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ARTICLE INFO ABSTRACT

Background: Vascular targeting uses molecular markers on the surface of diseased vasculature for ligand-di-
rected drug delivery to induce vessel occlusion or destruction. In the absence of discriminatory markers, such as
in brain arteriovenous malformations (AVMs), stereotactic radiosurgery may be used to prime molecular
changes on the endothelial surface. This study explored aB-crystallin (CRYAB) as a radiation induced target and
pre-tested the specificity and efficacy of a CRYAB-targeting coaguligand for in vitro thrombus induction.
Methods: A parallel-plate flow system was established to circulate human whole blood over a layer of human
brain endothelial cells. A conjugate of anti-CRYAB antibody and thrombin was injected into the circuit to
compare binding and thrombus formation on cells with or without prior radiation treatment (0-25 Gy).
Results: Radiation increased CRYAB expression and surface exposure in human brain endothelial cells. In the
parallel-plate flow system, the targeted anti-CRYAB-thrombin conjugate increased thrombus formation on the
surface of irradiated cells relative to non-irradiated cells and to a non-targeting IgG-thrombin conjugate. Fibrin
deposition and accumulation of fibrinogen degradation products increased significantly at radiation doses at or
above 15 Gy with conjugate concentrations of 1.25 and 2.5 pg/mL.

Conclusions: CRYAB exposure can be detected at the surface of human brain endothelial cells in response to
irradiation. Pro-thrombotic CRYAB-targeting conjugates can bind under high flow conditions and in the presence
of whole blood induce stable thrombus formation with high specificity and efficacy on irradiated surfaces.
CRYAB provides a novel radiation marker for potential vascular targeting in irradiated brain AVMs.
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1. Introduction approach in cancer therapy, and targeted delivery to an array of dis-
criminatory targets with various “coaguligands”, incorporating ligands

Vascular targeting (VT) is the selective delivery of bioactive mole- such as antibodies or peptides attached to various effector molecules

cules to a particular vascular environment to induce occlusion or ab-
lation. The concept was initially developed to treat solid tumors with
the goal to cause rapid shutdown of pathological tumor vessels through
delivery of thrombotic agents to induce localized thrombosis and oc-
clusion [1,2]. The inherent molecular differences between tumor en-
dothelium and the normal endothelium make vascular targeting a good

such as truncated tissue factor or thrombin, has been investigated
[3-101.

Primary vascular pathologies, such as brain arteriovenous mal-
formations (AVMs), could be amenable to this occlusive approach as
these tangled collections of abnormal, rupture-prone vessels do not
supply the brain, but instead act as arterio-venous shunts [11,12]. The
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goal of AVM treatment is complete removal or occlusion of these pa-
thological vessels to eliminate the risk of stroke. To date, inherent
discriminatory endothelial targets have not been identified for VT of the
AVM vasculature, hence stereotactic radiosurgery (SRS) has been sug-
gested as a priming tool to induce a unique molecular signature on the
AVM endothelium [13-18]. SRS has been used for more than three
decades to manage patients with AVMs who are considered in-
appropriate for surgical resection [19]. Standard AVM radiosurgery
achieves obliteration through a process of proliferation that leads to
vessel wall remodeling and eventual closure [20], however the process
suffers from long latency periods, is limited to small AVMs (< 25 mm
diameter), and requires relatively high radiation doses [21]. The fo-
cused nature of SRS could allow molecular priming within the confines
of the AVM nidus and in combination with VT provide a mechanism for
focused and rapid induction of vessel occlusion, potentially with lower
radiation doses, allowing therapy of large AVMs that are currently
considered untreatable and reducing latency periods or incomplete
occlusion from standard radiosurgery that leave patients at continued
risk of stroke.

Radiation-induced targets including intercellular cell adhesion mo-
lecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and
phosphatidylserine (PS), have been investigated pre-clinically in this
context [17,22]. As endothelial targets, radiation-stimulated ICAM-1
and VCAM-1 suffer from lack of specificity in an AVM animal model
[22], however greater success has been achieved with targeting of PS
[17,1[28]. Other putative surface targets have also been identified in
recent proteomic studies [18,24,25]. One of these is the small heat
shock protein, aB-crystallin (CRYAB). CRYAB normally acts as an in-
tracellular chaperone to misfolded proteins in response to various cel-
lular stresses, including radiation [26]. Importantly, studies in a rat
AVM model and in cultured mouse brain endothelial cells demonstrated
not only significant CRYAB induction in response to radiation but also
evidence for translocation to the cell surface [25]. The absence of
CRYAB on the normal endothelial surface in healthy cells and its unu-
sual translocation to the endothelial surface after radiation suggests
that this protein could potentially provide a highly discriminating
target on radiation-primed cells.

