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Introduction
Hematopoietic stem and progenitor cells (HSPCs) reside in bone 
marrow (BM) niches associated with supporting cells that regulate 
quiescence and proliferative fate decisions (1–3). At homeostasis, 
only a small pool of these cells circulates in the peripheral blood 
(PB), but this can be enhanced by a demand for accelerated hema-
topoiesis, e.g., in inflammation or bacterial sepsis or in response 
to immunological stress. Clinically, effective and robust HSPC 
trafficking is essential for both acquisition of HSPCs for transplan-
tation and subsequent homing back to the recipient BM. Enforced 
egress of HSPCs to the circulation, a process termed mobilization, 
is widely used to acquire hematopoietic grafts for life-saving trans-
plantation (4). Granulocyte colony-stimulating factor (G-CSF) is 
the primary agent used clinically to mobilize HSPCs and serves as 
an archetype for mechanistic insight into stem cell trafficking.

To better understand the physiologic regulators of HSPC traf-
ficking with an aim toward improved therapies, we used G-CSF 
mobilization as a model system. Specifically, we were interested 
in understanding the mechanisms governing suboptimal HSPC 
trafficking after G-CSF treatment. Early studies identified a 
requirement for dipeptidyl peptidase 4/CD26 (DPP4/CD26) in 
the optimal HSPC mobilization response to G-CSF (5, 6), as either 
Cd26 gene deletion or pharmacologic inhibition of DPP4 enzyme 

activity significantly reduced HSPC mobilization. CD26 is a ser-
ine exopeptidase that cleaves N-terminal dipeptides when either 
alanine or proline is in the penultimate position. This enzymatic 
cleavage regulates the activity of numerous molecules including 
growth factors, chemokines, neuropeptides, and vasoactive pep-
tides (7–11). Since CD26 can cleave and inactivate the chemokine 
SDF-1 in vitro (8, 12) and reduced BM SDF-1 is a hallmark found 
following G-CSF administration (13–15), CD26 cleavage of SDF-1 
has been hypothesized to mediate G-CSF–directed HSPC egress. 
However, to date, evidence showing a direct association between 
CD26 and disruption of SDF-1 signaling in vivo during G-CSF 
administration has not been reported.

Surprisingly, we found that CD26 regulation of HSPC traffick-
ing is independent of SDF-1 and, instead, identified a nonparadig-
matic mechanism governing vascular permeability mediated by 
CD26-dependent cleavage of the neurotransmitter neuropeptide 
Y (NPY). Our findings identify a role for NPY in regulating vascu-
lar permeability and HSPC trafficking and describe what to our 
knowledge is a previously unrecognized active role of sinusoidal 
endothelial cells (SECs) as gatekeepers for HSPC egress from the 
marrow niche. These results also define a potential pharmaceuti-
cal target on vascular ECs to regulate barrier integrity for a variety 
of immunologic stressors.

Results
HSPC-intrinsic CD26 expression is not required for BM egress. The 
CD26 cell-surface protease has been shown to affect HSPC traf-
ficking and function. Pharmacologic inhibition of CD26 enzyme 
activity or Cd26 gene deletion in mice was shown to reduce HSPC 
egress from BM in response to G-CSF (5, 6). This reduction in 

Endothelial cells (ECs) are components of the hematopoietic microenvironment and regulate hematopoietic stem and 
progenitor cell (HSPC) homeostasis. Cytokine treatments that cause HSPC trafficking to peripheral blood are associated with 
an increase in dipeptidylpeptidase 4/CD26 (DPP4/CD26), an enzyme that truncates the neurotransmitter neuropeptide Y 
(NPY). Here, we show that enzymatically altered NPY signaling in ECs caused reduced VE-cadherin and CD31 expression along 
EC junctions, resulting in increased vascular permeability and HSPC egress. Moreover, selective NPY2 and NPY5 receptor 
antagonists restored vascular integrity and limited HSPC mobilization, demonstrating that the enzymatically controlled 
vascular gateway specifically opens by cleavage of NPY by CD26 signaling via NPY2 and NPY5 receptors. Mice lacking CD26 or 
NPY exhibited impaired HSPC trafficking that was restored by treatment with truncated NPY. Thus, our results point to ECs 
as gatekeepers of HSPC trafficking and identify a CD26-mediated NPY axis that has potential as a pharmacologic target to 
regulate hematopoietic trafficking in homeostatic and stress conditions.
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itor cell content in PB after G-CSF administration 
was significantly lower in the absence or inhibition 
of CD26 activity (Supplemental Figure 1A; supple-
mental material available online with this article; 
https://doi.org/10.1172/JCI94687DS1). In addi-
tion, we detected reduced numbers of hemapoietic 
stem cells (HSCs) (CD150+ [SLAM] CD48– signaling 
lymphocytic activation molecule Lin–SCA1+c-Kit+ 
[LSK] cells) in PB (Supplemental Figure 1B). We fur-
ther extended these findings by showing that fewer 
long-term repopulating HSCs were mobilized when 
CD26 activity was inhibited, comparing PB grafts 
from mice treated with G-CSF or G-CSF plus dipro-
tin A (Supplemental Figure 1C).

When mobilized HSPCs were evaluated for CD26 
expression, we unexpectedly observed that most 
mobilized LSK (Figure 1A) and SLAM LSK (Figure 
1B) cells were CD26–, suggesting that intrinsic CD26 
expression was not required for their mobilization. 
Reduced egress of CD26-expressing HSPCs following 
G-CSF treatment did not result from impaired expan-
sion or differentiation, since the proportion of mar-
row LSK cells expressing CD26 at baseline and after 
G-CSF treatment increased to an equivalent degree 
(Figure 1C), and no change in total SLAM LSK cells or 
the proportion of cells expressing CD26 was observed 
following G-CSF administration (Figure 1D). In addi-

tion, we found that CD26 expression on LSK and SLAM LSK cells 
was not altered by G-CSF treatment (Supplemental Figure 1D).

To further investigate the role of intrinsic versus extrinsic CD26, 
we created chimeric mice by transplanting BM cells from WT or 
CD26–/– mice into syngeneic WT or CD26–/– recipient mice. WT 
recipients transplanted with WT or CD26–/– cells showed normal 
HSPC mobilization after G-CSF administration (Figure 1E). How-
ever, CD26–/– recipient mice transplanted with WT hematopoietic 
cells showed attenuated mobilization in response to G-CSF (Figure 
1F). These data indicate that CD26 expression on stromal, rather 
than hematopoietic, cells is required for optimal HSPC trafficking.

