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Background: T cells have a distinctive role in neovascularization, which consists of arteriogenesis and angiogen-
esis under pathological conditions and vasculogenesis under physiological conditions. However, the role of co-
stimulation in T cell activation in neovascularization has yet to be established. The aim of this studywas to inves-
tigate the role T cell co-stimulation and inhibition in angiogenesis, arteriogenesis and vasculogenesis.
Methods and results: Hind limb ischemia was induced by double ligation of the left femoral artery in mice and
blood flow recovery was measured with Laser Doppler Perfusion Imaging in control, CD70−/−, CD80/86−/−,
CD70/80/86−/− and CTLA4+/− mice. Blood flow recovery was significantly impaired in mice lacking CD70 com-
pared to control mice, but was similar in CD80/86−/−, CTLA4+/− and control mice. Mice lacking CD70 showed
impaired vasculogenesis, since the number of pre-existing collaterals was reduced as observed in the pia
mater compared to control mice. In vitro an impaired capability of vascular smooth muscle cells (VSMC) to
activate T cells was observed in VSMC lacking CD70. Furthermore, CD70−/−, CD80/86−/− and CD70/80/86−/−

mice showed reduced angiogenesis in the soleusmuscle 10 days after ligation. Arteriogenesiswas also decreased
in CD70−/− compared to control mice 10 and 28 days after surgery.
Conclusions: The present study is the first to describe an important role for T cell activation via co-stimulation in
angiogenesis, arteriogenesis and vasculogenesis, where the CD27-CD70 T cell co-stimulation pathway appears to
be themost important co-stimulation pathway in pre-existing collateral formation and post-ischemic blood flow
recovery, by arteriogenesis and angiogenesis.
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1. Introduction

Peripheral arterial disease (PAD) is characterized by the formation of
atherosclerotic plaques in lower extremities and is a major cause of
morbidity and mortality [1,2]. The body can restore the blood flow to
ischemic tissues by initiating neovascularization, which is a similar
mechanism that occurs in patients after myocardial infarction. Neovas-
cularization consists of angiogenesis and arteriogenesis under patholog-
ical conditions, such as PADormyocardial infarction, and vasculogenesis
under physiological conditions. Angiogenesis is the process of sprouting
of new capillaries from pre-existing microvasculature, which is due to
hypoxia and occurs mainly far distal to the occlusion [3]. Arteriogenesis
initiates by inflammation, shear stress and circumferential stretchon the
oven Laboratory for
er, PO Box 9600, 2300

an open access article under
vascular wall, which causes inactive pre-existing arterioles, formed by
vasculogenesis, to mature into functional collateral arteries, which oc-
curs mainly nearby the occlusion [4–6]. Vasculogenesis is the formation
of new blood vessels during embryogenesis through differentiation of
angioblasts into endothelial cells followed by the recruitment of vascular
smooth muscle cells (VSMC), which can shape new blood vessels [7].
In PAD patients, for collateral artery formation a proper vascular bed
of pre-existing arterioles is essential. These pre-exiting arterioles are
formed by vasculogenesis. Therefore, this is an important process in
PAD. Thematuration of pre-existing collateral arteries by arteriogenesis,
together with the angiogenetic sprouting of new capillaries, can restore
blood flow towards ischemic tissues [8,9].

We and others have shown a specific role of CD4+ T cells in
arteriogenesis by using a hind limb ischemia (HLI) model [10,11].
CD4+ T cells have the capacity to attract macrophages and monocytes
to the site of occlusion, which in turn triggers arteriogenesis through
the release of inflammatory cytokines. Various studies showed increased
release of VEGF by hypoxic cells triggered through inflammatory cyto-
kines, indicating a possible role of CD4+ T cells in angiogenesis as well
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Blood flow recovery after induction of hind limb ischemia. a. Paw perfusion was
measured before and after surgery and 3, 7, 10, 13, 21 and 28 days after surgery. Control
mice (n = 11, light blue), CD80/86−/− mice (n = 11, green), CD70−/− mice (n = 7,
orange), CD70/80/86−/− mice (n= 8, red) and in CTLA-4+/− mice (n= 11, dark blue)
were sacrificed after 28 days. b. Paw perfusion was measured before and after surgery
and 3, 7 and 10 days after surgery. Control mice (n = 9), CD80/86−/− mice (n = 10),
CD70−/− mice (n= 11), CD70/80/86−/− mice (n= 10) and in CTLA-4+/− mice (n= 6)
were sacrificed after 10 days. Paw perfusion is expressed as a ratio of left (ischemic)
to right (non-ischemic) paw perfusion. Data is presented as mean SEM; *p b 0.05;
**p b 0.01.
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[12,13]. CD8+ T cells also contribute to the early phase of arteriogenesis
and recruit CD4+ mononuclear cells through the expression of IL-16
[14]. Others also suggest a role for CD8+ T cells in angiogenesis [15].
A previous study further showed that T cells play an important role
in vasculogenesis [16]. However, it is still unknown what the acti-
vation mechanism of T cells in vasculogenesis, angiogenesis and
arteriogenesis is.