In this study, we confirm the radiation-induced expression of
CRYAB in the context of human brain endothelial cells and investigate
surface-accessible CRYAB as a molecular target by creating an anti-
body-thrombin conjugate and assessing the efficacy and specificity of
binding and thrombus formation in an established parallel-plate flow
system with circulating whole blood.

2. Methods
2.1. Cell culture

The immortalized human cerebral microvascular endothelial cell
line, hCMEC/D3 (CELLutions Biosystems Inc., Toronto, Canada), was
cultured in EBM-2 medium (Lonza, Basel, Switzerland) supplemented
with 5% fetal bovine serum, 1% penicillin/streptomycin, 10 mM HEPES
(Life Technologies, Grand Island, NY), and 1 ng/mL human basic fi-
broblast growth factor (Sigma-Aldrich, North Ryde, Australia) at 37 °C
in 5% carbon dioxide. Cells were passaged at 90% confluence with
trypsin-EDTA (Life Technologies).

For flow studies, cells were seeded at 1 x 10* cells/mL onto col-
lagen-coated 35 mm glass bottom petri dishes (MatTek Corporation,
Ashland, MA) containing 1.5 mL complete EBM-2 medium and allowed
to grow for 2 days to achieve 100% confluence. For immunostaining,
cells were seeded at 1 x 10* cells/mL in collagen-coated 8-well
chamber slides (Nunc Lab-Tek II, Sigma-Aldrich) in a final volume per
well of 500 pL and grown to confluence prior to radiation or sham
treatment.
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2.2. Cell irradiation

Cells at confluence were irradiated by 6 MV linear accelerator
(Elekta Synergy, Crawley, UK) at Macquarie University Hospital
(Sydney, Australia) at three different doses (5, 15 or 25 Gy) as pre-
viously described [27]. Sham controls (0 Gy) were treated identically
but were not irradiated. For this study, all immunostaining or flow
studies were performed on cells 24 h after irradiation or sham treat-
ment was given.

2.3. Immunocytochemistry

At 24 h after irradiation or sham treatment, cells in 8-well chamber
slides were fixed briefly with 2% phosphate-buffered para-for-
maldehyde for 5 min without permeabilization. Fixed cells were
blocked prior to addition of primary antibodies overnight at 4 °C.
Primary antibodies to aB-crystallin (ab13496, mouse monoclonal IgG,
Abcam, Cambridge, UK) and a non-specific mouse IgG control isotype
(ab91353, Abcam) were used with an anti-mouse Alexa Fluor 647-
tagged secondary antibody (A-31571, Thermofisher Scientific). A pri-
mary antibody to cleaved poly-ADP-ribose polymerase 1 (cleaved
PARP-1, rabbit polyclonal IgG, STJ90100, St. John's Laboratories Ltd.,
London, UK) was used on fixed and permeabilized cells as an apoptotic
marker with an anti-rabbit AF647-tagged secondary antibody (A-
31573, Thermofisher Scientific). Cells were also co-stained with 4/,6-
diamino-2-phenylindole dihydrochloride (DAPI, 5 pg/mL) for nuclear
staining.

2.4. Fluorescent labelling of anti-CRYAB antibody for immunostaining
under flow

For preliminary assessment of antibody binding to irradiated cells
under flow, the anti-CRYAB antibody was pre-conjugated with a
fluorophore and run in the parallel-plate flow system in the presence of
medium rather than blood. Antibody-dye probes were prepared by
conjugating Xenolight CF750 (Caliper Life Sciences Inc., Hopkinton,
MA) to the anti-CRYAB and non-specific IgG antibodies according to the
manufacturer's instructions (Fig. S1a). Briefly, 200 pg of each antibody
was labelled by mixing with 0.04 nmol of dye in dimethylsulfoxide for
1 h at room temperature in the dark. Degree of labelling was calculated
as 4 for both CRYAB and IgG antibody-dye probes under these condi-
tions. The CF750-conjugated mouse IgG and anti-CRYAB at 1 pg/mL
were used in the flow system in the presence of EBM-2 medium and
circulated for a period of 15 min. The cells after flow were fixed and the
nuclei stained before mounting for microscopic observation to assess
binding using a Zeiss microscope with AxioCam HRc camera and Zen
2012 software (Carl Zeiss Microscopy, Jena, Germany).

