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Exogenous bone marrow-derived cells (BMDCs) are
promising therapeutic agents for the treatment of
tissue ischemia and traumatic injury. However, until
we identify the molecular mechanisms that underlie
their actions, there can be no rational basis for the
design of therapeutic strategies using BMDCs. The
pro-healing effects of BMDCs are apparent very
shortly after treatment, which suggests that they may
exert their effects by the modulation of acute inflam-
mation. We investigated this hypothesis by taking ad-
vantage of the fact that BMDCs from healthy, young,
but not obese, diabetic mice stimulate vascular
growth. By comparing both in vitro secretion and in
vivo local induction of acute phase inflammatory cy-
tokines by these cells, we identified monocyte che-
moattractant factor 1 and tumor necrosis factor « as
potential mediators of BMDC-induced tissue repair. In
vivo analysis of BMDC-treated ischemic limbs and cu-
taneous wounds revealed that the production of
monocyte chemoattractant factor 1 by exogenous and
endogenous BMDCs is essential for BMDC-mediated
vascular growth and tissue healing, while the inabil-
ity of BMDCs to produce tumor necrosis factor a ap-
pears to play a lesser but still meaningful role. Thus,
measurements of the secretion of cytokines by
BMDCs may allow us to identify a priori individuals
who would or would not be good candidates for
BMDC-based therapies. (AmJ Pathol 2010, 177:2002-2010;
DOI: 10.2353/ajpath.2010.091232)

Exogenous bone marrow-derived cells (BMDCs), includ-
ing peripheral blood mononuclear cells (PBMCs) pro-
mote tissue vascularization and show promise as thera-
peutic tools for treatment of tissue ischemia and
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traumatic injury. Although they may be a source of endo-
thelial or other progenitor cells, they probably act princi-
pally through paracrine mechanisms."? BMDCs are cur-
rently being used to treat ischemic conditions in clinical
trials.>> However, given our rudimentary knowledge of
how BMDCs act as agents of vascular growth and tissue
repair, it is not surprising that results of clinical trials to
date are mixed. The ability of the BMDCs to potentiate
healing depends on the physiological status of both the
BMDC donor and recipient, and while many subpopula-
tions of BMDCs can potentiate vascular growth and may
be of therapeutic value, their relative potency is not well
characterized.®® At the same time, we do not know why
exogenous BMDCs promote tissue vascularization and
repair in many, but not all, animal models of injury and
disease (See for example,®~'%). Until we identify the mo-
lecular mechanisms underlying the action of BMDCs,
there can be no rational basis for determining which
cells delivered when, and at what dose might be most
appropriate in a particular clinical situation. In light of
this, our current study examines the molecular mech-
anism through which BMDCs exert their therapeutic
effects.

BMDC therapy can lead to remarkably rapid improve-
ments in blood flow. As early as 48 hours after local
injection of human CD34* PBMCs into ischemic murine
hind limbs, there is a significant increase in limb blood
flow compared to untreated controls.’ However, maxi-
mal effects are not observed until many days later, well
after the injected CD34"% cells have been essentially
cleared.' That is, the PBMCs appear to act early to
initiate a pro-angiogenic cascade that persists even
after the exogenous PBMCs are no longer present.
Thus, BMDCs may act by modulating early inflamma-
tory responses, responses that initiate tissue repair.

In support of this hypothesis, treatment with BMDCs
induces neovascularization in ischemic muscle of wild-
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type mice, but not in interleukin (IL)-18 knockout (/-7187/7)
mice.'® However, l-18 ~/~ mononuclear cells increase
expression of IL-18 and pro-angiogenic factors in isch-
emic muscle and can stimulate vascular growth as effec-
tively as wild-type cells.’® This suggests that exogenous
BMDCs may act by regulating the acute phase inflam-
matory cytokine IL-18 through an as yet unidentified
molecular stimulus though they need not to secrete it
themselves.