For T cell activation, different T cell co-stimulation and inhibitory
pathways are described. Co-stimulatory molecules of the B7 family,
such as CD80 and CD86, were the first described and are the most
well-known and studiedmolecules [17]. CD28 is a co-stimulation recep-
tor expressed constitutively on the cell-surface of T cells, which inter-
acts with both CD80/CD86 proteins present on antigen presenting
cells (APC) [18] and promotes T cell activation and proliferation [19].
As a counteracting system, CTLA4 is an inhibitory receptor on T cells,
which down regulates the immune response by binding to CD80/86
with a higher affinity than CD28 [17]. CD27 is a second co-stimulation
receptor located constitutively on the surface of T cells, which interacts
with CD70 proteins on APC to activate T cell [20]. In contrast to their
receptors, co-stimulatory ligands CD80, CD86, and CD70 are transiently
up regulated upon activation. The signalling pathway of CD27 in T cells
is different compared to CD28 and CD27 promotes T cell survival via up
regulation of anti-apoptotic factors [21,22].

The CD28-CD80/86 T cell co-stimulation pathway and CD28-CTLA4
T cell inhibitory pathway were shown to regulate the development
of both native atherosclerosis [23,24] as well as post-interventional ac-
celerated atherosclerosis [25]. But this pathway was also shown to be
involved in other vascular diseases [26], graft arterial disease [27–29]
and inflammatory diseases such as rheumatoid arthritis [30]. The
CD27-CD70 T cell co-stimulation pathway is less investigated, however,
immune activation via the CD27-CD70 T cell co-stimulation pathway
showed to protect against atherosclerosis [31]. In the current study we
aimed to elucidate the role of the CD27-CD70 and CD28-CD80/86 T
cell co-stimulation pathway, and CD28-CTLA4 T cell inhibitory pathway
in post-ischemic neovascularization and vasculogenesis. By visualising
pre-existing collaterals in the pia mater of CD70−/−, CD80/86−/− and
CD70/80/86−/− mice we observed a particular effect of CD27-CD70-
mediated T cell co-stimulation on vasculogenesis. Furthermore, CD27-
CD70-mediated T cell co-stimulation was also important for optimal
blood flow recovery, angiogenesis and arteriogenesis.

2. Materials and methods

Materials and expanded methods are presented in the Online Data Supplement.

3. Results

3.1. Differential impact of co-stimulation pathways on T cell activation in
lymphoid organs and blood

Initially, we determined if co-stimulation has a differential impact in
lymphoid organs and blood, by analysing the T cell activation levels in
blood, bone marrow, lymph node and spleen of control CD80/86−/−,
CD70−/−, CD70/80/86−/− and CTLA4+/− mice. The phenotypical
markers KLRG1+ CD62L− were used to determine the percentage
of activated CD4+ or CD8+ T cells in each compartment. CD4+ and
CD8+ T cell activation in bone marrow, lymph node and spleen of
CD80/86−/− and CD70/80/86−/− mice was significantly decreased. In
CD70−/− mice, CD4+ T cells in the bone marrow and CD8+ T cells in
the lymph nodes and spleen showed significantly decreased T cell acti-
vation compared to control (Figs. S1 and S2), indicating a more impor-
tant role of the CD28-CD80/86 co-stimulation pathway compared to
the CD27-CD70 co-stimulation pathway in lymphoid organs. This was
also demonstrated by a trend towards increased T cell activation in lym-
phoid organs, blood and bone marrow in both CD4+ and CD8+ T cells
of CTLA4+/− mice compared to control mice. However, CD80/86−/−,
CD70−/− and CD70/80/86−/−, all showed no difference on T cell activa-
tion in blood. Together, these results demonstrate a differential effect of
co-stimulatory pathways on T cell activation in bone marrow and lym-
phoid organs compared to the blood circulation.

3.2. Impact of CD27-CD70-mediated T cell co-stimulation on post-ischemic
blood flow recovery

The above described results confirm that co-stimulatory pathways
have distinct effects in lymphoid organs and blood, but whether such
differential effects also occur in peripheral (non-lymphoid) tissues
such as blood vessels or the formation thereof remains to be elucidated.
Here we aimed to address the (differential) role of co-stimulation in
neovascularization. First, we studied post-ischemic blood flow recovery
by analysing pawperfusion in control, CD80/86−/−, CD70−/−, CD70/80/
86−/− and CTLA-4+/−mice before ligation of the femoral artery and se-
rially after surgery until sacrifice of the mice after 28 days. Paw perfu-
sion was decreased directly after surgery and control mice showed
74%bloodflow recovery in 28 days after surgerywith a small drop in re-
covery between 7 and 13 days (Fig. 1a). CD80/86−/− and CTLA4+/−
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mice showed a similar bloodflow recovery pattern in the pawas control
mice, indicating that the CD28-CD80/86T cell co-stimulation pathway is
not a major co-stimulatory pathway in blood flow recovery. Blood flow
recovery in CD70−/− mice (p = 0.03) and CD70/80/86−/− (p= 0.01)
was significantly impaired 28 days after surgery. We observed a de-
creased blood flow recovery in CD70−/−mice in time with significantly
lower paw perfusion ratios at all time points (except 13 days after
surgery) compared to control mice. In CD70/80/86−/− mice, blood
flow recovery was also impaired in time with lower paw perfusion ra-
tios 3 days (p = 0.006), 7 days (p = 0.002) and 10 days (p = 0.004)
after surgery compared to control mice. With the comparable blood
flow recovery of control mice and CD80/86−/− mice, and the reduced
recovery in CD70−/− mice compared to control mice, we conclude
that the impaired blood flow recovery of CD70/80/86−/− mice is most
likely caused by the lack of CD70 co-stimulation.