2.5. Blood collection

All experimental procedures using human blood were approved by
the Macquarie University Human Ethics Committee (approval number
HREC: 5201300883) and were carried out according to the Australian
Code of Practice for the Care and use of Human Tissues for Scientific
Purposes (Version 4) with consent, as previously described [27]. A
volume of 20 mL of human whole blood was collected at each sitting
from healthy volunteers free from medication known to affect platelet
function. The blood was drawn using standard venepuncture protocols
into 4.5 mL tubes containing 3.2% buffered sodium citrate solution (BD
Bioscience, San Jose, CA). Citrated blood was re-calcified just prior to
use in the flow system using 10 mM CaCl; and 5 mM MgCl, in all ex-
periments.

2.6. Conjugate preparation

Recombinant human thrombin (3.4 mg/mL, specific activity 3026
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NIH units/mg; Prospec, Israel) was conjugated with the anti-CRYAB
antibody (ab13496, Abcam) using a Lys-Lys protein-protein conjuga-
tion kit (Click Chemistry Tools, Scottsdale, AZ, USA) according to the
manufacturer's instructions. Briefly, 130 pL of thrombin (3.4 mg/mL)
was labelled with 20-fold molar excess tetrazine (Tz) reagent and
100 pL anti-CRYAB or isotype IgG (1 mg/mL) in BUPH buffer (pH 7.5)
was labelled with 20-fold molar excess trans-cyclooctene (TCO) reagent
prior to conjugation (ratio 1:3). The conjugation reaction was mon-
itored by SDS-PAGE (Fig. S1b) and residual thrombin activity of con-
jugate (80%, 2420 NIH units/mg) determined using a commercially
available thrombin activity assay (AnaSpec, Fremont, CA).

2.7. Parallel-plate flow chamber

Set-up and operation of the parallel-plate flow chamber was as
previously described [27] using a Glycotech flow chamber (Glycotech
Co., Gaithersburg, ML) and pulsatile pump in an enclosed circulation
system. The system was operated using flow parameters giving an
average shear stress of 3.1 dynes/(:m2 (38 strokes/min; flow volume
2.4 mL/min; flow time 15 min), as previously established [27]. The
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Fig. 1. CRYAB expression on hCMEC/D3 cells
in response to radiation. (a) Representative
images of permeabilized hCMEC/D3 cells
stained with anti-cleaved PARP1 (AF647, red).
Cells were stained 24 h after radiation at
0-25 Gy. Cells were co-stained with DAPI (blue)
for nuclear localization. Bar 100 pm, magnifi-
cation 200x (b) Representative im-
munostained images of fixed, non-permeabi-
lized hCMEC/D3 cells taken 24 h after radiation
(25 Gy) or sham (0 Gy) showing CRYAB ex-
pression (AF647, red). Cell nuclei were stained
with DAPI (blue). (c) The percentage of CRYAB-
positive cells per field of view was determined
for three independent experiments. Data shown
mean + SD, one-way ANOVA with Dunnett's
post-hoc, **p < 0.01, ***p < 0.001, relative
to sham-treated. (d) Representative images of
CF750-IgG and CF750-anti-CRYAB binding to
irradiated (25 Gy) endothelial cells under flow
in the parallel-plate flow system using circu-
lating EBM-2 medium. Cells were transferred to
the flow system 24 h after irradiation or sham
treatment. Conjugates were circulated for
15 min in the flow system prior to disassembly,
fixation and imaging. CF750-tagged antibodies
(red), cell nuclei stained with DAPI (blue).
Magnification of all images, 200 x. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

flow chamber was assembled over a collagen-coated glass petri dish
containing cultured cells 24 h after sham (0 Gy) or radiation (5, 15 or
25 Gy) treatment. A volume of approximately 12 mL of blood con-
taining rhodamine 6G-labelled platelets (3 pg/mL) and FITC-labelled
fibrinogen (130 pg/mL) was circulated through the system so that their
deposition on the cell surface could be used as a measure of thrombus
formation. Anti-CRYAB-thrombin was added to a final concentration of
1.25 or 2.5 pg/ml and the system operated for a period of 15 min. At
the end of 15 min, the gasket was disassembled and the cells gently
washed before Hoechst staining and fixation for microscopy. The post-
flow blood was collected and plasma separated for analysis. Equivalent
volumes of saline or concentration of IgG-thrombin were used as non-
targeting controls.

