























were then left in fresh MLEC media until reaching ~80% confluency before positively sorting for
endomucin expression using Magnetic-Activated Cell Sorting (MACS) as described previously (202).
Briefly, flasks were pre-cooled at 4°C for 20 minutes before incubation with rat-anti-mouse
endomucin (1:1000 in PBS) (Santa Cruz) for 30 minutes at 4°C. Following a single PBS wash the cells
underwent a further incubation in sheep-anti-rat IgG coated magnetic beads (1:1000 in MLEC)
(Invitrogen) for 30 minutes at 4°C. After three PBS washes, the cells were detached using 0.25%
trypsin-EDTA, resuspended in MLEC media and placed into a magnetic rack for 3 minutes. The
supernatant was then discarded, and the endothelial cells bound to the magnetic beads were
resuspended in MLEC media before being seeded into T25 flask pre-coated as described previously.
Once confluent a second positive sort for endomucin was performed to ensure a pure endothelial

isolation.

2.8 Endothelial cell immortalisation

Transfection of primary endothelial cells with polyoma-middle-T-antigen (PyMT) retrovirus was
employed to override cellular senescence, thereby enabling greater cellular expansion and reduce
the need for repeated re-isolation of primary endothelial cell cultures. As described previously by
Robinson et al, newly isolated primary endothelial cell cultures were treated with PyMT
conditioned media supplemented with polybrene for 6 hours at 37°C, 5% CO2 and 95% humidity
before returning to MLEC media overnight (194). Treatment with PyMT conditioned media was
repeated the next day, but cells were instead kept in Immortalised Mouse Lung Endothelial Cell
media (IMMLEC - 1:1 Ham’s F12:DMEM (low glucose) supplemented with 10% FBS;
penicillin/streptomycin (100 units/ml), L-glutamine (2 mM), heparin (50 pg/ml)). Immortalised

endothelial cells were then expanded and frozen down for later use.

2.9 TAT-Cre recombinase nucleofection

To excise our target genes of interest from the immortalised lung microvascular endothelial cells
described, 1.5x10° cells were resuspended in homemade nucleofection buffer (100 ul) (HEPES (200
mM), NaCl (137 mM), KCI (5 mM), D-glucose (6 mM) and Na,HPO, (7 mM)) and nucleofected with
TAT-Cre recombinase (70 units) (Sigma-Aldrich) using the Amaxa Nucleofector Il (Amaxa

Biosystems) according to nucleofection prgramme T-005. Nucleofected cells then entered a 10-
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Figure 5.2 PB3-integrin depletion enhanced VEGFR2 trafficking to degrading machinery. A)
Representative western blots show biotinylated cell surface VEGFR2 across each genotype as well
as their respective MESNA-stripped negative controls. N=1. B) Cre-negative and TAT-Cre-
nucleofected endothelial cells were seeded onto fibronectin-coated dishes (10 ug/ml) and left to
adhere for 24 hours at 37°C. These cells were starved in serum-free media prior to stimulation with
VEGF for 0 and 30 minutes. Following completion of their designated stimulation periods,
endothelial protein extracts were immunoprecipitated with protein-G Dynabeads® coupled with
anti-Rab7 primary antibodies. Immunoprecipitated lysates were then subjected to western blot
analysis alongside total cell lysates. Representative western blots show VEGFR2-Rab7 association
as well as confirmation of target depletion and VEGFR2 input. B-actin was used as a loading control.
B3B3 ECKO N = 2, a5MM;a5%1.EC*O N = 1. C) Cre-negative and TAT-Cre-nucleofected endothelial
cells were seeded at a low density onto acid-washed, oven-sterilised coverslips pre-coated with
fibronectin (10 ug/ml) for 3 hours after which they were fixed, blocked, permeabilized and
incubated with anti-VEGFR2 and anti-Rab7 primary antibodies. The following day coverslips were
incubated with the appropriate Alexa® fluor secondary antibodies diluted in PBS. The images shown
are representative of VEGFR2 and Rab7 immuno-stained endothelial cells in the indicated
genotypes. D) Quantification of the number of VEGFR2/Rab7-positive endosomes per cells. Error
bars displayed as mean £+ SEM. N =1, n = 30 cells. Statistical significance was expressed and analysed
as follows: *=P<0.05, unpaired students t-test (two-tailed).
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5.3 Lysosomal, but not proteasomal inhibition rescued the VEGFR2

downregulation induced by 3-integrin depletion.

With VEGFR2 preferentially trafficking along Rab7-directed intracellular channels in the absence of
[3-integrin, we next hypothesized that inhibition of lysosomal and proteasomal machinery could
restore VEGFR2 when [3-integrin was depleted either individually or alongside oa5-integrin
(B3".EC*®, B3/a5"" EC*). We additionally postulated this inhibition could elevate VEGFR2
expression further in a5-integrin knockout cells (a5%1.EC*°). We and others have previously used
MG-132 to potently inhibit the protease activity of the 26S proteasome complex (101, 268, 269,
270). Here, we repeated our 0- and 30-minute VEGF stimulation of control and integrin-knockout
endothelial cells but supplemented their starvation in serum free media with MG-132. Once again,
the 30-minute time point was used as a control to determine whether MG-132 was successfully
blocking proteasome-mediated degradation of poly-ubiquitinated VEGFR2 during the normal

resolution of VEGF-signalling.

