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Abstract

Purpose—Vascular endothelium plays a central role in the pathogenesis of acute and chronic
radiation injuries, yet the mechanisms which promote sustained endothelial dysfunction and
contribute to late responding organ failure are unclear. We employed 2"d window (> 1100 nm
emission) Near-Infrared (NIR) imaging using indocyanine green (ICG) to track and define the role
of the notch ligand Delta-like ligand 4 (DIl4) in mediating vascular injury in two late-responding
radiosensitive organs: the lung and kidney.

Procedures—Consomic strains of female Salt Sensitive or SS (DII4-high) and SS with 37d
chromosome inherited from Brown Norway, SS.BN3 (Dll4-low) rats at ages 11-12 weeks were
used to demonstrate the impact of reduced DII4 expression on long-term vascular integrity,

renal function, and survival following high-dose 13 Gy partial body irradiation at 42- and 90
days post-radiation. 24 window dynamic NIR fluorescence imaging with ICG was analyzed
with physiology-based pharmacokinetic modeling and confirmed with assays of endothelial D114
expression to assess the role of endogenous DII4 expression on radiation injury protection.

Results—We show that SS.BN3 (DIl4-low) rats are relatively protected from vascular
permeability disruption compared to the SS (DIl14-high) strain. We further demonstrated that
SS.BN3 (DII4-low) rats have reduced radiation induced loss of CD31* vascular endothelial cells,
and increased DII4 vascular expression is correlated with vascular dysfunction.

Conclusions—Together, these data suggest D114 plays a key role in pathogenesis of radiation-
induced vascular injury to the lung and kidney.
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Introduction

Following radiation exposure, the vascular endothelium of acutely radiosensitive

organs such as the bone marrow and gastrointestinal tract undergoes well-defined
pathophysiological changes including inflammation[1, 2], cell death [3, 4], altered gene
expression [5, 6], and decreased barrier function [6]. Importantly, rescue of normal
endothelial integrity and function has been positively associated with survival in the acute
syndromes of hematopoietic and gastrointestinal radiation injury [1, 7, 9] that occur in

the first month after radiation. However, survivors of high-dose acute radiation exposure
have an elevated lifetime risk of developing a range of late multi-organ morbidities which
are collectively referred to as the delayed effects of acute radiation exposure (DEARE).
While DEARE encompasses a broad range of inflammatory and fibrotic morbidities,
sustained vascular dysfunction is common to multiple radiation-sensitive tissues including
the lung [10, 11], kidneys, heart [12-15], and brain [16]. Late vascular dysfunction is
characterized by structural changes in the vasculature including malformities [16], and
vessel regression [10, 17]. Previously, we demonstrated increased pulmonary vascular
permeability in response to radiation injury with near-infrared-1 window (~ 800 nm) optical
imaging and validated the imaging based vascular permeability assay with multiple gold
standard techniques including measurement of pulmonary vascular filtration coefficient,
Evan’s blue dye-based permeability assay, and lung histology [18].

Here, we define the potential role of Delta-like ligand 4 (DII4) in mediating the observed
radiation-induced long-term alterations in vascular structure and function. DII4 is an
endothelial-specific Notch ligand which is necessary for normal vascular development.
There are no direct reports showing the reduction in radiation-induced endothelial
dysfunction following DII4 reduction in the context of the delayed effects of the radiation
injury. In murine tumor models, D114 blockade has been shown to inhibit tumor growth

and angiogenesis [19]. Recently, using cervical cancer cell line models, it was shown

that DII-4 inhibition radiosensitizes these cells via the inhibition of cell proliferation,
promotion of radiation-induced apoptosis, and inhibition of DNA damage repair. Loss of
even one DII4 allele results in defective vascular development and embryonic lethality

in most mouse strains [20-22]; therefore, we have leveraged a previously established
consomic rat model of reduced D114 expression [23]. In this consomic rat model, the third
chromosome in the female salt-sensitive or Dahl-SS rat is substituted with chromosome

3 from the Brown Norway rat with lower DIl4 expression [23, 24]. Prior work in this

model demonstrated dysfunctional tumor angiogenesis in the SS.BN3 (DIl4-low) strain
relative to the SS (DII4-high) strain. Since there are multiple gene candidates on BN 3
chromosomes, these vascular phenotypes were also validated in congenic and sub-congenic
strains by introgressions of varying segments of BN chromosome 3 into the parental SS
strain to localize the role of SS DIl4 on tumor angiogenesis with precision [23, 24]. SS.BN3
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Methods

(Dll4-low) rats have reduced radiation-induced cardiotoxicity relative to SS (DII4-high)
rats [25]. Here, we evaluate the susceptibility of SS.BN3 (DII4-low) rats to progressive
radiation-induced vascular dysfunction and compare the response of the SS.BN3 (DIl4-low)
to the SS (DII4-high) strain to radiation injury using an established DEARE model [26, 27].

