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A B S T R A C T   

Vascular normalisation, the process that reverses the structural and functional abnormalities seen in tumour- 
associated vessels, is also accompanied by changes in leucocyte trafficking. Our previous studies have shown 
the normalisation effects of the agent CD5-2 which acts to stabilise VE-Cadherin leading to increased penetration 
of CD8+ T cells but decreased infiltration of neutrophils (CD11b+Gr1hi) into tumour parenchyma. In the present 
study, we demonstrate that VE-Cadherin stabilisation through CD5-2 treatment of purified endothelial cells (ECs) 
results in a similar leucocyte-selective regulation of transmigration, suggesting the existence of an endothelial 
specific intrinsic mechanism. Further, we show by RNA sequencing (RNA-seq)-based transcriptomic analysis, 
that treatment of ECs with CD5-2 regulates chemokines known to be involved in leucocyte transmigration, 
including upregulation of CCL2 and CXCL10 that facilitate CD8+ T cell transmigration. Both in vitro and in vivo 
mechanistic studies revealed that the increased CCL2 expression was dependent on expression of VE-Cadherin 
and downstream activation of the AKT/GSK3β/β-catenin/TCF4 signalling pathway. CD5-2 treatment also 
contributed to the reorganisation of the cytoskeleton, inducing reorganisation of stress fibres to circumferential 
actin, which previously has been described as associated with the stabilisation of the endothelial barrier, and 
amplification of the transcellular migration of CD8+ T cells. Thus, we propose that promotion of endothelial 
junctional integrity during vascular normalisation not only inhibits vascular leak but also resets the endothelial 
dependent regulation of immune cell infiltration.   

1. Introduction 

Tumour vasculature is both structurally and functionally highly 
abnormal, characterised by increased vessel diameters, density and 
tortuosity [1]. These vessels exhibit loosely connected endothelial cells 
(ECs) with abnormal pericyte coverage and defective basement mem-
branes, all of which contributes to a dysfunctional, leaky tumour 
vasculature that directly or indirectly results in the tumour’s intrinsic 
immune-suppressive microenvironment [2]. 

Immunotherapy, in particular immune checkpoint inhibitors (ICIs), 
has recently achieved remarkable efficacy and altered the treatment 
landscape of many tumours. Nevertheless, a major issue involved in the 
initial resistance to ICIs is the lack of tumour T cell infiltration, with 
these tumours defined as so-called “cold tumours” [3]. The strategies for 

converting “cold tumours” into “hot tumours” as evidenced by more T 
cells infiltrating into tumour parenchyma and loss of the immune sup-
pressive nature of the microenvironment have gained attention. The 
process of normalisation of the tumour vasculature has been one such 
approach to influence the immune landscape. 

Blood vessel ECs are key regulators of inflammation, controlling 
leucocyte trafficking and fluid flux between the intra- and extravascular 
compartments [4]. Notably, EC permeability and leucocyte extravasa-
tion are separate events [5]. EC permeability results from stimulation 
with agents such as thrombin, histamine and vascular endothelial 
growth factor (VEGF) [6–8]. In contrast, leucocyte extravasation is 
stimulated by inflammatory cytokines such as tumour necrosis 
factor-alpha (TNF-α), interleukin-1 (IL-1) and interferon-γ (IFN-γ) and is 
a multi-step process that is initiated by interactions between the 
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leucocytes and ECs in post-capillary venules [9–11]. Transendothelial 
cell migration through the capillaries or through high endothelial ve-
nules (HEVs) provides a principal route for T cells to penetrate into the 
tumours [12]. To this end, the critical question is how normalised 
tumour blood vessels facilitate T cell infiltration. 

VE-Cadherin is a central molecule ensuring proper barrier function in 
ECs. Reduced VE-Cadherin levels or failure of its appropriate positioning 
in the cell membrane results in EC permeability and dysregulated leu-
cocyte extravasation [13,14]. In fact, loss of VE-Cadherin may be 
regarded as a hallmark of inflammatory disease, since decreased 
expression is seen in vessels of various pathologies including cancer 
[15], lungs of patients with acute respiratory distress syndrome (ARDS) 
[16] and sepsis [17]. Furthermore, anti-VE-Cadherin antibody is detec-
ted in the circulation of autoimmune diseases with massive vascular leak 
and cleaved VE-Cadherin is associated with loss of endothelial barrier 
integrity [18,19]. We have previously identified VE-Cadherin as a target 
for microRNA-27a (miR-27a), a miRNA that is associated with disease 
with vascular dysfunction. Inhibitors of miR-27a result in increased 
expression of VE-Cadherin in ECs [20]. Utilising Blockmir or ‘Target Site 
Blocker (TSB)’ technology has allowed the development of CD5-2, an 
oligonucleotide agent which blocks the miR-27a/VE-Cadherin interac-
tion and specifically increases VE-Cadherin expression without impact-
ing on the expression of other miR-27a target genes [20]. Thus, CD5-2 
has allowed us to probe for the effects of endogenous VE-Cadherin 
restoration on vessel function in a number of disease models and to 
determine whether VE-Cadherin maybe an effective therapeutic target. 
Our previous studies have shown that CD5-2-induced vascular normal-
isation suppresses angiogenesis and peripheral ischaemia [20], prevents 
tumour progression and enhances ICI treatment [15], diminishes 
vascular leak in models of diabetic retinopathy [21] and inhibits the 
lesions in cerebral cavernous malformations [22]. In these diseases, 
there is a significant inhibition of vascular leak and a change in the 
immune profile within the microenvironment. Of note, in tumours, 
CD8+ T cell infiltration was significantly promoted whereas neutrophil 
penetration was inhibited [15], a situation indicative of that seen in 
human tumours responding to normalisation treatment. Indeed, more 
CD8+ T cell infiltration is closely associated with good prognosis while 
neutrophil accumulation is associated with a poor prognosis in terms of 
outcome to treatment [23]. 

In the present study, we demonstrate the underlying mechanisms of 
VE-Cadherin mediated vascular normalisation in promoting CD8+ T cell 
transmigration. We reveal that CD5-2 acts through VE-Cadherin to 
suppress GSK3β activity via activation of AKT signalling, leading to a 
decrease in phosphorylation of β-catenin. As such, stabilised β-catenin 
translocates into the nucleus to initiate the expression of a series of 
chemokines including C-C motif chemokine ligand 2 (CCL2), C-X-C 
motif chemokine ligand 8 (CXCL8), C-X-C motif chemokine ligand 10 
(CXCL10) and C-X-C motif chemokine ligand 11 (CXCL11). These crit-
ical chemokines have previously been described as essential for CD8+ T 
cell transcellular migration. Thus, we propose that normalised levels and 
localisation of VE-Cadherin, the hub of endothelial cell junctions, is 
essential to deliver appropriate signals to regulate immune cell 
infiltration. 