Since paw perfusion was rapidly recovering in the first 10 days after
surgery (Fig. 1a), we performed a second paw perfusion experiment
in which the mice were sacrificed 10 days after surgery. Blood flow re-
covery in CD80/86−/− and CTLA-4+/− mice was comparable to control
mice (Fig. 1b). However, CD70−/− mice showed significantly impaired
blood flow recovery after 3 days (p = 0.002), 7 days (p = 0.04) and
10 days (p = 0.01) compared to control mice. CD70/80/86−/− mice
also showed impaired blood flow recovery after 3 days (p = 0.0095),
7 days (p= 0.003) and 10 days (p= 0.002) after surgery compared to
Fig. 2. Pre-existing collateral density in pial circulation. a. Representative image of pre-existing
86−/− and CD70−/− mice. b. Total number of pre-existing collaterals per mm2 in pial circulat
CD70/80/86−/− mice (n= 5). Data are calculated as mean SEM; *p b 0.05.
control mice. This confirms that the CD27-CD70 T cell co-stimulation
pathway has an important role in blood flow recovery.

3.3. Pre-existing collateral formation is affected by CD27-CD70 T cell
co-stimulation

To determine if T cell co-stimulation affects collateral vasculogenesis,
pre-existing collateral density was determined in pial circulation of the
pia mater of CD70−/−, CD80/86−/−, CD70/80/86−/− and control mice.
CD80/86−/−mice showed a similar pre-existing collateral density com-
pared to control mice (Fig. 2a). However, compared to control mice a
decrease in pre-existing collateral density was observed in CD70−/−

(p = 0.04) and CD70/80/86−/− mice (p = 0.04) (Fig. 2b). This de-
creased formation of pre-existing collaterals, indicates an important
role for the CD27-CD70 T cell co-stimulation pathway in vasculogenesis
and collateral development.

3.4. T cell activation via vascular smooth muscle cells is mediated by
CD27-CD70 T cell co-stimulation

VSMC are essential in vascular remodelling andmay also act as APCs
in T cell activation. To determine the role of VSMC co-stimulation
in vitro, we used control, CD80/86−/−, CD70−/− and CD70/80/86−/−

VSMC. We added OT-I T cells (recognizing the MHC class I SIINFEKL
collaterals indicated by white stars (*) in pial circulation in control, CD80/86−/−, CD70/80/
ion is shown in control mice (n= 5), CD80/86−/− mice (n= 7), CD70−/− mice (n= 7),
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epitope of chicken ovalbumin) and LPS and measured the IFNy concen-
tration in the supernatant, as measure of T cell activation, after 24 h.
CD70−/− (p= 0.002) and CD70/80/86−/− (p= 0.001) VSMCs showed
a decreased T cell activation since the IFNy concentration in the super-
natant was significantly lower compared to control VSMCs (Fig. S3).
CD80/86−/− VSMC showed no differences in T cell activation compared
to control VSMC. Indicating that the CD27-CD70 pathway, rather than
the CD28-CD80/86 pathway, might play an important role in T cell acti-
vation via VSMCs.

3.5. Decreased angiogenesis in soleus muscles of CD70−/− mice

To demonstrate the presence of T cells in the proximity of capillaries
in soleus muscles, a double staining was performed for CD31 and CD3
in soleus muscles of mice sacrificed at 28 days after HLI. We here
show the presence of T cells (CD3+ cells) in the soleus muscle around
the capillaries (CD31+ cells), suggesting a contribution of T cells
in angiogenesis (Fig. 3a). Angiogenetic capillary formation was deter-
mined by measuring the number of CD31 positive cells in soleus
muscles (typical example of CD31 IHC staining shown in Fig. 3b).
In mice lacking either CD70 (p = 0.04), CD80/86 (p = 0.02) or both
(p = 0.008), angiogenesis was significantly decreased compared to
control mice 10 days after surgery. CTLA4+/− mice did not show differ-
ences in angiogenesis (Fig. 3c). In CD70−/− mice, angiogenesis was still
impaired after 28 days (p= 0.04) compared to control mice, but CD80/
86−/−, CD70/80/86−/− and CTLA-4+/− mice showed no difference
compared to control mice after 28 days (Fig. 3d). Comparison of
angiogenetic capillary formation after 10 and 28 days showed increased
angiogenesis in CD80/86−/− (p= 0.04), CD70/80/86−/− (p= 0.0005)
and CTLA-4+/− (p = 0.03) mice in time and angiogenesis levels
and showed no longer differences compared to control mice after
28 days, where angiogenesis in CD70−/− mice did not increase in time
Fig. 3. Angiogenesis in soleus muscles. a. Representative image of CD31 (green) and CD3 (ma
b. representative image of CD31 staining in soleus muscle of a control mice is shown which w
non-ischemic) ratio of the number of CD31 positive cells in soleus muscles is shown in cont
mice (n= 10) and CTLA-4+/− mice (n= 6) 10 days after surgery, d. and 28 days after surgery
86−/− mice (n= 8) and CTLA-4+/− mice (n= 11) and in e. both 10 and 28 days after surgery
***p b 0.001.
(Fig. 3e). These results suggest an important role for the CD27-CD70 T
cell co-stimulation pathway in angiogenesis.

