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Direct interaction of unactivated pri-
mary monocytes with endothelial cells
induces a mitogenic effect in subconflu-
ent, injured endothelial monolayers
through activation of endothelial Met.
We now report that monocytes’ contact-
dependent mitogenicity is controlled by
activation-mediated regulation of hepa-
tocyte growth factor. Direct interaction
of unactivated monocytes with subcon-
fluent endothelial cells for 12 hours
resulted in 9- and 120-fold increase in
monocyte tumor necrosis factor-�
(TNF�) and interleukin-1� (IL-1�) mRNA

levels and bitemporal spike in hepato-
cyte growth factor that closely corre-
lates with endothelial Met and extracel-
lular signal-related kinase (ERK)
phosphorylation. Once activated, mono-
cytes cannot induce a second wave of
endothelial cell proliferation and endo-
thelial Met phosphorylation and soluble
hepatocyte growth factor levels fall off.
Monocyte-induced proliferation is dose
dependent and limited to the induction
of a single cell cycle. Monocytes retain
their ability to activate other endothelial
cells for up to 8 hours after initial inter-

action, after which they are committed
to the specific cell. There is therefore a
profoundly sophisticated mode of vas-
cular repair. Confluent endothelial cells
ensure vascular quiescence, whereas
subconfluence promotes vessel activa-
tion. Simultaneously, circulating mono-
cytes stimulate endothelial cell prolifera-
tion, but lose this potential once
activated. Such a system provides for
the fine balance that can restore vascu-
lar and endothelial homeostasis with
minimal overcompensation. (Blood.
2010;115(16):3407-3412)

Introduction

Vascular health is cell-density specific. Confluent endothelial cells
control thrombosis, inflammation, vascular cell proliferation, and
matrix remodeling—subconfluent endothelial cells (ECs) promote
these events.1 Monocyte interaction with the vascular endothelium
is a primary event in vessel healing, and typically culminates in
tissue localization as resident macrophages. Monocyte infiltration
depends upon the health of the EC; the greater the endothelial
injury, the greater monocyte infiltration and macrophage transfor-
mation.2 Monocytes play an active role in vascular remodeling,
angiogenesis, and inflammation and after the response to the
transient and chronic vascular injuries that accompany percutane-
ous vascular intervention and atherosclerosis.3-6 Rapid accumula-
tion of monocytes is observed after ischemic events and was
previously reported to play a critical role in tissue revascularization
through angiogenesis.7,8 In cancer biology, monocyte accumulation
and activation are associated with tumor angiogenesis and
growth.9-12

Recently we reported that primary unactivated monocytes
induce mitogenesis in ECs upon direct contact through a mecha-
nism mediated in part by endothelial hepatocyte growth factor
receptor (Met).13 This effect is distinct from the paracrine mitogen-
esis induced by activated macrophages and represents a new form
of regulation over EC proliferation. In the present study, we explore
the mechanism through which activation of monocytes regulates
their mitogenic potential. We characterized EC proliferation kinet-
ics after interaction with primary unactivated monocytes, the
dependency of monocyte mitogenic potential on monocyte activa-

tion state, and the basic characteristics of monocyte-induced EC
proliferation.

Methods

Cells

Primary human umbilical vein ECs (HUVECs) were cultured in endothelial
growth medium (EGM; both from Lonza Walkersville). Primary monocytes
were separated before each assay from blood drawn from healthy male
subjects under formal protocols sanctioned by the MIT Committee on Use
of Humans in Experimental Sciences, and separated using a negative
isolation method (Miltenyi Biotec). Monocyte separation yield was more
than 90% and validated using fluorescence-activated cell sorting analysis
with anti–CD14-R-phycoerythrin (RPE) antibodies (DakoCytomation).
Monocyte viability after negative selection separation was more than 98%
as measured by trypan blue staining.

Thymidine incorporation

HUVECs were grown to subconfluence in 24-well plates (5 � 104 cells/
cm2) in Dulbecco modified Eagle medium (DMEM) 10% fetal bovine
serum (FBS) followed by mild starvation (DMEM 5% FBS, 24 hours).
HUVECs were exposed to proportional numbers of primary monocytes,
and at the indicated time points cultures were pulsed with 3H-thymidine
(1 �Ci [0.037 MBq]/mL; Perkin Elmer Life Sciences) for the indicated
periods. Cultures were washed twice with 2 mL of ice-cold phosphate-
buffered saline (PBS) followed by 30-minute incubation in 5% wt/vol
trichloroacetic acid (TCA). TCA was washed twice with cold PBS,
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followed by lysis with 0.4 mL of 0.5% sodium dodecyl sulfate, 0.5 N
NaOH. The TCA-insoluble radioactivity was counted in a liquid scintilla-
tion counter (Packard 25000-TR).

