate that integrin α4β7 on murine HSPC EVs targets uptake into ECs. In BM ECs, 
HSPC EVs induce up-regulation of C-C motif chemokine receptor 2 (CCR2) ligands that synergize with CXCL12-
CXCR4 signaling to promote BM homing. In nonirradiated murine models, marrow preconditioning with HSPC EVs 
or recombinant CCR2 ligands improves homing and early graft occupancy after transplantation. These findings 
identify a role for HSPC EVs in remodeling ECs, newly define CCR2-dependent graft homing, and inform novel 
translational conditioning strategies to improve HSPC transplantation.

INTRODUCTION
Hematopoietic stem and progenitor cells (HSPCs) maintain hema-
topoiesis through continued self-renewal and differentiation into 
mature blood lineages. After migration from the fetal liver during 
development, adult HSPCs predominantly reside in the bone marrow 
(BM), a highly vascularized microenvironment (1). Under steady-
state conditions, marrow HSPCs proliferate and differentiate into 
mature progeny, which exit across the sinus endothelium to circu-
late into the blood. During steady-state hematopoiesis, low levels of 
noncycling HSPCs also continuously egress and enter the systemic 
circulation, likely contributing to host immunity, before migrating 
back to the BM (2–4).

Physiologic homing to the BM occurs partly along the CXCL12-
CXCR4 axis and is exploited during HSPC transplantation (HSPCT), 
where donor HSPCs migrate to the BM and assume niche occupan-
cy for sustained hematopoiesis. Increasingly used for otherwise in-
curable hematopoietic disorders, and especially in combination 
with innovations in gene editing, HSPCT is a powerful platform to 
treat malignancy, BM failure, or monogenic diseases, including he-
moglobinopathies and metabolic storage disorders (5). Despite its 
curative potential and expanding access, patient morbidity and 
mortality remain major concerns in HSPCT, partly attributable to 
delayed or insufficient levels of engraftment (6). Conditioning regi-
mens to boost engraftment have improved long-term (LT) patient 
outcomes; however, current strategies are limited by toxicity. A bet-
ter understanding of the mechanisms guiding HSPC homing will 
provide potential to develop selective approaches to maximizing 
early engraftment and de-escalating morbidity.

During adoptive transfer, HSPC migration from circulation to the 
BM relies upon interaction with sinusoidal endothelial cells (ECs), 
where adhesion and tethering allow subsequent transmigration 
through the endothelium to the niche (7–10). In the fetal liver, HSPC 
colonization triggers physical adaptation of ECs to sustain HSPC oc-
cupancy in a term called “cuddling” (11). However, a critical gap in 
knowledge exists with regard to the dynamic roles that HSPCs take in 
shaping their BM niche. Extracellular vesicles (EVs) have emerged as 
important mediators of endocrine and paracrine communication by 
delivery of bioactive proteins, lipids, and nucleic acids (12). HSPC-
derived EVs remain largely undefined, but parallel studies of tumor 
EVs show that vesicles display organotropism through integrin-ligand 
interactions, aiding in the establishment of premetastatic niches by 
remodeling the tissue microenvironment (13, 14).

Here, we demonstrate that HSPC EVs target the BM vasculature 
through analogous integrin-mediated uptake and induce the secre-
tion of chemoattractant ligands that promote CCR2-dependent 
homing. Moreover, we show for the first time that CCR2 cooperates 
with CXCR4 to boost HSPC homing. These studies unveil a novel 
mechanism of niche cross-talk by which HSPC vesicles reshape 
niche function and improve engraftment during adoptive transfer.

RESULTS
Integrin α4β7 promotes HSPC vesicle uptake into ECs
EVs represent a core component of the cellular secretome; however, 
only a few studies have investigated HSPC vesicle cargo (15–18). To 
profile the composition of HSPC-derived EVs and better under-
stand the contribution of secreted HSPC cargo in graft products, we 
performed comparative mass spectrometry of secreted vesicles puri-
fied from short-term (ST) ex vivo cultures of leukapheresis-derived 
CD34+ cells or donor-matched plasma EVs (Fig. 1A; fig. S1, A to C; 
and data S1). This initial study was conducted using human samples 
due to limitations in scalability for in-depth proteomic profiling. 
HSPC EVs contained distinct cargo compared to plasma EVs, with 
enrichment of chaperone and binding proteins involved in cell mi-
gration and motility (Fig. 1, B and C, and fig. S1, D to E). Compared 
to circulating plasma EVs, human HSPC EVs revealed significant 
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Fig. 1. Enriched integrin α4β7 targets HSPC EV uptake into ECs. (A) Workflow for isolation and purification of HSPC-derived vesicles and donor-matched plasma EV 
controls (n = 3 donors). (B) Principle components analysis of protein cargo identified in HSPC and plasma EVs. (C) Overlap of unique proteins in HSPC EVs from donors 1 
to 3 (P1 to P3) and plasma EVs. (D) Enrichment analysis of integrin subunits in HSPC EVs compared to plasma EVs. (E) Proposed model of HSPC EV uptake into ECs; created 
with BioRender. (F) Workflow for isolation and analysis of murine HSPC-derived EVs. (G) Flow cytometric analysis of integrin α4β7 in murine EVs. (H) Representative confo-
cal microscopy images of HSPC EV uptake into BM ECs. (I) Flow cytometric measurement of CFSE-dyed EV uptake into Vcam-1 KO ECs. LC-MS/MS, liquid chromatography 
tandem mass spectrometry; DC, differential centrifugation; MFI, mean fluorescence intensity; LT-HSC, long-term HSC. *P < 0.05 and **P < 0.01.



Hurwitz et al., Sci. Adv. 10, eadq1476 (2024)     18 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 16

enrichment of the integrin α4 and β7 subunits (Fig. 1D). Heterodi-
merized, integrin α4β7 forms a receptor for vascular cell adhesion 
molecule–1 (VCAM-1), highly expressed on ECs, and with known 
functions in lymphocyte homing and adhesion (19, 20). Together 
with existing evidence for integrins in directing cell type–specific 
vesicle uptake (14, 21), these data suggested a role for integrin α4β7 
in targeting HSPC EVs to ECs (Fig. 1E). To facilitate further mecha-
nistic study at scale, we adopted a polyvinyl alcohol–based ex vivo 
expansion protocol for murine HSPCs (Fig. 1F) (18, 22). Murine 
HSPC EVs showed similar enrichment of integrin α4β7 (Fig. 1G 
and fig. S1F). Using a well-established model of Akt1-expressing 
primary murine BM ECs (23, 24), we demonstrate robust uptake of 
HSPCs into ECs that is reduced after neutralization with an integrin 
α4β7 inhibitor, TR-14035 (Fig. 1H, fig. S1G, and movie S1). HSPCs 
also trigger increased surface expression of VCAM-1 that is unal-
tered by TR-14035 treatment (fig. S1H). CRISPR-Cas9–directed 
knockout (KO) of Vcam-1 in ECs also mitigated HSPC EV uptake, 
nearly comparable to inhibition of dynamin-dependent endocytosis 
using dynasore (Fig. 1I and fig. S1I). Together, these findings dem-
onstrate a role for integrin α4β7 in promoting HSPC EV uptake 
into BM ECs.