Across our control and single-knockout cells (a5%1.EC*0, B3%f.ECXC), the reduction in VEGFR2
expression prompted by prolonged VEGF exposure was successfully inhibited in their MG-132
treated counterparts, confirming successful proteasomal inhibition (Fig 5.3 A-D). However, in the
absence of B3-integrin (B3"".EC*°), MG-132 treatment failed to rescue VEGFR2 levels (Fig 5.3 A &
B). Furthermore, contradicting our hypothesis, the increased VEGFR2 expression observed in our
a5-integrin knockout cells (a5"".ECX°) returned to control levels following proteasome inhibition
(Fig 5.3 C & D). We later discovered that MG-132 had been reported to suppress endothelial
VEGFR2 transcription and significantly diminish the half-life of its mRNA, explaining why VEGFR2
expression was reduced even in unstimulated control cells (271). Unsurprisingly then, we saw no

recovery of VEGFR2 expression in the absence of both integrins together (B3/a5%".EC*) (Fig 5.3 E).

To circumvent the unintended suppression of VEGFR2 synthesis whilst still inhibiting protein
degradation, we instead used chloroquine, a well-established lysosome inhibitor (79, 244). Over a
period of four hours chloroquine treatment elevated VEGFR2 expression in each control cell line,
confirming its successful lysosomal inhibition (Fig 5.3 F-1). This elevation was also extended to 33-
integrin knockout endothelial cells (B3"™.EC*), rescuing VEGFR2 to WT levels (Fig 5.3 F & G).

Though this experiment was only performed once in a5-integrin and double integrin knockout cells,
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chloroquine treatment was able to further amplify the increased VEGFR2 abundance detected in
the absence of a5-integrin (a5%f.EC*°) whilst no VEGFR2 restoration was detected in the absence
of both integrins together (B3/a5""EC*) (Fig 5.3 H & I). In agreement with prior data, the
chloroquine-induced increase of VEGFR2 in a5-integrin depleted cells indicated that, under
baseline conditions, VEGFR2 intracellular cargo was still undergoing normal trafficking through
Rab7-directed pathways to lysosomes for degradation. The elevated VEGFR2 protein levels
detected in these cells may instead be due to enhanced VEGFR2 transcription. This could explain
why the MG-132-induced transcriptional suppression of VEGFR2 had a greater effect on VEGFR2
levels in a5-integrin-depleted cells relative to their Cre-negative counterparts. Likewise, the
inability of lysosomal inhibition to prompt any VEGFR2 recovery in double integrin knockout cells

also implied a transcriptional answer to this phenotype.
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Figure 5.3 Lysosomal but not proteasomal inhibition rescued VEGFR2 downregulation induced by
B3-integrin depletion. Cre-negative and TAT-Cre-nucleofected endothelial cells were seeded onto
10 cm dishes pre-coated with fibronectin (10 pug/ml) and left to adhere for 24 hours at 37°C. These
cells were then starved for 3 hours in serum-free media £ MG-132 (10 uM) prior to stimulation with
VEGF for 0- and 30-minutes. Following completion of their designated stimulation periods, all
dishes were placed on ice, lysed in ESB, their protein content quantified using the DC protein assay
and subsequently subjected to western blot analysis. A, C & D) Representative western blots of
VEGFR2, (3-integrin, a5-intgrin and B-actin as a loading control across each single and double
integrin knockout cell line. B & D) Densitometric quantification of VEGFR2/B-actin relative to that
of their Cre-negative control at 0-minute VEGF stimulation + MG-132 obtained using FijilmageJ™.
Error bars displayed as mean * SEM. B3"/f/B3VAEC® N = 3, a5Y/a5IEC N = 3,
B3/a5":B3/a5" ECK® N = 1. F — 1) Cre-negative and TAT-Cre-nucleofected endothelial cells were
seeded onto 10 cm dishes pre-coated with fibronectin (10 pug/ml) and left to adhere for 24 hours at
37°C. These cells were then starved for the indicated time points in serum-free media £ chloroquine
(50 uM). Following completion of their designated incubation periods, all dishes were placed on
ice, lysed in ESB, their protein content quantified using the DC protein assay and subsequently
subjected to western blot analysis. F, H & 1) Representative western blots of VEGFR2, 33-integrin,
a5-intgrin and B-actin as a loading control across each single and double integrin knockout cell line.
G) Densitometric quantification of VEGFR2/B-actin relative to their respective Cre-negative 0-hour
time-point without chloroquine treatment in B3"/B3/f EC*C cells was obtained using FijilmageJ™.
Error bars displayed as mean + SEM. B3"MB3VAEC® N = 3, a5"as5VEC N

1, B3/a5"":33/a51.ECKO N = 1. Statistical significance was expressed and analysed as follows:
*=P<0.05, **=P<0.002, ***=P<0.0002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-
way ANOVA.
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5.4  Co-inhibition of avp3-integrin and a5B1-integrin reduced VEGFR2 protein
levels without effecting its membrane shedding or endothelial adhesion to

fibronectin.

The reduction in VEGFR2 prompted by co-depletion of our integrin targets in vitro was substantial.
This effect was unlikely the result of off-target Cre-recombinase-induced recombination events
since the effects of individual integrin-depletion on VEGFR2 expression were entirely different and
the genes encoding P3-integrin, a5-integrin and VEGFR2 reside on separate chromosomes.
Nevertheless, we sought further confirmation of this observation by co-targeting f3- and o5-
integrin pharmacologically, thereby determining whether pharmacological antagonism could
replicate the reduction in VEGFR2 produced through genetic silencing of both integrin receptors
together. To accomplish this, we utilised ATN-161, a five amino-acid peptide (Ac-PHSCN-NH) that
non-competitively targets the B-subunits of both avp3-integrin and a5B1-integrin. Derived from
the synergy region of fibronectin, ATN-161 is not an RGD-peptide mimetic and does not influence

cell adhesion to fibronectin in vitro (272).