2.8. Analysis of fibrinogen degradation product (FDP) in plasma

Plasma separated from whole blood was collected after flow by
centrifugation at 1000 xg for 10 min before enzyme-linked im-
munosorbent assay (ELISA) for fibrin degradation products (FDP)
(Jomar Life Research, Scoresby, Victoria, Australia) as a further
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measure of post-thrombotic events, as previously described [27].
2.9. Data and statistical analysis

Flow system imaging was performed with a Zeiss LSM880 Confocal
Microscope and analyzed for platelet adhesion area and fibrin volume
using 3D image reconstruction of Z stacks using Bitplane (IMARIS
software, version 8), as described in detail previously [27]. Cells were
viewed under bright-field and using ex358nm/em461nm for Hoechst,
ex550nm/em570nm for rhodamine 6G-labelled platelets, and ex495/
em519nm for fibrinogen-FITC. Five fields of view (200 x magnifica-
tion) from each experiment were randomly selected and the average
measurements were considered for analysis. Data analysis was per-
formed using Prism 6.01 (Graphpad software Inc., La Jolla, CA). Values
are given as mean = standard deviation (SD) of three independent
experiments. Multiple comparisons were performed using two-way
ANOVA with Tukey's post-hoc analysis, or one-way ANOVA with
Dunnet's post-hoc analysis for immunostaining analysis. P values <
0.05 were considered to be significant.

3. Results
3.1. Radiation induces CRYAB expression on human brain endothelial cells

Radiation induced some cell loss with some cellular hypertrophy
and nuclear enlargement at the higher radiation doses as observed
previously in this cell line [27] and in a bEnd3 mouse endothelial cell
line [24] (Fig. 1). The caspase-target, cleaved PARP-1, was used as a
marker of apoptosis and nuclear accumulation in fixed and permeabi-
lized cells was observed at both 15 and 25 Gy on cells stained 24 h after
irradiation (Fig. 1a). A similar dose-dependent pattern of CRYAB ac-
cumulation at the surface was also observed in fixed but non-permea-
bilized cells at the two higher doses (Fig. 1b, c).

3.2. CRYAB exposure allows targeted binding of antibodies under high flow

To further confirm CRYAB exposure at the surface and assess anti-
body binding in the presence of shear stress, fluorescently-tagged an-
tibodies were introduced into the parallel-plate flow system in the
presence of EBM-2 medium rather than blood. The binding efficiency of
both targeted anti-CRYAB-CF750 and non-targeted IgG-CF750 on live
irradiated endothelial cells under flow was analyzed by fluorescence
microscopy at the highest radiation dose of 25 Gy. The CF750 fluor-
escent signal was evident on the endothelial cells exposed to radiation
at 25 Gy using the anti-CRYAB-CF750 construct but minimal binding
was observed with the IgG control (Fig. 1d). It was observed that the
CRYAB-CF750 binding under flow was more punctate than observed
after visualization by a standard immunostaining procedure. It is un-
clear why this difference may arise but may be due to differences in
antibody concentration, incubation time, or the binding patterns that
could be achieved under continuous flow within the 15 min in the
parallel-plate system.

3.3. Anti-CRYAB-thrombin conjugate induces thrombus formation on
irradiated cells

As CRYAB appeared a valid surface target, a conjugate was pro-
duced between the anti-CRYAB antibody and thrombin for testing in the
parallel-plate flow system. Evidence for thrombus formation was ob-
served by measuring platelet aggregation (aggregate size and number
per field of view) (Fig. 2a, b) and fibrin deposition (aggregate size and
number of deposits) (Fig. 2a, c), as described previously [27]. A dose-
dependent response was observed for platelet accumulation in response
to radiation for both conjugate concentrations (i.e. 1.25 pg/mL and
2.5 pg/mL) (Fig. 2b). In the absence of conjugate, no significant in-
creases in platelet accumulation were observed. Statistical significance

122

Thrombosis Research 189 (2020) 119-127

was reached at the highest radiation dose of 25 Gy for average platelet
area compared to the irradiated and non-irradiated saline controls, but
not for total platelet area.