HSPC EVs induce CCR2 ligand up-regulation in ECs through 
NF-κB signaling
Secreted EVs from immune cells not only harbor encapsulated cy-
tokines (25) but may also induce inflammatory signaling down-
stream of uptake into recipient cells (26). To determine the impact 
of the HSPC secretome on BM ECs in the absence of cell-cell con-
tact, we adopted a 1-μm porous transwell coculture system. ECs 
cultured in transwell culture with HSPCs showed transcriptional 
up-regulation of several cytokines and chemokines, including 
Ccl2, Ccl7, and Ccl12 (Fig. 2A). Similar gene expression induction 
was observed after addition of purified HSPC EVs, but not plasma-
derived EVs, into EC cultures (Fig. 2B). Notably, Ccl2, Ccl7, and 
Ccl12 mRNA was minimal to undetectable in HSPC-derived EVs, 
arguing against a mechanism of direct transfer. CCL2, CCL7, and 
CCL12 bind a family of C-C motif chemokine receptors (CCRs) that 
include CCR1 to CCR3, with CCR2 acting as a common receptor 
(Fig. 2C). Of these receptors, Ccr2 showed predominant reciprocal 
up-regulation on HSPCs in EC transwell coculture (Fig. 2D). Corre-
sponding increases in CCR2 surface expression was also seen after a 
2-day coculture (Fig. 2E). Neither Cxcr4 nor Cxcl12 were increased 
in gene or protein expression in cocultured HSPCs and ECs, respec-
tively (Fig. 2B and fig. S2, A to C). However, subsets of stem and 
progenitor cell subpopulations were noted to coexpress CCR2 and 
CXCR4 (Fig. 2F).

Although common transcriptional regulation of CCR2 ligands 
(CCR2Ls) has not been well described, a prominent role exists 
for nuclear factor κB (NF-κB) in modulating the expression of an-
giogenic chemokines (27). Addition of HSPC EVs showed dose-
dependent activation of canonical NF-κB signaling through enhanced 
inhibitor of nuclear factor κBα (IκBα) degradation and p65 phos-
phorylation (Fig. 2, G and H). Inhibition of canonical NF-κB signal-
ing using an IκB kinase inhibitor, ACHP (28, 29), or expression of a 
dominant negative IκBα construct largely blocked CCR2L and Vcam-
1 up-regulation induced by HSPC EVs (Fig. 2, I and J, and fig. S2, D 
to G). These data support a mechanism by which HSPC EVs remodel 
the NF-κB–responsive EC secretome and likely promote a chemoat-
tractant state.

CCR2-ligand and CXCL12 interactions drive 
HSPC chemotaxis
To test whether CCR2-ligand interactions actively promote HSPC 
chemotaxis, we established CCR2L gradients in the bottom chamber 
of a 5-μm porous transwell dish. Addition of individual CCR2Ls did 
not affect HSPC chemotaxis (fig. S3A); however, CCL7 and CCL12 
synergistically enhanced migration in the presence of CXCL12 with 
no effect on HSPC CXCR4 surface expression (Fig. 3A and fig. S3B). 
A small, although statistically insignificant, augmentation of migra-
tion was also seen with the addition of CCL2. No significant dif-
ferences in migration toward chemokine gradients were observed 
across stem and progenitor cells in vitro (fig. S3, C and D). Pharma-
cologic inhibition of CCR2 (CCR2i) reduced migration toward BM 
ECs (Fig. 3B and fig. S3E) and recombinant CXCL12/CCR2L gradi-
ents (Fig. 3C; control data depicted from Fig. 3A). CCR2 inhibition 
was also noted to significantly decrease CXCL12-mediated chemo-
taxis in the absence of CCR2L, suggesting a possible cooperativity 
between CXCR4 and CCR2. Integrin α4β7 blockade similarly de-
creased HSPC migration toward ECs (fig. S3F). Proportional de-
creases across stem and progenitor cell subpopulation migration 
toward ECs were seen after CCR2i, with no significant differences in 
subpopulation frequency during coculture (Fig. 3D and fig. S3G).

CRISPR-Cas9 directed KO of each individual CCR2L in BM 
ECs revealed notable compensatory up-regulation of the remaining 
CCR2Ls during HSPC coculture or after HSPC EV uptake, suggest-
ing a critical function of these genes in BM ECs (Fig. 3E and fig. S3H). 
Given the functional redundancy, individual CCR2L KOs in ECs 
had little effect on chemotaxis (fig. S3I). However, suppression of all 
CCR2Ls by expression of dominant-negative IκBα in ECs signifi-
cantly reduced HSPC chemotaxis (Figs. 2J and 3F).

In addition, ex vivo cultured HSPCs derived from Ccr2gfp/gfp KO/
knock-in(KI) mice similarly demonstrated reduced chemotaxis toward 
BM ECs and CXCL12/CCR2L gradients (Fig. 3, G and H). This mouse 
strain contains an enhanced green fluorescent protein (GFP) sequence 
followed by a polyadenylation signal inserted into the translation site of 
the Ccr2 gene, abolishing gene expression and resulting in GFP positiv-
ity in a subpopulation of cells normally expressing CCR2 (fig. S3, J and 
K). The migrated cell compartment in EC transwell culture was en-
riched in GFP+ cells, indicating that other factors typically enriched in 
CCR2+ HSPCs may also play a role in migration (fig. S3L). Relative 
increases in GFP+ and GFP+ CXCR4+ progenitor cell subsets were 
noted in Ccr2 KO BM, likely reflective of added intracellular signal 
compared to CCR2 surface expression measurement (Figs. 2F and 3I).

The EC secretome promotes CXCR4 colocalization to 
CCR2-rich membrane domains
The observed functional synergy of CCR2L and CXCL12 (Fig. 3A) 
raised the possibility of CCR2 and CXCR4 receptor cooperativity 
in driving HSPC migration. To assess the membrane distribution of 
CCR2 on HSPCs exposed to the EC secretome, immunofluorescence 
analysis was performed on HSPCs in isolation compared to cells in 
transwell EC coculture. CCR2 demonstrated a polarized membrane 
distribution on HSPCs with overall increased expression following 
transwell EC coculture (Fig. 4A and fig. S4, A and B). CXCR4 simi-
larly showed a polar, membranous distribution; however, in isolated 
HSPCs, CXCR4hi regions were predominantly distinct from CCR2hi 
domains, with no change in CXCR4 expression after coculture 
(fig. S4C). Measurements of CCR2 and CXCR4 colocalization in iso-
lated cells (Fig. 4C) are congruent with prior reports that a significant 
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Fig. 2. HSPC EVs remodel the EC secretome through NF-κB activation. (A) Transcriptional analysis of murine BM ECs by RT2 Profiler PCR Array. ECs were cultured in 
isolation or in noncontact 1.0-μm transwell dishes with murine HSPCs for comparative analysis. (B) Relative gene expression of target chemokines following transfer of 
HSPC or plasma-derived EVs (103 to 104 EV per cell). (C) Known receptor-ligand binding partners of CCR1 to CCR3. (D) Relative gene expression of CCR2 ligand (CCR2L) 
receptors on HSPCs after 1 to 2 days in transwell culture with ECs. Dotted line denotes isolated HSPCs. (E) Relative surface expression of CCR1 to CCR3 on HSPCs after 
2 days in transwell EC culture. Dotted line denotes isolated HSPCs. (F) Surface expression of CCR2 and CXCR4 on HSPC subpopulations. (G) Representative immunoblots 
and (H) quantitative analysis demonstrating a dose-dependent activation of canonical NF-κB signaling in ECs after HSPC EV uptake. (I) Relative gene expression of CCR2L 
in ECs after HSPC EV transfer and treatment with the IκB kinase inhibitor, ACHP. (J) Relative gene expression of CCR2L and Cxcl12 after HSPC EV uptake into WT ECs (dotted 
line) or cells transduced with an IκBα dominant-negative (DN) mutant. Iso, isolated; TW, transwell. *P < 0.05, **P < 0.01, and ***P < 0.001.
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proportion of each receptor exists in a mutually heterodimerized for-
mation (30–32). Following EC transwell culture, increased colocal-
ization of CXCR4 with CCR2 was noted (Fig. 4, B and C, and fig. S4, 
D to G). Immunoprecipitation of CXCR4 confirmed increased levels 
of CXCR4-CCR2 heterodimers in cocultured HSPCs (Fig. 4, D and 
E). These data support a model whereby the EC secretome promotes 
CCR2 and CXCR4 receptor interaction and cooperativity.