3.6. Decreased arteriogenesis in adductor muscles of CD70−/− mice

Arteriogenesis was determined by counting the number of collateral
arterioles and measuring the diameter of collateral arterioles of smooth
muscle cell (aSMActin) stained adductor muscles of mice sacrificed 10
and 28 days after surgery (typical example of aSMActin staining is
shown in Fig. 4a) and is shown as a ratio of treated compared to un-
treated adductor muscle.

Total number of collateral arterioles in the left paw after arterial liga-
tion was significantly lower in CD70−/− mice 10 days (p = 0.02) and
28 days (p = 0.03) after arterial ligation compared to control mice
(Fig. 4b and c), indicating decreased pre-existing collaterals in CD70−/−

mice. No differences in number of collateral arterioles were observed
in CD80/86−/−, CD70/80/86−/− and CTLA-4+/−mice compared to con-
trol mice 10 and 28 days after surgery.

Collateral arterioles diameter L/R ratio was significantly increased
10 days after surgery in CD70−/− mice (p= 0.01) compared to control
mice and a trend towards an increased diameter of collateral arterioles
was observed in CD70/80/86−/− mice (p= 0.08) compared to control
mice. No differences were observed in CD80/86−/− and CTLA-4+/− ad-
ductormuscles compared to control mice (Fig. 4d). The collateral arteri-
oleswere quantified for small (b20 μm2) and large (N20 μm2) collaterals
10 days after surgery to show an increase in large arterioles. No differ-
ences were found in the number of small collaterals (Fig. S4a). We
showed more large collaterals (N20 μm2) in CD70−/− mice (p= 0.04)
compared to control mice (Fig. S4b).

Collateral arteriole diameterwas significantly increased in CTLA-4+/−

mice (p = 0.009), sacrificed 28 days after surgery (Fig. 4e). No dif-
ferences were found in CD70−/−, CD80/86−/− and CD70/80/86−/−
genta) immunofluorescent double staining in soleus muscles is shown with DAPI (blue).
as used for quantification (20× magnification) c. Quantification as L/R (left ischemic/right
rol mice (n = 9), CD80/86−/− mice (n = 10), CD70−/− mice (n = 11), CD70/80/86−/−

of control mice (n= 11), CD80/86−/− mice (n= 11), CD70−/− mice (n= 7), CD70/80/
. Data are calculated as the ratio of L/R and presented as mean SEM; *p b 0.05; **p b 0.01,
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compared to control mice 28 days after surgery. Numbers of small and
large collateral arterioles were higher in CTLA-4+/− mice compared
to control mice (Fig. S4c and S4d). CD70−/− mice did not show an
increased number of small or large collateral arterioles 28 days after
surgery. Comparison of collateral arterioles diameter L/R ratio after 10
and 28 days showed significantly increased diameter of collateral arte-
rioles in time in control, CD80/86−/− and CTLA4+/− adductor muscles
and a decrease in collateral arterioles diameter in CD70−/− adductor
muscles. CD70/80/86−/−mice showed no difference in collateral arteri-
oles diameter L/R ratio in time (Fig. 4f). In conclusion, these results sug-
gest an important role for the CD27-CD70 T cell co-stimulation pathway
in arteriogenesis.
Fig. 4. Arteriogenesis in adductor muscles. a. Representative image ofαSMActin staining in add
left paw 10 days after surgery in control (n= 9), CD80/86−/− (n= 10), CD70−/− (n= 11), CD
shown in the left paw 28 days after surgery in control (n = 11), CD80/86−/− (n = 11), CD7
αSMActin positive collateral arterioles, presented as L/R (left ischemic/right non-ischemic) ra
after surgery. Data are presented as mean SEM; *p b 0.05; **p b 0.01, ***p b 0.001.
4. Discussion

The current study demonstrates an important role for the CD27-
CD70 T cell co-stimulation pathway in angiogenesis, arteriogenesis
and vasculogenesis. The CD28-CD80/86 T cell co-stimulation pathway
showed to be of great importance in T cell activation in lymphoid organs
and bonemarrow. Blood flow recovery after induction of HLI showed to
be significantly impaired in mice lacking CD70, while in CD80/86−/−

mice andCTLA4+/− mice no effect was observed, which indicates
a particular important role of the CD27-CD70 T cell co-stimulation
pathway in neovascularization. CD70 deficiency resulted in impaired
vasculogenesis, as the number of pre-existing collaterals was reduced
uctor muscle tissue (20×magnification). b. Number of collateral arterioles is shown in the
70/80/86−/− (n= 10) and in CTLA-4+/−mice (n= 6). c. Number of collateral arterioles is
0−/− (n = 7), CD70/80/86−/− (n = 8) and in CTLA-4+/− mice (n = 11). d. Diameter of
tio, is shown 10 days after surgery, e. 28 days after surgery and f. in both 10 and 28 days
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in the pia mater. This impaired vasculogenesis also affected the skeletal
muscle, as the number of pre-existing collaterals was also decreased in
the adductor muscle of CD70−/−mice, which led to a severely impaired
blood flow recovery after ischemia. Furthermore, mice lacking CD70 or
CD80/86 showed reduced angiogenesis in soleus muscles 10 days after
ligation. In conclusion, the CD27-CD70 T cell co-stimulation pathway
showed to be most important in pre-existing collateral formation and
post-ischemic blood flow recovery, by arteriogenesis and angiogenesis.