As per our previous study, the lack of discriminatory power ob-
tained with platelet measurement led us to examine fibrin deposition as
a more reliable marker of stable thrombus formation (Fig. 2a, ¢) [27].
In saline controls, no fibrin deposition was observed on either irra-
diated or non-irradiated cells (Fig. 2c¢). No fibrin deposition was ob-
served with either dose of conjugate in the absence of irradiation. In
response to radiation there was a dose-dependent increase in fibrin
deposition (both average and total fibrin volume) with both conjugate
concentrations, reaching significance at 15 and 25 Gy with increases up
to 24-53-fold greater than non-irradiated saline controls. No substantial
fibrin deposition was observed at 5 Gy under any conditions.

We previously demonstrated that at the thrombin activity levels
used in this study (0.36-0.6 NIH units/mL), untargeted, free thrombin
does not induce significant fibrin accumulation in this system [27],
hence these experiments were not repeated. Instead, an equivalent dose
(0.6 NIH units/mL) of non-targeting IgG-thrombin was utilized as a
more appropriate control to assess the targeting specificity of the
CRYAB conjugate. These experiments were only performed at the
highest radiation dose of 25 Gy where the most significant thrombus
formation was observed (Fig. 3a—c) and were compared to the original
CRYAB-thrombin dataset. In the presence of IgG-thrombin, minimal
stimulation of platelet aggregation was observed in the absence of ir-
radiation, as observed for the anti-CRYAB-thrombin conjugate (Fig. 3b).
There was no significant increase observed in average and total platelet
area in response to radiation at either IgG-conjugate dose compared to
the non-irradiated control. Both average and total fibrin volume in-
creased in response to IgG-thrombin in irradiated compared to non-
irradiated cells, however the levels achieved were significantly lower
than those achieved in response to the anti-CRYAB-thrombin conjugate,
particularly at 25 Gy (Fig. 3c).

3.4. Plasma FDP measurements correlate with fibrin deposition

To further assess the maturity of the thrombi formed, the release of
complex cross-linked fibrin degradation products (FDPs) in the post-
flow plasma was measured after each experimental run in the parallel-
flow system (Fig. 4). Significant increases were observed with both
conjugate doses at a radiation dose of 15 Gy (16-22-fold) and 25 Gy (28
— 38fold). No significant increase in FDP level was noted at 5 Gy with
either conjugate dose. This was in line with the lack of fibrin deposition
observed. Post-flow plasma analysis of FDP correlated well with the
extent of fibrin deposition observed in response to anti-CRYAB-
thrombin. Interestingly however, no increase in FDP levels was ob-
served in the presence of IgG-thrombin despite the observation of a
moderate increase in fibrin accumulation.

4. Discussion

Our previous publication was the first to establish and test the
parallel-plate flow system using phosphatidylserine (PS) as a target and
annexin V as the targeting ligand [27]. The study demonstrated the
utility of the system for ethically and economically verifying both tar-
gets and targeted coaguligands prior to animal studies and these find-
ings have since been translated successfully to a preclinical AVM animal
model [28]. However, as for many potential targets, levels of target
expression or potential for off-target binding can necessitate a trade-off
between targeting efficacy and specificity. Thus we continue to examine
novel vascular targets induced by radiation priming that could be used
either independently or in combination with PS in a dual targeting
capacity. Hence, in this study, we used the established parallel-plate
flow system to systematically approach the investigation of CRYAB as a
novel vascular target. Using this system, we have now shown that: 1)
CRYAB is up-regulated and accessible for binding at the endothelial
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Fig. 2. Platelet aggregation and fibrin formation on irradiated endothelial cells in the presence of anti-CRYAB-thrombin conjugate. (a) Representative confocal
images of platelet aggregation and fibrin formation on sham-irradiated (0 Gy) or irradiated endothelial cells (5, 15, or 25 Gy) in the parallel-plate flow system with
1.25 or 2.5 pug/mL conjugate. Thrombosis was assessed on cells 24 h post-irradiation or sham treatment. Conjugates were circulated in the system for 15 min to
induce thrombosis. Platelets were pre-stained in whole blood with rhodamine 6G (red) and FITC-labelled fibrinogen (green) added prior to circulation. Cell nuclei
were stained post-flow with Hoechst 33342 (blue); fluorescence is overlaid on brightfield images. Magnification = 200 x. (b) Quantitative analysis of average size of
platelet aggregates and total platelet area per field of view (um?®); (¢) Quantitative analysis of average fibrin volume and total fibrin volume per field of view (um®).
Data are shown as mean = SD (n = 3) and were analyzed using two-way ANOVA with Tukey's post-hoc analysis. ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.5 comparisons relative to saline, non-irradiated control. ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05 comparisons within radiation dose
groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