CCR2 regulates HSPC BM niche occupancy
To directly measure CCR2-dependent BM homing after transplan-
tation, we performed competitive transplantations with donor BM 

derived from wild-type (WT) versus Ccr2gfp/gfp mice (33). For these 
experiments, recipient mice were conditioned with a sublethal irra-
diation dose (5.2 Gy), as we noted a radiation dosage-dependent up-
regulation of Ccl2 and Ccl7 (fig. S5A). With only some cellular subsets 
harboring GFP positivity in Ccr2gfp/gfp mice (fig. S3K), single-cell sus-
pensions of whole BM were stained with carboxyfluorescein succin-
imidyl ester (CFSE) to evaluate comparative global BM homing 
efficiency (fig. S5B). No significant differences in proportions of native 
stem and progenitor cells were seen at baseline in CCR2-deficient 
animals (fig. S5C). Overall, total cellular homing was reduced from 
CCR2-deficient grafts, although this effect was predominantly 

Fig. 3. CCR2 receptor-ligand interactions promote HSPC chemotaxis toward ECs. (A) Chemotaxis ratio of murine HSPCs through 5-μm pores toward CCR2L chemo-
kine gradients (200 ng/ml). Chemotaxis assays were performed in the presence of CXCL12 (200 ng/ml). Chemotaxis of HSPCs toward (B) BM ECs or (C) CXCL12/CCR2L 
gradients after CCR2i. (D) Flow cytometric analysis of HSPC subpopulation-specific migration toward ECs after CCR2i. (E) Relative gene expression of all CCR2L in BM ECs 
harboring individual gene KO by CRISPR-Cas9 after HSPC EV uptake (WT, dotted line), demonstrating compensatory up-regulation of residual CCR2L after EV exposure. 
(F) Chemotaxis ratio of HSPCs toward WT ECs or ECs transduced with an IκBα dominant-negative mutant. Chemotaxis ratio of Ccr2gfp/gfp HSPCs compared to WT HSPCs 
toward (G) BM ECs or (H) chemokine gradients. (I) GFP and surface CXCR4 expression across subpopulations in Ccr2gfp/gfp marrows. *P < 0.05, **P < 0.01, and ***P < 0.001. 
Triangle points denote statistically significant outliers.
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driven by decreased homing of mature lineage-positive subpopula-
tions (fig. S5D).

To specifically evaluate CCR2+ population homing frequencies, 
WT BM was competitively transplanted with unstained Ccr2gfp/gfp 
marrow (Fig. 5A). In this experiment, only mutually exclusive CCR2+ 
or GFP+ (CCR2−) cells were analyzed (fig. S5E). Here, CCR2-deficient 
grafts demonstrated deficits in homing of both mature and imma-
ture hematopoietic cells (Fig. 5B). However, marked differences in 
subpopulation-specific homing was noted, with Ccr2 deletion result-
ing in a reduction in myeloid-biased multipotent progenitor 2 (MPP2) 
and HSC populations and enrichment in lymphoid-biased MPP3 and 
MPP4 progenitors (Fig. 5C). Notably, substantial contributions of 
MPP3 and MPP4 populations to the lineage-negative compartment 

may explain the modest, but insignificant, increases in overall precur-
sor homing (fig. S5D). Strikingly, although only a subset of HSCs and 
MPP2 show CCR2 positivity (Fig. 2F), the majority of cells that 
occupy the marrow and spleen after transplantation are positive for 
CCR2 (Fig. 5C and fig. S5F), suggesting a critical role for this receptor 
in guiding niche homing.

To further assess the impact of CCR2 depletion on overall ST re-
constitution, Ccr2gfp/gfp (CD45.2) marrow was transplanted against 
competitor CD45.1/.2 marrow into irradiated recipients (Fig. 6A). 
To account for known advantages of CD45.2 grafts (34), a control 
cohort was included. WT CD45.2 outperformed WT CD45.1/.2 
marrow as expected; however, relative impairment of Ccr2gfp/gfp en-
graftment was seen at 2 weeks after transplantation (Fig. 6B). At 

Fig. 4. EC-activated HSPCs show CXCR4 and CCR2 cooperation. (A) Representative confocal images showing CCR2 and CXCR4 localization in isolated HSPCs versus 
those grown in EC cocultures. (B) Representative high-power images of individual cells analyzed. (C) Calculation of Manders’ overlap coefficients (n = 118 to 120 cells per 
condition). (D) Representative immunoblot analyses and (E) quantitative analysis of CCR2 in HSPC lysates after CXCR4 immunoprecipitation. *P < 0.05 and ***P < 0.001. 
ns, not significant; Co-IP, coimmunoprecipitation; DAPI, 4′,6-diamidino-2-phenylindole; IgG, immunoglobulin G.
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4 weeks onward, no significant differences in Ccr2gfp/gfp and WT pe-
ripheral reconstitution were seen, suggesting possible additional 
roles of CCR2 in regulating HSPC differentiation and marrow re-
tention. To this point, relative chimerism levels of Ccr2gfp/gfp grafts 
were modestly higher in peripheral blood (PB) and spleens com-
pared to BM (fig. S6A). Myeloid output in the PB and spleen and 
MPP3 frequency in the BM were diminished from Ccr2gfp/gfp grafts 
at 12 weeks; these findings are consistent with prior evidence sup-
porting a myeloid differentiation bias of CCR2+ HSC (Fig. 6C and 
fig. S6, B to D) (35). In the experimental cohort, notable differences 
in chimerism were seen in CCR2+ versus GFP+ populations in the 
PB and spleen versus BM, including specific increases in GFP+ BM 
c-Kit+ Sca-1+ lineage- (KSL) cells, suggesting CCR2+ cells harbor 
are later prone to marrow egress (Fig. 6, D and E).

Chemokine receptor surface expression may fluctuate in response 
to inflammatory stimuli (36). We hypothesized that CCR2 expres-
sion would increase on HSPCs during myeloablative adoptive trans-
fer. To test this hypothesis, lineage-depleted GFP+ or GFP− cells 

from Ccr2gfp/gfp marrows were independently transplanted into irra-
diated recipients (Fig. 6F). GFP levels on homed cells from initially 
GFP− and GFP+ grafts normalized to baseline levels, suggesting 
physiologic calibration of CCR2 expression during homing (Fig. 6G). 
In particular, >50% of initially GFP- KSL that homed to the BM were 
noted to activate GFP expression (fig. S6E). Functionally, noncell 
autonomous HSPC adjustment to the local niche environment rap-
idly neutralizes differences in BM homing between GFP− and GFP+ 
grafts (Fig. 6H). Overall, these findings indicate that dynamic CCR2 
signaling adds subpopulation specificity to BM homing in a CXCR4-
CXCL12 replete system and further provokes a role for CCR2 in fine-
tuning marrow retention.