EC growth kinetics

EC growth kinetics was measured from time-lapse phase microscopy
images recorded over 28 hours. HUVECs seeded to subconfluence
(3 � 104 cells/cm2) in 6-cm plates in DMEM 10% FBS followed by mild
starvation (DMEM 5% FBS, 24 hours). Six plates were exposed to
proportional numbers of primary monocytes in DMEM 2.5% FBS, and
6 plates were treated with DMEM 2.5% FBS only. Cell number was
determined from phase-contrast images taken every 4 hours over 28 hours
using a semiautomated computer directed grid (20 random squares of a
96-square grid). Unbound cells were removed by gentle wash with DMEM
10% FBS before imaging, and monocytes were excluded from cell counts
based on cell size and shape (primary unactivated monocytes are smaller
then ECs and gain volume as they differentiate into macrophages14).

Antibodies and cytokines

Phosphorylated extracellular signal-related kinase 1/2 (ERK1/2), phosphor-
ylated Met (pMet), and �-actin antibodies were obtained from Cell
Signaling Technology. Tumor necrosis factor-� (TNF�) and interleukin-1�
(IL-1�) were obtained from Chemicon International. Lipopolysaccharide
(LPS) was obtained from Sigma Chemical.

Western blot

Whole-cell extracts of ECs and monocytes were harvested from cocultures
by separation of monocytes from the coculture with repeated washes (PBS,
2.5mM EDTA [ethylenediaminetetraacetic acid], 2 minutes) as previously
described.13,15 The purity of separated monocytes and ECs was verified by
fluorescence-activated cell sorting analysis as previously described.13

Whole-cell protein samples were extracted using Nonidet P40 cell lysis
buffer (Invitrogen), supplemented with complete protease inhibitor tablet
(Roche Molecular Biochemicals) and 0.5mM sodium orthovanadate. Pro-
teins were separated on Tris-glycine–sodium dodecyl sulfate gels, trans-
ferred to polyvinylidene fluoride membranes, and immunoblotted with the
indicated antibodies. Ten minutes before cell harvesting, cultures were
treated with 0.5mM sodium orthovanadate to preserve phosphorylation.
Blots were scanned and bands quantified using ImageJ software (National
Institutes of Health).

Reverse-transcription–polymerase chain reaction

Endothelial-monocyte cocultures were separated13 by incubation in PBS,
EDTA 5mM. RNA from ECs and monocytes was extracted using the RNeasy
Mini Kit (QIAGEN), and RNA levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), TNF�, and IL-1� were measured using the
following primers: TNF�: TCCTTCAGACACCCTCAACC, AGGC-
CCCAGTTTGAATTCTT; IL-1�: GGGCCTCAAGGAAAAGAATC,
TTCTGCTTGAGAGGTGCTGA; and GAPDH: AGGGCCCTGA-
CAACTCTTTT, AGGGGTCTACATGGCAACTG. RNA levels were stan-
dardized to GAPDH.

Data analysis

Data represent a minimum of 3 assay repetitions. All growth kinetics assays
were performed in minimum of duplicate and most as triplicates. Data are
presented as mean (� SD). When applicable, values were compared by
Student t test or analysis of variance. P value less than .05 was considered
statistically significant.

Results

Monocytes induce a single cell cycle in ECs

To understand better the EC cycle kinetics after direct interaction
with primary monocytes, thymidine incorporation was evaluated

for 109 hours after monocyte addition in proportional numbers to
subconfluent, serum-starved ECs.

HUVECs first entered S-phase 10 to 16 hours after the addition
of monocytes, with peak incorporation at 28 hours (Figure 1A).
The thymidine incorporation phase ended after the first 40 hours
and was followed by a slow decrease in cell proliferation. To study
the ability of monocytes to induce repetitive cell cycles, HUVECs
that underwent 1 cell cycle induced by monocytes were gently
washed with medium, without removing adherent monocytes,
before the addition of a second group of primary monocytes at
51 hours. Sequential pulsing with 3H-thymidine 1 �Ci (0.037 MBq)/
mL confirmed the reoccurrence of a second synchronized cell cycle
within HUVECs exhibiting similar kinetics.