surface in response to radiation, and that this occurs reproducibly in under flow and induce thrombosis in the presence of whole blood,
human cells as well as animal cells; this has not previously been de- however an expected degree of non-specific binding on irradiated cells
monstrated; 2) thrombin can be delivered with high specificity to ir- should be considered in the development of antibody-based targeting
radiated cells using a CRYAB-targeting antibody; CRYAB surface ex- conjugates going forward; 3) the absence of CRYAB and lack of binding
pression and antibody binding is of sufficient affinity to be maintained and thrombus formation on non-irradiated human endothelial cells
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Fig. 3. Platelet and fibrin deposition in response to non-targeted IgG-thrombin conjugate. (a) Representative confocal images of platelet aggregation (um?, red) and
fibrin formation (um®, green) on irradiated endothelial cells (25 Gy) or sham control (0 Gy) in the presence of IgG-thrombin conjugate compared to anti-CRYAB-
thrombin at 1.25 or 2.5 pg/mL under flow. Thrombosis in the flow system was assessed on cells taken 24 h post-irradiation or sham treatment. Conjugates were
circulated for 15 min in the flow system. Nuclei were stained with DAPI or Hoechst 33342 (blue; fluorescence is overlaid on brightfield images). Magnification,
200 x . (b) Quantitative analysis of average platelet area and total platelet area per field of view (um?). (c) Quantitative analysis of average fibrin volume and total
fibrin volume per field of view at 25 Gy for both conjugate doses (um®). Data are shown as mean = SD (n = 3) and were analyzed using two-way ANOVA with
Tukey's post-hoc analysis. ****p < 0.0001, ***p < 0.001, **p < 0.01, comparisons relative to sham control. #p < 0.5, comparisons relative to low conjugate
dose within radiation dose group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

demonstrates the priming effect of radiation and the specificity of
CRYAB as a potential radiation target in the vasculature. Collectively,
these findings indicate that CRYAB could provide a highly dis-
criminatory marker on radiation-primed endothelium and supports
progression to in vivo studies.

CRYAB was initially identified as a putative target in a series of
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proteomic studies that examined surface exposure through biotin-la-
belling [18,24,25]. In a rat AVM model and a mouse endothelial cell
line, both the absence of CRYAB on normal, non-irradiated endothelial
cells and the up-regulation of CRYAB and surface exposure in response
to radiation was validated [25]. Most studies report intracellular
CRYAB accumulation in the cytoplasm and translocation to the nucleus
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Fig. 4. Plasma fibrinogen degradation product (FDP) concentration after flow
in the presence of conjugate. Presence of FDP (ng/mL) analyzed in plasma after
treatment with 1.25 pg/mL and 2.5 pg/mL anti-CRYAB-thrombin conjugate
(0-25 Gy) or 2.5 ug/mL IgG thrombin conjugate (at 25 Gy) in the parallel-plate
flow system. After each 15 min run, plasma was separated from the whole blood
containing conjugate from the circulation and analyzed for FDP presence by
ELISA. Data are shown as mean + SD (3 independent experiments). Statistical
differences were analyzed using two-way ANOVA with Tukey's post-hoc ana-
lysis. ****p < 0.0001, ***p < 0.001, **p < 0.01 comparisons relative to
non-irradiated control. ##p < 0.01, comparison relative to low conjugate
dose within radiation dose.