Marrow conditioning with CCR2 ligands enhances 
HSPC homing
Pharmacologic targeting of the CXCR4 surface receptor is widely 
used in clinical settings to improve peripheral mobilization of HSPCs 
for pre-transplantation leukapheresis (37). More recent investigations 

Fig. 5. CCR2 is necessary for optimal HSPC homing to the BM. (A) Experimental schematic of competitive homing using WT and Ccr2gfp/gfp BM (n = 8). (B) Flow cyto-
metric analysis measuring the relative frequency of CCR2+ versus GFP+ (CCR2−) cells, including lineage-positive and lineage-negative cells within the CD45.2 cell compart-
ment 20 hours after transplantation. (C) Representative flow cytometry plots and quantitative analysis of CD45.2+ CCR2+ versus CD45.2+ GFP+ cells across each 
subpopulation. Experimental schematics created using BioRender. **P < 0.01 and ***P < 0.001.
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into CXCR4 activation and expression on hematopoietic cells have 
explored the utility of this axis in alternatively promoting BM homing 
(38, 39). We hypothesized that CCR2-ligand signaling via HSPC-EC 
cross-talk may additionally be exploited to enhance marrow homing. 
To first measure rates of in vivo EV uptake into BM ECs, we injected 
HSPC EVs carrying Cre recombinase mRNA into Ai9 reporter mice 
(Fig. 7A). Intracellular expression of Cre recombinase protein follow-
ing EV uptake in these mice results in tdTomato fluorescence (40, 41). 
Accordingly, in vivo uptake of HSPC EVs induced measurable tdTo-
mato fluorescence into BM ECs (Fig. 7B).

Next, nonmyeloablated recipient animals were preconditioned 
with intrafemoral injection of HSPC EVs 4 hours before intrave-
nous HSPCT (Fig. 7C). Significant increases in cell homing to fe-
murs conditioned with EVs were seen compared to contralateral 

sham [phosphate-buffered saline (PBS)] injected femurs (Fig. 7D). 
Engraftment of KSL progenitors was significantly increased in most 
animals 4 weeks after transplantation (Fig. 7E). Similar to ex vivo 
conditions (Fig. 2B), ECs isolated from EV-conditioned marrows 
showed up-regulation of Ccl2 and Ccl7, although Ccl12 expression 
was notably undetectable in vivo (Fig. 7F). To understand the im-
pact of HSPC EVs on the global marrow secretome, chemokine pro-
filing was performed on femoral BM after EV exposure (Fig. 7G). 
Significantly differentially secreted proteins included increased 
IL-6, CCL4, CCL12, and CCL2, while IL-10, CXCL5, CCL5, IL-1α, 
CX3CL1, IL-20 were decreased in marrows following EV exposure 
(Fig. 7H and fig. S7A).

Last, we tested whether nonirradiated recipients conditioned 
in situ with recombinant CCR2L could improve HSPC homing and 

Fig. 6. Dynamic CCR2 signaling regulates BM niche occupancy. (A) Experimental schematic of competitive transplantations (1:1 donor ratio) using CD45.1/.2 WT versus 
Ccr2gfp/gfp BM (n = 7). Recipient CD45.1 mice were lethally irradiated 24 hours before transplantation. A control cohort (n = 3) using CD45.1/CD45.2 WT versus CD45.2 WT 
BM was also analyzed. (B) PB chimerism of WT and Ccr2gfp/gfp grafts in individual mice after transplantation. (C) PB lineage analysis at 12 weeks after transplantation. 
(D) Representative flow cytometric plots and quantitative analysis of CCR2+ and GFP+ donor cells and (E) BM KSL in experimental cohort animals 12 weeks after transplan-
tation. (F) Experimental schematic of noncompetitive Ccr2gfp/gfp GFP− versus GFP+ graft transplantations. (G) Representative flow cytometric plots and quantitative analysis 
of GFP positivity in BM 20 hours after transplantation from initial GFP− versus GFP+ grafts. (H) Flow cytometry measurement of overall donor cell BM frequency. Ex-
perimental schematics created using BioRender. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 7. Preconditioning with HSPC EVs or CCR2 ligands improves HSPC homing to the BM. (A) Schematic detailing intrafemoral injection of HSPC EVs containing Cre 
mRNA into tdTomato (Ai9) mice. (B) Representative flow plot and quantitative analysis of tdTomato fluorescence in BM ECs isolated from EV-injected marrows. (C) Schematic 
detailing intrafemoral injection of HSPC EVs before systemic cell transplantation. (D) Flow cytometric quantification of HSPC homing (20 hours after transplantation) toward 
EV versus sham conditioned marrows (n = 7). (E) Quantification of c-Kit+ Sca-1+ lineage− (KSL) progenitors engrafted in EV versus sham conditioned marrows after 4 weeks 
(n = 5). (F) Relative gene expression analysis of BM ECs isolated from EV versus sham conditioned marrows (n = 7). (G) Schematic detailing intrafemoral injection of EVs for BM 
cytokine array profiling (n = 4). (H) Heatmap of fold change (FC; log 2) abundance of cytokines in EV versus sham-conditioned BM. Each column corresponds to the FC of 
EV:sham-injected marrows in an individual mouse. (I) Schematic detailing intrafemoral injection of individual CCR2L prior to cell transplantation. (J) Flow measurement of 
HSPC homing toward BM conditioned with individual CCR2L (0.1 ng) versus contralateral sham-injected marrows (n = 4 to 8 per cohort). (K) Relative homing of HSPCs follow-
ing dose escalation (n = 8) of CCL2 conditioning compared to contralateral sham-injected marrows. (L) Subpopulation-specific engraftment in CCL2-conditioned marrows 
compared to contralateral sham-injected marrows 4 weeks after transplantation (n = 5). Schematics created using BioRender. *P < 0.05, **P < 0.01, and ***P < 0.001.
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ST engraftment (Fig. 7I). HSPCs demonstrated significant improve-
ments in homing to BM conditioned with 0.1 ng of CCL7 and CCL12 
compared to contralateral sham-injected femurs (Fig. 7J). Dose esca-
lation of CCL2 conditioning overall offered additional improvement 
in homing efficiency (Fig. 7K). After 4 weeks, significant increases in 
engraftment of MPP and ST-HSC populations were seen in CCL2-
conditioned marrows (Fig. 7L). Together, these findings suggest that 
HSPC EVs act on ECs to enhance chemoattraction to the BM 
and that exploitation of this pathway by CCR2L conditioning may 
offer avenues to improve homing and engraftment after therapeutic 
transplantation.

DISCUSSION
Therapeutic applications of HSPCT continue to expand and evolve, 
including as a platform for personalized gene therapy. Beyond con-
ventional chemotherapy and graft engineering, clinical interest has 
risen in developing targeted preconditioning strategies to improve 
HSPC BM occupancy by nongenotoxic cell depletion (42–45). Al-
ternative or compounded approaches to increase marrow homing 
will likely further enhance graft outcomes and decrease morbidity 
through improving early count recovery and polyclonal reconstitu-
tion. In addition, a deeper understanding of molecular mechanisms 
involved in BM homing may serve as a source of insight to improve 
mobilization strategies. For instance, canonical homing and reten-
tion of HSPCs occurs through the CXCR4-CXCL12 axis (46–48); this 
signaling pathway has been leveraged clinically by use of a CXCR4 
antagonist plerixafor during HSPC mobilization and collection. Sub-
stantial evidence has demonstrated a role for CCL2-CCR2–driven 
chemotaxis of mature granulocytes and monocytes (49–52). More 
recent studies have detailed a role for this axis in driving HSPCs to 
sites of inflammation, including in models of peritonitis and myocar-
dial infarction (35, 53).