Based on these findings we tested the hypothesis that
BMDCs potentiate tissue repair by modulating the acute
inflammatory response. We took advantage of the fact
that lineage depleted (lin") BMDCs from healthy young
wild-type mice stimulate vascular growth while those from
mice lacking the leptin receptor gene (Lepr®) mice do
not." Differences in the secretory profiles and abilities to
alter tissue levels of acute phase inflammatory cytokines
between lin~ cells derived from these two sources were
compared. We identified monocyte chemoattractant fac-
tor 1 (MCP-1) and tumor necrosis factor a (TNF-a) as
potential mediators of BMDC-potentiated neovascular-
ization and tissue repair. Studies with BMDCs from
knockout mice demonstrated that production of MCP-1,
but not TNF-«, by exogenous BMDCs is essential for lin™
BMDC-mediated vascular growth and tissue healing. We
also showed that endogenous BMDCs must be able to
express MCP-1 in order for exogenous BMDCs to be
therapeutically beneficial.

Materials and Methods
Mice

All animal procedures were approved by the University of
lowa Institutional Animal Care and Use Committee. Male (8
to 12 weeks of age) C57BI/6 (referred to wild-type in
this manuscript), B6.Cg-Dock7"Lepr® " (Lepr®),'® B6;
129S6-TNF™ S (TNF-a7),""  B6.129S4-Ccl2"™ o MCP-
17777)'® mice (Jackson Laboratories, Bar Harbor, ME)
were used. Chimeric mice were generated by whole-
body irradiation of 6-8 weeks Lepr® mice at 6 Gy and 4
hours later at 5 Gy to destroy their bone marrow (BM),
and the BM was reconstituted via tail vein injection of 1 X
107 freshly harvested whole TNF-a™~ or MCP-1""~ BM
cells.™® Chimerism was verified by Y chromosome in situ
hybridization of blood smears using biotinylated Y chro-
mosome paint (Open Biosystems, Huntsville, AL) accord-
ing to manufacturer’s instructions. Only mice with greater
than 90% donor-derived BM were used. Surgical proce-
dures were performed 6 weeks after generating the chi-
meras. Blood glucose of Lepr™ and chimeric mice was
measured by glucometer (One Touch Ultra LifeScan, Inc.
Milpitas, CA), and mice with a glucose level >270 mg/dL
were considered diabetic.

Surgical Procedures

Hind limb ischemia was induced in anesthetized Lepr®
or chimeric mice via left femoral artery ligation and con-
firmed by measuring limb blood flow using scanning
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LASER Doppler analysis as previously described.'* Ve-
hicle or 5 X 10° wild-type, Lepr®, TNF-a™/~, or MCP-
177/~ lin~ BMDCs in PBS were injected i.m. into the me-
dial thigh of the ischemic limb 2 to 4 hours after surgery
(n = 4 t0 9 per group) as described.® Two 6-mm diameter
full-thickness punch cutaneous wounds were made on
the dorsorostral back skin of Lepr® or chimeric mice (n =
4 per group) at the level of the forelimbs and 3 days later,
vehicle or 2.5 X 10° freshly isolated wild-type, Lepr®,
TNF-a/~ or MCP-1~"" lin~ cells in 25 ul 0.9% NaCl were
injected under each wound as described.”

Mice were sacrificed by i.p. injection of sodium pento-
barbital (150 mg/kg) followed by cervical dislocation after
deep anesthesia had been achieved. Anesthesia was
induced and maintained with 4% and 0.8% to 1.0% isoflu-
rane at 1 L/min O,, respectively.

Isolation and Culture of lin— BMDCs

Wildtype, Lepr®, TNF-a~"~ or MCP-1~"" mice were sac-
rificed and BM cells flushed from femurs and tibias as
previously described.?® Enrichment for lin~ cells was
done by magnetic bead lineage depletion with an au-
toMACS (Miltenyi Biotech Inc., Auburn, CA) according to
manufacturer’s instructions. Freshly isolated cells were
used immediately for in vivo studies. For in vitro studies,
wild-type or Lepr® lin~ cells from single mice or pools of
3 to 4 mice were plated in M199 with 20% heat-inacti-
vated fetal bovine serum and 12 ug/ml bovine brain
extract (Cambrex Biosciences Inc, Rockland, ME) on 5
wg/cm? pronectin (Deepwater, Woodward, OK) coated
96-welltrays at 5 X 10° cells per well. Twenty-four hours
after plating, the medium was replaced with M199 with
10% heat-inactivated fetal bovine serum and 10 U/ml of
erythropoietin (Amgen Inc, Thousand Oaks, CA).2" Two
days later, conditioned medium was collected (3 days
after plating) frozen, aliquoted, and stored at —80°C.