or mitochondria in response to stress or under pathological conditions
where it acts as a chaperone to bind misfolded or unfolded proteins to
protect them from aggregation that may otherwise lead to cell toxicity
and death [29-31]. CRYAB is also a normal resident of the eye lens
where its chaperone-like activity prevents protein aggregation and lens
cell death [32]. Less commonly, exosomal release of CRYAB has been
observed in glioblastoma and from ischemic cardiomyocytes [33,34].
The mechanism by which CRYAB translocates to the surface of the
vasculature in response to radiation remains unclear, however the ab-
sence of CRYAB on the normal endothelium and atypical surface loca-
lization in response to radiation support ongoing studies to further as-
sess in vivo biodistribution in the vasculature and targeting in the
context of AVM treatment.

Ideally, we would examine the molecular effects of radiation on
CRYAB expression in human AVMs directly. However, we cannot
ethically take AVM tissues from patients after they have undergone
radiosurgery and gaining sufficient endothelial cells at early passage
from surgically-excised human AVMs for radiation studies is challen-
ging. Although significant subculture may irrevocably alter some phe-
notypic characteristics it is worth pursuing this in the future. Based on
this study and our cumulative findings that radiation stimulates CRYAB
in three species (rat, mouse, human) and in both brain endothelium as
well as ex-cranial vasculature (rat model) [25], the phenomenon ap-
pears robust and repeatable, and theoretically transferrable to human
AVM endothelium. Potential deviation from this effect in AVMs could
derive from the activating-RAS genotype predominant in most AVMs
[35] or potentially from flow-mediated effects on endothelial gene ex-
pression. However, RAS activation in cancer cells does not result in up-
regulation of basal CRYAB expression [36] and we have evidence from
the rat AVM model that hemodynamic derangements do not induce
CRYAB expression in the absence of radiation [25]. These findings are
consistent with the predominant role of CRYAB as a damage-associated
chaperone and give increased confidence in translation of CRYAB as a
discriminatory target in an AVM setting. Overexpression of activated
RAS in vascular endothelial cells could be used to examine this in vitro,
and further biodistribution studies in pre-clinical models are required to
assess any potential for off-target binding in other vascular beds,
however collectively, our data suggests strong potential for radiation
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specificity at this stage.

We previously used the in vitro parallel-plate flow chamber to suc-
cessfully examine PS as a radiation target with an annexin V-thrombin
conjugate as the targeting coaguligand [27]. As observed for the CRYAB
conjugate, the annexin V-thrombin conjugate demonstrated dose-de-
pendent and synergistic thrombus induction in response to increasing
radiation doses, with the higher combined dose of radiation (25 Gy)
and conjugate (2.5 pg/mL) causing significantly greater thrombus for-
mation compared to the lower doses with both conjugates. Similarly,
significant induction was also observed with radiation doses of 15 Gy
for both conjugates. In contrast, the annexin V-thrombin conjugate
demonstrated low-level fibrin formation at 5 Gy, which was not ap-
parent with the CRYAB conjugate. Binding differences and efficacy
could be related to several variables such as: 1) the conjugate con-
centration, which was not truly equivalent given the size differential
between annexin V (30 kDa) and the CRYAB antibody (150 kDa); 2)
differences in ligand/antibody binding affinities for their targets; or 3)
to differences in endothelial target expression at each dose. The latter is
consistent with the lack of surface expression observed by im-
munostaining at this radiation dose. Ideally, identifying a target in-
duced at a low radiation dose would improve the safety profile and
potentially allow treatment of patients with large AVMs. Patients with
AVMs up to 3 cm can be safely and effectively treated (up to 80% cure
rate) with mean radiation doses typically within the 15-25 Gy range
however this drops significantly for larger AVMs (< 18% cure rate)
[37]. Combining this radiosurgery with VT could potentially improve
cure rates in large AVMs and the induction of immediate thrombotic
AVM occlusion could also remove the often long latency periods ex-
perienced by patients after standard radiosurgery that leave them vul-
nerable to stroke [38]. Our data still suggest the possibility of achieving
selective vessel thrombosis by using anti-CRYAB conjugate at 15 and
25 Gy. While we cannot assume that this level of thrombosis observed
in the in vitro system will translate in vivo without further pre-clinical
studies, previous translation of equivocal flow system data for PS [27]
to successful AVM vessel occlusion in an animal model [28] strengthens
the argument for advancement of CRYAB conjugates to in vivo studies to
assess whether CRYAB or PS, and their respective conjugates, make the
better targets or targeting agents, with respect to selectivity and effi-
cacy. Dual targeting to more than one biomarker with a combination of
targeted coaguligands may also be a means of increasing efficacy while
maintaining specificity [39].