2. Materials and methods 

2.1. Cell culture and reagents 

Human umbilical vein endothelial cells (HUVECs) were isolated from 
human umbilical cord by collagenase treatment and cultured in medium 
199 (Sigma-Aldrich, MO, USA) supplemented with 20% fetal bovine 
serum (FBS), 100 U/ml penicillin, 100 U/ml streptomycin, 15 μg/ml 
endothelial cell growth factor (BD Biosciences, MA, USA) and 15 μg/ml 
heparin (Sigma-Aldrich, MO, USA) at a humidified 37 ◦C, 5% CO2 
incubator. HUVECs were routinely passaged with trypsin-EDTA and 
used for experiments at low passages between 2 and 4. Mouse brain 

endothelial cell line (MVEC/B3) was a kind gift from Prof. Georges Grau 
(Bosch Institute, University of Sydney), and maintained in endothelial 
growth medium (EGM) that was prepared by endothelial cell basal 
medium-2 (Lonza, Basel, Switzerland) supplemented by SingleQuots Kit 
(Lonza, Basel, Switzerland). VE-Cadherin null ECs and ECs lacking the 
3′UTR of VE-Cadherin (kindly provided by Prof. Elisabetta Dejana, 
Uppsala University) were maintained in DMEM (Thermo Fisher Scien-
tific, MA, USA) with 10% FBS (Thermo Fisher Scientific, MA, USA). 
CCL2 wild type (WT) and mutated plasmids were kind gifts from Dr. 
Christine Gilles (University of Liège, Belgium). 

The TSBs were synthesised by Axolabs (Kulmbach, Germany). Con-
trol TSB is similar in sequence length and design to the TSB CD5-2 in 
terms of modifications and oligonucleotide length. However, it has no 
homology to any known mouse, rat or human miRNA or mRNA 
sequence. The design and sequence of TSB control and CD5-2 were the 
same as published previously: CD5-2: 3′-ACTTCGTUGACACUT-5′, 
Control: 3′-TCCAGAGATGGTUGA-5’ [20]. For the transfection of TSB 
control or CD5-2, 1.7 × 105 cells/well were seeded into 6-well plate and 
incubated overnight. Cell medium was removed and cells were washed 
once with serum free medium prior to transfection, 1.5 ml EGM was 
added to each well. The complexes of Hiperfect-TSB were formed 
through mixing 20 nM of TSB control or CD5-2 with 7 μl of Hiperfect 
transfection reagent (Qiagen, Hilden, Germany), diluted in 37.5 μl 
OptiMEM (Thermo Fisher Scientific, MA, USA) for 10 min. The com-
plexes were added drop-wise to cells and incubated overnight after 
which the medium was changed with HUVEC culture medium. 

2.2. Live cell fluorescence imaging of CD8+ T cell transmigration 

The live cell fluorescence imaging of CD8+ T cell transmigration was 
conducted using laser scanning confocal microscopy (Leica TCS SP5). In 
brief, HUVECs treated with control or CD5-2 for 48 h were plated into 
the ibidi Culture-Insert 2 Well in the 35 mm Petri dish (MatTek, MA, 
USA) to form the endothelial monolayer. Human peripheral blood 
mononuclear cells (PBMCs) were isolated from blood of healthy donors 
by Ficoll-Hypaque centrifugation for 40 min at room temperature. CD8+

T cells were purified by positive magnetic bead isolation using anti-CD8 
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). The 
purified CD8+ T cells labelled with CellTracker green dye (Thermo 
Fisher Scientific, MA, USA) were added onto the top of HUVECs that 
stimulated with 100 U/ml IFN-γ, HUVEC junctions were stained with 
VE-Cadherin antibody (Cell Signalling Technology, MA, USA). The 
transmigration processes of CD8+ T cells across the endothelium treated 
with control and CD5-2 were recorded simultaneously by time-lapse 
confocal microscopy from 5 h to 7 h after adding CD8+ T cells into in-
serts. The videos were analysed using Imaris version 7.3.1 (Bitplane, 
Zurich, Switzerland) imaging software. 

2.3. RNA sequencing and STRING analysis 

The RNA-sequencing was performed as previously described [24]. 
Total RNAs were extracted from HUVECs treated with control or CD5-2 
using RNeasy Plus Mini Kit (Qiagen). RNA purity was checked using the 
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). RNA integ-
rity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 
2100 system (Agilent Technologies, CA, USA). Sequencing libraries were 
generated using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® 
(NEB, USA) following manufacturer’s recommendations and index 
codes were added to attribute sequences to each sample. Library quality 
was assessed on the Agilent Bioanalyzer 2100 system. Library prepara-
tions were sequenced on an Illumina Hiseq4000 platform and 150 bp 
paired-end reads were generated. Index of the reference genome was 
built using Bowtie v2.2.3 and paired-end clean reads were aligned to the 
reference genome using TopHat v2.0.12. Prior to differential gene 
expression analysis, for each sequenced library, the read counts were 
adjusted by the edgeR program package through one scaling normalised 
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factor. Differential expression analysis of two conditions was performed 
using the DEGSeq R package (1.20.0). The P values were adjusted using 
the Benjamini & Hochberg method. Corrected P-value of 0.005 and log2 
(fold change) of 1 were set as the threshold for significantly differential 
expression. Heatmaps were generated using the Multiple Array Viewer 
MeV_4_8 (version 10.2). Protein-protein interaction analysis of differ-
entially expressed genes was processed by the web-based STRING 
analysis (https://string-db.org/). 

2.4. Immunofluorescence cell staining 

Immunofluorescence studies of HUVECs were carried out as previ-
ously described with minor modifications [25]. In brief, 5 × 104 

HUVECs treated with control or CD5-2 for 48 h were plated into fibro-
nectin coated Lab-Tek chamber slides (Thermo Fisher Scientific, MA, 
USA). HUVECs were fixed with 4% paraformaldehyde and per-
meabilised with 0.1% Triton X-100. HUVECs were then incubated with 
indicated primary antibodies at 4 ◦C overnight, followed by incubation 
with a fluorescent secondary antibody for 1 h at room temperature. 
Nuclei were counterstained with DAPI and images were taken by Leica 
TCS SP5 or SP8 confocal microscopy. 

2.5. Quantitative real-time PCR 

Total mRNA was extracted using the Trizol reagent (Thermo Fisher 
Scientific, MA, USA) according to the manufacturer’s instructions, and 1 
μg of total RNA from ECs treated with control or CD5-2 for 24 h was used 
for the synthesis of the first strand cDNA. mRNA expression of genes was 
analysed by qPCR with SYBR Green I Master kit or TaqMan Universal 
PCR Master Mix kit (Thermo Fisher Scientific, MA, USA) using a Bio-Rad 
Real-time PCR machine. The relative mRNA amount was calculated with 
the 2− ΔΔCT method as previously described [26], β-actin was used as 
housekeeping control for gene expression assay. 