Whereas monocytes induced a sharp increase in EC thymidine
incorporation, untreated HUVECs underwent gradual decrease in
thymidine incorporation, representative of the decreasing prolifera-
tion rate under prolonged starvation conditions.

To measure the effect of primary monocytes on EC growth kinetics,
HUVECs seeded in 6-well plates to subconfluence (5 � 104 cells/cm2)
and mildly starved (DMEM 5% FBS, 24 hours) were treated with
proportional numbers of primary unactivated monocytes. EC growth
kinetics was measured from time-lapse phase microscopy as described
in “EC growth kinetics.” Similar to measured thymidine incorporation,
HUVECs went through a single wave of proliferation resulting in 2-fold
increase in cell density (Figure 1B).

MIECP is monocyte dose dependent and EC density dependent

Monocyte recruitment to injured endothelium varies in number and
location. To study dose dependency, monocytes were added to
subconfluent HUVECs (5 � 104 cells/cm2) at different relative
ratios and pulsed 20 hours later with 3H-thymidine 1 �Ci
(0.037 MBq)/mL for 2 hours. Monocytes induced a density-
dependent increase in EC thymidine incorporation, with an optimal
effect observed when monocyte to HUVEC ratio ranged between
1 and 2 (Figure 2A). Interestingly, the effect of monocyte number
on HUVEC proliferation was not linear and required a minimum
ratio of more than 0.5.

MIECP was similarly dependent on EC density in a manner
resembling EC response to soluble growth factors. HUVECs were
seeded in 24-well plates ranging from 13 000 to 80 000 cell/cm2

and mildly starved (DMEM 5% FBS, 24 hours) before addition of
primary unactivated monocytes in proportional numbers. MIECP
was limited as ECs approached confluence (Figure 2B).

Window of MIECP interaction

The contact time with monocytes required to induce EC prolifera-
tion and the ability of monocytes to repeat the effect in additional
EC culture was studied in unactivated monocytes seeded over
subconfluent starved HUVECs (5 � 104 cells/cm2, DMEM 5%
FBS). (coculture A; Figure 3A). Monocytes were removed at
variable times after addition by gentle wash with PBS, EDTA
2.5mM13 and introduced to fresh EC cultures (coculture B).
Twenty hours after the addition of monocytes to either coculture
system, cells were pulsed with 3H-thymidine 1 �Ci (0.037 MBq)/
mL for 2 hours and thymidine incorporation was measured. Eight
hours of interaction between ECs and primary monocytes are
sufficient to induce maximum EC proliferation (Figure 3A). If
monocytes are left in 1 culture system for this complete time, all of
the proliferation induction is expended there. If the monocytes are
removed before this time, they retain the residual ability to
stimulate new cells.
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Monocytes lose the potency for contact-induced proliferation
as they become activated

The transient nature of MIECP and the loss of mitogenic potency
soon after initial contact with ECs suggest that monocyte induction

of proliferation is associated with monocyte activation state. TNF�
and IL-1� mRNA levels served as measures of monocyte activa-
tion after initial contact of unactivated monocytes with subconflu-
ent ECs. mRNA extracted from monocytes collected from cocul-
tures was tested by reverse-transcription–polymerase chain reaction
for GAPDH, TNF�, and IL-1� mRNA using specific primers.
Twelve hours after interaction of primary unactivated monocytes
with subconfluent ECs, TNF� and IL-1� mRNA levels increased
up to 9- and 120-fold over untreated monocyte control, respectively
(Figure 3B-C), indicating a correlation between the activation state
of monocytes and MIECP.

The effect of cytokine activation on monocyte potency to
induce proliferation in ECs was tested by pretreatment of mono-
cytes with TNF�, IL-1�, and LPS before their addition to
subconfluent HUVECs (5 � 104 cells/cm2) in proportional num-
bers. Twenty hours after the addition of monocytes, cocultures
were pulsed with 3H-thymidine 1 �Ci (0.037 MBq)/mL for 2 hours,
and the insoluble radioactivity was measured. Addition of unacti-
vated monocytes or conditioning in full medium (EGM) induced
7.3- and 6.2-fold increases in 3H-thymidine incorporation, respec-
tively (Figure 4A). Any form of monocyte activation resulted in
complete elimination of MIECP.