G-CSF–induced niche suppression is CD26 independent. Atten-
uation of mesenchymal stem and progenitor cells (MSPCs), oste-
olineage cells, and decreased marrow SDF-1 have been impli-
cated as mechanisms for G-CSF mobilization (17–19). Since our 

mobilization is not due to CD26 acting directly on G-CSF, since 
filgrastim (Neupogen) does not contain a CD26 truncation site 
(7). It was suggested that CD26 expression on HSPCs plays an 
essential role in the regulation of trafficking (16), perhaps through 
cleavage of SDF-1, thereby reducing BM retention. This cell- 
intrinsic hypothesis has not, however, been proven, and given that 
CD26 is widely expressed on numerous cell types, other cellular 
players could mediate the effects of CD26 on HSPC egress. We 
reasoned that if intrinsic CD26 is crucial for HSPC mobilization, 
then HSPCs expressing CD26 should mobilize more readily than 
those negative for CD26. To test this hypothesis, we first validated 
reduced hematopoietic mobilization in mice with a global dele-
tion of Cd26 (hereafter referred to as CD26–/–) as well as in WT 
mice treated with diprotin A, a highly selective pharmacologic 
inhibitor of CD26 enzyme activity. As expected, the total progen-

Figure 1. CD26 expressed by stromal cells, but not HSPCs, 
regulates HSPC trafficking. CD26 expression on PB LSK (A) 
and SLAM LSK (B) cells (mean ± SEM; n = 3 mice/group/
experiment, each assayed individually; n = 3 experiments). 
CD26 expression on BM LSK (C) and SLAM LSK (D) cells 
(mean ± SEM/femur; 1 of 2 independent experiments; n = 4 
mice/group/experiment, each assayed individually). (E and 
F) HSPC mobilization in chimeric mice. (E) CD26–/– donor 
cells transplanted into WT recipients and (F) WT donor 
cells transplanted into CD26–/– recipients. Two months 
after transplantation, mice were treated with G-CSF, and 
PB hematopoietic progenitor cells (HPCs) were determined 
by CFC assay, and SLAM LSK cells were analyzed by flow 
cytometry (mean ± SEM; n ≥ 5 mice/group, each assayed 
individually). *P ≤ 0.05, by 1-way ANOVA with Sidak’s 
multiple comparisons test.
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1–Alcam+ cells enriched for OBs (20) were reduced equivalently 
in mice treated with G-CSF or G-CSF plus diprotin A (Figure 2, 
B and C). SDF-1 protein expression in nestin+ MSCs and leptin 
receptor+ mesenchymal stromal cells (21) was also reduced to the 
same degree, with or without diprotin A (Figure 2D and Supple-
mental Figure 2A). Similarly, total SDF-1 protein levels in BM were 
reduced to the same degree, with or without diprotin A (Figure 
2E), and in CD26–/– mice treated with G-CSF (Figure 2F). Immuno-
histochemical analysis showed similarly reduced SDF-1 in bone- 

mouse chimera study indicated a requirement for stromal CD26 
for optimal mobilization to G-CSF, we explored whether MSPC 
and osteolineage cell numbers and/or function were altered in 
the absence of CD26 activity. As previously described, osteoblast 
(OB) laminarity/flattening increases after G-CSF treatment, how-
ever, blockade of CD26 activity did not alter this response (Figure 
2A). Total numbers of nestin+ mesenchymal stem cells (MSCs) 
(17), CD45–CD119–CD31–Sca-1+Alcam– cells enriched for mesen-
chymal progenitor cells (MPCs), and CD45–CD119–CD31–Sca-

Figure 2. Suppression of niche components in response to G-CSF administration is independent of CD26 activity. (A) Representative histology of endoste-
al lining osteolineage cells in G-CSF– and G-CSF plus diprotin A–treated mice (original magnification, ×400). (B and C) MSCs, MPCs, and OBs in BM from mice 
treated with G-CSF or G-CSF plus diprotin A. (B) MSCs (CD45–CD31–nestin+) and (C) MPCs (CD45–Sca-1+Alcam–) and OBs (CD45–Sca-1–Alcam+) (mean ± SEM; 
n = 5 mice/group). (D) SDF-1 expression in BM nestin+ MSCs and leptin receptor+ (LepR+) cells. (E) SDF-1 levels in BMEF from WT mice treated with G-CSF or 
G-CSF plus diprotin A and from (F) CD26–/– mice treated with G-CSF. SDF-1 was measured by ELISA (mean ± SEM; n ≥5 mice/group). (G) Immunohistochemi-
cal staining of SDF-1 after treatment of mice with G-CSF or G-CSF plus diprotin A (original magnification, ×400). The red-outlined areas are endosteal lining 
and arrows indicate SDF-1 positive osteolineage cells. *P ≤ 0.05 compared with vehicle, by 1-way ANOVA with Sidak’s multiple comparisons test.
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G-CSF does not induce CD26-dependent degradation of SDF-1.  
Our chimeric mouse transplantation studies demonstrated a 
stromal requirement for CD26 regulation of HSPC trafficking, 
with no apparent changes in mesenchymal stromal or osteolin-
eage cells or in the molecular players implicated in mobilization. 
The commonly accepted paradigm for reduced mobilization in 
the absence of CD26 activity is that intact BM SDF-1 maintains 
HSPC retention. We observed significant (Figure 2, E and F) 
and equivalent reductions of SDF-1 in the BM following G-CSF 
administration, regardless of the inhibition or absence of CD26. 
However, since ELISA cannot discriminate between full-length 
and cleaved SDF-1, the SDF-1 remaining in the BM in control 
mice after G-CSF treatment could represent cleaved inactive 
SDF-1, while in CD26–/– mice, the SDF-1 detected was intact and 
could serve to retain HSPCs. To discriminate full-length and trun-

lining osteolineage cells in both treatment groups as well (Figure 
2G). In addition, BM levels of the hematopoietic retention factors 
osteoprotegerin and SCF were not affected by inhibition of CD26 
proteolytic activity (Supplemental Figure 2, B and C). We found 
that matrix metalloproteinase 9 (MMP-9) levels were increased 
equivalently in the BM of G-CSF– or G-CSF plus diprotin A–treated 
mice (Supplemental Figure 2D). CD26 expression was not altered 
on nestin+ MSCs following either treatment regimen (Supplemen-
tal Figure 2E). Moreover, CD26 proteolytic activity on the CD45–

Ter119–CD31– nonendothelial stromal cell population enriched for 
MSCs, osteolineage cells, and perivascular cells was unaffected 
by G-CSF (Supplemental Figure 2F). These results demonstrate 
that the decrease in G-CSF mobilization in the absence of CD26 
activity is not due to differences in stromal niche attenuation or 
cytokines or factors associated with HSPC retention in BM.

Figure 3. G-CSF treatment does not induce proteolytic degradation of 
SDF-1 in BM. (A) Left: Mass spectroscopic analysis shows cleavage of SDF-1 
exclusively to SDF-13-68. Middle: Intact and DPP4-cleaved SDF-1 binding to 
Jurkat cell CXCR4 receptors (mean ± SEM; n = 3 experiments). Right: Dose 
response analysis of intact and DPP4-cleaved SDF-1binding to Jurkat CXCR4. 
(B) Receptor binding efficiency of BMEF SDF-1 from G-CSF– or G-CSF plus 
diprotin A–treated mice. Bound SDF-1 was detected by anti–SDF-1 antibody 
staining and flow cytometry (mean ± SEM; 3 mice/group; n = 3 experiments). 
(C and D) Effect of G-CSF or G-CSF plus diprotin A treatment on levels of 
membrane-associated SDF-1 on BM LSK cells (C) and CD45–CD119– stromal 
cells (D). BM cells were isolated by flushing femurs with PBS and stained 
with lineage-specific cell-surface antibodies and anti–SDF-1 antibody. Posi-
tive gates were based on fluorescence minus 1 (FMO) (green) (mean ± SEM; 
n = 5 mice/group). *P ≤ 0.05 compared with vehicle using 1-way ANOVA with 
Sidak’s multiple comparisons test.
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Ter119–) membrane–associated SDF-1 levels were also equivalent 
to those in vehicle control in the G-CSF and G-CSF–plus –diprotin 
A samples (Figure 3D). These data indicate that proteolytic deg-
radation and inactivation of SDF-1 is not a primary mechanism 
through which CD26 affects mobilization by G-CSF.