2.6. Cell fractionation 

Cell fractionation was performed using a FractionPREP™ Cell Frac-
tionation Kit (BioVision, CA, USA) based on the manufacturer’s proto-
col. Briefly, HUVECs treated with control or CD5-2 for 48 h were lysed in 
cytosol extraction buffer. HUVECs were then centrifuged and the su-
pernatant was collected as the cytosolic fraction. After isolating the 
membrane fractionation, the pellet was extracted with ice-cold nuclear 
extraction buffer [27]. Total protein was measured using BCA kit 
(Bio-Rad, CA, USA), diluted in 10× reducing buffer and 4× loading 
buffer (Thermo Fisher Scientific, MA, USA) and equal amounts of pro-
tein were subject to Western blot for further analysis. 

2.7. Western blot analysis 

Protein extraction, separation and transfer were conducted accord-
ing to the established protocol from Invitrogen. The PVDF membranes 
(polyvinyl difluoride, EMD Millipore, MA, USA) were blocked with 5% 
skim milk powder in phosphate-buffered saline (PBS)-Tween 20 (0.1%) 
and probed overnight at 4 ◦C with indicated primary antibodies. HRP- 
conjugated secondary antibodies were incubated for 2 h at room tem-
perature after washing with PBS-Tween 20 (0.1%). The chemilumines-
cent signals were detected using the enhanced chemiluminescence (ECL) 
or ECL Plus reagent (Thermo Fisher Scientific, MA, USA). β-actin was 
used as a loading control. Densitometric analysis was performed using 
Fiji ImageJ software (Version: 2.2.0-rc-54/1.52n, National Institutes of 
Health). 

2.8. Luciferase reporter assay 

Mouse brain ECs were transfected with WT or mutated CCL2 
(mutated β-catenin/TCF binding site) plasmids and then treated with 

control or CD5-2 for 48 h. Luciferase activity of mouse brain ECs was 
quantitated using Dual-Luciferase Reporter Assay System (Promega, WI, 
USA) on a POLARstar Omega microplate reader (BMG Labtech, Orten-
berg, Germany) according to the manufacturer’s recommendations. 
Relative luciferase activity (firefly/Renilla) was expressed in relative 
luminescence units and plotted. 

2.9. ImageStream 

ImageStream method was modified from previously described [28]. 
HUVECs were treated with Blockmir CD5-2 and control for 48 h. After 
treatment, cells were collected into 15 ml tubes and rinsed in 1 ml PBS. 
Cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific, 
MA, USA) for 5 min. Cells were washed once with PBS and blocked and 
permeabilised with 5% normal goat serum in PBS and 0.15% Triton-X 
for 1 h on ice. The cells were then incubated overnight with rabbit 
anti-β-catenin (1:1000, Cell Signalling Technology). Cells were washed 
twice and were then incubated for 45 min with secondary antibody 
(1:500, Molecular Probes), followed by two additional washings and 
staining with DAPI for 10 min. Cells were then washed once with PBS 
and analysed by ImageStream ×.2 (Amnis, Part of EMD milipore - 
Merck, Seattle, WA, USA). At least 30,000 cells were collected from each 
sample. Single colour compensation controls were generated using cells 
that were positive for either total β-catenin or DAPI only. Images were 
analysed using IDEAS 6.2 software (Amnis, Part of EMD milipore - 
Merck, Seattle, WA). First, the cells were gated for single cells using the 
area and aspect ratio features on the brightfield (BF) image. Next, cells 
were gated for focused cells using the gradient RMS feature of BF. The 
cells were then identified as DAPI positive cells using the area and in-
tensity of DAPI. Changes in expression of total β-catenin between groups 
were plotted as histogram with mean pixel intensity and normalised 
frequency on the x- and y-axis, respectively. 

2.10. In vivo mouse tumour model 

B16F10 melanoma model was established as described previously 
[15]. In brief, control or CD5-2 at 30 mg/kg was injected intravenously 
when the tumours became palpable. Tumour-bearing mice were injected 
intraperitoneally daily with PKF118-310 (1 mg/kg), an inhibitor of 
TCF4–β-catenin interaction. The mice were sacrificed before the tumour 
size reached ethical limits (1000 mm3) within 3 weeks. Harvested tu-
mours were fixed with 10% neutral buffered formalin overnight, and 
embedded in optimal cutting temperature (OCT) compound. The tu-
mours embedded in OCT were sectioned at 8 μm and then mounted on 
the Superfrost Plus slides (Thermo Fisher Scientific, MA, USA). Immu-
nofluorescence staining of tumours was conducted as previously 
described [15]. 

2.11. Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 7.0 
(GraphPad Software, San Diego, USA) and the quantitative data are 
expressed as mean ± SEM. Sample size determination was according to 
previous experience with similar studies. P values were calculated as 
indicated in figure legends using an unpaired, two-tailed Student’s t-test 
or one-way ANOVA with Tukey correction for multiple comparisons. A 
value of P < 0.05 was considered statistically significant. 

2.12. Ethics statement 

All animal experiments were performed according to the protocols 
approved by the New South Wales Local Sydney Health District Ethics 
Review Committee (permit and approval number 2013-029 and 2017- 
028). HUVECs were isolated from donated cords with approval from 
the Royal Prince Alfred Hospital Human Ethics Committee (permit and 
approval number ×16-0225). The umbilical cords were anonymous 
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(donors nonidentifiable) and informed consent was given for their use. 

3. Results 

3.1. CD5-2 treatment promotes CD8+ T cell transmigration and 
influences the organisation of F-actin 

Our previous study has demonstrated that normalisation of the levels 
of VE-Cadherin by CD5-2 promoted the infiltration of CD8+ T cells but 
diminished the number of neutrophils (CD11b+Gr1hi) penetrating into 
the tumour parenchyma [15]. As shown in Fig. 1A, using a Transwell 
migration assay, and in line with that observed in vivo, there was a 
significant increase in the number of CD8+ T cells that transmigrated 
across non-stimulated or IFN-γ-stimulated endothelial monolayer 
following CD5-2 treatment of the endothelium. In addition, we have 
previously demonstrated in such a system that CD5-2 treated endothe-
lium resulted in a decrease in neutrophil paracellular transendothelial 
migration [22]. Given the fact that only the endothelium was treated 
with CD5-2, the results confirm that the selective regulation of leucocyte 
transendothelial migration is an endothelium-mediated response. 

Since rolling and adhesion play critical roles in the ultimate number 
of CD8+ T cells that undgergo transendothelial migration, we investi-
gated the effects of CD5-2 on these two parameters under a dynamic 
flow condition to mimic the in vivo situation. The rolling and dynamic 
adhesion of CD8+ T cells in CD5-2 treated group was similar with that in 
control group (Fig. S1A and Supplementary Video 1), suggesting an ef-
fect exclusively on the transendothelial migration event. Labelling of the 
CD8+ T cells with CellTracker green dye allowed the process to be 
visualised. 3 dimensional (3D) re-construction of the Z-stack images 
using Imaris software (Bitplane, Zurich, Switzerland) revealed that the 
CD8+ T cells preferentially transmigrated across the cell body (trans-
cellular route) rather than through the junctional paracellular route 
(Fig. 1B and Supplementary Video 2). Nevertheless, time-lapse videos 
showed that the CD5-2 enhanced transcellular migration of CD8+ T cells 
was a relatively rare event at least within the visual field (Fig. S1B and 
Supplementary Video 3). 