Incubating WT, PyMT-immortalised endothelial cells in serum free media supplemented with ATN-
161 at varying concentrations revealed that this dual-integrin inhibitor significantly reduced
VEGFR2 protein levels when administered at a high concentration (10mM) (Fig 5.4 A & B). Notably,
this decrease was independent of any up- or down-regulation of avB3- or a5B1-integrin
monomeric subunits (Fig 5.4 A). We also confirmed that this concentration of ATN-161 did not
influence endothelial adhesion to fibronectin whilst re-confirming the reduction in VEGFR2 in
concurrently seeded cells (Fig 5.4 C & D). Antagonism of our integrin targets was therefore capable
of significantly inhibiting VEGFR2 whilst leaving integrin mediated adhesion to fibronectin
unimpaired. As discussed previously, internalised VEGFR2 may be destined for one of several
possible trafficking channels. Its constitutive internalisation and rapid recycling back to the plasma
membrane via Rab4-positive vesicles is reported to protect the receptor from excessive
ectodomain cleavage. Blocking this trafficking route allows elevated receptor shedding from the
plasma membrane leaving a 130 kDa cytoplasmic fragment (79). By over-exposing the
representative blot shown this fragment was clearly observed and, akin with the mature 240 kDa
fragment, demonstrated an equivalent drop in abundance (Fig 5.4 A). The observed reduction in
mature VEGFR2 was therefore likely irrespective of changes in this pathway. Further studies are

required to determine whether, upon co-inhibition of these integrin targets, VEGFR2 is
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preferentially trafficked down degrading intracellular routes like in the absence of B3-integrin
alone, or whether its transcription is altered as suspected may be the case when a5-integrin was

genetically targeted alone or in combination with (33-integrin.

ATN-453, the biotinylated form of ATN-161, is known to possess the same binding efficacy as its
non-biotinylated counterpart. Khalili et al, however, demonstrated that its binding affinity could be
additionally enhanced by supplementation with Mn?* (MnCl,) (272). Mechanistically, these ions
induce a conformational shift towards the extended-open state of integrin heterodimers resulting
in increased ligand affinity (273). We hypothesised that Mn?* supplementation could enhance ATN-
161-integrin binding and result in more effective VEGFR2 downregulation. Upon incubating the
same WT, immortalised endothelial cells with lower concentrations of ATN-161 (0-100 uM) in
serum-free media alone or supplemented with MnCl,, we observed that Mn?" supplementation
resulted in the significant downregulation of mature VEGFR2 when incubated with as a little as 1
uM ATN-161 (Fig 5.4 E). Again, this downregulation was mirrored in VEGFR2’s cytoplasmic

fragment.
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Figure 5.4 Co-inhibition of avp3-integrin and a5B1-integrin reduces VEGFR2 protein levels
without effecting its membrane shedding or endothelial adhesion to fibronectin. WT endothelial

cells were seeded onto 6 cm plates pre-coated with fibronectin and left to adhere for 24 hours at
37°C. These cells were then incubated in serum-free media containing various concentrations of
ATN-161 for 1 hour at 37°C. Plates were put on ice following incubation and endothelial cells were
lysed in ESB and their protein content was quantified using the DC protein assay before prepping
for western blot analysis. A) Representative western blot showing total levels of VEGFR2, VEGFR2's
C-terminal 130 kDa fragment, a5-integrin, av-integrin, B1-integrin and B3-integrin in endothelial
cells incubated with ATN-161 (0-10 mM). B-actin was used as a loading control. B) Densitometric
quantification of 10mM ATN-161 VEGFR2/b-actin relative to 0 mM ATN-161 control group obtained
using Fijilmage)™. Error bars displayed as mean + SEM. N = 4. C) WT endothelial cells were seeded
into 96-well plates that had been pre-coated with fibronectin in PBS (2 mg/ml) and blocked in 1%
BSA/PBS for 1 hour. These cells were left to adhere for 3 hours in serum-free media supplemented
with ATN-161 (10 mM). Following fixation and a series of PBS washes the adhered cells were stained
with methylene blue before absorbance was read at 630 nm. The proportion of adhered cells after
3 hours was expressed relative to that of their non-treated controls. Error bar displayed as mean +
SEM. N=1, n = 15 wells. D) Representative western blot of total VEGFR2 levels in WT endothelial
cells seeded alongside the cell adhesion assay to confirm VEGFR2 downregulation. B-actin was used
as a loading control. N = 1. E) Representative western blot showing total levels of VEGFR2 and its
C-terminal 130 kDa fragment in endothelial cells incubated with ATN-161 (0-100 mM) + MnCl; (2
mM). B-actin was used as a loading control. N = 1. Statistical significance was expressed and
analysed as follows: **=P<0.002, unpaired students t-test (two-tailed).

161



5.5 Investigating the contribution of 33-integrin and a5-integrin to pathological

angiogenesis in vivo.

Tumour growth is initially restricted by its ability to recruit a blood vascular supply, with the failure
to do so limiting tumour expansion to just a few milometers in diameter. Tumour angiogenesis is
therefore a key cancer hallmark (274). The involvement of integrins avf33 and a5B1 in tumour
angiogenesis is well documented. Since identifying its selective upregulation on angiogenic
vasculature, av3-integrin had been a major focus of anti-angiogenic drug development efforts,
with pre-clinical studies showing potential (31, 139, 142, 145). However, the failure of Cilengitide,
which had been assessed in almost 30 clinical trials for its potential use as a cancer treatment,
slowed further efforts to utilise this integrin as an anti-angiogenic target (275, 276). Later studies
revealed that its use at low concentrations could unexpectedly enhance pathological angiogenesis
and tumour growth, a phenotype that was replicated in mice possessing a global depletion of 33-
integrin (160). Steri et al later revealed that short-term endothelial-specific 3-integrin depletion
could significantly reduce tumour angiogenesis and growth, but its depletion over longer periods
provided no anti-angiogenic benefit (161). The recovery in tumour growth reported in the long-
term absence of 3-integrin was shown to rely on a NRP1-driven compensatory mechanism. As
such, targeting both receptors in combination could reduce tumour growth more substantially than
that achieved through their individual depletion (195). This therefore indicated that combinatorial

targeting approaches could re-invigorate anti-angiogenic strategies.