This conclusion was substantiated by the fact that the CD28-CD80/
86 T cell co-stimulation pathway did not show an effect on either
vasculogenesis, arteriogenesis or blood flow recovery. CD80/86−/−

mice demonstrated a similar number of pre-existing collaterals as
the control mice and both CD80/86−/− mice and CTLA4+/− mice
showed the same pattern of blood flow recovery as the control mice
after induction of HLI. Since we observed no effect of the CD28-CD80/
86 T cell co-stimulation pathway on blood flow recovery, the effect of
CD70/80/86−/− mice on blood flow recovery is most likely explained
by the lack of CD70 co-stimulation.

Previous studies showed that the CD28-CD80/86 T cell co-
stimulation pathway and CD28-CTLA4 T cell inhibitory pathway regu-
late the development of native atherosclerosis [23,24] via reduced T
cell activation and proliferation and thus decreased presence of IFNγ
producing T cells, and regulatory T cells. Inhibition of the CD28-CD80/
86 T cell co-stimulation pathway with abatacept showed beneficial ef-
fects on interventional accelerated atherosclerosis, most likely caused
by decreased CD4+ T cell activation [25]. These studies are in contrast
with our study since we here describe an important role of the CD27-
CD70 co-stimulation pathway and not the CD28-CD80/86 T cell co-
stimulation pathway in neovascularization. However, these studies
were performed in an atherosclerosis model, and not in a HLI model.
Furthermore, other T cell co-stimulatory and inhibitory pathways such
as PD1, OX40, CD40 and 4-1BB also showed to be involved in vascular
diseases [32], although interesting, that is beyond the scope of this
study. The CD27-CD70 T cell co-stimulation pathway showed beneficial
effect on atherosclerosis, due to monocytes that were susceptible to ap-
optosis and in that way prevented atherosclerotic plaque formation
[31]. This is line with our study where we show a detrimental effect of
CD70 deficientmice in neovascularization, suggesting a beneficial effect
of CD70 in neovascularization in mice without CD70 deficiency. A par-
ticular important role of the CD27-CD70 and not the CD28-CD80/86 T
cell co-stimulation pathway in our study could be due to the constitu-
tively expression of CD27 and CD28 on T cells [18,33,34], while CD80,
CD86, and CD70 are transiently up regulated upon activation on differ-
ent APCs that contribute to neovascularization e.g. VSMCs, endothelial
cells, macrophages or dendritic cells. We here showed that CD80/
CD86 did not influence the VSMC functionality and only lack of CD70
resulted in an impaired function of VSMC which can contribute to im-
paired pre-existing collateral formation and arteriogenesis via decreased
attraction of inflammatory cells via VSMCs. Although CD27 and CD28 are
constitutively expressed on resting T cells, CD27 and CD28 expression
is lost after differentiation into effector T cells. Transient co-stimulation
expression on these cell types might lead to differential functions of
co-stimulation. Furthermore, it is shown previously that CD28 promotes
T cell proliferation and activation, while CD27 stimulated cell survival.
We suggest that the differential functions and expression of individual
co-stimulation and inhibitory pathwaysmight lead to differential effects
on neovascularization.

This study shows that a combination of all aspects of neovasculariza-
tion is essential for post-ischemic bloodflow recovery. Neovessel forma-
tion may be either de novo via vasculogenesis or under pathological
conditions via angiogenesis [35,36]. Together with arteriogenesis, the
body can naturally restore a hampered blood flow. In this study, im-
paired angiogenesis, arteriogenesis and vasculogenesis showed all to
be involved in the impaired blood flow recovery in mice lacking CD70,
and only an increase in diameter of collateral arterioles was not suffi-
cient to restore bloodflow in the paw after ligation of the femoral artery.
Weexpected a decrease in pre-existing collaterals sincewe also showed
an impairment in the ability to activate T cells in CD70−/− and CD70/80/
86−/− VSMCs in vitro and VSMCs contribute to the development of the
pre-existing collaterals via VEGF regulation [37].

However, with an increase in diameter of collateral arterioles, an in-
crease in post-ischemic blood flow recovery could be expected.We here
show a decreased post-ischemic blood flow recovery in CD70−/− mice
with an increased diameter of collateral arterioles in adductor muscles,
which is counterintuitive. This could be explained by the reduced num-
ber of collateral arterioles observed in the adductor muscles of the
ligatedpaws in CD70−/−micewhich can lead to a higher blood pressure
in the present collateral arterioles after induction of HLI. This can lead to
shear stress and attraction of monocytes and macrophages, which can
explain the increased diameter of collateral arterioles in CD70−/−

mice 10 days after surgery. The impaired angiogenesis and reduced
number of pre-existing collaterals in mice lacking CD70 contributed
to a reduced blood flow recovery and only an increased diameter of
collateral arterioles in the CD70 deficient mice could not restore blood
flow. This indicates that after arterial obstruction, blood flow can only
be restored when all components of neovascularization including
vasculogenesis, angiogenesis and arteriogenesis, are fully functional.