ECs contain two types of F-actin-based structures important for 
monolayer integrity, the stress fibres and circumferential actin struc-
tures [29]. Endothelial regions low in F-actin are preferred spots for 
lymphocyte transcellular migration, a process termed “tenertaxis” [30]. 
CD5-2 treatment resulted in reduced stress fibres but an increase in 
circumferential actin seen under both static (Fig. 1C and D) and when EC 
were subjected to shear stress conditions (Fig. 1E and F), and the F-actin 
is colocalised with VE-Cadherin expression (white arrows). These results 
suggest that CD5-2 functions at modulating the cytoskeleton, into a 
circumferential pattern known to provide an important route for CD8+ T 
cells transcellular migration. 

High endothelial venules (HEVs) function as major portals of entry 
for lymphocytes into lymph nodes [31]. The amount of HEVs is closely 
associated with the density of tumour-infiltrating CD8+ cytotoxic T cells, 
and T cells are seen close to the HEVs, indicating that tumour-associated 
HEVs may be critical for CD8+ T cell infiltration [32,33]. Using 
MECA-79 to label the HEVs in B16F10 melanoma, the MECA-79 
expression was diffused and discontinuous in control treated tumours. 
In contrast, CD5-2 contributed to an intact and continuous expression 
pattern with high expression levels of MECA-79 (Fig. 1G). In line with 
the in vivo findings, we also observed that MECA-79 levels in ECs treated 
with CD5-2, in vitro, was significantly higher than that in control-treated 
cells (Fig. 1H and I). These results suggest that CD5-2-mediated 
increased infiltration of CD8+ T cells was at least partially associated 
with the reorganisation of F-actin and maturation of HEVs, both of 
which are known to contribute to the CD8+ T cell transmigration event. 

3.2. VE-Cadherin restoration promotes the expression of chemokines 
involved in CD8+ T cell transmigration 

The transmigration process of CD8+ T cells is a complex integration 
of adhesion molecules and chemokines [34]. To begin to dissect the 
mechanisms of action of VE-Cadherin restoration on this process, we 
performed RNA sequencing (RNA-seq)-based transcriptomic analysis on 
ECs treated with control or CD5-2. Interestingly, most upregulated 
genes, as seen in the heatmap, were a series of chemokines and adhesion 
molecules (Fig. 2A). Protein-protein interaction network analysis 
(STRING analysis) revealed that a number of upregulated chemokines 
found in the heatmap (red balls) were closely associated with positive 
regulation of leucocyte transmigration (Fig. 2B). The upregulated che-
mokines which play essential roles in promoting CD8+ T cell trans-
migration included CXCL10, CXCL11, CXCL8 and CCL2 (Fig. 2C). Of 
these, CCL2 (mainly stored in the vesicles) and CXCL10 (predominantly 
expressed in the cytoplasm) have been reported to exert essential effects 
on facilitating CD8+ T cell transcellular migration across 
TNF-α-stimulated ECs [35]. 

Real-time PCR analysis confirmed that CCL2 mRNA expression was 
significantly increased after the treatment of CD5-2 in both HUVECs 
(Fig. 2D) and mouse brain ECs (MVEC/B3) (Fig. 2E). Of note, the 
increased expression of CCL2 by CD5-2 was not seen in either VE- 
Cadherin null ECs (Fig. S2A) or in ECs lacking the 3′UTR although 
containing the extracellular region of VE-Cadherin (Fig. S2B), indicating 
that the elevated CCL2 mRNA expression in response to CD5-2 is 
dependent on the 3′UTR of VE-Cadherin. Further, although the protein 
levels of CCL2 were low in ECs, CD5-2 significantly enhanced its levels 
compared with control (Fig. 2F and G). Consistently, immunofluores-
cence staining of ECs also showed that CD5-2 resulted in a significant 
increase in CCL2 levels within the cells compared with control (Fig. 2H 
and I). The discrete staining of CCL2 suggested that it is likely within 
vesicles, as has been previously described [35]. In addition, the protein 
(Figs. S2C–F) and mRNA expression (Fig. S2G) of CXCL10 were also 
significantly upregulated following CD5-2 treatment. 

The lateral border recycling compartment (LBRC) plays a funda-
mental role in accelerating the transcellular migration of leucocytes 
with platelet endothelial cell adhesion molecule (PECAM or CD31) and 
CD99 being two classic markers of this compartment [36]. CD5-2 did not 
change the mRNA levels of either PECAM (Fig. S2H) or CD99 (Fig. S2I), 
suggesting that LBRC was not altered by CD5-2. T lymphocytes adhere to 
ECs through intercellular adhesion molecule (ICAM) and/or vascular 
cell adhesion molecule (VCAM) [37]. CD5-2 treatment increased the 
expression of VCAM and ICAM both at the mRNA (Fig. S3A) and protein 
levels (Figs. S3B–D). Further, CD5-2 treatment enhanced the expression 
of Integrin-β3 (Figs. S3E and F), diminished P-selectin levels (Figs. S3E 
and G) but had no obvious effect on E-selectin levels (Figs. S3E and H). 
Thus, the increase in adhesion molecules was also selective and pref-
erentially exerted positive effects on those molecules involved in CD8+ T 
cell transmigration but not on those involved in neutrophil 
transmigration. 

3.3. CD5-2 enhanced the expression of CCL2 via promoting β-catenin 
nuclear translocation 

Our data suggests that the level and localisation of VE-Cadherin by 
CD5-2 impacts on the pivotal chemokines for CD8+ T cell transcellular 
migration, including CCL2 and CXCL10. We further investigated po-
tential signalling pathways involved in this chemokine regulation. 
β-catenin acts as a transcriptional hub for controlling the expression of 
CCL2, CXCL8, CXCL10 and CXCL11 [38–41] either directly binding to 
the promoters of CXCL8, CXCL10 and CXCL11 or utilising TCF4 as a 
partner, at least as demonstrated for the CCL2 promoter. β-catenin can 
exist in membrane, cytosolic and nuclear compartments. Cell extracts 
from CD5-2 or control treated cells were fractionated and specifically 
probed for the level of expression of β-catenin in the nucleus. As shown 
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in Fig. 3A and B, CD5-2 treatment resulted in a significant increase in the 
level of nuclear β-catenin compared with control, with Lamin B1 as a 
nuclear fraction housekeeping gene. This was substantiated by the 
immunofluorescence staining result, which showed that there was more 
β-catenin positive staining in the nucleus following treatment with 
CD5-2 (Fig. 3C and D, light blue areas highlighted by arrows in top row). 
The imaging flow cytometer (ImageStream) was used to further confirm 
the effects of CD5-2 on promoting the β-catenin expression. CD5-2 
treatment gave rise to a markedly increase in β-catenin expression as 
indicated by the right shift in the intensity plot of β-catenin histogram 
compared to the control (Fig. 3E). This increased expression is further 
represented by the individual cells following the treatment of CD5-2 
(Fig. 3F). In addition, CD5-2 also contributed to an increase in phos-
phorylated β-catenin in the nucleus (Figs. S4A and B) as evidenced by 
immunofluorescence staining, indicative of an increase in its activation. 