To non-invasively track changes in vascular permeability in the lung and kidney, we

used a second window Near-Infrared (NIR) imaging approach with the FDA-cleared dye,
Indocyanine Green (ICG), which significantly decreases tissue background autofluorescence
and is less impacted by multiple scattering [28, 29]. Multiple investigators have
demonstrated that the signal to noise ratio greatly improves with fluorescent emission at
900 nm-1500 nm (NIR-2 window) compared to the ~ 800 nm (NIR-1 window) [30]. NIR-1
cyanine fluorophores like ICG have off- peak tail emission that exceeds 1000 nm and can
provide excellent NIR-2 imaging capability [29]. Compared to NIR-1 window imaging with
ICG, the ICG NIR-2 window imaging provides clearer vascular structure in mice [31].
While 2" window NIR imaging has been demonstrated in ~ 20 g mouse models for tumor
imaging [32], it has not been reported for sensitive organ level vascular function imaging in
large ~ 200 g rats. To image the changes in vascular biology pertinent to radiation injury,

we demonstrate that 24 window NIR imaging allows reproducible, sensitive, and robust
discrimination of vascular injury and recovery in DIl4-low vs DIl4-high rat strains. The
contrast agent kinetics from surface-weighted NIR imaging was verified with high temporal
resolution ultrashort echo (UTE) based dynamic contrast-enhanced MRI of /n vivo lung
cross-sections with gadolinium contrast agent (Gadovist™). Using the combination of novel
NIR imaging, image-based pharmacokinetic modeling, a unique rat strain with reduced DIl4
expression, and our established DEARE model, we can demonstrate the critical role DIl4 in
mediating long-term vascular dysfunction and survival following radiation injury.

Approved protocols by Medical College of Wisconsin Institutional Biosafety Committee
(IBC) and Institutional Animal Care and Use Committee (IACUC, OLAW-NIH Animal
Welfare Assurance D16-00064(A3102-01)) were followed for all reported studies and
ARRIVE guidelines were followed [33]. SS, SS.BN3, and Wag/RijCmcr rats were used
for in vivoand ex vivo assays for studying the impact of radiation on pulmonary and renal
endothelial cells (ECs), the role of DII4 and target notch pathway genes via transcriptional,
and/or flow cytometry studies of protein expression. The study design and the strain and
number of rats used in each experiment have been illustrated in Table 1.

Animals and Partial Body Irradiation (PBI) Model

Dahl-SS.BN3 which inherit the 3™ chromosome from Brown Norway (BN) rats were
developed as part of the Consomic Xenograft Model at the Medical College of Wisconsin
(MCW)[34] (Fig. 1a). Dahl-SS, Dahl-SS.BN3, and WAG/RijCmcr were purchased from

the Rat Research Models Service Center at the Medical College of Wisconsin. All animal
studies were performed on isoflurane anesthetized animals. For survival analysis in response
to radiation injury, adult 11-12-week-old Dahl-SS (/7= 13) or Dahl-SS.BN3 (n = 19) female
rats were exposed to 13 Gy partial body irradiation (PBI) with 8% bone marrow shielding
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to one hind-limb (Pantak, 300 kVp; 169 cGy/min, 1.4 mm Cu HVL)[35]. All rats received
supportive care post-radiation consisting of antibiotics (enrofloxacin ~ 10 mg/kg/day) in the
drinking water from days 2-14, subcutaneous saline (40 mL/kg) days 3—-7, and powdered
diet days 35-70. Additionally, body weight, respiration, and renal function were monitored
to assess the health of the rats. Rats were followed for survival through gastrointestinal,
hematopoietic, lung and renal injury up to 160 days. Details for blood urea nitrogen

(BUN) and cardiac output (heart rate and stroke volume) determination are provided in
supplementary data.

15t and 2"d Window “In Vivo” NIR Fluorescence Imaging

The imaging setup comprised of 785 nm (Thorlabs) or 808 nm (Diomed, D15 Plus)

diode lasers for illumination and an image intensified cooled CCD for NIR-1 imaging
(PIMAX-4 512EMB, Princeton Instruments Inc., Trenton, NJ, USA) or an InGaAs focal
plane array for NIR-2 imaging (NIRvana 640ST, Princeton Instruments Inc., Trenton, NJ,
USA). For both NIR-1 and NIR-2 imaging, holographic notch filters to reject excitation light
(785 nm: SuperNotch-Plus™, HSPF-785.0-2.0, Kaiser Optical System, Ann Arbor, M1,808
nm: NF03-808E-50, Semrock, StopLine®) were employed. NIR-1 emission was captured
with 830 nm bandpass filter (830FS10-25, Andover, Salem, NH) with 785 nm excitation
(0.6 mW/cm?), NIR-2 emission was captured with 950 nm (Semrock, EdgeBasic™,
BLP01-980R-50) or 1100 nm (FELH1100, Thorlabs) long pass filters positioned following
the holographic notch rejections filters in the optical path(the 808 nm holographic notch
was not used in conjunction with the 1100 nm long pass). Dynamic contrast-enhanced
NIR-2 fluorescence imaging was performed on anesthetized rats for 15 min following ICG
injection with a temporal resolution of 50 ms [18]. ICG dose was about 1 mg/kg delivered
by tail vein injection with a syringe pump at 0.2 mg/s. The lungs were imaged at: 42 days
post-radiation (total of 32 SS and 35 SS.BN3 rats, i.e., SS 0 Gy (n=17), SS 13 Gy (n=15),
SS.BN3 0 Gy (n=13), and SS.BN3 13 Gy (n7=22)) and 90 days post-radiation (total of 22
SS and 29 SS.BN3 rats, i.e., SS0 Gy (n=09), SS 13 Gy (n=13), SS.BN3 0 Gy (n=12), and
SS.BN3 13 Gy (n=17)). The kidneys were imaged at day 90 (total of 16 SS and 19 SS.BN3
rats, i.e., SS 0 Gy (n=11), SS 13 Gy (n=15), SS.BN3 0 Gy (n=7), and SS.BN3 13 Gy (n
=12)).