Like avB3-integrin, a5B1-integrin is also upregulated on angiogenic vasculature, though, in contrast
with its fibronectin-binding counterpart, its global depletion is embryonically lethal by virtue of
severe mesodermal and vascular defects (167, 168, 277). Nevertheless, vascular development
proceeded normally upon its endothelial-specific depletion (169). Non-endothelial a5-integrin was
found instead to be necessary for angiogenesis and tumour development, with antibody or peptide
blockade of a5B1-fibronectin interactions conveying an anti-angiogenic effect in both chick and
murine models, and Kim et al demonstrating that function-blocking antibodies directed against this
integrin could significantly reduce tumour growth and angiogenesis (163). Once again, its
endothelial specific depletion was unable to replicate these findings (176). Considering these
studies, Dr Johnson hypothesised that for tumorigenesis to be successfully inhibited, our

endothelial receptors of interest would need to be targeted in combination.
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5.6  Co-targeting [3-integrin and ab5-integrin prophylactically impaired

tumorigenesis.

To investigate the involvement of our endothelial integrin targets in tumour growth, CMT19T
mouse lung carcinoma cells were subcutaneously administered into the flanks of adult mice by Dr
Johnson. These animals received tamoxifen (75 mg/kg) via intraperitoneal injection thrice weekly,
with administration beginning four days prior to tumour cell implantation to ensure efficient target
depletion. Hypothesising that short-term impairments in tumour growth could be rescued by the
upregulation of compensatory mechanisms if provided with sufficient time, like that reported by
Ellison et al where NRP1 could compensate for the long-term depletion of B3-integrin, these
tumours were allowed to grow for 18 days before tissue harvest (Fig 5.5 A & B) (195). During this
time their progression was monitored using calliper measurements from 10 days post-implantation
and are presented below as raw values (Fig 5.5 C). After 18 days the tumours were extracted, and
their weight and volume were measured before being expressed as a percentage relative to that
measured in their respective Cre-negative control littermates. Raw values of both tumour volume

and weight at D18 are also shown for transparency (Fig 5.5 D-F).

Calliper measurements revealed no changes in the progressive growth of CMT19T tumours when
B3- or a5-integrin were depleted individually (B3.EC*°, a5.EC*?), nor any changes in their weight or
volume at day 18 when made relative to Cre-negative control littermates or expressed as raw
values. These data agreed with previous studies reporting individual endothelial depletion of 33-
or a5-integrin could not significantly alter tumour growth when modelled over an extended period,
though failed to recapitulate the acute impairment to tumour growth observed by Steri et al in the
absence of B3-integrin at 12 days post-implantation (161, 169). One potential reason for this
discrepancy could be the method of tamoxifen administration used. We have induced target
deletion by a series of intraperitoneal tamoxifen injections, whilst Steri and colleagues utilised
pellets that remain in situ, slowly releasing tamoxifen into the surrounding tissue (161). This is a
more rigorous but also more costly method. Only in the absence of these integrins together
(B3/a5.EC*°) was tumour growth significantly impaired. Calliper measurements recorded the first
significant reduction in tumour volume at 17 days post-implantation, and analysis at day 18
revealed a significant reduction in relative tumour weight and volume of approximately 30% and
40% respectively (Fig 5.5 C, E & F). Immunofluorescent analysis of sections taken from these

tumours revealed effective co-depletion of both integrins in BS1-lectin-positive tumour vasculature
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(Fig 5.5 G). We had aimed to confirm target depletion in our single integrin knockout lines before
the writing of this thesis, but this work remains to be done. We next assessed the effects of
depleting our targets individually and in duplicate on tumour vascularity by enumerating
endomucin-positive vessels in tumour sections and expressing these relative to their Cre-negative
controls. Again, only when co-depleting 3- and a5-integrin could a significant reduction be
observed, with tumour vascularity dropping by approximately 50% in their shared absence (Fig 5.5
H & 1). The reduced tumour burden detected in the absence of both endothelial integrins together
was therefore likely due to impaired vascular growth into the tumour. We suspected this anti-
angiogenic effect was caused by downregulated endothelial VEGFR2 as shown previously through
both genetic and pharmacological co-targeting of these integrins in vitro. By co-staining for VEGFR2
and endomucin we compared the number of VEGFR2-positive vessels with the total number of
vessels across our integrin knockout genotypes (Fig 5.5 H & J). This revealed that, whilst f3-integrin
depletion (B3.EC*°) elicited a slight but significant reduction in the number of VEGFR2-positive
vessels in line with that observed in vitro, integrin co-depletion only mirrored this effect (P=0.0545)
(B3/a5.ECX?), failing to recapitulate the complete ablation of this receptor as observed in vitro.
Other mechanisms must have accounted for the more severe anti-angiogenic effects observed by