Protein Measurements

Protein concentrations of IL-18, IL-2, IL-4, IL-5, IL-6, IL-
10, IL-12p70, interferon-vy, granulocyte macrophage—col-
ony-stimulating factor, MCP-1, and TNF-a were mea-
sured in conditioned medium using a multiplex assay
(Beadlyte, Upstate Biotech, Lake Placid, NY) per manu-
facturer’s instructions. Conditioned medium were incu-
bated with multiplex beads 2 hours, washed, incubated
with biotinylated anti-mouse antibodies 1 hour, washed,
incubated with streptavidin—phycoerythritin 30 minutes,
washed, and then analyzed using a Luminex 100 plate
reader (BioRad, Hercules, CA). All assays were per-
formed in duplicate or triplicate on 4 to 6 individual sam-
ples or pools using incubated serum and erythropoietin
containing medium as a control. Standard curves were
generated to convert fluorescence units to cytokine
concentration (pg/ml). Minimum detection levels were
6.9 pg/ml for IL-1B and 2.3 pg/ml for all other cytokines.
Additionally, some conditioned medium samples were
assayed by enzyme-linked immunosorbent assay at
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the Cytokine Core Laboratory (University of Maryland,
Baltimore).

Contralateral control and ischemic limb biceps femo-
ris, semitendinosus, and semimembranosus (hamstrings)
muscles were harvested one or 5 days after surgery (n =
4 to 6 per group), pulverized in liquid nitrogen then re-
suspended in lysis buffer (50 mmol/L Tris, pH 7.5, 1
mmol/L EDTA, 1% Triton, 0.9% NaCl, 1 mmol/L phenyl-
methylsulfonyl fluoride) and clarified at 12,000 X g for 30
minutes at 4°C. Clarified lysates were aliquoted and
stored at —80°C until use. Protein concentrations were
determined via modified Bradford assay with Protein As-
say Reagent (BioRad, Hercules, CA).2? Protein concen-
trations of TNF-q«, IL-18, and MCP-1 in muscle lysates
were determined at the Cytokine Core Laboratory in trip-
licate multiplex assays.

Relative vascular endothelial growth factor-A (VEGF-A)
levels in the lysates were analyzed by Western blot of two
to four 150 pg protein samples per mouse (n = 4 to 6
mice per group). After separation by SDS-polyacrylamide
gel electrophoresis and transfer to nitrocellulose mem-
branes (BioRad, Hercules, CA), membranes were
probed with 0.1 pwg/ml anti-VEGF-A (Santa Cruz Biotech-
nology, Inc. Santa Cruz, CA) followed by 0.4 ng/ml anti-
rabbit IgG IRDy conjugated antibody (Rockland Immu-
nochemicals Inc., Gilbertsville, PA) as described.? Blots
were re-probed with anti-glyceraldehyde-3-phosphate
dehydrogenase (Chemicon, Temecula, CA). Bands were
visualized using Odyssey infrared imaging (LI-COR, Lin-
coln, NE) and data were normalized to glyceraldehyde-
3-phosphate dehydrogenase levels.

Histology, Immunodetection, and Morphometry

For all morphometric measurements, observers were
blinded to treatment. Lower limb muscles were harvested
5 days after ischemia and fixed in methanol. Samples
were then embedded in paraffin and serially sectioned at
7 um moving proximally from the level of the distal end of
the tibialis posterior. Five cross-sections at 700 um inter-
vals were examined. Sections were incubated with
mouse anti-a smooth muscle actin 8.5 pug/ml (Sigma, St.
Louis, MO), followed by incubation with a biotinylated
anti-mouse (Jackson ImmunoResearch, West Grove,
PA), then reacted with streptavidin alkaline phosphatase
(Vector Laboratories) and revealed by Vector Red (Vec-
tor) to visualize arterioles, and counterstained with hema-
toxylin to visualize nuclei as previously described.® Im-
ages were digitized (Nikon EB00 microscope and
DXM1200 camera). Microvessels (excluding capillaries)
and normal or healthy (non-degenerating) muscle areas
were traced using MetaMorph (Molecular Devices,
Downingtown, PA). Muscle containing only peripherally
localized nuclei, tightly abutted fibers, and minimal in-
flammatory infiltrate was considered healthy. Total non-
capillary microvessel volume in healthy muscle and
healthy muscle volume were determined according to the
formula:
V =4 X 700 um X mean measured area X S; with:
S=ab

a = short axis of the soleus fibers in the middle section

b = long axis of the soleus fibers in the middle section

S corrects for deviations of the mounted muscle from
the longitudinal axis.