NIR Image Processing

Images were processed in MATLAB (R2021b MATHWORKS Inc.). The image frames were
assembled as 3-D arrays (2-space and 1-time dimension) for all animals. Raw imaging data
was acquired over 25-30 min post injection for all animals. The intensity time series data
for each pixel was truncated to first 16,384 frames and corrected with a Fourier band pass
filter to denoise and remove respiratory motion artifacts (Supplementary Video SV1 a and
b)[18]. Finally, for consistency between all animals and computational efficacy, data was
further truncated to 8192 frames or 12.88 min of imaging time post injection. Principal
component analysis (PCA) along the time-dimension was used to convert the imaging data
to a k~-component vector for each pixel, where kis the number of time-frames in the original
dataset. The first 8-components were used to identify organ ROIs[18]. The PCA components
which clearly identified the lungs or kidneys were selected, and their decomposed matrix
(images) were used to define the region of interest (ROI) for either the lungs (Supplementary
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Fig. S3) or kidneys (Supplementary Fig. S4). The average intensity time-series of segmented
ROI was calculated and normalized via the intensity at 28 s post ICG injection, and the
normalized intensity-time course was plotted for all experimental groups and compared via
statistical tests.

Physiology-Based Pharmacokinetic Modeling (PBPK) of NIR Fluorescence-Derived ICG
Uptake and Clearance

Recently, we developed a PBPK model to describe the pulmonary uptake and clearance

of ICG18, This 2-compartment model which includes cardiac output describes the ICG
exchange and retention between and within vascular and tissue compartments to estimate
parameters that significantly affect the ICG uptake and clearance by the lungs, including the
permeability of the pulmonary vascular endothelium (Fig. 3e). The exchange rate of ICG
concentration in each compartment is given by the following ordinary differential equation
(ODE) system:

dc
V,,d—t" = F(1 — a)C,, — C,) + PS(C,— C})

@
dc,
Vi = PS(C, = C) + V(k-1Co = (ki + k)C)

@

dcC,
Vi dt

= Vr(klcr - k—ICe)
(©)
dc,

VIT = Vz(kzct)

4
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dC,, ( dy Ci _
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whereC, = C, = C, = C;, = C; = 0 uMatr = 0and d,is injected dose of ICG
and is based on rat weight. C,, is the concentration of ICG in blood supply to lungs. F
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(mL/min) is the rat cardiac output, « is the fraction of injected dye that is plasma protein or
albumin bound, C, (uM) is the plasma protein-bound ICG concentration in the vasculature,
C. (M) is the ICG concentration in the lung tissue, C, (uM) is the ICG concentration of
irreversibly bound dye in the tissue, and v, ( mL) and V, (mL) are the vascular region

and apparent tissue volume respectively. Four important parameters can be calculated from
Egs. 1-6, including PS (mL/min) which is the lung vascular permeability-surface area
product and describes the diffusion of ICG between vascular and tissue compartments. K,

and K_, (min_l) are the forward and backward rate constants of the dye reversible binding

within the tissue region, and K., (min_l) is forward rate constant of the dye tightly bound

within tissue region. .S, = 0.2 ml/sec is the pump speed, and BV is the blood volume.

Blood volume is estimated based on rat weight according to the established formula:

BV [mL] = 0.06 X body weight (g) + 0.77 (mL)[18, 36]. The cardiac output (F) and the
ICG half-life (z) were independently calculated (Supplementary Table 1, Supplementary
Table 2, and Supplementary Fig. 2).

In Vitro Endothelial Cell Radiation Study

Rat Primary Lung Microvascular Endothelial Cells were purchased from Cell Biologics (cat
no. RA-6011) and cultured in Rat Endothelial Cell Medium Supplement Kit (Cell Biologics,
cat. no. M1266) as recommended by the manufacturer in a 5% CO, and 95% air in a
humidified incubator. At 70-80% confluency, ECs were radiated with an 8 Gy dose and
harvested at defined time points for transcriptional analysis. Cells with passages 2—-3 were
used in the experiment. Transcriptional analysis of DIl4, and target notch genes was done at
6 h, 24 h, and 72 h post-radiation.

Flow Cytometry Analysis of Endothelial Cell and DIl4 Expression Changes

Single endothelial cell suspension from tissue was prepared as previously described [37].
About ten million lung cells per animal were used for CD31* enrichment using the CD31
Microbeads kit (cat# 130-109-680, Miltenyi) as per the manufacturer’s instructions.