integrin co-depletion.
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Figure 5.5 Co-targeting B3-integrin and a5-integrin could prophylactically impair tumorigenesis.
A) Time-course schematic of tamoxifen administration. Tamoxifen (75 mg/kg, 20 mg/ml stock) was
administered (black triangles) via intraperitoneal injection thrice weekly (Monday, Wednesday, and
Friday) beginning 4 days prior to subcutaneous CMT19T tumour cell implantation (DO —red triangle)
in both Cre-negative and Cre-positive littermates. Tumours were then allowed to grow for 18 days.
B) Representative images of CMT19T tumours removed from Cre-negative and Cre-positive
littermates. Scale bar = 1 cm. C) Raw tumour volume (mm?3) kinetics acquired via caliper
measurements of tumour bearing mice between D10-17 and the isolated tumours on D18. Tumour
volume was calculated using the following formula: length x width? x 0.52. Error bars displayed as
mean = SEM. N = 3, n > 11 tumours per group. D) Quantification of the raw tumour volume (mm?3)
and raw tumour weight (g) of CMT19T tumours isolated on D18. Error bars displayed as mean +
SEM. N = 3, n 2 11 tumours per group. E & F) Quantification of tumour volume (E) and tumour
weight (F) expressed as a percentage of the average volume and weight of their Cre-negative
littermate controls. Error bars displayed as mean £ SEM. N = 3, n > 11 mice per group. G) CMT19T
tumour sections co-stained for (33-integrin, a5-integrin, and BS1-lectin. Scale bars = 100 um. H)
Representative images of CMT19T tumour sections co-stained for VEGFR2 and endomucin. Scale
bar =100 um. I) Quantification of blood vessel density as the number of endomucin-positive vessels
per tumour (calculated from 3 ROIs per tumour section across 2 sections per tumour) expressed as
a percentage of the average number of vessels in their Cre-negative control littermates. Error bars
displayed as mean + SEM. N = 2, n > 8 tumours per group. J) Quantification of VEGFR2/endomucin-
positive tumour vessels relative to the total number of vessels and expressed as a percentage of
the average VEGFR2-postive vessel density of Cre-negative controls. Error bars displayed as mean
+ SEM. N = 2, n 2 8 tumours per group. Statistical significance was expressed and analysed as
follows: *=P<0.05, **=P<0.002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-way
ANOVA.
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5.7 Discussion

This chapter revealed that (3-integrin, a5-integrin and NRP1 form an endothelial regulatory
network capable of controlling VEGFR2 dynamics in vitro. Previous studies reported that low
concentrations of the RGD-mimetic avp3-integrin inhibitor Cilengitide could promote co-trafficking
of avp3-integrin and VEGFR2 through Rab4A-positive vesicles. Though VEGFR2 internalisation
remained unaffected, their preferential trafficking through this endosomal pathway carried
VEGFR2 back to the plasma membrane and therefore limited its lysosomal degradation. avf33-
integrin inhibition therefore had the protective effect of reducing VEGFR2’s degradation. This
mechanism also enhanced VEGF-induced angiogenesis ex vivo and the recruitment of functional
vasculature in tumours (160). These studies further strengthened existing literature detailing the
enhanced tumour vascularisation, VEGF-induced permeability and normal developmental
phenotype of B3-integrin knockout mice owed to their elevated expression of VEGFR2 (153, 154,
155, 278).

In contradiction, we found that endothelial 33-integrin depletion alone induced a slight but
significant reduction in VEGFR2 expression. Its downregulation was due to preferential trafficking
through Rab7-positive late endosomes to degrading lysosomes. This anti-angiogenic effect
prompted by targeting endothelial [B3-integrin additionally correlated with our previous
observations where its depletion induced a significant impairment to developmental angiogenesis
in the retina, though confirmation of VEGFR2 downregulation in retinal vasculature upon 33-
integrin depletion remains to be performed. Our in vitro results also indicated that a5-integrin
performed an anti-angiogenic role by limiting 33-integrin’s upregulation of VEGFR2. As such, when
this integrin was depleted (a5"".EC*°, a5/NRP1f EC®) VEGFR2 saw a 2-3-fold increase in
expression that could be ablated entirely by the additional depletion of B3-integrin (B3/a5"".EC*?).
Alongside its anti-angiogenic role then, a5-integrin must conduct some pro-angiogenic functions to
sustain the partial VEGFR2 expression detected in the absence of B3-integrin alone (B3%f.EC*°). We
subsequently noted that the severe VEGFR2 phenotype prompted by dual integrin depletion could
then be rescued by depleting our targets in triplicate (83/a.5/NRP1%/f.ECC). NRP1 was therefore at
least somewhat responsible for severe reduction in VEGFR2 prompted by depleting our integrins in

duplicate.
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We additionally found that the changes in VEGFR2 expression observed in our integrin knockout
lines (B3%f1.EC*0, a5%M.EC*0, B3/a5™.ECX) reflected their surface expression. Steri and colleagues
reported that whilst the elevated VEGFR2 expression of 33" Tie1.Cre-positive lung microvascular
endothelial cells reflected in its increased surface expression, neither total nor surface levels of this
receptor were affected in their B3%f.PDGFB.Cre-positive lung microvascular counterparts. One
notable difference between our study and that performed by Steri et al was the degree to which
[3-integrin was depleted. Here we have completely abolished endothelial f3-integrin expression,
whilst Steri et al reduced it by approximately 60% (161). Knowing that slight alterations in 33-
integrin expression can influence VEGFR2 expression, these differences may have accounted for

the observed discrepancies (195).

