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Abstract

Background
T cells have a distinctive role in neovascularization, which consists of arteriogenesis 

and angiogenesis 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 study was to investigate 

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 compared 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 soleus muscle 10 days after ligation. Arteriogenesis was 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 the most important co-stimulation 

pathway in pre-existing collateral formation and post-ischemic blood flow recovery, 

by arteriogenesis and angiogenesis.
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Introduction 

Peripheral arterial disease (PAD) is characterized by the formation of atherosclerotic 

plaques in lower extremities and is a major cause of morbidity and mortality1, 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. 

Neovascularization consists of angiogenesis and arteriogenesis under pathological 

conditions, such as PAD or myocardial 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 occlusion3. Arteriogenesis initiates by inflammation, shear stress and 

circumferential stretch on the vascular wall, which causes inactive pre-existing 

arterioles, formed by vasculogenesis, to mature into functional collateral arteries, 

which occurs mainly nearby the occlusion4, 5,6. 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 vessels7. 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. The 

maturation of pre-existing collateral arteries by arteriogenesis, together with the 

angiogenetic sprouting of new capillaries, can restore blood flow towards ischemic 

tissues8, 9. 

We and others have shown a specific role of CD4+ T cells in arteriogenesis by 

using a hind limb ischemia (HLI) model10, 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 cytokines, 

indicating a possible role of CD4+ T cells in angiogenesis as well12, 13. CD8+ T cells 

also contribute to the early phase of arteriogenesis and recruit CD4+ mononuclear 

cells through the expression of IL-1614. Others also suggest a role for CD8+ T cells in 

angiogenesis15. A previous study further showed that T cells play an important role 

in vasculogenesis16. However, it is still unknown what the activation 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 studied molecules17. CD28 is a 

co-stimulation receptor expressed constitutively on the cell-surface of T cells, which 
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interacts 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 CD2817. 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 cell20. In contrast to their receptors, co-

stimulatory ligands CD80, CD86, and CD70 are transiently up regulated upon 

activation. The signaling pathway of CD27 in T cells is different compared to CD28 

and CD27 promotes T cell survival via up regulation of anti-apoptotic factors21, 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 atherosclerosis23, 

24 as well as post-interventional accelerated atherosclerosis25. But this pathway was 

also shown to be involved in other vascular diseases26, graft arterial disease27,28,29 

and inflammatory diseases such as rheumatoid arthritis30. 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 atherosclerosis31. 

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-ischaemic 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.

Materials and methods 

Mice 
This study was performed in compliance with Dutch government guidelines and the 

Directive 2010/63/EU of the European Parliament. All experiments were approved by 

the committee on animal welfare of the Leiden University Medical Center (Leiden, the 

Netherlands). For the experiments 10 to 18 week old male mice were used. C57BL/6 

mice were purchased from Harlan Laboratories. CD70-/-32, CD80/86-/- 33 and CTLA4+/- 

mice were bred in house to the obtained C57BL/6 background34. CD70/80/86-/-34 mice 

were generated by crossing CD70−/− with CD80/86−/− mice. Ovalbumin-specific T cell 

receptor (TCR) transgenic OT-I mice35 were obtained from The Jackson Laboratory. 

Mice were fed a chow diet ad libitum. 
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Murine HLI model 
Mice were anesthetized with an intraperitoneal injection of midazolam (8 mg/kg, 

Roche Diagnostics), medetomidine (0.4 mg/kg; Orion), and fentanyl (0.08 mg/kg; 

Janssen Pharmaceuticals). Unilateral HLI was induced by electrocoagulation of the 

left common femoral artery proximal to the superficial epigastric artery and proximal 

to the bifurcation of the popliteal and saphenous artery (double ligation model)36. 

After surgery, anaesthesia was antagonised with flumazenil (0.7 mg/kg, Fresenius 

Kabi). Buprenorphine (0.1 mg/kg, MSD Animal Health) was given after surgery to 

relieve pain in a fixed regime and when circumstances required this was repeated. 

Mice were sacrificed 10 days after surgery (n=46) or 28 days after surgery (n=48) to 

investigate neovascularization in time. 