To visualize capillaries, additional sections were incu-
bated with 0.5 mg/ml biotinylated Bandeira simplicifolia
lectin (BSLB,) (Vector, Burlingame, CA). They were then
incubated with alkaline phosphatase conjugated
streptavidin (1:400 Vector) and reacted with Vector Red
or treated with fluorescein isothiocyanate-conjugated
streptavidin (1:200 Vector). The former were hematoxylin
and eosin stained. For each animal, capillary/fiber ratio
was determined in healthy muscle areas from five equally
spaced sections (700 wm intervals). Three muscle
groups were examined, and at least two 40X fields from
each muscle group were examined in each section. Cap-
illary length was computed in the same anatomically
defined region. Total capillary length was determined
using the formula:

Lcap = (healthy muscle area) X (capillary/fiber ratio)
X 700 wm (mean area of a muscle fiber)

Vascular parameters in cutaneous wounds were ana-
lyzed as previously described.’” Wounds were har-
vested 14 days post-wounding, methanol fixed, and
paraffin-embedded. One wound from each mouse was
serially sectioned (7 um) and sections were immuno-
labeled every 350 um with anti-CD31 to visualize en-
dothelial cells and counterstained with hematoxylin.
Images were digitized, wound margins determined,
and vessels traced and measured with MetaMorph
software.?® Vessel volume density (vessel area/wound
area), numerical density (vessel number/wound area),
and mean vessel size in the central two thirds of the
wounds were computed.?®

To analyze monocytes, hamstrings muscles from isch-
emic limbs were harvested 3 days after therapy, frozen in
optimal cutting temperature compound, and sectioned at
5 um. Procedure was performed as previously de-
scribed.®® Sections were permeabilized in acetone,
washed, blocked in 5% rat serum with 1% bovine serum
albumin in PBS, and incubated with 1:200 Alexa 488-
Ly6C (AbD Serotec, Raleigh, NC) for 1 hour. After wash-
ing in PBS, immunopositive cells were counted in five
random fields from five sections of three mice per treat-
ment group.

Data Analysis

Between group comparisons were performed by one way
analysis of variance followed by Tukey’s honestly signif-
icant difference post hoc tests. For analysis of correla-
tions, linear regression analyses were performed by com-
paring the means (with standard deviations) for different
treatment groups. P < 0.05 was considered statistically
significant. All data are presented as mean with error
bars indicating the SEM.
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Results

In the remainder of the text we refer to lin"TBMDCs as
BMDCs to simplify reading. If we are referring to total
BMDCs we will so indicate.

Wildtype but Not Lepr® lin~ BMDCs Stimulate
Vascular Growth and Healing of Ischemic Limbs

Lepr®® mice are obese diabetic mice that exhibit impaired
healing.'®?° Previous studies showed that treatment of
Lepr®® murine cutaneous wounds with wild-type, but not
Lepr®® BMDCs, markedly stimulates vascularization of
cutaneous wounds."" To determine whether the differen-
tial therapeutic capacity of wild-type and Lepr®® BMDCs
is a general property of the cells and not specific to
cutaneous wounds, we focused on the ischemic hind
limb model. We compared the ability of the two cell types
to promote tissue vascularization and muscle salvage in
ischemic hind limbs of Lepr® mice. After femoral artery
ligation,?® ischemic muscles were injected intramuscu-
larly with wild-type or Lepr® BMDCs or vehicle. Five days
later, ischemic muscles were harvested and assessed for
vascularity and muscle salvage in an anatomically de-
fined region of the lower limb. Morphometric assessment
of the lower limb muscles showed that wild-type BMDCs
increased arteriolar volume, total capillary length, and
muscle salvage relative to vehicle and Lepr™ BMDC
treated limbs. More muscle was salvaged in limbs treated
with wild-type BMDCs than in those injected with Lepr®
cells (Figure 1, A-H).