We and others have documented the angiogenic consequences of individually depleting our target
integrins on tumorigenesis and revealed only transient beneficial effects (161, 176). Re-confirming
this, tumour growth and vascularity was only influenced upon co-depletion of 33- and a5-integrin,
but extending our analysis to 18 days post-implantation enabled us to determine the longevity of
these effects. Of note, the contribution of our integrin targets to pathological and developmental
angiogenesis differed. In pathological scenarios their shared absence was required to prompt
measurable reductions in tumour vascularity and growth, whilst in the retina the individual
depletion of B3-integrin was enough to significantly perturb vascular outgrowth of the superficial
plexus. Their dual expression was instead required for angiogenic sprout development in this organ.
It is also worth noting that not all our in vitro findings correlated with our in vivo observations.
Should a5-integrin depletion lead to VEGFR2 upregulation we would have expected hyper-
sprouting at the retinal vascular front as well as enhanced neovascularisation and tumour growth
in pathological models as observed following global 3-integrin depletion (155). Moreover, the
ablation of VEGFR2 in B3/a5%"1.ECXC cells failed to translate to a more severe retinal angiogenic
phenotype in line with that caused by endothelial VEGFR2 genetic depletion (230). As we know to
be the case for a5-integrin, our integrin targets could be most highly expressed, and therefore most
functionality relevant, in angiogenic sprouts protruding from the vascular periphery. The vascular
effects resulting from their endothelial co-depletion could therefore be most concentrated in this
region to cause selective inhibition of endothelial sprouting at the vascular front whilst leaving that

occurring in the inner remodelling plexus less affected.
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Continuing this theme of incongruencies, though ATN-161 treatment could significantly and
reproducibly downregulate VEGFR2 in vitro, the scale of the reduction was more analogous to that
seen in the individual absence of [3-integrin rather than both integrin targets together.
Furthermore, another co-inhibitor of avp3- and a5B1-integrin, AXT-107, has been reported to
reduce VEGFR2 expression in cultured endothelial cells by promoting its poly-ubiquitination and
associated degradation, a mechanism dependent on Rab7-directed vesicular trafficking which we
have shown here becomes enhanced in the individual absence of B3-integrin. Further studies are
required to determine exactly how ATN-161 orchestrated the VEGFR2 downregulation observed
(279). It would also be prudent to determine how this antagonist influences the expression of
VEGFR2 in mural cells that co-express these integrins such as pericytes to gain a broader insight

into the effects of dual integrin inhibition on microvascular growth (266).
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6 Final discussion

The involvement of fibronectin and its endothelial receptors in the coordination of angiogenesis
has been the subject of continued debate, with clinical trials aiming to derive anti-angiogenic
benefit from selective receptor targeting falling short of the promising results predicted in pre-
clinical studies (157, 158, 161, 163, 176, 195, 276). Studies have since documented crosstalk
mechanisms linking endothelial fibronectin receptors that likely contribute to treatment resistance
by providing compensatory angiogenic recovery pathways upon individual receptor targeting. Only
when such pathways were additionally targeted could prolonged anti-angiogenic and anti-
tumorigenic effects be achieved (161, 195). We hypothesised that the three endothelial fibronectin
receptors avp3-integrin, a5p1-integrin and NRP1 could engage in complex crosstalk mechanisms
involving cooperative, competitive, and compensatory interactions to regulate angiogenesis. To
examine these interactions, we utilised seven genetically engineered mouse lines in which the
endothelial depletion of our target receptors was temporally controlled via tamoxifen
administration using the PDGFB.iCreER™ system. Crucially, each knockout line was compared to its
own Cre-negative control line, establishing 14 lines in total. Cultured endothelial cell lines derived
from these mice were used to continue our investigations in vitro. Using these tools, we explored

the discrete and interlinked angiogenic functions of these endothelial fibronectin receptors.

Using the post-natal mouse retina as a model of developmental angiogenesis we were able to
determine the short- and long-term involvement of our receptors in the vascularisation of this
organ. This revealed a series of individual, cooperative, contradictory and vascular-bed specific

functions.

From P6 through to our most prolonged analysis at P18, NRP1 was the overwhelmingly dominant
pro-angiogenic player within our receptor network. Its depletion conferred the most substantial
vascular impairments to each of the retina’s three vascular beds, and even appeared to control the
well-established checkpoints that orchestrate its timely vascular growth, with angiogenic
development of IP proceeding before that of the DP in NRP1-depleted retinas. This directly
contradicted the dogma of retinal vascular development (280, 281). Nevertheless, retinal vascular
growth persisted in its absence and would likely have reached completion if provided with sufficient

time. At P6 however, NRP1 was unable to drive a full vascular response when expressed alone. Only
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in the additional presence of one or both our integrin targets could the SP reach WT levels of
vascular outgrowth. This cooperative effect was between P3-integrin and NRP1, meanwhile
vascular extension at this developmental time-point was independent of a5-integrin as reported
previously (169). Knowing that the vascular defects resultant of acute [33-integrin depletion are
transient due to upregulation of NRP1-driven compensatory pathways, we hypothesised that the
vascular recovery observed in the absence of 33-integrin at P18 could be overcome by delaying its
depletion until directly prior to tissue harvest, thereby circumventing the upregulation of
compensatory mechanisms (161, 195). However, this revealed no vascular impediment in any
retinal vascular bed upon B3-integrin depletion. Instead, a minor pro-angiogenic, vascular bed-
specific function of a5-integrin in DP vascularisation was revealed. This indicated that the pro-
angiogenic function of a5-integrin, and not that of 3-integrin, was being compensated for by
alternative angiogenic pathways at P18 to shroud its true, albeit subtle, involvement in retinal DP

development.