Laser Doppler perfusion 
Blood flow recovery was measured in the paw of the mice with the use of Laser 

Doppler Perfusion Imaging (LDPI) (Moor Instruments). Blood flow was measured 

before and directly after ligation and at day 3, 7, 10, 13, 21 and 28. Before LDPI, 

mice were anaesthetised with an intraperitoneal injection of midazolam (8 mg/

kg) and medetomidine (0.4 mg/kg). After LDPI, anaesthesia was antagonised by 

subcutaneous injection of flumazenil (0.7mg/kg). Paw perfusion was expressed as a 

ratio of left (ischemic) to right (non-ischemic) paw.

After the last LDPI measurement at day 10 or day 28, analgesic fentanyl (0.08 

mg/kg) was administered subcutaneously and mice were sacrificed via cervical 

dislocation. Blood, lymph nodes, spleen and femur and tibia (to isolate bone marrow 

macrophages) were harvested for FACS analysis. The adductor and soleus muscles 

were harvested for (immuno)histochemical analysis. Adductor muscles were fixed in 

4% formaldehyde and embedded in paraffin, soleus muscles were snap frozen on dry 

ice and stored at -80°C. 

Immunohistochemistry 
Cross sections of 6 μm were made throughout the embedded adductor muscle. 

Adductor muscle sections were stained with alpha smooth muscle cell actin 

(aSMActin, DAKO) to visualize vascular smooth muscle cells (VSMC). Stained slides 

were photographed (20x magnification) with microscope photography software 

(Axiovision, Zeiss) and analysed with ImageJ (FIJI) by counting the number of arterioles 

and measuring the diameters of each arteriole with a visible lumen to determine 

arteriogenesis. Arterioles were divided in two groups; diameter <20 μm2 and >20 μm2.  

Fresh-frozen soleus muscles were cross sectioned in 6 μm slices with a cryostat and 

sections were fixated in acetone. To visualise endothelial cells, soleus muscle sections 
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were stained with CD31 (BD Pharmingen). Stained slides were photographed (20x 

magnification) with microscope photography software. The number of endothelial 

cells was quantified with ImageJ, which was used to determine angiogenesis levels. 

Immunofluorescent double staining was performed to identify the presence of T cells 

in close proximity of capillaries in the soleus muscle. Soleus muscle samples were 

stained for CD31 (Abcam) and CD3 (AbD Serotec). Slides were covered with Invitrogen 

Diamond Antifade Mountant (Invitrogen) with 4’,6-diamidino-2-phenylindole (DAPI). 

Pre-existing collateral density in pial circulation 
Pre-existing collateral density was determined in pial circulation of the pia mater. 

Pre-existing collateral density in the cerebral pial circulation is representative for 

collateral density in skeletal muscle37. Mice were anesthetized with midazolam (8 

mg/kg), medetomidine (0.4 mg/kg) and fentanyl (0.08 mg/kg) via intraperitoneal 

injection and heparinized via intramuscular injection, after onset of anaesthesia. The 

thoracic aorta was cannulated retrograde and the circulation was maximally dilated 

by perfusion with sodium-nitroprusside (30 μg/ml) and papaverine (40 μg/ml) in 

PBS at approximately 100 mm Hg prior to vascular casting. After craniotomy Yellow 

Microfil (Flow Tech Inc.) was infused under a stereomicroscope. The dorsal cerebral 

circulation was fixed with topical application of 4% paraformaldehyde (PFA) to 

prevent any degradation in vessel dimensions after Microfil injection. The brains were 

fixed overnight in 4% PFA and were subsequently incubated in Evans Blue (2 μg/ml 

in 4% PFA) for several days to improve contrast for visualization of the vasculature. 

Digital images were acquired of the dorsal brain surface and processed with ImageJ 

software (NIH). Collateral density was calculated by counting the total number of 

pial collaterals between the anterior cerebral artery (ACA)-middle cerebral artery 

(MCA) and MCA-posterior cerebral artery (PCA) as described elsewhere38-41 divided 

by the dorsal surface area of the cerebral hemispheres. Hemispheres that sustained 

damage, were incompletely filled, or were otherwise uncountable, were excluded 

from analysis. 