The levels of hepatocyte growth factor (HGF) released after the
initial interaction of ECs with monocytes and the kinetics of HGF
release were followed in medium sampled from subconfluent ECs
cocultured with primary unactivated monocytes (Figure 4B). HGF
levels in cell lysates and media cultured over 5 � 104 ECs alone or
with monocytes served as controls. All cells began experiments in
fresh DMEM with 1% FBS with no detectable HGF. HGF levels in
the coculture peaked at the 15- and 60-minute time points and
declined thereafter.
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Figure 1. Monocytes induce a single cell cycle in ECs.
(A) Monocytes added to subconfluent human umbilical vein
endothelial cells (HUVECs) at time 0 induce a single cycle of
3H-thymidine incorporation in HUVECs. A second addition of
monocytes at time 51 hours induces an additional cycle of EC
proliferation. (B) At 27 hours after monocyte addition, EC
number nearly doubles as measured by image analysis from
phase-contrast microscopy (n � 3).
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Only monocytes that were not activated induce the
phosphorylation of endothelial Met upon direct contact

EC Met phosphorylation was determined 1 hour after interaction of
subconfluent starved HUVECs (5 � 104 cells/cm2, DMEM 1%
FBS, 24 hours) with proportional numbers of unactivated or
activated monocytes. The latter was achieved with monocyte
pre-exposure to TNF�, IL-1�, or LPS (20 ng/mL, 30 minutes).
Monocytes were removed 1 hour after addition to ECs by gentle
wash with PBS, EDTA 2.5mM, 0.5mM sodium orthovanadate
(SOV),13 and EC cultures were lysed and tested for pMet by
Western blot analysis. Only unactivated primary monocytes in-
duced endothelial Met phosphorylation, raising levels more than
6-fold (Figure 5). Preactivated monocytes treated with TNF�,
IL-1�, or LPS failed to induce EC Met phosphorylation and
practically abolished the basal level of pMet observed in the
untreated control. Monocytes removed from previous 24-hour
coculture with ECs also failed to induce EC Met phosphorylation.

Discussion

The integrity of the vascular endothelium is critical for its function
as a barrier between the blood and the underlining vessel wall and
tissue. Although the endothelium is characterized by quiescence
and low cell turnover, it is fragile and prone to disruptions by
mechanical shear stress,16 chemical injury,6 and vascular remodel-
ing. Minor discontinuities in the endothelial monolayer close
rapidly with rapid mobilization, migration, proliferation, and
spread of EC at the wound edge.17 More significant endothelial loss
can be observed after the mechanical injury of catheter-based
endovascular interventions.18,19 The pace of endothelial regenera-
tion dictates the extent of the thrombotic and intimal hyperplastic
reactions with concomitant local inflammation and smooth muscle
cell accumulation.18,20,21 Monocytes are among the first cells to
arrive to the site of the damaged endothelium and may play a
critical role in endothelial restoration. In a previous study, we
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reported on the ability unactivated monocytes to induce a limited
round of EC proliferation through a contact-mediated activation of
endothelial Met.13 In the present work, we explore the molecular
signals that arise after the interaction of unactivated monocytes
with subconfluent ECs and the way this unique sequence of
signaling results in tight regulation of endothelial growth.

This effect of monocytes represents an added layer of complex-
ity in an already tightly regulated homeostatic system and a novel
general form of cell-cell interaction. Endothelial state governs
vascular homeostasis. An intact endothelial monolayer imposes
quiescence, and an injured or noncontiguous layer stimulates the
cascade of vascular healing. Nonconfluent ECs draw monocytes to
sites of endothelial injury. The former induce proliferation of the
latter until they are themselves transformed to an activated state by
the interaction.

Cell-cycle kinetics

Upon direct contact, monocytes initiate a single cell-cycle doubling of
EC number, with an optimal dose response ranging from 1 to 2 mono-
cytes per EC. The single cell-cycle mode of proliferation presented by
monocyte binding to ECs (Figures 1A, 2A) may indicate the existence
of a precise mechanism of control over EC proliferation. As long as
monocyte recruitment continues, and ECs retain their growth potential,
recruited monocytes will induce EC proliferation. For yet unaffected
ECs to proliferate, newly recruited monocytes are required (Figure 1A).
Yet, there is another exciting aspect of monocyte-EC modulation. The
single cell-cycle commitment allows the system to sense endothelial
state before initiating another round of endothelial proliferation. Indeed,
the mitogenic effect of monocytes is reduced as ECs approach conflu-
ence (Figure 2B).