Since these receptors showed greatest functional overlap at P6, we focussed our attention at this
developmental time-point. We found that the depletion of a5-integrin alongside [(3-integrin
(B3/a5.ECKO) resulted in retinal hypo-sprouting at the vascular periphery that was significantly
more severe than when either integrin was targeted alone. Their phenotype even matched and
trended on being more severe than that measured in NRP1-depleted retinas which had consistently
displayed the most substantial vascular impairments. Such a phenotype could theoretically be
accounted for by the abolishment of endothelial VEGFR2 expression as detected in vitro in the
absence of both integrin targets. However, not all of the evidence aligned. The hypo-sprouting
prompted by integrin co-depletion did not reflect in a more stunted SP nor a more hypo-
vascularised inner plexus, with vascular extension and density in this genetic line mirroring that
detected in the individual absence of B3-integrin. Perhaps then, given one of our integrin targets
was preferentially expressed in sprout structures, this phenotype was localised to protruding
angiogenic sprouts at the vascular front and irrespective of overall vascular outgrowth. After all,
others have reported previously that retinal hyper-sprouting driven by elevated endothelial
VEGFR2 expression at the vascular front did not correspond with any associated increase in retinal
vascular extension relative to controls (244). However, further incongruencies kept this hyper-
sprouting phenotype in question even with the aforementioned caveat that sprouting and
extension do not necessarily go hand-in-hand. Should downregulated VEGFR2 at the vascular front

convey localised hypo-sprouting in the absence of both integrins, then the elevation in VEGFR2
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expression detected in the absence of a5-integrin in vitro should have reflected in retinal hyper-
sprouting. Instead, vascular sprouting was normal. We attempted to visualise VEGFR2 in the retina,
trialling numerous antibodies, but ultimately failed to achieve a usable stain. If our in vitro findings
directly translated in vivo we would have expected a complete ablation of VEGFR2 following dual
integrin depletion and with it an even more severe sprouting profile in line with that documented
following endothelial depletion of VEGFR2 or [1-integrin (230, 245). We hypothesize that the
remaining sprouts observed in the absence of both 3- and a5-integrin were those that failed to
undergo tamoxifen-induced recombination and therefore still expressed VEGFR2. At the time of
writing this thesis we had begun inserting the tdTomato reporter gene into f3/a5.PDGFB.iCreER™
mice to assess target recombination in retinal endothelial sprouts of B3/a5.EC*° retinas and were
even in the final stages of its generation, but unfortunately this experiment remained unfinished.
This hypothesis is clearly reliant on the aforementioned changes in VEGFR2 expression translating
to retinal vasculature in our integrin knockout lines, and specifically to the retinal vascular
periphery. Although we failed to successfully stain for VEGFR2 in the retina, a logical next step
would be to additionally stain for VEGFR1 and VEGFR3 to determine whether these receptors were

likewise influenced by our integrin targets.

We had yet to investigate vascular function in the presence and absence of our three receptors,
with any comments made being purely speculative. We observed that retinal arterioles and venules
in each knockout combination retained their associated capillary free zones, a gauge of vessel
perfusion and lumen formation, but such rudimentary analysis was clearly limited. Additional
immunofluorescent analysis of fibrinogen in the retina, a serum protein and indicator of damaged
inter-endothelial junctions within the blood-retinal-barrier when found extravasated from
vasculature, would have provided a more robust indication of vascular permeability in our various

knockout combinations (282).

From a pathological perspective, when assessing how [3- and ab5-integrin contribute to
angiogenesis in tumour models, we found that tumorigenesis could be successfully inhibited only
in their shared absence. Whilst this was an encouraging result, its therapeutic relevance was limited
due to the method of tamoxifen administration employed in which our targets were depleted prior
to tumour cell implantation. In the future we plan to deplete our integrin targets once the
implanted tumour cells form a palpable mass to recapitulate a clinical scenario more accurately.

The reduction in tumour volume induced by dual integrin depletion was associated with a
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significant reduction in tumour vascularity that was absent when either integrin was targeted alone.
Again, whilst promising, the contribution of these integrins to pathological and physiological
angiogenesis differed, as lone depletion of 33-integrin was sufficient to hinder overall vascular
expansion in the retina. The pathological observations more closely matched the hypo-sprouting
vascular periphery of B3/a5.EC* retinas, a phenotype we postulated may be due to selective
VEGFR2 ablation in sprouting vessels. However, we found the number of VEGFR2-positive tumour
vessels was significantly reduced in a P3-integrin dependent manner, with no additional
downregulation prompted by combinatorial integrin depletion. This indicated that: 1) the dramatic
reduction in VEGFR2 protein levels observed in vitro upon integrin co-depletion failed to translate
to in vivo pathological vasculature, and 2) endothelial B3-integrin depletion conferred a slight
reduction in vascular VEGFR2 levels in vivo, though this failed to provide any anti-angiogenic
benefit. The preferential trafficking of VEGFR2 through Rab7-positive endosomal routes to
degrading lysosomes enabled by 3-integrin depletion may therefore hold true under pathological
and physiological settings, though the lack of any anti-angiogenic advantage brought by depleting
this receptor and inducing VEGFR2 downregulation remains unexplained. Akin with our studies of
retinal vasculature, endothelial cells escaping target recombination could be a plausible reason why

our in vivo and in vitro results were not mirrored.