Flow cytometry assays was adapted from our previous study [38]. Briefly, one million

lung cells were surface stained with fluorophore-labelled monoclonal antibodies: PE-CD31
(FAB3628P, R&D systems) and APC-CD45 (17-0461-82, Thermo Fisher). DIl4 cell surface
staining was done using unconjugated rabbit anti-rat primary antibody (NB600-892, R&D
systems) followed by staining with secondary Pacific Blue Goat Anti-Rabbit IgG (P-10994,
Thermo Fisher). The antibody staining was done at 4 °C for 30 min in staining buffer
(1XPBS with 2% FBS). Single color tubes were used to set up a compensation matrix

and a Fluorescence Minus One (FMO) control was included to ensure specific staining.
7-AAD (420,404, Bio Legend) was used to exclude dead cells. The data were acquired on a
MACSQuant 10 Analyzer Flow Cytometer (Miltenyi) and analyzed using FlowJo software
version 10.0 (BD Life Sciences). To verify gating and purity, all populations were routinely
backgated.
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Quantitative Transcriptional Studies with RT-gPCR

Total RNA was isolated from lung tissue using RNeasy Micro Kit (cat no. 74004, Qiagen)
following the manufacturer’s instructions and reverse transcribed to cDNA using the High-
Capacity RNA-to-cDNA™ Kit (cat no. 4387406, Thermo Fisher Scientific). Quantitative
real-time PCR was performed using the TagMan Gene Expression Assay primer probes
(cat no. 4331182, Thermo Fisher Scientific). The rat primer probes used were DIl4
(Rn01512886) and the reference GAPDH (Rn01775763). Expression of target genes was
normalized to GAPDH. The relative expression of the gene was calculated with respect to
control (0 Gy) and presented as fold change (2~(ACt subject)-(mean ACt control)y ‘statistics done
on ACt values.

Statistical Analysis

Results

While the data corresponding to non-irradiated control groups was normally distributed,
imaging and terminal assay results from the radiated groups were often non-normally
distributed; thus, a robust method was chosen to test for significance, and strategies

such as log-normalization were not employed. For all the reported parameters and direct
measurements, linear model regression was performed via customized scripts in the
statistical language “R” with radiation dose and rat strain as covariates. The linear regression
output was analyzed with 2-way ANOVA to generate the Pvalues which indicated whether
the groups significantly differed with respect to radiation dose or strain. Pairwise post hoc
comparison with the Sidak test was performed to identify which specific group pairs differed
significantly (****P< 0.0001, ***P< 0.001, **P< 0.01, and *P< 0.05).

SS.BN3 (Dll4-Low) Rats Have Improved Median Survival Following Radiation Injury

As previously described[24], SS.BN3 (DII4-low) rats were generated by the substitution of
chromosome 3 from the Brown Norway rat into the Dahl-SS rat (Fig. 1a). D114 expression
was previously shown to be reduced in the tumor vasculature of SS.BN3 rats relative to SS
rats[24] Here, we validated the decreased expression of DII4 mRNA in the lung vasculature
of SS.BN3 rats relative to SS rats (Fig. 1b). At baseline, lung endothelial MRNA expression
of DII4 was twofold reduced in SS.BN3 rats relative to SS rats (= 0.0061). We then
evaluated whether there were differences in susceptibility to morbidity due to lung and
kidney DEARE between the SS.BN3 (DIl4-low) and SS (Dll4-high) rats. Rats were exposed
to 13 Gy PBI and were followed day 160 for signs of morbidity due to lung or renal

failure. Kaplan—Meier survival curves are plotted in Fig. 1c. Median survival in the SS.BN3
(Dl4-low) rats was increased from 129 days in the SS (Dll4-high) rats to 155 days, while
all nonirradiated rats survived to 155 days. The Pvalue for the log-rank comparison was
P=10.0002. Change in body weight for this same cohort of irradiated rats is shown over
time in Fig. 1d. A typical precursor of morbidity in this radiation model is a drop in body
weight which is indicative of declining general health. Consistent with the improvement in
median survival, SS.BN3 rats (DIl4-low) rats tended to have less body weight loss overall
and had significantly reduced body weight loss at day 90 (during radiation pneumonitis) and
day 120 following radiations (coinciding with the onset of radiation nephropathy) than SS
(Dl4-high) rats (Fig. 1d).
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Radiation Induces Increase in Vascular Permeability in SS (DIl4-High) Rats but Not SS.BN3
(Dll4-Low) Rats