Building on these studies, here, we describe a mechanism of 
CCR2-dependent chemotaxis that synergizes with CXCR4 signaling 
to promote BM homing after HSPCT. We demonstrate that this sig-
naling axis may be driven not only by CCL2 but also by additional 
CCR2 ligands CCL7 and CCL12. A likely explanation toward the mi-
gratory synergy provoked with CXCL12 and CCR2L is our observa-
tion that activated HSPCs demonstrate increased interaction of 
CXCR4 and CCR2 that may partly be driven by an increase in CCR2 
expression in response to inflammatory signals or by membrane re-
distribution of one or both receptors. Existing data have shown that 
CCR2 and CXCR4 form functional heterodimers in native T cells 
(30, 54, 55). Although specificity of CXCL12 and CCR2 ligands for 
their respective receptors exist, an allosteric negative binding coop-
erativity between CXCR4 and CCR2 has been reported, whereby ac-
tivation of CCR2 may desensitize CXCR4 (30, 55, 56). In this study, 
we observe evidence supporting a positive CCR2-CXCR4 coopera-
tivity on HSPCs. Our data support increased heterodimer formation 
in activated HSPCs, which may act in a more potent capacity than 
respective homodimers to drive migration (57). Notably, a counter 
balance between CXCR4 and CCR2 signaling has been described to 
modulate mature immune cell retention and egress from the marrow, 
where CCR2 up-regulation drives efflux of cells to sites of inflamma-
tion (51, 56, 58, 59). In the context of conventional preconditioning 
regimens and donor cell infusion, the BM itself serves as a site of 
potent acute inflammation (60), and therefore, CCR2 activation may 
drive homing and retention along with CXCR4.

A role for CCR2 in fine-tuning marrow homing and retention is 
supported by results from our competitive transplantation studies 
between WT and Ccr2-deficient grafts. Here, we observed initial 
deficits in marrow homing from Ccr2gfp/gfp grafts and impaired my-
eloid output during early reconstitution; these findings are congruent 
with previous studies suggesting that CCR2+ HSCs are myeloid-
biased and contribute to emergency myelopoiesis (35). CCR2 depen-
dency for BM homing varied significantly across stem and progenitor 
subpopulations, with impaired homing of HSC and myeloid-biased 
MPP2 after Ccr2 KO, and relative enrichment of lymphoid-biased 
MPP3 and MPP4 populations. Despite homing heterogeneity, supra-
physiologic CCL2 conditioning resulted in homogeneous increases 
in progenitor cell frequency in the BM at early engraftment time 
points; this may partly be due to enhanced CCR2+ HSC homing and 
early progenitor reconstitution. Our data further indicate that CCR2 
expression on HSPCs is dynamically up-regulated during chemotaxis 
and BM homing. At later time points after transplantation and likely 
during homeostatic hematopoiesis, CCR2 continues to regulate niche 
occupancy. This is evident in the observed enrichment of CCR2− 
HSPCs in the BM 12 weeks after transplantation, with CCR2+ cells 
alternatively enriched in the PB and spleen. These findings support a 
role for CCR2 in facilitating marrow egress after resolution of mar-
row inflammation induced by conventional conditioning.

Notably, limited studies of CCR2-deficient patient BM composi-
tion has recently been reported (61); these suggest overall relatively 
normal mature cell counts, although stem and progenitor cell com-
position has not been detailed. Our studies likewise show that HSPC 
subpopulation frequency in native Ccr2 KO animals is preserved; 
however, important functional differences during transplantation 
are evident. These findings stress the importance of further investi-
gation into CCR2 as a regulator of marrow retention, egress, and 
clonogenic reconstitution.

An undesirable side effect of the pro-inflammatory microenvi-
ronments provoked by conditioning chemotherapy or radiotherapy 
is the significant toxicity including marrow suppression (62, 63). 
Here, we show that the HSPC vesicle secretome engages a more tar-
geted inflammatory signal through NF-κB–driven expression and 
secretion of chemotactic CCR2L. Radiation-induced production of 
C-C chemokines from ECs has been previously described (64). Al-
though the impact of sustained NF-κB signaling has been shown to 
compromise LT HSPC self-renewal and differentiation capacity (65, 
66), the role of acute signaling in promoting marrow homing during 
transplantation is relatively unknown. We propose targeted marrow 
inflammation, such as induced by HSPC EVs, as a strategy to im-
prove homing. Future studies will determine key vesicle cargo driv-
ing EC activation. It is possible that EV exposure represents only 
one mechanism of up-regulating CCR2L and that alternative signals 
including pathogen-associated molecular pattern molecules and 
damage-associated molecular pattern molecules (DAMPs) promote 
similar effects. The release of DAMPs after toxic marrow irradiation 
may be key to driving nonspecific elevations of these chemokines.

In this study, we show that enrichment of integrin α4β7 targets 
secreted vesicles from HSPCs to VCAM-1+ ECs. Recent evidence 
points to an additional mechanism of selectin-dependent HSPC EV 
uptake (67). These findings may partly explain our observations of 
reduced, but not abolished, EV uptake into ECs after integrin α4β7 
blockade or Vcam-1 KO. Moreover, we have seen transcriptional up-
regulation of EC selectin-E following HSPC EV treatment, data that 
suggest possible positive feedback driving EV binding and uptake 
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and further substantiate the functional impact of HSPC EVs on a 
multistep process guiding HSPC chemoattraction and tethering to 
the endothelium.

Although physiologic EV cross-talk shapes tissue microenviron-
ments and particularly promoting EC remodeling (15, 17), therapeu-
tic delivery of EVs harbors many challenges, including scalability, 
purity, and batch-to-batch reproducibility (68). Here, we provide the 
first proof-of-concept studies demonstrating how BM conditioning 
with CCR2L may leverage physiologic chemotactic mechanisms un-
derlying HSPC homing to the BM vasculature and provide a novel 
nontoxic strategy to improve HSPC niche occupancy. This may be a 
promising approach in cases of limited donor cell quantity or require-
ments for reduced intensity conditioning. In addition, enhancing 
homing efficiency of infused HSPCs could likely lead to meaningful 
outcomes in cases of low-level residual leukemia, where healthy do-
nor cells and leukemic stem cells (LSCs) compete for niche occupancy 
in the BM (69). In contrast, a role for CCR2 in leukemic cell migration 
and niche occupancy warrants additional examination (70, 71).

Further studies investigating a noninvasive approach to initiate 
therapeutic EC remodeling events including the delivery of small 
molecules or lipid nanoparticles carrying key biologically active EV 
cargo are the focus of our future efforts. This study is limited by its 
focus on HSPC:EC cross-talk in the murine model system. Differ-
ences in chemokine-receptor expression and interactions exist be-
tween mice and humans (72); these will need to be addressed in 
humanized models of marrow homing. For example, while human 
CCL2 and CCL7 bind CCR2, a human homolog for CCL12 does not 
exist, whereas additional chemokines CCL8, CCL13, and CCL16 
share CCR2 binding capacity. Future studies will need to evaluate the 
translational relevance of individual signaling components. Overall, 
these findings add to our understanding of the functional HSPC sec-
retome during transplantation and provide evidence of a novel cross-
talk mechanism between HSPCs and BM ECs that originates from 
secreted HSPC-derived vesicles. We propose that there are opportu-
nities to leverage these signals to improve CCR2-dependent mobili-
zation and homing.