G-CSF increases EC CD26 and enhances HSPC transendothelial 
migration. HSCs are found in perivascular regions proximal to SECs 
and reticular cells (23–25) and have recently been reported to be 
in contact with VE-cadherin+ cells (25). Mouse BM ECs (BMECs) 
(Supplemental Figure 3A), including SECs (Supplemental Figure 
3B), express mRNA and protein for the G-CSF receptor. While 
exploring the marrow microenvironment after G-CSF treatment, 
we observed an increased frequency of CD26+CD45–Ter119–VEG-
FR3+VE-cadherin+CD31+ SECs (Figure 4A). We found that CD26 
proteolytic activity was similarly increased and was effectively 
blocked by diprotin A (Figure 4A, right).

Since HSPCs must transmigrate across the endothelium to 
enter PB, and given that we observed a selective increase in CD26 
on ECs after G-CSF administration, we hypothesized that per-
haps EC CD26 regulates HSPC egress. To test this hypothesis, 
we first evaluated HSPC migration across monolayers of mouse 
BMECs in vitro as a model for HSPC egress. In the transmigration 

cated SDF-1 in the BM, we quantitated SDF-1 binding to CXCR4 
by flow cytometry, taking advantage of the fact that N-terminal–
cleaved SDF-13-68 has a 10-fold reduction in its binding efficiency 
to its receptor CXCR4 (22). As reported, CD26 cleaved full-length 
SDF-1 to SDF-13-68 (Figure 3A, left), which reduced binding to Jur-
kat T cell CXCR4 (Figure 3A, middle). We confirmed the specific-
ity of SDF-1 binding to Jurkat CXCR4 using the selective CXCR4 
antagonist AMD3100 (Figure 3A, center). Dose response analysis 
showed that the Jurkat CXCR4 binding assay quantitated SDF-1 
with high sensitivity (Figure 3A, right). When compared with 
vehicle-treated mice, samples of BM extracellular fluid (BMEF) 
from G-CSF–treated mice had significantly lower SDF-1 binding 
to CXCR4 (Figure 3B), consistent with the reduced SDF-1 protein 
levels measured by ELISA (Figure 2E). CD26 inhibition did not 
reverse G-CSF–mediated attenuation of SDF-1 binding, despite 
the fact that the mobilization of HSPCs was significantly reduced. 
Since HSPC retention in the BM is known to be more influenced 
by localized SDF-1 concentration than by soluble SDF-1, we mea-
sured membrane-bound SDF-1 levels on HSPCs and stromal cells. 
We found that LSK cell–surface–bound SDF-1 was substantially 
reduced following G-CSF administration and was not restored 
by inhibition of CD26 activity (Figure 3C). Stromal cell (CD45–

Figure 4. G-CSF treatment increases CD26 expression on BMECs and enhances transendothelial migration of HPCs. (A) CD26 expression (left and 
middle) and CD26 proteolytic activity (right) on BM SECs (CD45–Ter119–VEGFR3+VE-cadherin+CD31+) from mice treated with G-CSF or G-CSF plus diprotin A. 
Positive gates for CD26 expression were based on FMO (green) (mean ± SEM, n = 5 mice/group). (B) Migration of WT and CD26–/– Lin– and LSK cells across 
G-CSF– or G-CSF plus diprotin A–treated BMEC monolayers to 100 ng/ml SDF-1 (mean ± SEM; n = 2 experiments). (C) Transendothelial migration of LSK 
cells to 100 ng/ml S1P (mean ± SEM; n = 2 experiments). *P < 0.05 compared with vehicle and †P ≤ 0.05 compared with G-CSF, by Student’s t test (A, left) 
or 1-way ANOVA with Sidak’s multiple comparisons test (A, right, B and C). V, vehicle; G, G-CSF; G+D, G-CSF plus diprotin A.
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Figure 5. NPY3-36 reverses the CD26 activity inhibition- and gene deletion-mediated defect in HSPC mobilization and transendothelial migration. (A) Mass 
spectroscopic validation of DPP4-dependent proteolysis of NPY to NPY3-36. Purified NPY (1 μg) was treated with DPP4 (0.1 μg) overnight. (B) NPY levels in BM 
SECs and in BMEF from G-CSF–treated WT mice (mean ± SEM; n = 5 mice/group). Positive gates for NPY expression were based on FMO (green). (C) Transen-
dothelial migration of LSK cells across BMECs treated with G-CSF, G-CSF plus diprotin A, or G-CSF plus diprotin A with NPY3-36 (mean ± SEM; n = 2 experi-
ments; 3 mice/experiment). (D) Transendothelial migration of CD34+ cells across HUVECs treated with G-CSF, G-CSF plus diprotin A, or G-CSF plus diprotin A 
with NPY3-36 (mean ± SEM; n = 3 experiment; using 3 individual CB samples). (E and F) Blood CFU-Cell (CFU-C) and SLAM LSK cell counts in WT mice treated 
with G-CSF and in CD26–/– mice treated G-CSF, G-CSF plus NPY, or G-CSF plus NPY3-36 (mean ± SEM; n = 5 mice/group). (G) Donor chimerism in PB at 6 months 
in BoyJ mice competitively transplanted using equal volumes of PB from mice (C57BL/6) treated with G-CSF, G-CSF plus diprotin A, G-CSF plus diprotin A with 
NPY, or G-CSF plus NPY3-36 in combination with 200,000 BM cells from BoyJ mice (left) and tri-lineage reconstitution of donor cells (right) (mean ± SEM; n = 5 
mice/group). (H) CFU-C mobilization in WT and NPY–/– mice treated with G-CSF, G-CSF plus diprotin A, or G-CSF plus diprotin A with NPY3-36 (mean ± SEM; n = 
5 mice/group). (I) CFU-C mobilization in WT mice treated with G-CSF alone or with selective NPYR2 (BIIE 0246) or NPYR5 (CGP 71683 hydrochloride) inhibitors 
(mean ± SEM; n = 4 mice/group). *P < 0.05 compared with vehicle and †P ≤ 0.05 compared with G-CSF–treated WT mice, by Student’s t test (B) or 1-way ANO-
VA with Sidak’s multiple comparisons test (C–I).
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assays, the number of WT and CD26–/– Lin– (Figure 4B, left) and 
LSK (Figure 4B, right) cells migrating across monolayers of mouse 
BMECs toward SDF-1 was enhanced by G-CSF and blocked by 
diprotin A. This enhancement was equivalent for both WT and 
CD26–/– HSPCs, further indicating that HSPC-intrinsic CD26 is 
not involved in transendothelial migration. Enhanced transendo-
thelial migration was not specific to SDF-1 but was also seen to the 
chemoattractant sphignosine-1-phosphate (SP1), which was also 
blocked by diprotin A (Figure 4C). These results demonstrate that 
G-CSF increases EC CD26 expression and activity and that CD26 
activity enhances HSPC transendothelial migration.