We here described a different function of co-stimulatory pathways
in lymphoid organs, in the systemic circulation and in peripheral tissues.
With an important role of the CD28-CD80/86 co-stimulation pathway
for T cell activation in lymphoid organs and bone marrow, and the
CD27-CD70 co-stimulation pathway in peripheral tissues after ischemia
is induced. Previous studies also showed opposed systemic and periph-
eral effects of monocytes. An enhanced systemic activation of Ly6Chi

monocytes, but a reduced infiltration of Ly6Chi monocytes into periph-
eral muscle tissue was shown after HLI in RP105 (a TLR4 homologue)
deficient mice, which resulted in reduced blood flow recovery in
RP105 deficient mice [38]. Another study showed improved post-
ischemic blood flow recovery after intravenous infusion of T cell pre-
stimulated monocytes. Monocytes were circulating in the blood, but
not present in the vessel wall, suggesting a more systemic effect of
T cell pre-stimulated monocytes [39]. Furthermore, after HLI, CD4+
T cells were specifically accumulated in adductor muscles regulated
via the CCR7-CCL19/CCL21 axis [40]. Which can explain our opposed
systemic and peripheral effects of co-stimulation.

In conclusion, we here show an important role for T cell activation
via co-stimulation in angiogenesis, arteriogenesis and vasculogenesis,
were the CD27-CD70 T cell co-stimulation pathway appears to be the
most important T cell co-stimulation factor in pre-existing collateral for-
mation and post-ischemic blood flow recovery, by arteriogenesis and
angiogenesis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.02.015.

Acknowledgment of grant support

None.

Conflicts of interest

None.

References

[1] H. Lu, A. Daugherty, Atherosclerosis, Arterioscler. Thromb. Vasc. Biol. 35 (3) (2015)
485–491.

[2] F.G. Fowkes, D. Rudan, I. Rudan, V. Aboyans, J.O. Denenberg, M.M. McDermott, P.E.
Norman, U.K. Sampson, L.J. Williams, G.A.Mensah,M.H. Criqui, Comparison of global
estimates of prevalence and risk factors for peripheral artery disease in 2000 and
2010: a systematic review and analysis, Lancet (London, England) 382 (9901)
(2013) 1329–1340.

[3] W. Risau, Mechanisms of angiogenesis, Nature 386 (6626) (1997) 671–674.
[4] A. Rizzi, V. Benagiano, D. Ribatti, Angiogenesis versus arteriogenesis, Romanian J.

Morphol. Embryol. = Rev. Roum. Morphol. Embryol. 58 (1) (2017) 15–19.

https://doi.org/10.1016/j.ijcard.2018.02.015
https://doi.org/10.1016/j.ijcard.2018.02.015
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0005
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0005
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0010
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0010
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0010
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0010
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0010
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0015
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0020
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0020


190 K.H. Simons et al. / International Journal of Cardiology 260 (2018) 184–190
[5] C.E. Bergmann, I.E. Hoefer, B. Meder, H. Roth, N. van Royen, S.M. Breit, M.M. Jost, S.
Aharinejad, S. Hartmann, I.R. Buschmann, Arteriogenesis depends on circulating
monocytes and macrophage accumulation and is severely depressed in op/op
mice, J. Leukoc. Biol. 80 (1) (2006) 59–65.

[6] M. Heil, I. Eitenmuller, T. Schmitz-Rixen, W. Schaper, Arteriogenesis versus angio-
genesis: similarities and differences, J. Cell. Mol. Med. 10 (1) (2006) 45–55.

[7] W. Risau, I. Flamme, Vasculogenesis, Annu. Rev. Cell Dev. Biol. 11 (1995) 73–91.
[8] S.M. Peirce, T.C. Skalak, Microvascular remodeling: a complex continuum spanning

angiogenesis to arteriogenesis, Microcirculation (New York, NY: 1994) 10 (1)
(2003) 99–111.

[9] G.L. Semenza, Vasculogenesis, angiogenesis, and arteriogenesis: mechanisms of
blood vessel formation and remodeling, J. Cell. Biochem. 102 (4) (2007) 840–847.

[10] V. van Weel, R.E. Toes, L. Seghers, M.M. Deckers, M.R. de Vries, P.H. Eilers, J. Sipkens,
A. Schepers, D. Eefting, V.W. van Hinsbergh, J.H. van Bockel, P.H. Quax, Natural killer
cells and CD4+ T-cells modulate collateral artery development, Arterioscler.
Thromb. Vasc. Biol. 27 (11) (2007) 2310–2318.

[11] E. Stabile, M.S. Burnett, C. Watkins, T. Kinnaird, A. Bachis, A. la Sala, J.M. Miller, M.
Shou, S.E. Epstein, S. Fuchs, Impaired arteriogenic response to acute hindlimb ische-
mia in CD4-knockout mice, Circulation 108 (2) (2003) 205–210.

[12] G. Rega, C. Kaun, S. Demyanets, S. Pfaffenberger, K. Rychli, P.J. Hohensinner, S.P.
Kastl, W.S. Speidl, T.W. Weiss, J.M. Breuss, A. Furnkranz, P. Uhrin, J. Zaujec, V.
Zilberfarb, M. Frey, R. Roehle, G. Maurer, K. Huber, J. Wojta, Vascular endothelial
growth factor is induced by the inflammatory cytokines interleukin-6 and
oncostatin m in human adipose tissue in vitro and in murine adipose tissue
in vivo, Arterioscler. Thromb. Vasc. Biol. 27 (7) (2007) 1587–1595.