Monocyte activation regulates HGF secretion and Met signaling
in MIECP

HGF is a key regulator of endothelial and vascular function through
activation of Met tyrosine kinase, promoting EC motility, growth,
and survival.22,23 Appearance of soluble HGF correlates closely
with vascular activation and monocyte recruitment, as demon-
strated by the elevated levels of serum HGF after acute myocardial
infraction.24,25 We now report that HGF is secreted after the early
stages of monocyte interaction with ECs, showing a unique
biphasic appearance at 15 and 60 minutes. The secretion of HGF
after interaction of primary unactivated monocytes with ECs and
the consequent phosphorylation of endothelial Met may be part of

the mechanism through which monocytes regulate EC prolifera-
tion.13 The transient decline of HGF levels and loss of Met
phosphorylation after monocyte activation suggests that HGF may
be readily available for secretion within circulating monocytes and
at least the initial spike in HGF level is from secretion upon
monocyte contact with ECs. The need for 2 successive steps of
endothelial Met activation within a short period of time suggests a
possible role for Met in maintaining endothelial confluence after
monocyte transendothelial migration.

Only unactivated primary monocytes are capable of inducing
Met phosphorylation. Activation of monocytes with TNF�, IL-1�,
or LPS as well as monocytes seeded in transwell inserts raised over
ECs cannot induce Met phosphorylation (Figure 5). These findings
may indicate that the specific mitogenic potential carried by
unactivated circulating monocytes is conditioned by their activa-
tion state and may be regulated even before monocytes interact
with the endothelium. Interestingly, TNF� was recently demon-
strated to inhibit HGF-mediated Met phosphorylation through a
protein tyrosine phosphatase–mediated mechanism.26 The increase
in TNF� levels after monocyte-EC interaction may therefore be
part of this timely signaling cascade.

The initial stage of monocyte differentiation takes place shortly
after binding to ECs and continues after trans-endothelial migra-
tion, directed by the microenvironment in the specific tissue. By
removing primary monocytes from one coculture with subconflu-
ent ECs, and seeding the same monocytes over a different culture
of subconfluent ECs, we demonstrated that the initial interaction of
primary monocytes with ECs is responsible for the loss of their
mitogenic activity (Figure 3A). The increase in TNF� and IL-1�
mRNA levels in monocytes after their interaction with subconflu-
ent ECs further supports the role of monocyte activation in the
transient nature of MIECP and demonstrates that monocytes indeed
respond to interaction with subconfluent ECs by changing their
gene expression patterns (Figure 3B-C).

HGF kinetics closely correlates with endothelial Met and ERK
phosphorylation after interaction with primary unactivated mono-
cytes. ERK signaling plays a crucial role in receptor tyrosine kinase
signaling as well as in cytokine-mediated signaling. Although ERK
is activated after monocyte-induced Met phosphorylation (Figure
5), ERK phosphorylation is observed in all modes of monocyte
interaction, including indirect interaction through a transwell
insert. There may then be a broader role for ERK as a mediator in a
wide range of signaling pathways after EC-monocyte interaction.
Nevertheless, the intensity of ERK phosphorylation correlates with
the kinetics of HGF secretion as well as with endothelial pMet as
we previously reported,13 further supporting a role for HGF and
Met in monocyte-mediated EC ERK signaling.

Conclusion

Studies of the interaction between endothelium and circulating
monocytes have focused on monocyte binding and trans-
endothelial migration. Little attention was given to other forms of
signaling that may accompany this interaction and affect its
outcome. The timely secretion of HGF and phosphorylation of
endothelial Met upon direct interaction and its role in the regulation
of MIECP adds a novel aspect to the role of monocytes in
maintaining vascular homeostasis. These findings infer the exis-
tence of 2 distinct mechanisms for regulation of EC proliferation.
Whereas one is regulated through endocrine cues initiated at the
tissue, the other is paracrine and limited to monocyte binding sites
on the endothelium. Prolonged exposure to growth factors and
cytokines, therefore, allows for regional and more general response
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to systemic and regional changes, whereas monocytes through
direct contact provide ECs specific and highly localized regulation.
Additional research into the early stages of EC-monocyte interac-
tion will be required to elucidate the full extent of the role of
monocytes in vascular remodeling and homeostasis.
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