Cell culture
VSMCs were acquired by isolating VSMCs from mice aortas. VSMCs were cultured in 

medium containing DMEM Glutamax with 20% FCS (Gibco® by Life Technologies), 

non-essential amino acids (MEM 100x, Gibco® by Thermofisher) and 100 U/mL 

Penicillin/streptomycin (Gibco® by Life Technologies). T cells were isolated from the 

spleens of OT-I mice. In total 50.000 VSMCs per well in a 24-wells plate were added 

with SIINFEKL peptide(0.3ug/ml, the CD8 OT-I T cell epitope of chicken ovalbumin) 

for 4 hours, after which 250.000 OT-I T cells were added and cells were stimulated 
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with 100ng/ml Lipopolysaccharide from Escherichia coli K-235 (LPS) purchased from 

Sigma-Aldrich (MO). Supernatant was removed after 24 hours after which IFN-ɣ 

concentrations were measured using ELISA assays (BD Biosciences).

Flow cytometry
Flow cytometry was performed on spleen, lymph nodes, bone marrow macrophages 

(BMM) and blood of 6 mice per group sacrificed after 10 and 28 days. BMM were 

acquired by isolating monocytes from femur and tibia bone marrow. Single-cell 

suspensions were prepared from spleens, lymph nodes and BMM by mincing the 

tissue through a 70 um cell strainer (BD Biosciences). Cells were washed with 10 ml 

IMDM Glutamax with 8% FCS and 100 U/mL Penicillin/streptomycin. Erythrocytes 

were lysed in red blood cell lysis buffer (hypotonic ammonium chloride buffer). 

Conjugated monoclonal antibodies to mouse CD3 (V500), CD62L (Allophycocyanin 

[APC]), CD8 (Alexa Fluor 700), KLRG1 (PE-Cy7), CD4 (Brilliant Violet 605/Qdol605) 

were purchased from eBioscience or BD Biosciences. Dead cells were excluded by 

positivity for 7-aminoactinomycinD (7-AAD) (Invitrogen). Flow cytometric acquisition 

was performed on a BD LSR II flow cytometer (BD Biosciences). Data were analysed 

using FlowJo V10.1 software.

Statistical analysis 
All data are presented as mean SEM. In statistics software GraphPad Prism 7.0, 

statistical analyses on parametric data were performed by using a 2-tailed Student’s 

t-test to compare individual groups, Mann-Whitney test was used for nonparametric 

data. A 1-way ANOVA was performed on parametric data comparing more than 2 

groups and a Kruskal-Wallis test was performed on nonparametric data. P value of 

<0.05 was considered significant.

Results 

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 analyzing 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 
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decreased T cell activation compared to control (figure S1 and S2), indicating a more 

important 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 lymphoid 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 activation 

in blood. Together, these results demonstrate a differential effect of co-stimulatory 

pathways on T cell activation in bone marrow and lymphoid organs compared to the 

blood circulation.

Impact of CD27-CD70-mediated T cell co-stimulation on post-ischaemic 
blood flow recovery.
The above descibed 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-ischaemic blood flow 

recovery by analysing paw perfusion in control, CD80/86-/-, CD70-/-, CD70/80/86-/- and 

CTLA-4+/- mice before ligation of the femoral artery and serially after surgery until 

sacrifice of the mice after 28 days. Paw perfusion was decreased directly after surgery 

and control mice showed 74% blood flow recovery in 28 days after surgery with a 

small drop in recovery between 7 and 13 days (figure 1a). CD80/86-/- and CTLA4+/- mice 

showed a similar blood flow recovery pattern in the paw as control mice, indicating 

that the CD28-CD80/86 T 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 decreased 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 ratios 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 (figure 

1a), we performed a second paw perfusion experiment in which the mice were 

sacrificed 10 days after surgery. Blood flow recovery in CD80/86-/- and CTLA-4+/- 

mice was comparable to control mice (figure 1b). However, CD70-/- mice showed 
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Figure 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<0.05; ** p<0.01.
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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 control mice. This confirms that the CD27-CD70 T cell co-

stimulation pathway has an important role in blood flow recovery.

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 compared to control mice (figure 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) (figure 2b). This decreased formation of 

pre-existing collaterals, indicates an important role for the CD27-CD70 T cell co-

stimulation pathway in vasculogenesis and collateral development. 