CD26-cleaved NPY regulates HSPC transendothelial migration 
and mobilization. Since CD26 cleaves the N-terminus of effector 
proteins and our data indicated that cleavage of SDF-1 was not 
a mechanism through which CD26 affects hematopoietic traf-
ficking, we hypothesized that an alternative protein containing 
an N-terminal CD26 cleavage site is mechanistically involved. A 
systematic search of protein sequence databases for proteins con-
taining putative CD26 recognition sites intriguingly identified the 
neurotransmitter NPY (26), a ligand with cognate receptors on 
monocytes, osteoblasts, stromal cells, and ECs and that has been 
shown to regulate immune cell and bone homeostasis (27–30). In 
addition, recent studies suggest a role for NPY in the regulation of 
BM niche components and HSPC trafficking (31, 32). To test the 
potential role of CD26-cleaved NPY in regulating HPSC traffick-
ing in response to G-CSF, we first validated by mass spectrometry 
that CD26 cleaved NPY to the expected truncated NPY3-36 form 
(Figure 5A). We next found an increased frequency of NPY+ BM 
SECs after G-CSF treatment (Figure 5B, left) and elevated NPY 
protein levels in the BMEF (Figure 5B, right). Although NPY is 
also expressed in other niche cells including macrophages, nes-
tin+ MSCs, and CD45–Ter119–CD31– nonendothelial stromal cells, 
expression of NPY in these cell populations was not affected by 
G-CSF treatment (Supplemental Figure 4A). These results suggest 
that the dynamically regulated NPY within the BM after G-CSF 
treatment is most likely of EC origin.

To further examine the role of CD26-truncated NPY in endo-
thelial activity, we performed HSPC transendothelial migration 
assays. As we previously observed, treatment of mouse BMECs 
with G-CSF enhanced transendothelial migration of HSPCs, 
and this enhancement could be blocked by diprotin A treatment. 
However, addition of the truncated NPY3-36 restored enhanced 
transendothelial migration in G-CSF plus diprotin A–treated 
culture (Figure 5C). Similarly, treatment of HUVEC mono-
layers with G-CSF increased the transendothelial migration 
of cord blood (CB) CD34+ cells that was blocked by diprotin A 
and restored by truncated NPY3-36 but not full-length NPY (Fig-
ure 5D). These data indicate that truncated NPY3-36 signaling on 
ECs enhances HSPC transendothelial migration and identified a 
potential mechanism to explain the enhanced mobilization seen 
in the presence of CD26 activity.

Full-length NPY interacts with several G protein–coupled 
receptors, preferentially binding to the NPY1 receptor, where-
as NPY3-36 preferentially binds to the Y2 and Y5 NPY receptors 
(33). Flow cytometric analysis indicated that BM SECs expressed 
Y1, Y2, and Y5 receptors (Supplemental Figure 4B). If truncated 
NPY is responsible for optimal HSPC mobilization in response to 

G-CSF, then the reduced mobilization phenotype seen in CD26–/–  
mice or in mice treated with diprotin A should be reversed by 
treatment of mice with the truncated NPY3-36. Administration of 
NPY3-36 to CD26–/– mice restored the attenuated colony-forming 
cell (CFC) (Figure 5E) and SLAM LSK cell (Figure 5F) mobiliza-
tion response to G-CSF to the level seen in WT mice. Similarly, 
coadministration of NPY3-36 and G-CSF reversed the attenuation 
of CFC mobilization (Supplemental Figure 5A) and transplantable 
long-term repopulating HSCs (Figure 5G) by diprotin A. Admin-
istration of NPY or truncated NPY alone had no effect on basal 
HSPC trafficking (Supplemental Figure 5B). Since NPY3-36 was able 
to overcome the attenuated mobilization response to G-CSF seen 
in genetic and pharmacological models lacking CD26 activity, we 
hypothesized that mice lacking NPY should also show an attenuat-
ed response to mobilization by G-CSF and that blockade of CD26 
activity in NPY-deficient mice should not further attenuate mobi-
lization. Consistent with a recent report (31), mice lacking NPY 
demonstrated attenuated mobilization to G-CSF (Figure 5H). In 
addition, we found that this was not affected by blockade of CD26 
activity with diprotin A. Reduced mobilization of HSPCs in NPY-
KO mice following G-CSF treatment did not result from impaired 
HSPC expansion, since the numbers of marrow SLAM LSK cells in 
WT mice and NPY-KO mice were equivalent at baseline and after 
G-CSF treatment (Supplemental Figure 5C). Most important, 
NPY3-36 administration restored the G-CSF mobilization response 
of NPY-KO mice to the levels observed in WT mice (Figure 5H), 
identical to the response seen in CD26–/– mice. As the truncated 
NPY signals through the NPY2 and NPY5 receptors, blocking sig-
naling through one or more of those receptors would be expected 
to mimic a lack of CD26 activity. In WT mice, coadministration 
of selective NPY2 (BIIE 0246) and NPY5 (CGP 71683) receptor 
antagonists reduced HSPC mobilization by G-CSF to a degree 
similar to that seen in CD26–/–  and NPY-KO mice (Figure 5I).

NPY3-36 increases vascular permeability. Since NPY receptors 
have been previously shown to differentially regulate vascular 
tone (34), and since our in vitro data showed that truncated 
NPY3-36 enhances transendothelial migration and our in vivo 
data indicated that NPY3-36, via the NPY2 and NPY5 recep-
tors, enhances HSPC mobilization, we investigated whether 
CD26-dependent proteolytic cleavage of NPY affects vascular 
permeability, thereby facilitating HSPC migration and mobi-
lization into the PB. To start, we again used confluent BMEC 
monolayers in vitro. Treatment of EC cultures with G-CSF 
resulted in increased dextran-FITC permeability (Figure 6A) 
that was blocked by diprotin A and restored by NPY3-36 but not 
full-length NPY. We observed identical effects using HUVECs 
(data not shown). While BMEC monolayers are useful as a 
model for transendothelial migration and permeability, we 
sought to validate this effect in the intact hematopoietic niche 
in vivo by measuring vascular permeability across BM endo-
thelium using intravital imaging. In vivo, 150-kDa dextran 
permeability was significantly (Figure 6B) higher in mice that 
were treated with G-CSF compared with that seen in the vehi-
cle control mice (Figure 6B). This increased vascular permea-
bility after G-CSF was substantially reduced in mice cotreat-
ed with diprotin A but was restored by coadministration of 
NPY3-36 (Figure 6C). To further support our findings of NPY3-36  
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extent similar to that seen with G-CSF alone. We observed sim-
ilar effects on primary BM SECs in vivo (Figure 6E). Basal CD31 
and VE-cadherin levels were similar in WT and CD26–/– mice; 
however, following G-CSF administration, we observed substan-
tially decreased CD31 and VE-cadherin expression on BM SECs 
from WT mice, but only moderately reduced expression on BM 
SECs from CD26–/– mice. Coadministration of NPY3-36, but not 
full-length NPY, with G-CSF resulted in a reduction of CD31 and 
VE-cadherin levels in CD26–/– mice equal to that seen with G-CSF 
treatment in WT mice. Reduced VE-cadherin expression on EC 
junctions after G-CSF treatment was due to its internalization (Sup-
plemental Figure 6B). CD26 inhibition prevented VE-cadherin  
internalization, whereas truncated NPY3-36 restored internaliza-
tion to the levels detected with G-CSF alone. VE-cadherin and 
CD31 mRNA expression was not altered during the G-CSF mobili-
zation regimen (Supplemental Figure 6C). We found that expres-
sion of EC Robo 4, which has previously been linked to vascular 
permeability (37), was not altered in response to G-CSF, with or 
without diprotin A (Supplemental Figure 6D).