TCF4, the transcriptional partner of β-catenin, was not changed in 
mRNA level by CD5-2 treatment (Fig. S4C). We next investigated 
whether CD5-2 influences the binding of β-catenin/TCF to the CCL2 
promoter. The CCL2 promoter contains a consensus β-catenin/TCF 
binding site located 1399 bp upstream of the transcription start site. To 
determine whether CD5-2 treatment resulted in enhanced CCL2 tran-
scription, plasmids containing either a wild type (WT) sequence (5′- 
CTTTGTA-3′) or a mutated β-catenin/TCF binding site (5′-CTTTGGC-3′) 
were transfected into mouse brain ECs. Mouse brain ECs were used since 
they are more easily transfected than HUVECs. The transcriptional ac-
tivity was detected by luciferase reporter assay. A plasmid containing 
GFP was utilised as a positive control to determine transfection effi-
ciency (Fig. S4D). The CCL2 WT plasmid produced a significant increase 
in luciferase activity while the CCL2 mutated (MUT) plasmid remained 
at basal levels (Fig. S4E). CD5-2 increased endogenous VE-Cadherin 
expression in cells transfected with either WT or MUT plasmid 
(Fig. S4F), suggesting that the plasmids themselves did not alter the 
CD5-2-mediated VE-Cadherin upregulation. In the presence of lithium 
chloride (LiCl), an activator of CCL2 transcriptional activity, the WT 
CCL2 plasmid produced more than 10 times the relative luciferase 
luminescence compared with non-transfected mouse ECs. In contrast, 
the CCL2 mutated plasmid was inactive even in the presence of LiCl 
(Fig. 3G), demonstrating the mutation abolishes the transcriptional ac-
tivity. CD5-2 treatment led to a significant increase in the relative 
luciferase luminescence compared with control following the trans-
fection of CCL2 WT plasmid. Mutation of the β-catenin/TCF binding site 
in the CCL2 promoter abrogated this response to CD5-2 (Fig. 3H), sug-
gesting that CD5-2 enhanced CCL2 expression at least partially through 
β-catenin dependent transcriptional activity. 

3.4. The increased expression of chemokines by CD5-2 was mediated 
through AKT/GSK3β/β-catenin signalling axis 

GSK3β is regarded as a direct upstream regulator of β-catenin [42]. 
GSK-3β phosphorylates the amino-terminal region of β-catenin, target-
ing it for ubiquitination and degradation by the proteasome [43]. 
Therefore, inhibition of GSK-3β activity is essential for the stabilisation 
and accumulation of β-catenin. Of note, phosphorylation of GSK-3β at 
Ser9 depresses its kinase activity. CD5-2 treatment induced a highly 
significant increase in the phosphorylation of GSK-3β at Ser9 site 
compared with control (Fig. 4A and B). LiCl is regarded as the classic 
GSK3β inhibitor [44]. Treatment of the cells with LiCl resulted in 
increased phosphorylation of GSK-3β at Ser9 site but repressed the 
phosphorylation of β-catenin (Figs. S5A–C). CD5-2 treatment enhanced 
GSK-3β phosphorylation in the presence or absence of LiCl (Fig. 4A and 
B). Consistent with this increased phosphorylation of GSK-3β, the 
phosphorylation of β-catenin was also significantly inhibited by CD5-2 
in the absence and presence of LiCl (Fig. 4A and C). Thus, these re-
sults suggest that β-catenin is stabilised via inhibition of GSK-3β activity 
following CD5-2 treatment. 

AKT is an endogenous GSK-3β inhibitor. Our previous study has 
shown that CD5-2 activated AKT signalling via promoting its phos-
phorylation [15]. To investigate whether CD5-2 facilitated β-catenin 
nuclear translocation via AKT/GSK-3β/β-catenin signalling pathway, 
the AKT inhibitor LY294002, was utilised. CD5-2 increased VE-Cadherin 
expression in ECs with or without LY294002 treatment suggesting that 
the upregulation of VE-Cadherin is AKT independent (Figs. S5D and E). 
The increased β-catenin expression by CD5-2 in the nucleus was reversed 
by LY294002 treatment (Fig. 4D and E). Further, LY294002 abrogated 
the CD5-2-induced increase in phosphorylation of GSK-3β at Ser9 site 
(Fig. 4F and G), and also rescued the decreased phosphorylation of 
β-catenin by CD5-2 (Fig. 4F and H). Taken together, these results suggest 
that the CD5-2 treatment acts on VE-Cadherin to regulate the 
AKT/GSK-3β/β-catenin signalling pathway to exert its effects on cyto-
kine (e.g. CCL2) expression. 

3.5. β-catenin inhibition disrupted CD5-2-mediated downstream 
consequence 

We next examined the β-catenin localisation in vivo using the B16F10 
melanoma model. β-catenin expression was seen in both the tumour cells 
and in the ECs of the blood vessels. Mice that received CD5-2 showed 
more β-catenin nuclear translocation in the ECs of the blood vessels 
within the tumour compared with control (Fig. 5A and Fig. S6A, white 
arrows and white colour staining, evidence of colocalisation), which was 
consistent with the in vitro findings (Fig. 3C and F). In contrast, β-catenin 
in the tumour cells was predominantly localised in the cytoplasm and 