MATERIALS AND METHODS
Animals
C57BL/6J (the Jackson Laboratory strain #000664), B6.SJL-Ptprca 
Pepcb/BoyJ (Pep Boy; the Jackson Laboratory strain #002014), 
B6(C)-Ccr2tm1.1Cln/J (Ccr2gfp/gfp KI/KO; Jackson Laboratory strain 
#027619), B6.Cg-Tg(VAV1-cre)1Graf/MdfJ (VavCre; Jackson Labo-
ratory strain #035670), and B6.Cg-​Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J 
(tdTomato; Jackson Laboratory strain #007914) mice were pur-
chased from the Jackson Laboratories or bred in-house. Animals 
were housed under standard conditions and kept on a 12-hour 
light/12-hour dark cycle with ad libitum access to food and water. 
Our study examined male and female animals, and similar findings 
are reported for both sexes.

HSPC enrichment and culture
Human HSPCs were enriched from frozen leukapheresis products 
containing granulocyte colony-stimulating factor mobilized stem 
and progenitor cells and cultured as detailed previously (18). For 
mouse HSPCs, ex vivo expansion cultures were initiated from mu-
rine LT-HSCs flushed from hindlegs of 6- to 12-week-old mice and 
cultured as previously described in detail (18). Stem and progenitor 

cell populations were analyzed by flow cytometry as previously de-
scribed in detail (18). A list of antibodies used in this study is listed 
in data S2.

BM EC culture
Akt1-activated murine BM-derived ECs were provided by J. Butler 
(University of Florida). Cells were cultured in 1:1 Dulbecco’s modi-
fied Eagle medium (low glucose)/Ham’s F-12 media with 20% (v/v) 
heat-inactivated fetal bovine serum (FBS), 20 mM Hepes, penicillin 
G (100 U/ml), streptomycin sulfate (100 μg/ml), 1X minimum es-
sential medium nonessential amino acids (Corning, 25-025-CI), 
heparin sodium salt (100 μg/ml; Sigma-Aldrich, H3149), EC growth 
supplement (50 μg/ml; Corning, 356006). Heat-inactivated FBS was 
centrifuged at 100,000g for 20 hours at 4°C to deplete bovine serum 
EVs. Complete medium was filtered through a 0.22-μm filter and 
stored at 4°C for up to 1 month. Sterile plates and flasks for cell cul-
ture were coated with 0.0001% fibronectin (Sigma-Aldrich, F0895) 
diluted in PBS for 20 min and then aspirated off before culturing. To 
detach ECs, an Accutase cell detachment solution (BioLegend, 
423201) was pipetted onto cells and incubated at 37°C for 5 min or 
until cells were no longer adherent.

EV enrichment
Human HSPC EV samples for proteomic analysis were enriched 
using the ExtraPEG method, as previously described and thoroughly 
characterized (73–75). Plasma EVs were further purified using an io-
dixanol density gradient (75–77). Final EV pellets were lysed in strong 
urea-containing lysis buffer [5% SDS, 10 mM EDTA, 120 mM tris-HCl 
(pH 6.8), and 8 M urea] with the addition of a protease inhibitor cock-
tail (Thermo Fisher Scientific). Vesicle protein was quantified using 
an EZQ Protein Quantitation Kit (Thermo Fisher Scientific). Murine 
HSPC EVs from serum-free cultures were isolated by differential cen-
trifugation as described (18) and resuspended in particle-free PBS 
for functional assays. Single-particle analysis, including transmis-
sion electron microscopy and tunable resistance pulse sensing, was 
performed according to the minimal information for studies of EVs 
guidelines (18, 78).

EV uptake
To measure uptake, HSPC EVs were dyed with 40 μM CFSE for 
10 min, then washed with PBS, and repelleted by ultracentrifugation 
at 100,000g for 2 hours. On the basis of our prior data supporting 
steady-state secretion of EVs at a ratio of 1 × 104 to 1 × 106 EVs per 
cell across numerous cell and tissue origins (74), doses for all EV 
uptake experiments were maintained at 104 to 105 EVs per cell. Four 
hours after addition of HSPC EVs to EC cultures, ECs were pelleted, 
resuspended in 0.01% trypsin, incubated for 1 min at 37°C, and 
washed with PBS. To further detach any surface-bound (but not en-
docytosed) vesicles, cells were resuspended in acid-wash buffer (0.5 M 
NaCl and 0.2 M acetic acid) for 1 min, pelleted, and resuspended 
in 1× PBS for fluorescence-activated cell sorting (FACS). Flow cyto-
metric analysis was performed using BD FACSCanto II flow cytom-
eter. For integrin α4β7 inhibition studies, HSPC EVs were incubated 
with 80 nM TR-14035 for either 30 min at room temperature or 
2 hours at 4°C before adding to BM EC cultures. Endocytosis inhibi-
tion using dynasore (80 μM) was performed by pretreating ECs for 
30 min before addition of HSPC EVs. For dose-dependent studies, 
increasing concentrations of HSPC EVs (2500 vesicles per cell, 7500 
vesicles per cell, and 22,500 vesicles per cell) were added to ECs for 
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24 hours before cells were harvested, washed with PBS, and lysed for 
immunoblot analysis. For gene expression analyses, HSPC EVs (104 
per cell) were added to ECs for 4 hours before washing cells in PBS 
for RNA extraction. To pharmacologically inhibit IKKα/IKKβ, 
ECs were treated with 1 μM ACHP for 30 min before the addition 
of HSPC EVs.

Confocal microscopy
BM ECs were seeded into a glass eight-well chamber slide and al-
lowed to adhere for 2 days. For EV uptake visualization, HSPC EVs 
were dyed with 40 μM CFSE (Abcam, #ab113853) for 10 min, then 
washed with PBS, and repelleted by ultracentrifugation at 100,000g 
for 2 hours. EVs were transferred onto ECs and incubated at 37°C 
for 2 hours. Cells were washed with PBS and then stained with 1X 
CellMask Deep Red Plasma Membrane Stain (Invitrogen, #C10046) 
for 10 min at 37°C. Cells were then stained with Hoechst stain (2 μg/
ml; Thermo Fisher Scientific #62249) for 20 min and washed three 
times before imaging. Imaging was performed on a CrestOptics X-
Light V3 Spinning Disk Confocal using the 100× oil immersion ob-
jective lens (numerical aperture, 1.45) and 405-, 488-, and 640-nm 
lasers. Each image covered 133 μm by 133 μm per field. Three-
dimensional (3D) images were constructed with the Fiji 3D viewer 
plugin set at 55% transparency.