We assessed the differences in lung and kidney vascular permeability between SS.BN3

rats (D114-low) and SS (DIl4-high) rats at day 42 and at day 90 post irradiation using
non-invasive 2 "d window NIR imaging (Fig. 2a). These time-points were chosen on the
basis of prior studies which identified the time intervals for lung injury via pneumonitis at
40-70 days and recovery at 70-90 days, with renal injury detectable at 90 days and reaching
morbid levels by 110 days[39]. Representative raw videos are included as supplemental

data (Supplementary Video SV2 a—d) and (Supplementary Video SV3 a—d). The three
imaging setups were compared for lung and kidney visualization in anesthetized healthy
rats. Principle component analysis (PCA) was used to define the region of interest (ROI)

for either the right lung and right kidney imaging (Fig. 2b), and the best components

with high fidelity to anatomical organs were selected for comparison of NIR-1 and NIR-2
ICG imaging techniques (PIMAX—830 nm, NIRVANA—950 nm, and NIRVANA—1100
nm emission) (Supplementary Fig. 3 and 4). As shown in Fig. 2b, PCA outcome quality
successively improved with emission windows from NIR-1 (830 nm bandpass) to 950 nm
long pass and decomposed images of 1100 nm + NIR-2 window represented best defined
contours for both kidneys and lungs. Also, both organs were more prominently visualized
with longer wavelength long pass filters (NIRVANA—1100 nm) compared to shorter
wavelength bandpass or long pass filters (PIMAX—830 nm; NIRVANA—950 nm); thus,
the NIR-2 setting with 1100 long pass emission was chosen for all successive experiments
(see Supplementary Video SV4 a—d). Figure 3a, b depicts the kinetics of ICG fluorescence
diffusion in the right lung for each group at day 42 (Fig. 3a) and day 90 (Fig. 3b). In general,
radiation increased the residence time of the ICG in tissue indicating vascular leakage due
to an increase in vessel permeability at both 42- and 90-day time-points; however, the

effect was far larger at day 42, and a recovery was observed at day 90. We implemented a
mixed-effects covariance model for 8192 timesteps with time-varying covariates, to analyze
the average fluorescence intensity of ICG in the right lung where subject numbers serve

as the repeated measure indicator and the rat strain serving as covariate. The model was
used to locate time steps with the most covariance parameter significance as an indicator

of radiation effect. The covariance parameters represent significant effect of radiation injury
at 42 days post-radiation, but it decreases at 90 days (Fig. 3c) indicating recovery in
surviving animals. The diagonal projection of covariance on a time axis (Fig. 3d) suggests

a significant covariance parameter in late timesteps, suggesting radiation effect on delayed
clearance of ICG and hence changes in lung vascular permeability. Similar contrast agent
uptake and clearance profiles were observed with cross-sectional UTE MRI with Gadovist™
(Supplementary Fig. 1) thus confirming trends observed with optical imaging. For the lungs,
the kinetic data were fit to the previously described physiology-based pharmacokinetic
model (PBPK) to calculate a quantitative estimate of the vascular permeability surface area
(PS) At day 42 or around peak pulmonary vascular injury timeframe, PS in SS (DIl4-high)
rats exposed to 13 Gy increased threefold (PS value is 6.85 [Cl: 4.30-9.41] for irradiated
SS (DIl4-high) rats) compared to nonradiated SS (DII4-high) control rats (PS value is 2.36
[CI: 2.1-2.62] for non-radiated SS (Dll4-high) rats) (Fig. 3f). Conversely, no significant
difference in permeability at day 42 was observed in SS.BN3 (DIl4-low) rats exposed to
radiation (Fig. 3f). The fraction of ICG bound to all plasma proteins («) was not significantly
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different between all 4 groups which was 0.91 [CI: 0.89-0.93] and 0.86 [CI: 0.81-0.92]

for control and irradiated SS rats, respectively. The fraction was 0.87 [CI: 0.84-0.90] and
0.89 [CI: 0.88-0.90] for control and irradiated SSBN3 rats. No significant differences in PS
value in either SS or SS.BN3 control and radiated groups were observed at day 90, at which
point the surviving rats had overcome lung vascular injury (Fig. 3f). Thus, the imaging
derived PS parameter could adequately explain the survival differences in SS (Dll4-high)
and SS.BN3 (Dll4-low) rats. Similar to 42 time points, there was no significant difference
for the parameter « between 4 groups at 90-day time point where it was 0.87 [CI: 0.83-0.91]
for control SS rats, 0.89 [CI: 0.87-0.90] for irradiated SS rats, 0.91 [CI: 0.90-0.92] for
control SSBN3 rats, and 0.92 [Cl: 0.91-0.92] for irradiated SSBN3 rats.

SS.BN3 (Dll4-Low) Rats Have Reduced Radiation-Induced Loss of CD31 + Endothelial Cells

We next examined radiation-induced changes in endothelial cellularity in lung and kidney
at day 70 post-irradiation. At baseline, SS.BN3 (DIl4-low) rats have a significantly lower
percentage of CD31* endothelial cells compared to SS (DII4-high) rats in both the lungs
and kidneys (Fig. 4a, b). While the number of C D31* endothelial cells is lower in SS.BN3
(Dll4-low) at baseline, SS.BN3 rats do not exhibit a loss of endothelial cells following
radiation in these tissues at day 70 after PBI. Conversely, following 13 Gy radiation injury,
the frequency of endothelial cells in both the lung and kidneys of SS (DII4-high) rats is
significantly reduced compared to 0 Gy (Fig. 4a, b) while the frequency of lung and kidney
endothelial cells in SS.BN3 (DII4-low) rats is unchanged by radiation (Fig. 4a, b), and this
data can verify the /in vivoimaging results reported in Fig. 3.