Fig. 1. CD5-2 treatment promotes CD8+ T cell transmigration and influences the organisation of F-actin. (A) HUVECs that were transfected with control or CD5-2 
were plated into the upper chamber of a Transwell to form the endothelial monolayer. They were stimulated with or without IFN-γ (100 U/ml) for 24 h and after 
washing purified CD8+ T cells were added on the top of the monolayer. The percentage of migrated CD8+ T cells after 5 h was calculated based on the fluorescence of 
migrated cells. Data is given as mean ± SEM of triplicate wells and is representative of three independent experiments, *, P < 0.05, determined by Student’s t-test. (B) 
Representative confocal images of CD8+ T cell transcellular migration following the stimulation of IFN-γ from three independent experiments. Left: Circled cells 
undergo transcellular migration. Right: Z-axis view of 2 cells (circled) undergoing transcellular migration. (C) Representative high magnification images of F-actin 
reorganisation in the non-stimulated HUVECs under static condition from three independent experiments. The F-actin reorganisation of HUVECs treated with control 
or CD5-2 was visualised by F-actin (red), VE-Cadherin (green) and DAPI (blue) immunofluorescence staining. Scale bar, 20 μm. (D) The shift of stress fibres to 
circumferential actin was quantified by calculating the ratio of F-actin and VE-Cadherin colocalisation. Data is given as mean ± SEM, **, P < 0.01, determined by 
Student’s t-test. (E) Representative high magnification images of F-actin reorganisation in the non-stimulated HUVECs under shear stress from three independent 
experiments. The F-actin reorganisation of HUVECs treated with control or CD5-2 was visualised by F-actin (red), VE-Cadherin (green) and DAPI (blue) immuno-
fluorescence staining. Scale bar, 20 μm. (F) The shift of stress fibres to circumferential actin under dynamic condition was quantified by calculating the ratio of F- 
actin and VE-Cadherin colocalisation. Data is given as mean ± SEM, *, P < 0.05, determined by Student’s t-test. (G) Representative confocal images of high 
endothelial venules expression pattern with co-staining of CD31 (red), MECA-79 (green) and DAPI (blue) in B16F10 melanoma following the treatment of control and 
CD5-2 from two independent experiments, 5 mice per group for each experiment. Scale bar, 20 μm. (H) The protein expression of total MECA-79 in non-stimulated 
HUVECs after control and CD5-2 treatment. β-actin was used as a loading control. (I) Quantification of densitometric ratio for MECA-79 protein expression. Data is 
given as mean ± SEM from three independent experiments, *, P < 0.05, determined by Student’s t-test. . (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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was not changed in response to CD5-2 (arrowheads Fig. 5A). Treatment 
with PKF-118-310 (a β-catenin inhibitor) abrogated β-catenin expres-
sion from both the nucleus of the ECs and also from the cytoplasmic 
compartment in the tumour cells in both control and CD5-2 treated 
groups (Fig. 5A and Fig. S6A). CD5-2 treatment also resulted in 
increased phosphorylation of GSK3β-ser9 in the endothelium, as 

detected by the site-specific antibody (arrows in Fig. 5B). However, PKF- 
118-310 had no obvious effect on this CD5-2-induced accumulation of 
phospho-GSK3β-ser9 (Fig. 5B) in the endothelium, confirming GSK3β 
lies at the upstream of β-catenin. 

In order to verify the central role of β-catenin in mediating the 
increased expression of critical chemokines by CD5-2, PKF-118-310 was 

Fig. 2. VE-Cadherin restoration promotes the expression of chemokines involved in CD8+ T cell transmigration. (A) Heatmap representing gene expression of non- 
stimulated HUVECs treated with control or CD5-2 for 24 h. A total of 3 biological replicates were pooled for RNA-seq. Genes with significant upregulation (>2 folds) 
in CD5-2 v.s control treated samples are shown in the heatmap. Red denotes genes with high expression levels, and blue denotes genes with low expression levels. (B) 
Interactions among the genes that are upregulated by CD5-2 compared with control have been analysed by STRING analysis. Red balls indicate activation of proteins 
that associate with positive regulation of leucocyte transmigration. (C) Table of chemokines that are upregulated by CD5-2 based on the RNA-seq result. The mRNA 
expression levels of CCL2 in non-stimulated HUVECs (D) and mouse ECs (E) were quantified by real-time PCR. Data is given as mean ± SEM from three independent 
experiments, *, P < 0.05, determined by Student’s t-test. (F) The protein expression of CCL2 in HUVECs stimulated with IFN-γ (100 U/ml) for 24 h following the 
treatment of control and CD5-2. β-actin was used as a loading control. (G) Change in the levels of CCL2 was measured as pixel density and normalised to β-actin. Data 
is given as mean ± SEM from three independent experiments, *, P < 0.05, determined by Student’s t-test. (H) Immunofluorescence staining of CCL2 (green) and F- 
actin (red) in HUVECs stimulated with IFN-γ (100 U/ml) for 24 h following exposure to control or CD5-2. Representative confocal images from three independent 
experiments are shown. Scale bar, 50 μm. (I) The number of CCL2 dots in the vesicles of IFN-γ-stimulated HUVECs was quantified. Data is given as mean ± SEM, *, P 
< 0.05, determined by Student’s t-test. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. CD5-2 enhanced the expression of CCL2 via 
promoting β-catenin nuclear translocation. (A) The 
protein expression of β-catenin in the nuclear fraction 
of non-stimulated HUVECs 48 h after control and 
CD5-2 transfection. LaminB1 was used as a nuclear 
marker. (B) Densitometric ratios for β-catenin nuclear 
expression were quantified. Data is given as mean ±
SEM from three independent experiments. *, P <
0.05, determined by Student’s t-test. (C) Top row: 
immunofluorescence staining of β-catenin (green) in 
non-stimulated HUVECs following exposure to con-
trol or CD5-2. Representative confocal images from 
four independent experiments are shown. Scale bar, 
20 μm. Bottom row: high magnification images of the 
highlighted cells (white arrows indicate) with 
orthogonal views in the top row. Scale bar, 20 μm (D) 
Relative nuclear expression of β-catenin in HUVECs 
treated with control or CD5-2 was quantified. The 
percentage of cells with β-catenin nuclear expression 
was calculated and the average value of control group 
was normalised to 100%. Data is given as mean ±
SEM, *, P < 0.05, determined by Student’s t-test. (E) 
Representative ImageStream histogram of 2 inde-
pendent experiments performed for β-catenin 
expression in non-stimulated HUVECs following the 
treatment of control or CD5-2. Yellow curve: control; 
Red curve: CD5-2. (F) Representative ImageStream 
image of β-catenin expression in individual cell 
treated with control or CD5-2 from 2 independent 
experiments. (G) Luciferase activity in non-stimulated 
mouse ECs transfected with the wild-type (WT) or the 
mutated (mut) CCL2 promoter plasmid in the pres-
ence of LiCl (n = 3 independent experiments). Data is 
given as mean ± SEM, ****, P < 0.0001, determined 
by one-way ANOVA with Tukey correction. (H) 
Luciferase activity in non-stimulated mouse ECs 
transfected with the wild-type (WT) or the mutated 
(mut) CCL2 promoter plasmid in the presence of 
control or CD5-2 (n = 3 independent experiments). 
Data is given as mean ± SEM, ****, P < 0.0001, 
determined by one-way ANOVA with Tukey correc-
tion. . (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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further employed in ECs. PKF-118-310 was able to inhibit the CD5-2- 
mediated increased expression of CCL2, but had no effect on the CCL2 
expression levels in control treated HUVECs (Fig. 5C and D, Fig. S6B). 
Similarly, there was also no significant difference in the expression of 
CXCL10 between control treated and PKF-118-310 treated ECs. How-
ever, PKF-118-310 reversed the elevated CXCL10 expression induced by 
CD5-2 (Fig. 5E and F, Fig. S6C), indicating that β-catenin inhibition is 
able to disrupt CD5-2-mediated chemokine expression in ECs. 