For colocalization experiments, before staining, cells were blocked 
with 3% bovine serum albumin (BSA) in PBS for 1 hour. Cells were 
stained as follows: 1:50 with purified anti-mouse CD184 (CXCR4) 
antibody (BioLegend, #146502) in 3% BSA for 1 hour, 1:50 with 
chicken anti-rat IgG (H+L) cross-adsorbed secondary antibody, Alexa 
Fluor 488 (Invitrogen, #A-21470) in 3% BSA for 30 to 60 min, 1:25 
with allophycocyanin anti-mouse CD192 (CCR2) antibody (BioLegend, 
#150628) in PBS for 30 min, and 4′,6-diamidino-2-phenylindole 
(1 μg/ml; BioLegend, #422801) for 5 min. Alternatively, cells were 
costained as follows: 1:50 with CCR2 polyclonal antibody (Invitrogen, 
#PA5-23043) and purified anti-mouse CD184 (CXCR4) antibody 
(BioLegend, #146502) for 1 hour in 3% BSA, followed by 1:50 donkey 
anti-rabbit secondary antibody Alexa Fluor 488 (Invitrogen, #A-
21206), and goat anti-rat secondary antibody Alexa Fluor 647 (Invi-
trogen, #A-21247) for 1 hour in 3% BSA. Cells were washed with PBS 
three times in between stains. Imaging was performed on a CrestOp-
tics X-Light V3 Spinning Disk Confocal using the 100× oil immersion 
objective lens (numerical aperture, 1.45) and 405-, 488-, and 640-nm 
lasers. Each image covered 133 μm by 133 μm per field. Using Fiji 
software, CCR2 intensity was measured using the CXCR4 channel to 
create regions of interest and overlay them onto the CCR2 channel. To 
measure co-occurrence of CXCR4 and CCR2 fluorescence, back-
ground signal was uniformly subtracted from all images before analy-
sis. The Fiji plugin PTBIOP JACoP was used to generate thresholded 
area measurements. Manders’ and Pearson correlation coefficients of 
the two channels were generated using the Moments thresholding al-
gorithm (79). Area overlap analysis was performed as described (80).

Transwell coculture assays
BM ECs were plated in fibronectin-coated tissue culture–treated 
plates in complete EC media and incubated overnight to allow adhe-
sion of cells. A 1-μm pore transwell was placed in each well, and 
murine HSPCs were placed in the top chamber with additional me-
dia. Cells were cocultured without direct cell-cell contact in tran-
swell dishes for 1 to 3 days at 37°C before resuspending HSPCs or 
scraping ECs for downstream analyses.

Chemotaxis assays
For transwell cell-to-cell chemotaxis assays, ECs were plated in 
fibronectin-coated tissue culture–treated wells and incubated over-
night to allow adhesion of cells. The following day, HSPCs were dyed 
with 40 μM CFSE for 10 min at room temperature. A 5-μm pore tran-
swell was placed in each well, and the HSPCs were placed in the top 
chamber with additional media. For cell-to-chemokine gradient che-
motaxis assays, recombinant chemokines CXCL12, CCL2, CCL7, and 
CCL12 were added to HSPC ex vivo expansion medium lacking 
insulin-transferrin-selenium-ethanolamine, stem cell factor, and 
thrombopoietin for a final concentration of 200 ng/ml. HSPCs were 
dyed with 40 μM CFSE for 10 min at room temperature. A 5-μm pore 
transwell was placed in each well, and the HSPCs were placed in the 
top chamber with additional media. For inhibitor studies, HSPCs were 
treated with indicated inhibitor (CCR2 inhibitor, Sigma-Aldrich, 
227016; integrin inhibitor, TR-14035, Tocris, 6908) or equal volume 
dimethyl sulfoxide before seeding into top chambers. Following an 
overnight incubation at 37°C, top and bottom chambers were har-
vested for flow cytometry and 10 μl of compensation beads was added 
to each sample as an internal control for quantification. Flow cyto-
metric analysis was performed using a BD FACSCanto II flow cytom-
eter. Chemotaxis ratio was calculated as: (Bottom chamber cell events/
bead events)/[(Top chamber cell events/bead events) + (Bottom 
chamber events/bead events)].

Co-immunoprecipitation
Ex vivo cultured HSPCs grown in isolation, or in a 2-day EC tran-
swell coculture were pelleted and washed with PBS three times 
before resuspension in ice-cold radioimmunoprecipitation assay 
(RIPA) buffer with protease inhibitor. Samples were incubated on 
ice for 10 min, sonicated three times for 5-s pulses each, and then 
centrifuged at 13,000g for 10 min at 4°C to clear supernatants. Equal 
volumes of lysates were aliquoted as input samples and boiled in 5X 
Laemmli sample buffer before loading equal volume into an SDS 
page gel for immunoblot analysis. Remaining lysates were incubated 
with anti-CXCR4 or control anti-IgG antibody for 1 hour at room 
temperature with gentle agitation. Pierce Protein A/G Magnetic 
Beads (Thermo Fisher Scientific, 88802) were precleared by washing 
four times with RIPA buffer, collecting magnetized beads after every 
step. Equal volume washed beads were added to immunocomplexes 
and incubated for 45 min at room temperature with gentle agitation. 
Beads were magnetized to separate from supernatant, and washed 
four times with RIPA buffer before resuspending in 2X reducing 
Laemmli sample buffer and boiling for 10 min. Beads were magne-
tized, and equal volume of supernatants was loaded into an SDS 
page gel for immunoblot analysis.

Immunoblot analysis
Cell and vesicle lysate preparation, protein quantification, and im-
munoblot analysis were performed as detailed (18). Ponceau S stain 
was used for total protein quantification. Primary and secondary 
antibodies used are listed in data S2. Gel images were taken using  
an Amersham ImageQuant 800 instrument and processed and 
quantitated using ImageQuant TL8.2.0.

Enzyme-linked immunosorbent assay
To measure secreted CXCL12 levels, HSPC EVs were added to BM 
EC cultures at a final dose of 104 to 105 HSPC EVs per cell. Five hours 
after EV treatment, supernatants from EC cultures were collected and 
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analyzed by CXCL12 ELISA assay (Thermo Fisher Scientific, EMCX-
CL12) according to the manufacturer’s instructions.

Vesicle mass spectrometry
In-gel digestion and trypsinization of vesicle protein, mass spec-
trometry data acquisition, and data processing were performed as 
previously detailed (18). Data were filtered out at a false discovery 
rate (FDR) of 1% at precursor, peptide, and protein level and are 
available in data S1. Differential expression and enrichment analysis 
were performed in the DEP package (v3.16) in R (81) and ShinyGO 
v0.77 (82), respectively. All integrin subunits identified in the data-
set were analyzed for fold change expression in HSPC EVs.

Generation of CRISPR-Cas9 KO ECs
To produce stable CRISPR-Cas9–mediated BMEC KO cell lines, single 
guide RNAs (sgRNAs) were designed using Synthego’s Knockout 
Guide Design tool (Ccl2, Ccl12, and Vcam-1) and IDT’s Custom Alt-R 
CRISPR-Cas9 guide RNA design tool (Ccl7). The sgRNAs were cloned 
into the lentiCRISPRv2GFP vector (Addgene, #82416) at the Bsm BI 
restriction site. Target sgRNA 5′ to 3′ sequences were as follows: 
Vcam-1 (AGCAATCGTTTTGTATTCAG), Ccl2 (AGTGGGGC-
GTTAACTGCATC), Ccl7 (TTCCCAGGGACACCGACTAC), and 
Ccl12 (ATTATAACAGCACGTGACTG). For lentiviral production, 
human embryonic kidney 293T cells were seeded in T-75 flasks and 
cultured to 80% confluency at the time of transfection. For each 
flask, 5 μg of lenti-sgRNA plasmid was cotransfected with 1.18 μg of 
pRSV-Rev (Addgene, #12253), 2.39 μg of pMDLg/pRRE (Addgene, 
#12251), and 1.42 μg of pCMV-VSV-G (Addgene, #8454) using Cal-
Fectin (SignaGen, #SL100478S) per the manufacturer’s instructions. 
Cell culture medium was replaced 24 hours after transfection. Viral 
particles were harvested from the supernatant 48 and 72 hours after 
transfection. The supernatant was centrifuged at 1000g for 10 min to 
pellet cells, filtered through a 0.45-μm filter, and stored at −80°C 
until transduction.