[13] M. Melter, M.E. Reinders, M. Sho, S. Pal, C. Geehan, M.D. Denton, D. Mukhopadhyay,
D.M. Briscoe, Ligation of CD40 induces the expression of vascular endothelial
growth factor by endothelial cells and monocytes and promotes angiogenesis
in vivo, Blood 96 (12) (2000) 3801–3808.

[14] E. Stabile, T. Kinnaird, A. la Sala, S.K. Hanson, C. Watkins, U. Campia, M. Shou, S.
Zbinden, S. Fuchs, H. Kornfeld, S.E. Epstein, M.S. Burnett, CD8+ T lymphocytes
regulate the arteriogenic response to ischemia by infiltrating the site of collateral
vessel development and recruiting CD4+mononuclear cells through the expression
of interleukin-16, Circulation 113 (1) (2006) 118–124.

[15] H. Zhou, Y. Luo, M. Mizutani, N. Mizutani, R.A. Reisfeld, R. Xiang, T cell-mediated
suppression of angiogenesis results in tumor protective immunity, Blood 106 (6)
(2005) 2026–2032.

[16] J. Hur, H.M. Yang, C.H. Yoon, C.S. Lee, K.W. Park, J.H. Kim, T.Y. Kim, J.Y. Kim, H.J. Kang,
I.H. Chae, B.H. Oh, Y.B. Park, H.S. Kim, Identification of a novel role of T cells in postna-
tal vasculogenesis: characterization of endothelial progenitor cell colonies, Circulation
116 (15) (2007) 1671–1682.

[17] L. Chen, D.B. Flies, Molecular mechanisms of T cell co-stimulation and co-inhibition,
Nat. Rev. Immunol. 13 (4) (2013) 227–242.

[18] A.H. Sharpe, G.J. Freeman, The B7-CD28 superfamily, Nat. Rev. Immunol. 2 (2)
(2002) 116–126.

[19] N. Gerdes, A. Zirlik, Co-stimulatorymolecules in and beyond co-stimulation - tipping
the balance in atherosclerosis? Thromb. Haemost. 106 (5) (2011) 804–813.

[20] J. Denoeud, M. Moser, Role of CD27/CD70 pathway of activation in immunity and
tolerance, J. Leukoc. Biol. 89 (2) (2011) 195–203.

[21] T.H. Watts, TNF/TNFR family members in costimulation of T cell responses, Annu.
Rev. Immunol. 23 (2005) 23–68.

[22] K. van de Ven, J. Borst, Targeting the T-cell co-stimulatory CD27/CD70 pathway in
cancer immunotherapy: rationale and potential, Immunotherapy 7 (6) (2015)
655–667.

[23] H. Ait-Oufella, B.L. Salomon, S. Potteaux, A.K. Robertson, P. Gourdy, J. Zoll, R. Merval,
B. Esposito, J.L. Cohen, S. Fisson, R.A. Flavell, G.K. Hansson, D. Klatzmann, A. Tedgui, Z.
Mallat, Natural regulatory T cells control the development of atherosclerosis inmice,
Nat. Med. 12 (2) (2006) 178–180.

[24] C. Buono, H. Pang, Y. Uchida, P. Libby, A.H. Sharpe, A.H. Lichtman, B7-1/B7-2
costimulation regulates plaque antigen-specific T-cell responses and atherogenesis
in low-density lipoprotein receptor-deficient mice, Circulation 109 (16) (2004)
2009–2015.

[25] M.M. Ewing, J.C. Karper, S. Abdul, R.C. de Jong, H.A.B. Peters, M.R. de Vries, A.
Redeker, J. Kuiper, R.E. Toes, R. Arens, J.W. Jukema, P.H.A. Quax, T-cell co-
stimulation by CD28-CD80/86 and its negative regulator CTLA-4 strongly influence
accelerated atherosclerosis development, Int. J. Cardiol. 168 (3) (2013) 1965–1974.

[26] A.H. Lichtman, T cell costimulatory and coinhibitory pathways in vascular inflam-
matory diseases, Front. Physiol. 3 (2012) 18.

[27] Y. Furukawa,D.A.Mandelbrot, P. Libby, A.H. Sharpe, R.N.Mitchell, Association of B7-1
co-stimulation with the development of graft arterial disease. Studies using mice
lacking B7-1, B7-2, or B7-1/B7-2, Am. J. Pathol. 157 (2) (2000) 473–484.

[28] K.S. Kim, M.D. Denton, A. Chandraker, A. Knoflach, R. Milord, A.M.Waaga, L.A. Turka,
M.E. Russell, R. Peach, M.H. Sayegh, CD28-B7-mediated T cell costimulation
in chronic cardiac allograft rejection: differential role of B7-1 in initiation versus
progression of graft arteriosclerosis, Am. J. Pathol. 158 (3) (2001) 977–986.

[29] R.N. Mitchell, P. Libby, Vascular remodeling in transplant vasculopathy, Circ. Res.
100 (7) (2007) 967–978.