3.6. β-catenin inhibition rescued CD5-2-mediated CD8+ cell infiltration 

We next explored whether β-catenin in ECs was important for the 
penetration of CD8+ T cells across the endothelial barrier. As shown in 
Fig. 6A, CD5-2 increased the number of CD8+ T cells that transmigrated 
across the endothelium and this increase was inhibited by PKF-118-310. 

In agreement with this, CD5-2 induced a significant increase in the 
infiltration of CD8+ T cells into the tumour parenchyma, which is 
consistent with our previous study, and inhibition of β-catenin/TCF 
signalling pathway with PKF-118-310 reversed the increased CD8+ T 
cell infiltration (Fig. 6B and C). Thus, the GSK3β/β-catenin signalling 
pathway in ECs is important in the promotion of CD8+ T cell infiltration 
into tumours and this pathway is enhanced upon vessel normalisation 
through VE-Cadherin upregulation and its relocalisation into endothe-
lial junctions. 

4. Discussion 

One of the major advances in recent times for tumour treatment is 
the success of immunotherapy. However, its success relies on the ability 
of immune cells to be able to access the tumour, to generate so called 

Fig. 4. The increased expression of chemokines by 
CD5-2 is mediated through AKT/GSK3β/β-catenin 
signalling axis. (A) Phosphorylation of GSK3β, β-cat-
enin and total GSK3β, β-catenin in non-stimulated 
HUVECs 48 h after the treatment of control and 
CD5-2 in the absence or presence of LiCl. β-actin was 
used as a loading control. Densitometric ratios for 
GSK3β (B) and β-catenin (C) activities were quanti-
fied. Data is given as mean ± SEM from three inde-
pendent experiments. *, P < 0.05; **, P < 0.01, 
determined by one-way ANOVA with Tukey correc-
tion. (D) The protein expression of β-catenin in the 
nuclear fractions of non-stimulated HUVECs treated 
with control or CD5-2 in the absence or presence of 
LY294002. Lamin B1 was used as a nuclear marker. 
(E) Densitometric ratios for β-catenin nuclear 
expression in the absence or presence of LY294002 
were quantified. Data is given as mean ± SEM from 
three independent experiments, *, P < 0.05, deter-
mined by one-way ANOVA with Tukey correction. (F) 
Phosphorylation of GSK3β, β-catenin and total GSK3β, 
β-catenin in non-stimulated HUVECs 48 h after the 
treatment of control and CD5-2 in the absence or 
presence of LY294002. β-actin was used as a loading 
control. Densitometric ratios for GSK3β (G) and 
β-catenin (H) activities were quantified. Data is given 
as mean ± SEM from three independent experiments. 
*, P < 0.05; **, P < 0.01, determined by one-way 
ANOVA with Tukey correction.   
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‘hot’ tumours. A growing body of evidence indicates that both structural 
and functional abnormalities in tumour vasculature contribute to the 
dysfunctional immune landscape. We have previously demonstrated 
that restoration of VE-Cadherin levels normalises tumour endothelium 
with one of the major changes being improvement in junctional integrity 
of the endothelium. The normalisation leads to enhanced infiltration of 
CD8+ T cells into tumours while inhibiting neutrophil infiltration [15]. 
The selective regulation of different immune cell subpopulations by the 
normalised vessels not only drew our attention to the behaviour of 
distinct immune cell subsets but also implied differential transmigration 
routes on ECs following the improved junctions [45]. In this study, we 
demonstrated that TSB CD5-2 promoted the transendothelial migration 
of CD8+ T cells via the increased expression of a list of critical chemo-
kines, which was mediated through AKT/GSK3β/β-catenin signalling 
pathway (Fig. 7). 

It has been well accepted that PECAM, CD99 and junctional adhesion 
molecule A (JAM-A) are critical molecules mediating the migration of 
leucocytes across EC junctions [36]. Leucocytes can either move through 
the junctions of the ECs (paracellular route) or through the ECs them-
selves (transcellular migration) [46]. Notably, neutrophils predomi-
nantly undergo paracellular transmigration while lymphocytes 
predominantly pursue a transcellular route of migration. Growing evi-
dence has favoured the concept that lymphocytes deeply indent into ECs 
and/or pass across the endothelium through a membrane-lined channel 
next to an intact junction [36,47], thus suggesting an interplay between 
the junctions and transcellular migration. Naïve and memory peripheral 
blood T lymphocytes use chemokine-stimulated integrins to crawl on EC 
surfaces activated by TNF-α [48,49], a critical step for their subsequent 
transendothelial migration. To facilitate the transmigration step, che-
mokines including CCL2 and CXCL10 are presented on the apical surface 
of the activated EC barrier [35]. However, neutrophil transmigration 
can be inhibited by C-X-C motif chemokine 1 (CXCL1) expressed in the 
ECs [50], indicating potential mechanisms for the differential regulation 
of leucocyte transmigration. We demonstrated here that enhanced 
VE-Cadherin and normalisation of the endothelium significantly pro-
moted CD8+ T cell transmigration without affecting the adhesion event 
in the cascade. Immunofluorescence staining revealed that the CD8+ T 
cells primarily pursued a transcellular migration and the CD5-2 treat-
ment induced cortical actin formation (Fig. 1C and E), consistent with 
previous reports that barrier strength shifts the preference of lympho-
cytes to a transcellular route [30]. The cytoplasmic domain of 
VE-Cadherin is linked to the cytoskeleton through interactions with 
β-catenin [51], forming a complex in the membrane to maintain the 
restrictive endothelial barrier [52]. The circumferential organisation of 
actin is critical for facilitating CD8+ T cell transcellular migration. We 
observed that enhanced VE-Cadherin mediated through CD5-2 treat-
ment shifted the organisation of F-actin from stress fibre to circumfer-
ential actin. In contrast, we have demonstrated previously that 
neutrophils tended to stay along the EC junctions and CD5-2 prevented 
their transmigration process [22], which is consistent with neutrophils 
predominantly migrating through the paracellular route [53]. 

To understand the mechanisms underlying the normalisation process 
and its implication for selective leucocyte recruitment, we focused 

initially on the LBRC, a group of molecules that form a structure 
involved in lymphocyte transmigration [36]. However, CD5-2 treatment 
showed no change in the expression of PECAM and CD99, suggesting 
CD5-2 does not have an impact on the formation of LBRC. RNAseq data 
of CD5-2 treated versus control treated ECs showed that chemokines 
including CCL2, CXCL10, CXCL11 and CXCL8 were upregulated with 
CD5-2 treatment (Fig. 2C). These chemokines identified represent the 
classic “hot spots” that signal exit cues for crawling T cells during 
transcellular migration [35]. They are expressed by ECs and act as li-
gands binding to receptors expressed on CD8+ T cells, facilitating the 
interaction between ECs and CD8+ T cells. Interestingly, the increased 
expression of chemokines was mediated through VE-Cadherin as 
VE-Cadherin null cells and ECs lacking the 3′UTR of VE-Cadherin 
resulted in the abrogation of this phenomenon. In line with the need 
for a strong junctional barrier, we envision that the normalised ECs 
provide structural stability in order to preserve cell viability and 
integrity as a transcellular pore develops, allowing CD8+ T cell migra-
tion through the EC body. It was found that CD8+ T cells transmigrate, 
lamellipodial protrusions form and fill the pores, allowing ECs to create 
contacts and VE-Cadherin-based cell junctions with their neighbours 
[29]. To this end, tightened EC junctions induced the expression of 
chemokines associated with CD8+ T cell transcellular migration. 