Blockade of NPY2 and NPY5 receptor signaling with recep-
tor-specific antagonists during G-CSF mobilization substantially 
increased CD31 and VE-cadherin expression on BM sinusoidal 
endothelium, with the combination of NPY2 and NPY5 antag-
onists being more effective than either antagonist alone (Figure 
6F). These results indicate that truncated NPY3-36 acts through 
both receptors to downregulate VE-cadherin and CD31, increas-
ing EC spacing and vascular permeability and facilitating HSPC 
egress to the PB.

Our results suggest that ECs act as active gatekeepers regu-
lating HSPC egress from BM and that the enzymatic cleavage of 
NPY by CD26 can regulate this gatekeeper function. To determine 
whether this role of ECs as gatekeepers for HSPC egress was spe-
cific to G-CSF or more broadly applicable to inducers of HSPC 
trafficking, we used the CXCR4 antagonist AMD3100, which 
mobilizes HSPC independently of CD26 activity. Treatment 
of mice with truncated NPY3-36, but not intact NPY, enhanced 
AMD3100-induced CFU-GM (Supplemental Figure 6E) and the 
SLAM LSK cell mobilization (Supplemental Figure 6F) that were 
associated with reduced expression of VE-cadherin on BMECs 
(Supplemental Figure 6G). These studies indicate that regulation 
of vascular permeability is a common feature associated with 
HSPC BM egress and mobilization.

Discussion
Numerous earlier studies have described roles for BMECs in the 
hematopoietic niche as regulators of homeostasis and hemato-
poietic recovery after stress. Here, we demonstrate for the first 
time to our knowledge that the BM endothelium actively regulates 
trafficking of HSPCs. Here, we show that control of hematopoiet-
ic trafficking occurs through a NPY/EC axis that is differentially 
regulated via enzymatic cleavage by CD26. In response to G-CSF, 
BMECs increase CD26 activity, resulting in the conversion of 
NPY into its truncated form NPY3-36. This truncated ligand shifts 
the NPY signaling on ECs from NPY1 receptors that enforce and 
maintain vascular integrity to the NPY2 and NPY5 receptors that 
downregulate CD31 and VE-cadherin along endothelial gap junc-
tions. The result of this signaling shift is increased vascular per-

effects on permeability, we measured the distances between 
EC junctions. Intravital 2-photon image examination of isolec-
tin B4–labeled BM vessels showed a significantly increased 
gap distance between ECs after G-CSF treatment (Figure 6D) 
that was substantially blocked by cotreatment with diprotin A. 
Consistent with the permeability assays, NPY3-36 administration 
reversed the blocking effect of diprotin A and increased the gap 
distance to an extent similar to that observed with G-CSF alone. 
In addition, the BM vessel diameter in G-CSF–treated mice 
was significantly higher compared with that in vehicle controls 
(Supplemental Figure 5D). These results demonstrate that trun-
cated NPY3-36 increases the distance between ECs, enhancing 
vascular permeability and subsequent transendothelial migra-
tion and mobilization of HSPCs.

NPY regulates EC interactions. Vascular permeability is regu-
lated by a coordinated opening and closing of EC junctions that 
is primarily mediated by VE-cadherin and PECAM-1 (CD31) (35, 
36). Consistent with increased vascular permeability and tran-
sendothelial migration, G-CSF treatment of HUVEC monolayers 
resulted in significantly reduced expression of CD31 and VE-cad-
herin along cell-cell contacts (Supplemental Figure 6A). Blockade 
of CD26 activity with diprotin A prevented reduced CD31 and 
VE-cadherin expression along cell junctions, whereas cotreatment 
with truncated NPY3-36, but not full-length NPY, restored the loss 
of CD31 and VE-cadherin expression along cell-cell contacts to an 

Figure 6. NPY3-36 reduces EC contact and increases permeability. (A) 
Measurement of dextran-FITC permeability across confluent BMEC mono-
layers treated with G-CSF, G-CSF plus diprotin A, G-CSF plus diprotin A 
with NPY, or G-CSF plus diprotin A with NPY3-36 for 24 hours (mean ± SEM; 
n = 2 experiments, 3 mice/experiment). P ≤ 0.05 compared with vehicle 
treated mice and †P ≤ 0.05 compared with G-CSF–treated mice, by 1-way 
ANOVA with Sidak’s multiple comparisons test. (B and C) Measurement of 
vascular permeability in calvarial BM from mice treated with G-CSF, G-CSF 
plus diprotin A, or G-CSF plus diprotin A with NPY3-36. (B) Representative 
intravital 2-photon images of calvarial BM from vehicle- or G-CSF–treat-
ed mice and representative average fluorescence intensity ratio for each 
vessel/interstitial space in vehicle- and G-CSF–treated mice. (C) Average 
increase in vascular permeability compared with vehicle control (mean ± 
SEM; n = 4–6 mice/group, each assayed individually). 1-way ANOVA with 
Sidak’s multiple comparisons test was used to determine the P values and 
*P < 0.05 compared with G-CSF treated mice was considered significant. 
(D) Intravital 2-photon image analysis of the distance between individual 
ECs in isolectin B4–labeled evaluable vessels in BM from mice treated with 
G-CSF, G-CSF plus diprotin A, or G-CSF plus diprotin A with NPY3-36 (mean 
± SEM; n = 4 mice/group; ≥15 fields/mouse). 1-way ANOVA with Sidak’s 
multiple comparisons test was used to determine the P value and P ≤ 0.05 
was considered significant. (E) CD31 and VE-cadherin expression on BM 
SECs from WT mice treated with G-CSF and from CD26–/– mice treated with 
G-CSF, G-CSF plus NPY, or G-CSF plus NPY3-36 (mean ± SEM; n = 4 mice/
group). (F) CD31 and VE-cadherin expression on BM SECs from mice treated 
with G-CSF alone or in combination with selective NPYR2 (BIIE 0246) or 
NPYR5 (CGP 71683 hydrochloride) antagonists (mean ± SEM; n = 4 mice/
group). (E and F) *P < 0.05 compared with vehicle treated WT mice and †P ≤ 
0.05 compared with G-CSF–treated WT mice, by 1-way ANOVA with Sidak’s 
multiple comparisons test. (G) Model of NPY3-36-regulated vascular perme-
ability and HSPC egress from BM. In response to G-CSF, CD26 expression 
and activity are enhanced on BMECs, which converts NPY into NPY3-36 and 
shifts NPY signaling on ECs from the NPY1 receptors that enforce vascular 
integrity to the NPY2 and NPY5 receptors that downregulate CD31 and 
VE-cadherin along endothelial gap junctions, resulting in increased vascular 
permeability and enhanced HSPC transendothelial egress.
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stroma-derived cleaved NPY on neutrophils that affects vascu-
lar permeability. While we cannot rule out pleiotropic effects of 
NPY on other cell types, particularly considering the differenc-
es in full-length versus truncated signaling that we demonstrate 
here, our results show that the enzymatically controlled vascu-
lar gateway is specifically opened by truncated NPY signaling 
via NPY2 and NPY5 receptors. Inhibition or genetic deletion of 
Cd26 exclusively suppresses G-CSF–induced enhancement in 
vascular permeability, without affecting the other stromal com-
ponents and retention factors we explored. The ability of exoge-
nous truncated NPY3-36 to increase vascular permeability to the 
level seen with G-CSF treatment strongly supports the idea that 
this CD26/NPY signaling axis regulates G-CSF–induced HSPC 
mobilization by acting as a vascular gatekeeper. As there are 
currently no available mouse strains with endothelium-specific 
KO of CD26, NPY2, or NPY5, we cannot absolutely rule out the 
contribution of other stromal components in the CD26/NPY axis 
that may be involved in HSPC egress in response to G-CSF. How-
ever, G-CSF increases CD26 activity exclusively on ECs and not 
on other stromal cell populations, supporting our conclusion that 
this signaling axis acts on ECs and plays a predominant role in 
vascular permeability.