SS.BN3 (Dll4-Low) Are Less Sensitive to Radiation-Induced Renal Vascular Damage

Next, we examined the progression to renal failure in SS.BN3 (Dll4-low) and SS (DlI4-high)
rats. At the 13 Gy partial body irradiation dose used in this model, all rats eventually
succumb to morbidity due to progressive renal failure. Optical imaging for progressive

renal injury was performed at 90 days. Observed trends in ICG wash-in and washout

were identical to lung imaging, indicating a similar nature of endothelial cell response to
radiation in the kidneys as well. SS (DIl4-high) rat kidney ICG kinetics was significantly
affected by radiation, whereas the contrast agent kinetics in SS.BN3 (Dll4-low) rats were
not different post 13 Gy radiation. The imaging kinetics of the right kidney at day 90 are
shown in Fig. 5a. Renal function was monitored by measuring blood urea nitrogen (BUN)
levels, an endogenous marker of renal function. BUN levels were significantly higher in

SS (DIl4-high) rats (n =30 for 90 days and n7= 8 for 120 days) at both days 90 and 120
post-radiation compared to SS.BN3 (DIl4-low) (n= 37 for 90 days and n7= 24 for 120 days)
(Fig. 5b). Consistent with the reduced BUN values in SS.BN3 (DIl4-low) rats, we observed
improved retention of glomerular endothelial cells in SS.BN3 (DIl4-low) rats versus SS
(Dll4-high) rats (Fig. 5¢ and Supplementary Fig. 5). Representative images of glomeruli
stained with the rat endothelial-specific antibody RECA-1 (Fig. 5¢) illustrate the higher
number of RECA-1 + (brown) endothelial cells in the glomeruli of SS.BN3 (DIl4-low) rats
relative to SS (DII4-high) rats (7= 4 per group). The percentage of endothelial cells per
glomeruli was quantified (as described by Cowley et al.)[40] and is illustrated in Fig. 5¢ and
Supplementary Fig. 5. While the percentage of glomerular endothelial cells was significantly
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reduced in SS (Dll4-high) rats, glomerular endothelial cells were not significantly changed
in SS.BN3 (Dll4-low) rats (Fig. 5d) following radiation.

Radiation Regulates Endothelial DIl4 Expression

In the acute setting, radiation has previously been shown to increase endothelial Notch
signaling [41, 42]. Consistent with these prior reports, we observed 8 Gy ex vivo irradiation
of pulmonary endothelial cells increased transcription of Notch target genes Hes1 and Hey2
at 6, 24, and 72 h following irradiation (Fig. 6a). We then assessed late radiation-induced
changes in endothelial DII4 transcription and protein expression at day 70 post-irradiation
in vivo. In the lung endothelium, DII4 transcription was reduced in both SS (DIl4-high) rats
and SS.BN3 (Dll4-low) rats; however, this reduction was significant in SS (DIl4-high) rats
(Fig. 6b). We confirmed this response in a third rat strain, the WAG/RijCmcr at days 28, 42,
and 70 following 13.5 Gy PBI (Fig. 6¢). DII4 transcription was significantly downregulated
in the lung endothelium of the WAG/RijCmocr rat at days 42 and 70 post-PBI compared to
age-matched non-irradiated control rats (Fig. 6¢). Expression of Notch target genes Hey?2
and Hes1 had a non-significant increase at 28 post-PBI but was decreased by day 70
post-PBI relative to 0 Gy control rats (Fig. 6¢). However, when we examined cell surface
expression of DII4 on ECs by FACS, we observed that the fraction of DII4* ECs increased in
both the lung and kidney of irradiated SS (Dll4-high) rats (Fig. 6d). Conversely, the fraction
of DII4* endothelial cells was unchanged in SS.BN3 (Dll4-low) rats (Fig. 6d). Similar to the
SS (Dll4-high) rat, cell surface levels of D114 were also significantly increased in the lung
endothelium of the WAG/RijCmcr rat at days 42 and 70 following 13.5 Gy PBI (Fig. 6e).

Discussion

2" window NIR dynamic contrast imaging not only allowed the clear, live visualization