MCP-1 and Tissue Repair 2005
AJP October 2010, Vol. 177, No. 4

Figure 1. Wild-type, but not Lepr’”, BMDCs
increase healthy muscle and vascular volume.
Morphometric analysis of cross-sections of isch-
emic Lepr”” murine calf muscle treated on the
day of femoral artery ligation with vehicle (Veh)
or wild-type (C57) or Lepr™ (Lepr) BMDCs and
harvested at day 5. A—C: Volumes and length
computed in a 3.5-mm thick cross section of an
anatomically defined region. Measurements
were made in five sections at 700-um intervals.
A: Total arteriolar volume of anti-smooth muscle
actin labeled vessels. B: Total capillary length of
BSLB, labeled vessels. C: Total volume of
healthy muscle. *P < 0.05 relative to all groups.
N = 5 to 9 for each group. Bars = SEM. D-F:
H&E-labeled sections from ischemic muscle
treated with vehicle (D), wild-type BMDCs (E),
or Lepr”” BMDCs (F). Note the necrosis in D and
F. G-I: Fluorescein isothiocyanate-BSLB,-la-
beled muscle treated with vehicle (G), wild-type
BMDCs (H), or Lepr™ BMDCs (D). Ischemic
indicates regions with low capillary density and
necrotic muscle. Black bar = 100 wm; white
bar = 200 pm.

TNF-a and MCP-1 Are Differentially Secreted by
Cultured Wildtype and Lepr® BMDCs

Because our data indicate, that Lepr® and wild-type cells
have intrinsically distinct therapeutic properties, compar-
ison of their behaviors and effects may help elucidate the
mechanisms by which BMDCs potentiate vascular
growth and healing. We compared the secretory profile of
cultured wild-type and Lepr®® BMDCs. Protein concen-
trations of eleven inflammatory cytokines thought to be
involved in the regulation of angiogenesis were mea-
sured by multiplex assay in 3-day conditioned medium.
Among the tested cytokines, only TNF-a and MCP-1 were
differentially secreted (Table 1). Findings were confirmed
by enzyme-linked immunosorbent assay. Culturing the
cells under hypoxic conditions did not significantly alter
the secretion of these two cytokines (data not shown).

Wildtype but Not Lepr®® BMDCs Recruit
Monocytes to the Site of Ischemia

We tested whether differential secretion of TNF-a or
MCP-1 translated to local changes in TNF-a or MCP-1 in
vivo. Because up-regulation of IL-18 in muscle tissue is
essential for BMDC-mediated vascular growth in nondia-
betic mice,'® we also measured IL-18 concentrations in
ischemic limbs. One day after femoral artery ligation and
treatment, MCP-1 and IL-1B were significantly up-regu-
lated in limbs treated with wild-type BMDCs relative to
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Table 1. Cytokines in Medium of BMDCs Cultured for 3
Days
Wildtype Leprd® P
Cytokine (pg/ml) (pg/ml) value
TNF-a 116 = 20 69.9 = 6.6 0.04
MCP-1 726 = 180 260 = 35.8 0.04
I-1B 125+ 46 18.4 £ 3.2 0.88
-2 ND ND
-4 10*+1.6 20 £ 4.1 0.08
II-5 ND ND
II-6 563 = 99.7 826 + 186 0.16
[I-10 ND ND
[I-12 18.1 = 3.3 2665567 0.25
IFN-vy ND ND
GM-CSF ND ND

ND = not detectable. Mean = SEM N = 7 mice/group.

healthy control muscle and vehicle and Lepr® BMDC-
treated ischemic muscle (P < 0.05) (Figure 2, A and B).
Wild-type murine-derived cells also appeared to induce
TNF-a relative to nonischemic muscle and vehicle treated
limbs (P < 0.01), and they tended (P = 0.10) to increase
induction of TNF-« relative to Lepr® BMDC-treated mus-
cle (Figure 2C). However, tissues levels of TNF-« are near
the limits of detection.

VEGF-A, one of the most potent stimulators of angio-
genesis, can be up-regulated by TNF-«, IL-18, and
MCP-1.272° Western blot analysis of tissue lysates
from ischemic muscle treated with BMDCs showed that
only wild-type BMDCs induced VEGF-A, and its con-
centration was approximately two-fold higher in these
mice than in vehicle or Lepr®® cell treated mice (Figure
2D). We did not detect induction of VEGF-A by muscle
ischemia in the healing impaired Lepr® mice at this
early time point.