To expand beyond our G-CSF model system and explore 
the regulatory role of CD26 and NPY in an independent hema-
topoietic trafficking model, we used the CXCR4 antagonist 
AMD3100. Our finding that truncated, but not intact, NPY 
enhanced mobilization by AMD3100 and was associated with 
decreased EC VE-cadherin expression suggests that BM SECs 
act as common active gateways for HSPC egress. Cleavage com-
ponents of the complement cascade also induce EC permeability 
(43) and HSPC mobilization (44, 45). It may be interesting in the 
future to explore whether the combination of complement pep-
tides with truncated NPY can further increase mobilization. In 
general, the possibility of controlling vascular permeability and 
integrity has several therapeutic applications beyond the collec-
tion of HSPCs for transplantation. An uncontrolled and lasting 
increase in permeability that is not balanced by the reabsorption 
of lymphatic fluid causes edema, which in turn increases isch-
emic tissue injury in conditions such as stroke or myocardial 
infarction. In addition, vascular permeability in tumors facili-
tates tumor cell penetration into the vessels and metastatic dis-
semination. Vascular barrier dysfunction is also a central feature 
of endotoxin shock, and the combination of LPS and cytokines 
increases NPY expression and CD26 activity on human ECs in 
vitro (46). Our in vivo mouse models exploring the CD26/NPY 
axis support the possibility that CD26-truncated NPY results in 
enhanced vascular permeability as a result of endotoxin expo-
sure. In this context, preliminary studies suggest that inhibition 
of CD26 activity or administration of full-length NPY prevents 
the suppression of endothelial VE-cadherin expression normally 
observed in LPS-treated mice and that therapeutic targeting of 
NPY signaling has the potential to control vascular permeability 
in sepsis and is worth further exploration.

In summary, our data define a signaling axis, whereby enzy-
matic cleavage of NPY switches the receptor signaling of the 
ligand and reduces vascular integrity, resulting in hematopoi-
etic egress from the marrow space (Figure 6G). These studies 

meability and enhanced HSPC transendothelial egress. NPY sig-
naling on ECs acts as the gatekeeper for HSPCs, and enzymatic 
cleavage by CD26 determines whether the gateway for exit from 
the marrow is open or closed.

Enzymatic N-terminal cleavage by CD26 can modulate the 
bioavailability and activity of growth factors, cytokines, and 
chemokines known to regulate hematopoiesis (7, 8, 38). The SDF-
1/CXCR4 axis enforces HSPC retention within the BM (15, 19). 
The facts that SDF-1 can be truncated by CD26 (8, 12) and SDF-1 
protein levels are reduced in G-CSF–treated mice (13, 18, 19) led to 
an assumption that the reduced HSPC trafficking in CD26-/- mice 
was the result of higher levels of intact BM SDF-1. Contrary to this 
assumption, we found an identical reduction of active BM SDF-1 in 
both WT and CD26-KO mice treated with G-CSF, despite the fact 
that mobilization was impaired in the KO mice. In addition, the 
proportioned reduction in SDF-1 transcripts and protein following 
G-CSF treatment (17, 18) suggests that SDF-1 expression during 
G-CSF mobilization is predominantly regulated at the transcrip-
tional level and not by posttranslational modification. Therefore, 
alteration of SDF-1 activity by CD26 does not appear to be a criti-
cal mechanism governing HSPC trafficking in response to G-CSF.

In most cases, enzymatic cleavage by CD26 leads to protein 
inactivation, as is the case with SDF-1 (39, 40), or to decreased 
activity, such as what occurs with the hematopoietic factors 
GM-CSF, IL-3, and EPO (7). In the case of GM-CSF, CD26 trun-
cation results in enhanced receptor binding, but also inhibition 
of the higher-order receptor oligomerization needed for maximal 
activity. Intact NPY has high binding affinity for the Y1 receptor on 
ECs that enforces vasoconstriction (30, 34), whereas the enzymat-
ically cleaved NPY3-36 preferentially binds to the Y2 and Y5 recep-
tors and has been shown to enhance leukocyte trafficking (28). In 
contrast to many of the proteins that CD26 is capable of enzymat-
ically altering, the conversion of NPY by CD26 changes the spe-
cific receptors through which the ligand functions, fundamentally 
altering the resultant response. We demonstrate here that cleavage 
of NPY by CD26 is a key regulator of induced HSPC exit from the 
marrow space and that the “open door” signal comes from NPY2 
and NPY5 signaling. This specific paradigm that truncation alters 
which receptor a ligand binds to is evident in our studies exploring 
NPY and the regulation of vascular permeability and clearly points 
to the need for further exploration of CD26 and other posttransla-
tional enzymatic activities in the alteration of biologic responses 
during dynamic scenarios such as stress or disease.

Recently, it was reported that NPY might regulate HSPC 
mobilization by enhancing MMP-9 activity via signaling through 
the Y1 receptor (31). However, we found similar levels of MMP-9 
in mice treated with G-CSF or G-CSF plus diprotin A. The similar 
levels of MMP-9 after CD26 activity inhibition, despite reduced 
vascular permeability and HSPC mobilization, indicate that 
the role of CD26 regulation of NPY and mobilization is MMP-
9 independent and suggest the potential involvement of paral-
lel mechanisms by which NPY can modulate G-CSF–induced 
mobilization. Moreover, although neutrophil-derived MMP-9 is 
implicated in HSPC mobilization (41, 42), our chimeric studies 
do not support a direct role for neutrophils or their proteolytic 
enzymes in the enhancement of vascular permeability by NPY, 
although we cannot rule out the possibility of an indirect effect of 
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intracellular SDF-1 detection in leptin receptor+ mesenchymal stromal 
cells and nestin+ MSCs, BM cells were first stained with anti-CD45, 
anti-Ter119, anti-CD31, and anti–leptin receptor antibodies followed 
by fixation and permeabilization and then stained with anti-nestin and 
anti–SDF-1 antibodies.