of the lungs and kidneys in 200 g rats for ROI-based image analysis but also enabled the
image-based pharmacokinetic analysis of vascular function in these organs. According to the
prior studies, ICG tightly binds to plasma proteins including plasma albumin, high-density
lipoprotein (HDL), and low-density lipoprotein (LDL) which reduces the amount of free
ICG in the blood plasma and limits the exchange of ICG with tissue region[43]. This binding
property has been modeled in our PBPK equations by a dimensionless parameter a that is
the fraction of plasma protein-bound ICG and can take any number between 0 and 1. Our
modeling indicate the high fraction of protein-bound ICG in the blood plasma (around 0.9)
for all groups, including control and irradiated groups, suggesting that a significant fraction
of ICG is protein bound and may not penetrate the smaller capillaries; however, there is no
radiation effect on the fraction of protein- bound ICG in the blood plasma. The model-fitted
permeability-surface area product PS accurately reflected the increased pulmonary vascular
injury in DII4-high SS rats at 42 days with recovery to normal range at 90 days in surviving
animals. Further, the kinetic profile of reduced washout rate following radiation injury in
SS-rats (Fig. 3a) corresponded to reduced DII4 expression following radiation (Fig. 4). For
Dll4-low SS.BN3 rats, both the imaging PBPK model derived PS values and the measured
DIl4 expression on endothelial cells did not alter upon radiation injury. Similar to lungs,
increased retention of ICG was observed in the kidney imaging for the SS rats (Fig. 5a)
which can be attributed to disruption of ICG bound protein filtering by the glomerulus.
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Glomerulus endothelium injury precedes the damage to tubules [44]. While a water solution
dye such as IRDye800 can investigate kidney function comprehensively, ICG with its
albumin binding can provide an early indication of glomerulus injury and protein leakage.
While ICG retention has been used previously for measuring the renal vascular perfusion
for surgery applications[45, 46], here, we show that ICG imaging can indicate enhanced
glomerulus disruption in the DII4-high SS rat strain in response to radiation injury. This is
the first-time, quantitative, and reproducible ICG 2" window fluorescence imaging has been
reported in animal models 10 times the size of mice for assessing vascular injury in interior
organs. Similar to NIR-1 imaging, NIR-2 imaging with Indocyanine green fluorescence will
be limited to 2-3-cm tissue depths, which can provide whole body organ level imaging in
mice and rat models of radiation injury, but human use will be limited to either tissue depths
of 3 cm from skin surface, or by using endoscopic or bronchoscopy imaging methods.

In this study, we have identified the notch ligand DIl4 as a driver of lung and kidney
endothelial dysfunction following radiation injury. Consomic SS.BN3 rats with lower DIl4
expression had markedly improved survival compared to SS (DIl4-high) rats, especially in
the first 120 days following radiation. Importantly, SS.BN3 (DII4-low) rats were protected
against vascular injury as evidenced by maintenance of vascular permeability and protection
of endothelial cell numbers. We believe the decreased endothelial expression of DII4 likely
plays a role in this observed radioprotection based on our correlative findings which showed
SS.BN3 (Dll4-low) rats have reduced baseline transcription of DIl4 compared to SS rats.
This is verified by the fluorescence imaging of ICG uptake and clearance, where SS.BN3
(Dl4-low) rats indicate slower ICG clearance compared to SS (DIl4-high) even at baseline
in absence of radiation injury. Additionally, while the fraction of DIl4-expressing endothelial
cells increases in the SS (DIl4-high) rats, we see no radiation-induced differences in DII4*
endothelial cells in the SS.BN3 (DIl4-low) rats. Although the findings described here may
not be entirely attributable to loss of DII4 as multiple genes are known to be differentially
expressed between endothelial cells derived from these consomic strains[24], these findings
are consistent with prior observations that DII4 has gene dosage/expression dependent
effects on blood vessel regulation[22, 47, 48]. Our observations in the SS.BN3 (Dll4-low) rat
strain are consistent with this notion as we observe a twofold reduction in DII4 expression
improves vascular recovery.

In the acute response to radiation injury, endothelial Notch signaling plays an essential

role in the regeneration of the bone marrow microenvironment as endothelial-specific
deletion of either Notch ligands Jagged-1 or Jagged-2 prevents hematopoietic stem cell
reconstitution following myelosuppressive radiation injury[49-51]. However, sustained
upregulation of Notch signaling post-radiation may promote pathological vessel remodeling
in non-hematopoietic tissues as aberrant Notch signaling is associated with vascular
dysfunction in other diseases[52]. In the gene expression analyses performed here, we do see
an immediate increase in Notch signaling as indicated by upregulation of the Notch target
genes hesl and hey2. However, at time point later than 42 days following /n vivoradiation
exposure, both D114 and Notch target genes are downregulated in the lung endothelium.
Curiously, despite the transcriptional downregulation of DII4, we do see an increase in the
fraction of DIl4-expressing endothelial cells. This finding may suggest endothelial DIl4
expression confers relative radio-resistance as has been previously observed in some cancer
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cell lines [53]. Our observation that DI14-low rats are protected against radiation-induced
morbidities suggests DII4 may be a therapeutic target for suppressing pathological vascular
remodeling following radiation injury. In conclusion, we have observed dynamic regulation
of DII4-Notch signaling in response to radiation and injury which was imageable with 2"
windo3w NIR fluorescence imaging. To further elucidate the mechanisms which initiate
long-term endothelial dysfunction after radiation, future studies will examine acute changes
in the lung vascular endothelium at the single cell level.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
SS.BN3 rats have reduced DII4 expression and reduced susceptibility to late radiation-

induced morbidity. a Consomic map illustrating the SS.BN3 rat is generated by the
substitution of chromosome 3 from the Brown Norway rat into the Dahl-SS genetic
background. b mRNA expression of DII4 from CD31* endothelial cells in non-irradiated
SS (Dll4-high) and consomic SS.BN3 (Dll4-low) rats (7= 4 (SS) or 5 (SS.BN3) rats per
group). ¢ Survival following 13 Gy partial body irradiation (PBI) in adult SS (n= 13)

and SS.BN3 rats (7= 19). Pvalue for log-rank analysis: 2= 0.0002 for SS vs SS.BN3
following 13 Gy PBI. d Change in body weight relative to pre-irradiation body weight for
the rats represented in the survival curve (**£=0.0066, ****P < 0.0001, two-way ANOVA
Sidak’s multiple testing correction). Note the increased drop in body weight at 90 and 120
days in SS as compared to SS.BN3 rats, that occurs during pneumonitis and nephropathy,
respectively
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Fig. 2.