T cell activation via vascular smooth muscle cells is mediated by  
CD27-CD70 T cell co-stimulation. 
VSMC are essential in vascular remodeling and may 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 epitope of chicken ovalbumin) and LPS and measured the IFNy 

concentration in the supernatant, as measure of T cell activation, after 24 hours. CD70-

/- (p=0.002) and CD70/80/86-/- (p=0.001) VSMCs showed a decreased T cell activation 

since the IFNy concentration in the supernatant was significantly lower compared to 

control VSMCs (figure 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 activation via VSMCs.

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 (figure 3a). Angiogenetic capillary formation was determined 

by measuring the number of CD31 positive cells in soleus muscles (typical example of 

CD31 IHC staining shown in figure 3b). In mice lacking either CD70 (p=0.04), CD80/86 

(p=0.02) or both (p=0.008), angiogenesis was significantly decreased compared 
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to control mice 10 days after surgery. CTLA4+/- mice did not show differences in 

angiogenesis (figure 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 (figure 

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 (figure 3e). These results suggest an important role for the CD27-

CD70 T cell co-stimulation pathway in angiogenesis.

Figure 2. Pre-existing collateral density in pial circulation. a. Representative image of pre-existing 
collaterals indicated by white stars (*) in pial circulation in control, CD80/86-/-, CD70/80/86-/- and CD70-

/- mice. b. Total number of pre-existing collaterals per mm2 in pial circulation is shown in control mice 
(n=5), CD80/86-/- mice (n=7), CD70-/- mice (n=7), CD70/80/86-/- mice (n=5). Data are calculated as mean 
SEM; * p<0.05. 
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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 figure 4a) 

and is shown as a ratio of treated compared to untreated adductor muscle.  

Total number of collateral arterioles in the left paw after arterial ligation was 

significantly lower in CD70-/- mice 10 days (p=0.02) and 28 days (p=0.03) after arterial 

ligation compared to control mice (figure 4b and 4c), 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 control 

mice 10 and 28 days after surgery.

Figure 3. Angiogenesis in soleus muscles. a. Representative image of CD31 (green) and CD3 (magenta) 
immunofluorescent double staining in soleus muscles is shown with DAPI (blue). b. representative 
image of CD31 staining in soleus muscle of a control mice is shown which was used for quantification 
(20x magnification) c. Quantification as L/R (left ischemic/right non-ischemic) ratio of the number of 
CD31 positive cells in soleus muscles is shown in control mice (n=9), CD80/86-/- mice (n=10), CD70-/- 
mice (n=11), CD70/80/86-/- mice (n=10) and CTLA-4+/- mice (n=6) 10 days after surgery, d. and 28 days 
after surgery of control mice (n=11), CD80/86-/- mice (n=11), CD70-/- mice (n=7 ), CD70/80/86-/- mice 
(n=8) and CTLA-4+/- mice (n=11) and in e. both 10 and 28 days after surgery. Data are calculated as the 
ratio of L/R and presented as mean SEM; * p<0.05; ** p<0.01, ***p<0.001. 
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Figure 4. Arteriogenesis in adductor muscles. a. Representative image of αSMActin staining in 
adductor muscle tissue (20x magnification). b. Number of collateral arterioles is shown in the left 
paw 10 days after surgery in control (n=9), CD80/86-/- (n=10), CD70-/- (n=11), CD70/80/86-/- (n=10) 
and in CTLA-4+/- mice (n=6). c. Number of collateral arterioles is shown in the left paw 28 days after 
surgery in control (n=11), CD80/86-/- (n=11), CD70-/- (n=7), CD70/80/86-/- (n=8) and in CTLA-4+/- mice 
(n=11). d. Diameter of αSMActin positive collateral arterioles, presented as L/R (left ischemic/right 
non-ischemic) ratio, is shown 10 days after surgery, e. 28 days after surgery and f. in both 10 and 28 
days after surgery. Data are presented as mean SEM; * p<0.05; ** p<0.01, ***p<0.001.
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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+/- adductor muscles compared to control mice (figure 4d). The collateral 

arterioles were quantified for small (<20um2) and large (>20um2) collaterals 10 days 

after surgery to show an increase in large arterioles. No differences were found in the 

number of small collaterals (figure S4a). We showed more large collaterals (>20um2) 

in CD70-/- mice (p=0.04) compared to control mice (figure S4b). 