MCP-1 is produced by endothelial cells, fibroblasts,
smooth muscle and monocytic cells, among others though
monocytes are the major source of MCP-1.29732 Thus, lower
tissue levels of MCP-1 would be expected to be associated
with reduced monocyte accumulation in injured muscle and
indeed, three days after injury, fewer monocytes were ob-
served in Lepr® BMDC treated muscle relative to wild-type
BMDC treated limbs (Figure 2, E-G).

TNF-a~’~ and MCP-1~"~ BMDCs Have Altered
Abilities to Induce Inflammatory Cytokines and
Promote Healing

To examine whether BMDCs alter tissue levels of TNF-a,
IL-18, and MCP-1 by themselves secreting the mole-
cules, by inducing local cells to produce them, or both,
we measured the levels of cytokines in ischemic muscles
of Lepr®® mice one day after being treated with TNF-a™~
or MCP-1~/~ BMDCs. We did not test /I-18~/~ BMDCs
since IL-1B8 was not differentially secreted by wild-type
and Lepr® BMDCs (Table 1).

MCP-1~"~ BMDCs failed to induce either IL-18 or MCP-1
while TNF-/~ BMDCs induced IL-18 and MCP-1 albeit at
tissue levels that appeared to be intermediate between
those of muscle treated with wild-type and MCP-1""" cells
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Figure 2. Differential effects of wild-type and Lepr”” BMDCs on pro-inflam-
matory/angiogenic molecules and monocyte recruitment in ischemic limbs.
Protein concentrations measured by multiplex assay (A—C) or Western blot
(D) in lysates of ischemic Lepr™ murine hamstrings muscle harvested one
day after treatment with vehicle (Veh), wild-type (C57) or Lepi‘”’ BMDCs, as
indicated on the x axis. Nonischemic muscle (No Isc). *P < 0.05 relative to
all other groups. **P < 0.05 relative to Veh and No Isc. N = 4 to 6 per group.
Bars = SEM. E-G: MOMA-2 macrophage/monocyte marker (green)-immu-
nolabeled histological sections of ischemic Lep”” limb muscle treated with
wild-type (E) or Lepr*"” (F) BMDCs and harvested 3 days after treatment. Scale
bar = 40 um. G: Quantitation of Ly6C-labeled cells in ischemic limb muscle
three days after surgery and treatment with the indicated BMDCs. *P < 0.05
relative to all other groups. N = 3 to 4 per group. Bars = SEM.

(Figure 3, A and B). Concentrations of TNF-a were at the
limit of detection and too variable to determine potential
differential effects of the cells (Figure 3C).

After induction of hindlimb ischemia in diabetic Lepr®
mice, ischemic muscles were injected with TNF-a~"~ or
MCP-1~7~ BMDCs or vehicle as described above to
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examine the effects of the cells on tissue repair. Five days
later, ischemic muscles were harvested and assessed for
capillarity and muscle salvage. As predicted, TNF-a 7/,
but not MCP-1~"~ BMDCs, increased capillary length
and healthy muscle volume (Figure 4, A and B).

In addition, full-thickness cutaneous wounds on the
back of Lepr® mice were injected with vehicle or BMDCs
from wild-type, Lepr®, TNF-a/~, or MCP-1""" animals 3
days after wounding, when wound revascularization be-
gins.' By 14 days after wounding, wounds treated with
wild-type cells consistently exhibited a well-organized
stratified and differentiated neo-formed epidermis (Figure
5B). In contrast, the epidermis of wounds treated with
saline or Lepr® or TNF-o~”~ BMDCs was thin and lacked
organization of the suprabasal layers yet maintained co-
lumnar basal keratinocytes (Figure 5, A and C, and data
not shown.). The epidermis of wounds treated with MCP-
177/~ BMDCs was typically very poorly formed and was
often almost acellular and lacked long continuous
stretches of basal cells (Figure 5D).
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Figure 4. MCP-1"/~ BMDCs do not stimulate healing in ischemic limbs.
Morphometric analysis of cross-sections of ischemic Lepr” murine calf mus-
cle treated on the day of femoral artery ligation with vehicle (Veh) or
wild-type (C57), TNF-a~/~, or MCP-1"/~ BMDCs and harvested at day five.
Capillary length and muscle volume were computed in a 3.5-mm thick cross
section of an anatomically defined region. Measurements were made on five
sections at 700-um intervals. A: Total capillary length of BSLB4-labeled
vessels. B: Total volume of healthy muscle. *P < 0.05 relative to Veh and
MCP-17"~. N = 51to0 9 for each group. Bars = SEM.
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Figure 3. MCP-1 ~/~ BMDCs do not induce
IL-18 or MCP-1 in ischemic muscle. Zepr®” mu-
rine ischemic muscle treated on the day of fem-
oral artery ligation with vehicle (Veh) or wild-
type (C57) (A), MCP-1""~ (B), or TNF-a~/~ (C)
BMDCs. Protein concentrations measured by
multiplex bead assay in lysates of ischemic ham-
strings muscle harvested 1 day after treatment.
Nonischemic muscle (No Isc) served as a control
*P < 0.05 relative to No Isc, Veh, and MCP-1""".
N = 4 to 6 for per group. Bars = SEM.