A major signalling pathway operating to regulate these chemokines 
is the AKT/GSK3β/β-catenin pathway. Interestingly, our previous work 
showed that CD5-2 activated AKT signalling via increasing its phos-
phorylation [15]. Since AKT is recognised as a classic endogenous 
GSK3β activity inhibitor, we considered that this pathway may act 
downstream of VE-Cadherin. Indeed, CD5-2 inhibited GSK3β activity via 
increasing its phosphorylation at ser9 site, and we observed less β-cat-
enin phosphorylation. Importantly, these changes were VE-Cadherin 
dependent as VE-Cadherin null cells failed to show GSK3β changes 
following CD5-2 treatment (data not shown). β-catenin was stabilised by 
decreasing its phosphorylation and thus its degradation. As a result of 
this stabilisation, it can move into the nucleus to act as a transcription 
factor. In support of this we were able to visualise increased β-catenin in 
the nucleus (fractionation and localisation studies, and ImageStream 
analysis) and demonstrated enhanced CCL2 promoter activity. The 
AKT/GSK3β/β-catenin signalling pathway operating downstream of 
VE-Cadherin was also confirmed using AKT inhibitor LY294002, GSK3β 
inhibitor LiCl and β-catenin inhibitor PKF-118-310. β-catenin has also 
been shown to operate in tumour cells, to create an immune suppressive 
microenvironment that inhibits CD8+ T cell infiltration [54]. However, 
PKF-118-310 had no effect on basal levels of CD8+ T cell transmigration, 
either in vitro or in vivo (Fig. 6) and only operated on the EC specific 
CD5-2 enhanced CD8+ T cell infiltration. 

The highly angiogenic tumour vascular ECs are a significant 
impediment for restricting the influx of CD8+ T cells into tumours, 
achieved through limiting their activation status or by increasing the 
expression of immune checkpoint molecules [55]. As a consequence, 
vascular normalisation and immune reprograming appear to establish a 
cross talk, since normalisation promotes immune programming towards 
a stimulatory microenvironment, indicative of a ‘hot’ tumour. Our data 
reveal a potential new signalling pathway in normalisation, acting 

Fig. 5. β-catenin inhibition disrupted CD5-2-mediated downstream consequence. (A) Representative images of B16F10 melanoma sections stained for CD31 (red) 
and β-catenin (green) from two independent experiments, 5 mice per group for each experiment. The distribution of β-catenin in tumour vessels was visualised in 
control, CD5-2, control + PKF-118-310 and CD5-2+PKF-118-310 treated groups. Scale bar, 20 μm. (B) Representative images of B16F10 melanoma sections stained 
for CD31 (red) and p-GSK3β (green) from two independent experiments, 5 mice per group for each experiment. The expression of p-GSK3β (ser9) in tumour vessels 
was visualised in control, CD5-2, control + PKF-118-310 and CD5-2+PKF-118-310 treated groups. Scale bar, 20 μm. (C) Representative images of CCL2 expression in 
IFN-γ-stimulated HUVECs treated with control and CD5-2 in the absence and presence of PKF-118-310 from three independent experiments. Scale bar, 50 μm. (D) 
The number of CCL2 dots of IFN-γ-stimulated HUVECs treated with control and CD5-2 in the absence and presence of PKF-118-310 was quantified. Data is given as 
mean ± SEM, *, P < 0.05; **, P < 0.01, determined by one-way ANOVA with Tukey correction. (E) Representative images of CXCL10 expression in IFN-γ-stimulated 
HUVECs treated with control and CD5-2 in the absence and presence of PKF-118-310 from three independent experiments. Scale bar, 50 μm. (F) The expression of 
CXCL10 in IFN-γ-stimulated HUVECs treated with control and CD5-2 in the absence and presence of PKF-118-310 was quantified. Data is given as mean ± SEM, **, P 
< 0.01, determined by one-way ANOVA with Tukey correction. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 6. β-catenin inhibition rescued CD5-2-mediated CD8+ cell infiltration. (A) HUVECs treated with control and CD5-2 in the absence and presence of PKF-118-310 
were plated into the upper chamber of a Transwell to form the endothelial monolayer, and then stimulated with IFN-γ (100 U/ml) for 24 h. Purified CD8+ T cells were 
added on the top of the HUVECs. The percentage of migrated CD8+ T after 5 h was calculated based on the fluorescence of migrated cells. Data is given as mean ±
SEM of triplicate wells and is representative of three independent experiments, **, P < 0.01, determined by one-way ANOVA with Tukey correction. (B) Repre-
sentative images of B16F10 melanoma sections stained for CD31 (red) and CD8 (white) from two independent experiments, 5 mice per group for each experiment. 
The infiltration of CD8+ T cells into tumour vasculature was determined in control, CD5-2, control + PKF-118-310 and CD5-2+PKF-118-310 treated groups. Scale 
bar, 50 μm. (C) Quantification of the infiltration of CD8+ T cells into tumour vasculature in control, CD5-2, control + PKF-118-310 and CD5-2+PKF-118-310 treated 
groups. Data is given as mean ± SEM, **, P < 0.01, determined by one-way ANOVA with Tukey correction. . (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Y. Zhao et al.                                                                                                                                                                                                                                    



Cancer Letters 496 (2021) 1–15

13

downstream of VE-Cadherin in ECs that promotes CD8+ T cell infiltra-
tion into the tumour. Targeting of such a pathway maybe of critical 
importance for immune reprograming in tumours which show lack of 
immune infiltrates (cold tumours) and where immunotherapy is inef-
fective. The selectivity of this pathway on immune infiltration shown by 
us [15,22], to promote CD8+ T cells but inhibit neutrophil accumulation 
may extend to other cell types such as regulatory T cells (Tregs) but 
remains to be tested. Vessel normalisation may also act to constrain Treg 
accumulation through limiting the hypoxic microenvironment since 
Tregs are known to be activated under such hypoxic conditions [56]. 
Taken together, our study provides evidence that VE-Cadherin should be 
considered a new target for restoration of the endothelial barrier. Being 
the ‘hub’ of EC junctions, VE-Cadherin has diverse downstream conse-
quences, acting on a broad range of other junctional molecules involved 
in barrier integrity, such as the tight junctions, the TIE2 signalling 
pathway and inhibiting VEGFR2 activation in addition to the regulation 
of chemokine production through the AKT/GSK3β/β-catenin signalling 
pathway. 
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