Progenitor cell functional assays. Mobilized PB (25 μm) was lysed 
with RBC lysis buffer (eBioscience) and cultured in methylcellulose 
medium containing growth factors as described previously (42). The 
plates were incubated in a humidified atmosphere of 5% CO2 and 5% 
O2 for 7 days, and CFCs were enumerated microscopically.

BM and PB transplantation. Chimeric mice were generated by 
transplanting 1 × 106 whole BM cells from WT or CD26–/– mice into 
lethally irradiated (1,150 cGy split dose) congenic WT or CD26–/– 
recipients. Two months after transplantation, mice were treated with 
G-CSF for 4 days, and HSPC mobilization was determined by FACS 
immunophenotyping and CFC assay. To evaluate long-term HSC 
mobilization with G-CSF, G-CSF plus diprotin A, or G-CSF plus dipro-
tin A with NPY3-36, 50 μl RBC lysed blood samples from mobilized mice 
(CD45.2+) plus 200,000 competitive whole BM cells from untreated 
CD45.1+ mice (in a total volume of 200 μl) were transplanted into 
lethally irradiated CD45.1+ recipient mice. PB chimerism and multi-
lineage reconstitution were assessed 16 weeks after transplantation.

ELISA. BMEF was obtained by flushing 1 femur with 1 ml ice-cold 
PBS followed by centrifugation at 400 g for 3 minutes. Cell-free super-
natants were used to measure soluble, nonmembrane-bound SDF-1, 
stem cell factor (SCF), osteoprotegerin (OPG), and NPY by ELISA 
(R&D Systems).

DPP4 enzyme activity measurement. Murine BM cells were digested 
with collagenase type 1 for 30 minutes, stained for cell-surface mark-
ers (HSPCs, osteolineage cells, or ECs) and evaluated by flow cytom-
etry for DPP4 enzyme activity using H-Gly-Pro-AMC. In brief, after 
cell-surface staining, BM cells were resuspended in 50 μl supplement-
ed Iscove’s modified Dulbecco’s medium (IMDM) and incubated with 
5 μl of a 0.3-mM solution of AMC-conjugated dipeptides (Gly-Pro) for 
10 minutes at 37°C. At the end of the incubation period, enzymatic 
activity was stopped by placing the tubes in 4°C, and the DPP4 activity 
of LSK, osteolineage, and EC gated cell populations was measured.

Mass spectroscopy and receptor affinity assay for intact and CD26-
cleaved SDF-1. Recombinant mouse (rm) CXCL12/SDF-1α (10 μg/50 μl) 
(R&D Systems) was incubated with mouse DPP4 (R&D Systems) over-
night at 37°C, and cleavage products were analyzed by MALDI-TOF mass 
spectroscopy at the Mass Spectrometry Facility of Indiana University. 
Binding of SDF-1 to Jurkat T cell CXCR4 was determined by flow cytom-
etry. Intact or DPP4-treated rmSDF-1 cells were incubated with Jurkat 
cells (50,000 cells in 100 μl 10% RPMI) for 90 minutes at 4°C. Cells were 
washed twice and incubated with biotin-conjugated anti–SDF-1 (clone 
BAF310; R&D Systems) for 45 minutes at 4°C, followed by streptavi-
din-PE–conjugated secondary antibody (BD Biosciences) for 30 minutes 
at 4°C. To quantitate SDF-1 in BMEF, femurs and tibiae were flushed with 
PBS and cell-free supernatants passed through 3-kDa molecular weight 
cutoff filters. Concentrated BMEFs were incubated with Jurkat cells, 
and SDF-1 binding was quantitated by flow cytometry. To detect mem-
brane-bound SDF-1, BM cells were stained with cell-surface marker–spe-
cific antibodies and anti–SDF-1 antibody and analyzed by flow cytometry.

Transendothelial migration. Mouse BMECs or HUVECs were 
placed into the upper chambers of Transwell inserts (5-μm) (Corn-
ing) and cultured for 2 days to achieve confluent monolayers. Conflu-

point to ECs as gatekeepers of HSPC trafficking in and out of BM 
and enzymatic regulation of NPY by CD26 as the open or close 
signal. The responsiveness of NPY receptors to soluble ligands 
and synthetic antagonists in vivo makes them excellent pharma-
cological targets for regulating HSPC trafficking in homeostatic 
and stress conditions and may have broad utility beyond hema-
topoiesis, including control of inflammatory reactions and aug-
mentation of the vascular permeability associated with bacterial 
infection and dissemination.

Methods
Mice and cell lines. C57BL/6, Npy-KO (129 129S1/SvImJ background), 
and 129S1/SvImJ mice were purchased from The Jackson Laboratory. 
Cd26-/- mice (C57BL/6 background) were provided by Hal Broxmeyer 
(Indiana University, Indianapolis, Indiana, USA). Experiments were 
performed using 9- to 12-week-old mice. Murine BMECs were pur-
chased from Cell Biologics, and HUVECs were purchased from ATCC. 
ATCC uses short tandem repeat (STR) profiling for cell line authenti-
cation and tests for mycoplasma in their cell products; cells were used 
from freshly thawed vials. No further authentication or mycoplasma 
testing was performed.

Reagents. Human G-CSF was purchased from Amgen. Diprotin 
A was obtained from Calbiochem. Antibodies against c-Kit (clone 
2B8), Sca-1 (clone D7), lineage (clone 17A2/RB6-8C5/RA3-6B2/
Ter-119/M1/70), CD48 (clone HM48-1), and CD31 (clone MEC13.3) 
were purchased from BioLegend. Antibodies against CD150 
(clone mShad150), VEGFR3 (clone AFL4), and VE-cadherin (clone 
eBioBV13) were obtained from BD Biosciences. Anti-CD26 (clone 
155202), anti-Robo4 (clone 274904), anti-nestin (clone 307501), and 
anti–leptin receptor (Ala20 Gly839) antibodies were purchased from 
R&D Systems. Antibody against SDF-1 (clone 2B11) was purchased 
from Thermo Fisher Scientific. Mouse Lineage Depletion Kits (catalog 
130-090-858) were purchased from Miltenyi Biotec.

HSPC mobilization and isolation of cells. PB stem cell (PBSC) mobi-
lization was induced by s.c. administration of 1 μg G-CSF/mouse twice 
daily for 4 days, as we described previously (42). Mice were treated 
with diprotin A (Ile-Pro-Ile; Calbiochem) (10 μg/day) to inhibit CD26 
enzyme activity. For some experiments, mice received NPY1-36 or 
NPY3-36 (1 μg/day) (MilliporeSigma) for the last 2 days of G-CSF treat-
ment. Mice were sacrificed 16 hours after the last G-CSF treatment. 
Complete blood counts (CBCs) were determined using a Hemavet 
950F hematology analyzer (Drew Scientific).

Hematopoietic and nonhematopoietic BM cell isolation. BM cells 
were harvested by flushing femurs with cold α-MEM (Lonza Biologics) 
containing 2% FBS (Hyclone). To isolate bone-associated cells, femurs 
and tibiae were crushed using a mortar and pestle and incubated with 
0.25% collagenase type 1 (Invitrogen, Thermo Fisher Scientific) for 1 
hour at 37°C. Cells were collected after filtering through 40-μm filters.