When compared to vehicle controls, wild-type-, but not
Lepr®®-derived cells, increased the vascular volume den-
sity (vessel volume/wound volume) and mean vessel size
but not the number of vessels in cutaneous wounds (P <
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Figure 5. MCP-1"/~ BMDCs do not induce vascularization of cutaneous

wounds. Morphometric analysis of cutaneous wounds of Lepr’” mice
treated with vehicle (Veh), wild-type (C57), Lepr‘”’ (Lepr), TNF-a~'~, or
MCP-1""~ BMDCs three days after the wound and harvested 14 days after
wounding. Cutaneous wounds were serially sectioned, anti-CD31 immu-
nolabeled, and examined at 140-pum intervals. A-D: Immunodetection of
CD31 (red staining) in cutaneous wounds injected with vehicle (A),
wild-type BMDCs (B), Lepr”” BMDCs (C), or MCP-1~/~ BMDCs (D). E:
Vascular volume density expressed as percentage of wound volume. F:
Mean vessel size (cross-sectional area) in wounded tissue. G: Numerical
vessel density (number of blood vessels per area of injured skin). Note the
correlation between the poor epidermal morphology and the lack of
vascularization. *P < 0.05 relative to all groups except TNF-a /. *P <
0.05 relative to all groups. **P < 0.05 relative to Lepr™. N = 4 to 8 per
group. Error bars = SEM; Scale bar = 100 wm.
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0.001) (Figure 5, E and F). Mean vascular volume density
of wounds treated with TNF-a™~ BMDCs was intermedi-
ate between that of wounds treated with wild-type and
Lepr® cells, and was most likely due to an increase in
vessel number rather than size (Figure 5, E and G).
Neither Lepr®® nor MCP-1~/~ BMDCs induced any sig-
nificant increase in vascularity relative to vehicle treated
controls (Figure 5@G).

Secretion of MCP-1 by Endogenous BMDCs Is
Essential for Induction of Inflammatory
Cytokines and Healing

Exogenous BMDCs must secrete MCP-1 to induce vas-
cular growth and regression analyses of tissue levels of
MCP-1 at 1 day after injury versus healing at 5 days (as
assessed by vascularity and muscle salvage) suggest
that the two may be correlated (Figure 6, A and B). Note
that although the r? values are excellent, the number of
data points is small and the data are clustered.

To determine whether endogenous MCP-1 production
is also necessary for exogenous BMDC mediated heal-
ing, we treated ischemic limbs of MCP-1""~ mice with
vehicle or wild-type BMDCs as above. The BMDCs did
not induce capillary growth or enhance muscle salvage,
indicating that endogenous MCP-1 is also essential for
BMDCs to exert their effects (Figure 6, C and D). To
determine whether endogenous BMDCs in particular
must produce MCP-1, we replaced the BM of Lepr®® mice
with BM from MCP-17"~ mice, and 6 weeks later hind
limb ischemia was induced.’® Ischemic limbs were in-
jected with vehicle or wild-type BMDCs and harvested 5
days later. Again, wild-type BMDCs failed to stimulate
capillary growth or improve muscle salvage in the chi-
meric limbs (P < 0.01) (Figure 6, E and F). Together,
these data suggest that MCP-1 is necessary for BMDC-
mediated angiogenesis and tissue repair.