In summary, endothelial awvB3-integrin, a5p1-intgerin and NRP1 conduct discrete and overlapping
functions to coordinate angiogenesis. Using seven genotypes in which our targets were able to be
depleted individually and in combination, this thesis was able to identify specific angiogenic settings
in which our receptors performed complex interactions, though the functional consequences of
these interactions differed depending on the context in which they were present. The differences
observed between physiological and pathological angiogenesis in vivo, as well as those between in
vitro and in vivo settings, could have resulted from endothelial heterogeneity in which various
redundancy mechanisms involving receptors different from those focussed on in this thesis may
have been utilised to recover normal angiogenic processes in our different receptor knockout
combinations, thereby muddying the water and making interpretation of gene-depletion induced
vascular defects more difficult. Despite this, our methods have documented some of the complex
and contradictory vascular outcomes resulting from individual and combinatorial endothelial target

depletion.
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Abbreviations

4-OHT — 4-hydroxytamoxifen

Ab - Antibody

ADAM — A disintegrin and metalloproteinase
ANG1/2 — Angiopoietin-1/2

Anxa2 — Annexin A2

AWERB - Animal welfare and ethical review board
Bp — Base pair

BP — Breeding pair

BSA — bovine serum albumin

Cas9 — CRISPR associated protein 9

Cdc42 — Cell division control protein 42

CHO — Chinese hamster ovary

CNS — Central nervous system

CRISPR — Clustered regularly interspaced palindromic repeat
CSB — Cell surface biotinylation

CTCF — Corrected total cell fluorescence

DAG — Diacylglycerol

DAPI — 4’6-diamidino-2-phenylindole

DEP1 — Density enhanced phosphatase-1
dH,0 - Distilled water

DIl4 — Delta-like ligand 4

DP — Deep plexus

E — Embryonic day
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EC*® — Endothelial cell knockout

ECL — Enhanced chemiluminescence
ECM — Extracellular matrix

ECS — Endothelial cell sorting

EDTA — Ethylenediaminetetraacetic acid
EGTA — Ethylene glycol tetra-acetic acid
ER — Endoplasmic reticulum

ERG — ETS related gene

ERK — Extracellular regulated kinase

ESB — Electrophoresis sample buffer
EtOH — Ethanol

FA — Focal adhesion

FAK — Focal adhesion kinase

FGF — Fibroblast growth factor

Floxed — flanked by loxP sites

FIt-1 — Fms-like tyrosine kinase-1
FOXO1 — Forkhead box protein 01
GIPC1 — GIAP interacting protein C-terminus, member 1
GM — Genetically modified

GPCR - G protein coupled receptor
Grb2 — Growth factor receptor bound protein 2
HCI — Hydrochloric acid

Het - Heterozygous

HIF — Hypoxia induible factor

HRP — Horseradish peroxidase
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HSC70 — Heat shock cognate 70

HSP90 — Heat shock protein 90

HSPG — Heparin sulphate proteoglycan
IAC — Integrin adhesion complex

ICAM-2 — Intracellular adhesion molecule 2
IF — Immunofluorescence

Ig - Immunoglobulin

IP - Immunoprecipitation

IP — intermediate plexus

IPs — Inositol 1, 4, 5-triphosphate

MACS - Magnetically activated cell sorting
MAPK — Mitogen-activated protein kinase

Mb - Megabase

MEK — Mitogen-activated protein kinase kinase

MeOH — Methanol

MESNA — Sodium 2-mercaptoethane sulfonate

MMP — Matrix metalloproteinase

NFAT — Nuclear factor of activated T-cell
NFkB — Nuclear factor B

NICD — Notch intracellular domain

NIP1 — Neuropilin-interacting protein-1
NO — Nitric oxide

NRP1/2 — Neuropilin-1/2

P — Postnatal day

p130Cas — p130 CRK-associated substrate
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p38 MAPK — p38 mitogenOactivated protein kinase
PAGE — poly-acrylamide gel electrophoresis

PAI-1 — Plasminogen activator inhibitor-1

PBS — Phosphate buffered saline

PCR — Polymerase chain reaction

PDGFp - Platelet derived growth factor 3

PDZ — PSD-95/Dlg/Z0-1 domain

PECAM1 — Platelet and endothelial adhesion molecule 1
PFA — Paraformaldehyde

PI3K — Phosphoinositide 3-kinase

PIP, — Phosphatidylinositol 4, 5-biphosphate

PIP; — Phosphatidylinositol 3, 4, 5-triphosphate
PKA — Protein kinase A

PKB\Akt — Protein kinase B

PKC — Protein kinase C

PKC — Protein kinase C

PLCy — Phospholipase Cy

PIGF — Platelet-like growth factor

PTEN — Phosphatase and tensin homolog

PTP1B — Protein tyrosine phosphatase 1B

PyMT — Polyomavirus middle T antigen

R26 — Rosa 26 locus

Racl — Ras-related C3 botulinum toxin substrate 1
Rcc2 — Regulator of chromosome condensation 2

RGD — Arginine-Glycine-Aspartic acid
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RIAM — Rap1-GTP-interacting adaptor molecule

ROI — Region of interest

RT — Room temperature

RTK — Receptor tyrosine kinase

SBS - Soerensen buffer

SDS — Sodium dodecyl sulphate

SEA — Serine-Glutamic acid-Alanine

SEM — Standard error of the mean

SH2 — Src homology domain 2

SH3 — Src homology domain 3

SP — Superficial plexus

Src — Proto-oncogene tyrosine protein kinase
SVEGFR — soluble vascular endothelial growth factor
TE — Tris-HCI-EDTA

TGFP — Transforming growth factor 3

Tie2 — Tyrosine protein kinase receptor 2

TIMP — Tissue inhibitor of metalloproteinase

TM - Transmembrane

TNFa — Tumour necrosis factor a

TSAd — T-cell specific adaptor protein

VASP — Vasodilator stimulator phosphoprotein
VE-PTP — Vascular endothelial-protein tyrosine phosphatase
VEGF — Vascular endothelial growth factor
VEGFR1/2/3 — Vascular endothelial growth factor receptor 1/2/3

VSMC — Vascular smooth muscle cell
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WB — western blot

WT — Wild-type
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