Lineage depletion and flow cytometric analysis. Mobilized blood 
mononuclear cells (MNCs) or whole BM cells were treated with FcR 
Block (BD Biosciences) and Lin– cells enriched by incubation with anti-
CD11b, anti-Ly6G, anti-TCR, anti-CD45R, and anti-TER119, followed 
by negative selection with a biotin selection system (Miltenyi Biotec). 
Lin– cells were stained with anti–Sca-1, anti–c-Kit, anti-CD150, anti-
CD48, and anti-CD26 for detection of CD26 expression on pheno-
typically defined HSPC populations. After staining, cells were fixed 
with 1% paraformaldehyde (PFA) and analyzed by flow cytometry. For 
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A, or G-CSF plus diprotin A with NPY3-36 for 24 hours. After treatment, 
4,000-kDa molecular weight FITC-dextran was added on top of the 
EC monolayers, allowing the fluorescent molecules to pass through for 
30 minutes. The extent of BMEC monolayer permeability was deter-
mined using fluorimetry to measure the relative fluorescence units 
(RFU) of FITC-dextran in the bottom chamber.

VE-cadherin internalization. HUVEC monolayers were grown on 
chambered coverglass. Anti–VE-cadherin antibody (MilliporeSigma; 
clone BV-6) was incubated with cell monolayers at 4°C on ice for 30 
minutes in EBM-2 media (Lonza). Unbound antibody was removed 
by rinsing cells in ice-cold PBS. Cells were cultured in EBM-2 medium 
and treated with G-CSF, G-CSF plus diprotin A, or G-CSF plus dipro-
tin A with NPY3-36 for 16 hours at 37°C. At the end of the incubation 
period, monolayers were fixed with PFA (4% for 30 min), and imag-
es were acquired with an Olympus FV1000 confocal system. Z-stack 
images were analyzed using the Imaris software package, version 8.1 
(Bitplane). Imaris’ Surpass view was used to display stacks as maxi-
mum-intensity or alpha-blend projections. Cells were segmented 
on the basis of cytoplasmic staining using the Surface Segmentation 
module. The total cadherin signal (represented as the volume) was 
obtained using the SPOT Segmentation module, and the intracellular 
fraction of cadherin was calculated by applying a mask of cytoplasmic 
staining over the cadherin channel.

Statistics. All WT and KO mice were age and sex matched, and 
cages were randomly assigned to the treatment groups. The number of 
animals used in the experiments was estimated to give sufficient pow-
er (>90%) on the basis of the effect sizes observed in our preliminary 
data. Grubbs’ test was used to identify the outliers, and no animals 
were excluded from the analysis. In vivo and in vitro processing steps 
were not blinded, but imaging readouts were analyzed in a blinded  
manner. All the statistical analyses were performed using Excel or 
GraphPad Prism 7 (GraphPad Software). Statistical significance for 
binary comparisons was assessed by 2-tailed Student’s t test, and 
data were normally distributed with sufficiently equivalent variances. 
For comparison of more than 2 groups, ANOVA with Sidak’s multiple 
comparisons test was used. All data are reported as the mean ± SEM.  
A P value of 0.05 or less was considered significant.

Study approval. These studies were performed according to the rec-
ommendations of the NIH’s Guide for the Care and Use of Laboratory Ani-
mals (National Academies Press, 2011). The IACUC of the Indiana Uni-
versity School of Medicine reviewed and approved the study protocols.
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ent monolayers were washed and treated with G-CSF (100 ng/ml), 
alone or with diprotin A (100 ng/ml) and/or NPY1-36 or NPY3-36 (100 
ng/ml) for 24 hours. Following incubation, the treated monolayers 
were washed twice and overlaid with WT or CD26–/– Lin– mouse BM 
cells or CD34+ CB cells. LSK cell migration to rmSDF-1 (100 ng/ml) 
or S1P (100 ng/ml) and CD34+ cell migration to rhSDF-1 (100 ng/
ml) was quantitated by flow cytometry after 4 hours. The percentage 
of migrated cells was calculated by dividing the total number of cells 
that migrated to the lower well by the cell input multiplied by 100. LSK 
cell migration was determined by comparison of the proportion of LSK 
cells in the input and migrated cell populations.

Immunofluorescence and IHC. For the quantitation of VE-cadher-
in and CD31 expression at cell junctions, HUVEC monolayers were 
fixed with 4% paraformaldehyde for 10 minutes at 4°C. Monolay-
ers were washed twice and incubated with FITC anti–VE-cadherin  
and biotin anti-CD31 antibodies (BioLegend) for 1 hour at 4°C, fol-
lowed by streptavidin–Texas red antibody (Alpha Diagnostic Inc). 
Samples were examined under a Leica DM 2500 fluorescence 
microscope outfitted with a QImaging MicroPublisher camera (W. 
Nuhsbaum). Immunohistochemical analysis was performed on 
decalcified paraffin-embedded tissue sections. Rabbit polyclonal 
antibodies against VEGFR-3 and SDF-1α were from Abcam. Sec-
ondary anti-rabbit antibodies were purchased from VECTOR Lab-
oratories. HRP–rat IgG2 isotype was used as a primary antibody 
negative control for VEGFR3 and SDF-1 at 1:50.

Permeability assays and measurement of distance between ECs. BM vas-
cular permeability was assessed via intravital 2-photon imaging of niches 
in mouse calvariae. Mice were anesthetized, and 150-kDa TRITC-conju-
gated dextran (TdB Consultancy; 100 μl of 20 mg/ml solution per ani-
mal) was injected into a catheterized jugular vein. To monitor dextran 
extravasation, calvariae were exposed, and a time series acquisition 
(XYT) of a chosen BM area was performed at a scan rate of 2 μs/pixel, with 
no averaging, and a frame size of 512 × 256 (1.048 × 1.048 μm pixel size). 
All images were acquired with an Olympus FV1000 confocal system 
(Olympus America), custom modified for multiphoton imaging at the 
Indiana Center for Biological Microscopy (Indianapolis, Indiana, USA) 
and equipped with a Mai Tai HP Laser (Spectra-Physics) and GaAsP pho-
to multiplier tubes (Hamamatsu). Image analysis was performed using 
Metamorph image analysis software, version 7.7 (Molecular Devices). To 
monitor tracer dynamics, the average fluorescence intensity (AFI) was 
calculated in regions of the blood vessel and adjacent interstitial space 
for 3 vessels in a field and frame by frame. An AFI ratio for each vessel/
interstitial space was calculated and plotted.

To measure the distance between ECs, mice were injected i.v. with 
Alexa Fluor 488–conjugated isolectin IB4 (Invitrogen, Thermo Fisher 
Scientific; 100 μg/mouse). Twenty minutes after injection, the mice 
were anesthetized, and images were acquired as described above. The 
Z-stack images were analyzed using the Imaris software package, ver-
sion 8.1 (Bitplane). Surpass view was used to display stacks as maxi-
mum-intensity or alpha-blend projections. Single ECs were segmented 
using the Surface Segmentation module, and then the Surface-Surface 
XTension was used to calculate the shortest distances between surfac-
es of adjacent cells. These studies were performed at the ICBM Imag-
ing Facility of the Indiana University School of Medicine.

For in vitro permeability assays, mouse BMEC monolayers were 
cultured on the membranes of the upper champers of Transwell 
inserts (5-μm pore size) and treated with G-CSF, G-CSF plus diprotin 
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