Discussion

BMDCs from obese diabetic Lepr® mice do not stimulate
tissue repair and so provided a physiologically relevant
system to investigate the molecular mechanism by which
wild-type BMDCs promote vascular growth and tissue
repair. We focused on BMDC modulation of the acute
inflammatory response because BMDCs act rapidly, the
majority of them are cleared within a few days after treat-
ment, and induction of the acute inflammatory cytokine
IL-1B is essential for BMDC mediated healing.™

Our data show that TNF-a and MCP-1, but not IL-18
are differentially secreted by wild-type and Lepr® BM-
DCs although tissue levels of both MCP-1 and IL-183 are
higher in limbs treated with wild-type than in those in-
jected with and Lepr®™ BMDCs (tissue levels of TNFa
were too low to be measured reliably). These data are
consistent with a previous report that induction of IL-18in
the tissue but not secretion of IL-18 is required for BMDC-
mediated healing.'®
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Figure 6. BMDC-mediated tissue repair is attenuated in mice whose endog-
enous cells lack MCP-1. A and B: Regression analysis of tissue concentrations
of MCP-1 at one day after injury versus capillary length (A) and healthy
muscle volume (B) at day five in Lepr‘"’ mice treated with vehicle or wild-
type (C57), Lepr", TNF-a~'~, or MCP-1"/~ BMDCs. G-F: Morphometric
analysis of ischemic calf muscle in mice treated on the day of arterial ligation
with vehicle (Veh) or wild-type (C57) BMDCs and harvested at day five. Total
capillary length of BSLB4-labeled vessels (C and E) and total healthy muscle
volume (D and F) in an anatomically defined region. Measurements were
made on five sections at 700 wm intervals. Recipients were MCP-1"" mice
(C and D) and Lepr”” mice whose BM of was replaced with BM from
MCP-1""" mice (E and F). *P < 0.05 relative to all groups. N = 3 to 9 per
group. Bars = SEM.

We also found that MCP-1~"~ BMDCs do not induce
IL-1B8 and MCP-1 in ischemic tissue or improve healing of
ischemic limbs or skin wounds but that these abilities are
only somewhat attenuated in TNF-o/~ BMDCs treated
mice. Whether the small loss of healing potential by TNF-
a™’~ BMDCs is related to small reductions in tissue
MCP-1 remains to be determined.

Itis perhaps not surprising that our data implicate roles
for TNF-«, IL-18, and MCP-1 as a group since their reg-
ulation is intertwined. TNF-a and IL-1B regulate and are



regulated by many of the same signaling pathways®® and
they can directly and indirectly influence tissue levels of
MCP-1. MCP-1 recruits monocytes and neutrophils
through the CCR2 receptor which is constitutively ex-
pressed at high levels on monocytes and is up-regulated
on neutrophils in response to injury.®*° |L-18 activates
monocytes and neutrophils secrete TNF-«, IL-18, and
MCP-1.2637 CCR2 has also been detected on primitive
multipotent hematopoietic stem and progenitor cells and
S0 may recruit them as well.%8

Our data are consistent with the establishment of such
a positive feedback loop.3® It would predict that fewer
monocytes would be recruited to ischemic tissue treated
Lepr® BMDCs than that treated with wild-type cells. This
is what we observed. It also predicts that endogenous
BMDCs must secrete MCP-1 if BMDCs are to potentiate
healing. Again, our data showing that wild-type BMDCs
have no therapeutic effects in chimeric mice with MCP-
77/~ bone marrow are consistent with this expectation.

Activated monocytes are key regulators of vascular
remodeling and secrete pro-angiogenic molecules in-
cluding VEGF-A.“° VEGF-A in turn is chemoattractive for
monocytes.*" Our VEGF-A data are consistent with a key
role for MCP-1 and monocytes.

The findings reported here suggest that MCP-1 ther-
apy might potentiate tissue repair, though administration
of MCP-1 at appropriate times and dosages might prove
difficult. Nevertheless, levels of MCP-1 in BMDCs of pa-
tients may identify a priori the ones who would or would
not be good candidates for BMDC based therapies. This
is a significant consideration because BMDC dysfunction
is associated with increasing age and risk factors for
cardiovascular disease.® "2
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