BM ECs were seeded in a six-well plate and cultured to 80% con-
fluency at the time of transduction. Viral stocks were warmed to 
37°C and transferred onto ECs for 24 hours before removing viral 
media and replacing with fresh complete EC media. ECs were then 
cultured for an additional 24 to 48 hours before passage to a T-25 
flask. At confluency, GFP+ ECs were sorted on a BD FACSAria Fu-
sion flow cytometer and then cultured in complete EC media. Gene 
KO was confirmed via RT-qPCR (see data S3 for primer sequences).

Electroporation
Transient overexpression of RelA or IκBα dominant-negative mutant 
was performed by electroporation of ECs using an Amaxa 4D-
Nucleofector (Lonza) in the presence of RelA cFlag pcDNA3 (Add-
gene, #20012), pLXSN IkB alpha M (Addgene, #12330), or control 
vector c-Flag pcDNA3 (Addgene, #20011). Cells were then trans-
ferred to a six-well plate and incubated at 37°C overnight. Following 
incubation, ECs were harvested for immunoblot or gene expression 
analysis or seeded into bottom chambers for chemotaxis assays.

Gene expression analyses
Total RNA was extracted using the RNeasy Plus Micro Kit (QIAGEN) 
according to manufacturer’s instructions and quantified using a 
NanoPhotometer (Implen). RNA was converted into cDNA using 
SuperScript IV VILO Master Mix (Invitrogen). All RT-PCR reactions 
were performed using PowerUp SYBR Green Master Mix (Applied 

Biosystems) on a ViiA 7 Real-Time PCR System (Applied Biosys-
tems). See data S3 for primer sequences. Chemokine transcriptional 
array analyses were performed using an RT2 Profiler PCR Array 
Mouse Cytokines & Chemokines (QIAGEN) according to the manu-
facturer’s instructions.

BM chemokine profiling
HSPC-derived EVs were injected into the left (ipsilateral) femur and 
PBS into the right (contralateral) femur of WT mice (n = 4). Twenty 
hours after injections, bilateral femurs were harvested and flushed into 
100 μl of PBS. Cells were pelleted by centrifugation at 400g for 5 min, 
and frozen supernatants were analyzed by a Cytokine/Chemokine 44-
Plex Discovery Assay Array (MD44) (Eve Technologies).

BM homing
WT homing assays were performed following 14-day ex vivo culture 
of murine HSPCs. Before injection, donor cells were labeled with 
40 μM CFSE dye (Abcam, ab113853) for 10 min and washed with PBS 
by centrifugation at 400g for 5 min. For homing experiments with 
EV preconditioning, 109 to 1010 HSPC-derived EVs were injected 
into the left (ipsilateral) femur and PBS into the right (contralateral) 
femur. Four hours after the intrafemoral injection, 6 × 106 to 10 × 106 
total murine CFSE-labeled HSPCs were injected intravenously through 
the tail vein. For homing experiments with CCR2 ligands, mice 
were preconditioned via intrafemoral injection of either recombinant 
mouse CCL2 (0.1 or 1 ng), CCL7 (0.1 ng), or CCL12 (0.1 ng). Imme-
diately following the intrafemoral injection, 6 × 106 to 10 × 106 total 
murine CFSE-labeled HSPCs were injected intravenously through the 
tail vein. For all homing experiments, femurs were collected and 
flushed 20 hours after transplantation. Relative proportions of CFSE-
positive cells and HSPC sub-populations were analyzed using a BD 
LSRFortessa flow cytometer. For EC collection, CD45(−) CD31(+) 
ECs were sorted using FACSAria Fusion Sorter. In competitive hom-
ing experiments, fresh whole BM (WBM) from CD45.2 WT and 
Ccr2gfp/gfp KI/KO mice (with or without CFSE labeling) was injected 
intravenously (1:1 ratio, 107 total cells) following red blood cell lysis 
into sublethally irradiated (5.2 Gy) CD45.1 mice. For homing assays 
using GFP− versus GFP+ cells, BM from Ccr2gfp/gfp was flushed and 
lineage-depleted before FACS sorting for GFP- and GFP+ cells. Suble-
thally irradiated (5.2 Gy) recipient mice were injected with 2 × 106 to-
tal cells before BM analysis 20 hours later. At end-point analyses, BM 
from leg bones and spleens were harvested from recipient mice for 
analysis of relative chimerism and subpopulation frequency by a BD 
LSRFortessa flow cytometer.

Short-term engraftment
For competitive engraftment of CD45.1/0.2 WT versus CD45.2 
Ccr2gfp/gfp marrow, a total of 1 × 106 WBM cells were transplanted 
(1:1) into lethally irradiated (10.4 Gy) CD45.1 recipient mice. To 
account for CD45 allele variation, a control cohort was included 
where CD45.1/0.2 WT was competed against CD45.2 WT (1:1). PB 
was collected by retro-orbital bleed at 2 weeks to assess chimerism 
levels. At 12 weeks after transplantation, PB (cardiac puncture), 
spleens, and BM were collected and single-cell suspensions were 
analyzed by flow cytometry. For EV/chemokine conditioning en-
graftment experiments, non-myeloablated CD45.1 mice were pre-
conditioned via intrafemoral injection of either 108 to 109 HSPC 
EVs or 1 ng of recombinant CCL2 (ipsilateral femur) versus a sham 
PBS injection (contralateral femur). A total of 107 BM cells from 
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CD45.2 mice were injected intravenously (via tail vein) immediately 
following CCL2 conditioning or 4 hours after EV conditioning. Af-
ter 4 weeks, BM was harvested from bilateral femurs separately. Pro-
portions of CD45.2 donor cells and subpopulations were analyzed 
using a BD LSRFortessa flow cytometer.

In vivo Cre-TdTomato recombination
Cre mRNA containing EVs were harvested from conditioned media 
of ex vivo cultures of murine Vav1-Cre HSPCs. Ai14 (tdTomato) 
mice received intrafemoral injection of 108 HSPC Cre EVs into the 
ipsilateral femur and a sham PBS injection into the contralateral 
femur. After 11 days, BM was harvested from bilateral leg bones 
separately. Flow cytometry was used to detect tdTomato-positive 
CD45(−)CD31(+) ECs.

Statistics
Statistical significance between two groups was measured by un-
paired Student’s t test and by ANOVA with Bonferroni correction 
for experiments with three or more groups. Normal distribution 
was tested by Kolmogorov-Smirnov test before parametric testing. 
A Grubb’s test (extreme Studentized deviate method) was used to 
evaluate statistical outliers. Statistical analyses were conducted us-
ing R version 4.2.2, GraphPad, or Microsoft Excel. Bar plots reflect 
the means ± SEM.

Study approval
Animal experiments were approved by the Children’s Hospital of 
Philadelphia Institutional Animal Care and Use Committee (IACUC) 
and conducted in accordance with the National Institutes of Health’s 
Guide for the Care and Use of Laboratory Animals. Human HSPCs 
were enriched from deidentified remnant human leukapheresis prod-
ucts obtained from the University of Pennsylvania (UPenn) Hemato-
poietic Stem Cell Laboratory.
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Legends for data S1 to S3
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