Collateral arteriole diameter was significantly increased in CTLA-4+/- mice (p=0.009), 

sacrificed 28 days after surgery (figure 4e). No differences were found in CD70-/-, 

CD80/86-/- and CD70/80/86-/- 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 (figure S4c and S42d). 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 arterioles 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 arterioles diameter L/R ratio in 

time (figure 4f ). In conclusion, these results suggest an important role for the CD27-

CD70 T cell co-stimulation pathway in arteriogenesis.

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 bone marrow. 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 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-
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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 regulate the development of native 

atherosclerosis23, 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 effects on 

interventional accelerated atherosclerosis, most likely caused by decreased CD4+ T 

cell activation25. 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 diseases42, 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 apoptosis and 

in that way prevented atherosclerotic plaque formation31. This is line with our study 

where we show a detrimental effect of CD70 deficient mice in neovascularization, 

suggesting a beneficial effect of CD70 in neovascularization in mice without CD70 

deficiency. A particular 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 constitutively expression 

of CD27 and CD28 on T cells 18, 43, 44, while CD80, CD86, and CD70 are transiently up 

regulated upon activation on different 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 impaired 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, 
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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 

pathways might lead to differential effects on neovascularization. 

This study shows that a combination of all aspects of neovascularization is essential 

for post-ischemic blood flow recovery. Neovessel formation may be either de novo via 

vasculogenesis or under pathological conditions via angiogenesis45, 46. Together with 

arteriogenesis, the body can naturally restore a hampered blood flow. In this study, 

impaired 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 sufficient to restore blood flow in the paw 

after ligation of the femoral artery. We expected a decrease in pre-existing collaterals 

since we 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 regulation47.

However, with an increase in diameter of collateral arterioles, an increase 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 number of collateral arterioles observed in the adductor muscles of the 

ligated paws in CD70-/ mice which 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 
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tissues after ischemia is induced. Previous studies also showed opposed systemic 

and peripheral effects of monocytes. An enhanced systemic activation of Ly6Chi 

monocytes, but a reduced infiltration of Ly6Chi monocytes into peripheral muscle 

tissue was shown after HLI in RP105 (a TLR4 homologue) deficient mice, which 

resulted in reduced blood flow recovery in RP105 deficient mice48. 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 

monocytes49. Furthermore, after HLI, CD4+ T cells were specifically accumulated in 

adductor muscles regulated via the CCR7‐CCL19/CCL21 axis50. 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 formation and post-ischemic blood flow recovery, by 

arteriogenesis and angiogenesis.
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Supplemental figures

Figure S1. Percentage of KLRG1+ CD62L-, CD4+ or CD8+ T cells. Blood, bone marrow, lymph node 
and spleen were analysed with FACS of control CD80/86-/-, CD70-/-, CD70/80/86-/- and CTLA4+/- mice, 
sacrificed 28 days after surgery. a. CD4+ T cells b. CD8+ T cells. n=3-6. Data is presented as mean SEM; 
*p<0.05, **p<0.01

Figure S2 Percentage of KLRG1+ CD62L-, CD4+ or CD8+ T cells. Blood, bone marrow, lymph node 
and spleen were analysed with FACS of control CD80/86-/-, CD70-/-, CD70/80/86-/- and CTLA4+/- mice, 
sacrificed 10 days after surgery. a. CD4+ T cells b. CD8+ T cells. n=3-6. Data is presented as mean SEM; 
*p<0.05, **p<0.01
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Figure S3. T cell activation via VSMC measured in control, CD80/86/-, CD70-/- and CD70/80/86-/- VSMCs. 
T cells of an OT-I mouse were added to the cultured VSMCs together with Ova and LPS (100ng/ml). 
IFNy (in pg/ml) concentration was measured in supernatant of VSMCs after 24 hours. CD80/86/-, CD70-

/- and CD70/80/86-/- n=4, control n=10. Data are calculated as mean SEM; **p<0.01

Figure S4. Diameter of αSMActin positive collateral arterioles divided in <20 μm2 and >20 μm2. Data 

presented as L/R (left ischemic/right non-ischemic) ratio. a. 10 days after surgery Ischemic/non-
ischemic ratio of number of collateral arterioles < 20 µm2 and b. > 20 µm2 was quantified. c. and also 
28 days after surgery number of collateral arterioles < 20 µm2 and d. > 20 µm2 was quantified. 
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