[30] D. Kormendy, H. Hoff, P. Hoff, B.M. Broker, G.R. Burmester, M.C. Brunner-Weinzierl,
Impact of the CTLA-4/CD28 axis on the processes of joint inflammation in rheuma-
toid arthritis, Arthritis Rheum. 65 (1) (2013) 81–87.

[31] R.W. van Olffen, A.M. de Bruin, M. Vos, A.D. Staniszewska, J. Hamann, R.A. van Lier,
C.J. de Vries, M.A. Nolte, CD70-driven chronic immune activation is protective
against atherosclerosis, J. Innate Immun. 2 (4) (2010) 344–352.

[32] I. Gotsman, A.H. Sharpe, A.H. Lichtman, T-cell costimulation and coinhibition in
atherosclerosis, Circ. Res. 103 (11) (2008) 1220–1231.

[33] K. Tesselaar, Y. Xiao, R. Arens, G.M. van Schijndel, D.H. Schuurhuis, R.E. Mebius, J.
Borst, R.A. van Lier, Expression of the murine CD27 ligand CD70 in vitro and
in vivo, J. Immunol. (Baltimore, Md: 1950) 170 (1) (2003) 33–40.

[34] J. Borst, J. Hendriks, Y. Xiao, CD27 and CD70 in T cell and B cell activation, Curr. Opin.
Immunol. 17 (3) (2005) 275–281.

[35] N. Kubis, B.I. Levy, Vasculogenesis and angiogenesis: molecular and cellular controls.
Part 1: growth factors, Interv. Neuroradiol. 9 (3) (2003) 227–237.

[36] L. Beck Jr., P.A. D'Amore, Vascular development: cellular and molecular regulation,
FASEB J. 11 (5) (1997) 365–373.

[37] J.L. Lucitti, J.K. Mackey, J.C. Morrison, J.J. Haigh, R.H. Adams, J.E. Faber, Formation of
the collateral circulation is regulated by vascular endothelial growth factor-A and
a disintegrin and metalloprotease family members 10 and 17, Circ. Res. 111 (12)
(2012) 1539–1550.

[38] A.J. Bastiaansen, J.C. Karper, A. Wezel, H.C. de Boer, S.M. Welten, R.C. de Jong, E.A.
Peters, M.R. de Vries, A.M. van Oeveren-Rietdijk, A.J. van Zonneveld, J.F. Hamming,
A.Y. Nossent, P.H. Quax, TLR4 accessory molecule RP105 (CD180) regulates
monocyte-driven arteriogenesis in a murine hind limb ischemia model, PLoS One
9 (6) (2014), e99882.

[39] A.A. Hellingman, J.J. Zwaginga, R.T. van Beem, J.F. Hamming, W.E. Fibbe, P.H. Quax,
S.B. Geutskens, T-cell-pre-stimulated monocytes promote neovascularisation in
a murine hind limb ischaemia model, Eur. J. Vasc. Endovasc. Surg. 41 (3) (2011)
418–428.

[40] A.Y. Nossent, A.J. Bastiaansen, E.A. Peters, M.R. de Vries, Z. Aref, S.M. Welten, S.C. de
Jager, T.C. van der Pouw Kraan, P.H. Quax, CCR7-CCL19/CCL21 axis is essential for
effective arteriogenesis in a murine model of hindlimb ischemia, J. Am. Heart
Assoc. 6 (3) (2017), e005281.

http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0025
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0025
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0025
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0025
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0030
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0030
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0035
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0040
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0040
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0040
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0045
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0045
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0050
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0050
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0050
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0050
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0055
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0055
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0055
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0060
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0060
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0060
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0060
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0060
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0060
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0065
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0065
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0065
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0065
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0070
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0070
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0070
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0070
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0070
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0075
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0075
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0075
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0080
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0080
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0080
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0080
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0085
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0085
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0090
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0090
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0095
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0095
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0100
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0100
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0105
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0105
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0110
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0110
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0110
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0115
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0115
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0115
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0115
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0120
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0120
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0120
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0120
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0125
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0125
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0125
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0125
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0130
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0130
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0135
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0135
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0135
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0140
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0140
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0140
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0140
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0145
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0145
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0150
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0150
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0150
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0155
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0155
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0155
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0160
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0160
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0165
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0165
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0165
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0170
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0170
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0175
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0175
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0180
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0180
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0185
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0185
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0185
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0185
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0190
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0190
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0190
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0190
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0190
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0195
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0195
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0195
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0195
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0200
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0200
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0200
http://refhub.elsevier.com/S0167-5273(17)37920-2/rf0200

	The role of CD27-�CD70-�mediated T cell co-�stimulation in vasculogenesis, arteriogenesis and angiogenesis
	1. Introduction
	2. Materials and methods
	3. Results
	3.1. Differential impact of co-stimulation pathways on T cell activation in lymphoid organs and blood
	3.2. Impact of CD27-CD70-mediated T cell co-stimulation on post-ischemic blood flow recovery
	3.3. Pre-existing collateral formation is affected by CD27-CD70 T cell co-stimulation
	3.4. T cell activation via vascular smooth muscle cells is mediated by CD27-CD70 T cell co-stimulation
	3.5. Decreased angiogenesis in soleus muscles of CD70−/− mice
	3.6. Decreased arteriogenesis in adductor muscles of CD70−/− mice

	4. Discussion
	Acknowledgment of grant support
	Conflicts of interest
	References