Parallel-plate flow chambers are used to examine thrombosis in vitro
as they simulate in vivo hemodynamic conditions and the forces that act
upon early thrombus formation and stability [40,41]. While the shear
stress of 3.1 dynes/cm? achieved in our system lies at the lower range of
that found in AVM feeding vessels (2-67.4 dynes/cmz) [42] because of
the need to maintain cell attachment to the culture dish, the ability to
circulate whole blood over the cell layer is not something that can be
achieved in static cell conditions. It is a limitation however that we
cannot assess higher shear rates at this stage and thus the necessity to
move this molecule to an in vivo model. Parallel-flow chambers do
provide however an economical and ethical way to test and compare
combinations of radiation doses and conjugate concentrations prior to
pre-clinical studies. We find that fibrin deposition provides a sensitive
and reproducible measurement for thrombosis. Fibrinolysis and FDP
formation often occur linearly with fibrin deposition. Increasing fibrin
deposition itself stimulates plasminogen cleavage to plasmin, but it is
the balance between thrombosis and fibrinolysis that determines the
extent of clot formation [43]. Plasma FDP analysis is often used in
humans as a marker and measure of disseminated intravascular coa-
gulation (DIC). Our post-flow plasma analysis of FDP matched well with
the extent of fibrin deposition observed, at least in the presence of the
anti-CRYAB-thrombin conjugate. However, it was interesting that de-
spite moderate fibrin deposition occurring in the presence of IgG-
thrombin, no associated increase in FDP levels was observed. The low-
level platelet activation and fibrin deposition may not have been
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sufficient to produce the fibrin cross-linking characteristic of more
complex thrombi or support subsequent reactivity of the fibrinolysis
cascade. These findings further support the efficacy and specificity
brought by the targeted conjugate to the irradiated cell surface. This is
our second study using the parallel-flow system that found analysis of
platelet binding was a poor marker of thrombus formation. While there
were increasing trends in platelet binding consistent with the fibrin
deposition, the analysis of triplicate experiments was not sufficient to
see statistical significance consistently across all groups. The almost
exponential increase in fibrin deposition appeared a far more robust
and reliable marker of efficacy.

Overall, the findings reported a significant synergistic interaction
between the effects of radiation and conjugate dose where the higher
doses (25 Gy and 2.5 pg/mL) induced more effective thrombosis. While
binding was observed in response to the IgG-thrombin non-targeting
control, potentially due to construct interaction with endothelial Fc or
thrombin receptors [44], the response was significantly greater in the
presence of the anti-CRYAB conjugate, demonstrating CRYAB-specific
binding was occurring. The lack of significant binding or thrombus
formation on non-irradiated cells suggests the interaction was radia-
tion-dependent and that specificity in the irradiated zone could be
achieved despite the non-specific contribution. Potentially, develop-
ment of humanized antibodies that lack the Fc region may provide
greater targeting specificity as well as lower immunogenicity for anti-
body-conjugates, and the established in vitro flow system would be an
ideal place to pre-test and compare such newly developed antibodies
and test this hypothesis.

4.1. Summary and conclusion

The primary aim of this work was to validate CRYAB as an en-
dothelial target on human cells after radiation; and subsequently de-
velop and test the efficacy of a novel pro-thrombotic conjugate to
CRYAB for assessing luminal accessibility and inducing thrombosis on
irradiated endothelial cells under flow. The study demonstrated the
successful validation and testing of a new molecular target, CRYAB, and
its pro-thrombotic conjugate using a parallel-plate flow chamber under
optimized shear-flow conditions. This work supports progression to pre-
clinical animal studies for in vivo assessment of vascular CRYAB bio-
distribution and efficacy of the CRYAB-targeting conjugate in an AVM
animal model and potentially for vascular targeting of irradiated tu-
mors.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.thromres.2020.03.010.
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