Imaging setup and image processing technique. a NIR Fluorescence imaging setup using
Indocyanine Green optical imaging for the lung and kidney 42 and 90 days after PBI. b
Determination of region of interest (ROI) for the lung and kidney using principal component
analysis (PCA) for 3 different camera setups. Reference lung and kidney locations have been
illustrated by using a cross-sectional CT image of a representative SS rat via the SmMART
225 kV ortho-voltage x-ray system (Precision X-Ray, North Branford, Connecticut) at 40
kV and 5 mA with 0.2 mm voxels. Time-dependent fluorescence intensity data at each

pixel was decomposed into principal components along the time-dimension. The principal
components identified to represent lungs and kidneys are illustrated for ICG fluorescence
emission windows of 830 nm bandpass, 950 nm long pass, and 1100 nm long pass
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Fig. 3.

SS.BN3 (Dll4-low) rats are protected from radiation-induced increases in lung vascular
permeability. a Kinetics of ICG uptake and clearance in the right lung at 42 days (a total of
32 SS and 35 SS.BN3 rats, i.e., SS 0 Gy (7= 17), SS 13 Gy (n=15), SS.BN3 0 Gy (n=13),
and SS.BN3 13 Gy (n= 22)) (solid lines are the average intensity for each group and ribbons
represent standard error). b ICG fluorescence Kinetics of right lung at 90 days following PBI
(atotal of 22 SS and 29 SS.BN3 rats, i.e., SS0 Gy (n=9), SS 13 Gy (7= 13), SS.BN3

0 Gy (n=12), and SS.BN3 13 Gy (n = 17)) (solid lines are the average intensity for each
group and ribbons represent standard error). ¢ The mixed-effects covariance model for 8192
and 300 (cropped) timesteps with appropriate time-varying covariates, used to analyze the
average fluorescence intensity of ICG in the right lung where subject numbers serve as the
repeated measure indicator and the rat strain serving as covariate. d The diagonal projection
of covariance on a time axis. e Physiology-based pharmacokinetic modeling (PBPK) of

NIR fluorescence-derived ICG uptake and clearance (ref. 18). The model involves two
regions (vascular and tissue regions) and describes the ICG exchange and retention and is
used to estimate parameters that significantly affect the ICG uptake by lung, including the
permeability of the pulmonary vascular endothelium. f The PS (permeability-surface area)
product in the right lung at 42 days and 90 days (representing in the a and b) post PBI (solid
and dashed lines represent median and mean respectively)
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Fig. 4.

SS.BN3 (DII4-low) rats have reduced radiation-induced loss of CD31* endothelial cells. a
Left, representative FACS contour plots showing the percentage of CD45-CD31* lung ECs
at day 70 following 13 Gy partial body irradiation in SS (DIl4-high) and SS.BN3 (Dll4-low)
rats. Right, quantification of percent CD45-CD31* cells (n7= 9 rats per group). b Left,
representative FACS contour plots showing the percentage of CD45-CD31* kidney ECs

at day 70 following 13 Gy partial body irradiation in SS (Dll4-high, 7= 4) and SS.BN3
(Dll4-low, n= 5) rats. Right, quantification of percent CD45-CD31* cells
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Page 20

SS.BN3 (Dll4-low) are less sensitive to radiation-induced renal vascular damage. a ICG
fluorescence Kinetics in the right kidney at 90 after PBI (a total of 16 SS and 19 SS.BN3
rats, i.e., SS 0 Gy (n=11), SS 13 Gy (n=15), SS.BN3 0 Gy (n=7), and SS.BN3 13 Gy (n
=12)) (**P< 0.01, two-way ANOVA Sidak’s multiple testing correction; solid lines are the
average intensity for each group and ribbons represent standard error). b Blood urea nitrogen
(BUN) levels at days 90 and 120 following 13 Gy PBI in SS (Dll4-high; 7= 30 for 90 days
and 7= 8 for 120 days) and SS.BN3 (Dll4-low; 7= 37 for 90 days and /7= 24 for 120 days)
rats. The dashed line depicts mean BUN measurement for all non-irradiated rats (7= 58). ¢
RECA-1 staining (brown) of renal cortex region, showing the glomeruli at day 70 following
13 Gy PBI in SS and SS.BN3 rats (7= 4 for each group). One glomerulus outlined in white
from each group is shown in higher magnification (40x) below. d Quantification of RECA-1

staining in each group
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Fig. 6.
Radiation dynamically regulates pulmonary endothelial DII4 expression. a /n Vitro

transcriptional analysis of Notch target genes hesl and hey?2 following ex vivo irradiation of
rat pulmonary endothelial cells with 8 Gy (n = 3/group). b Ex vivo transcriptional regulation
of DII4 in pulmonary ECs from SS (DI14-high) and SS.BN3 (DIl4-low) rats at day 70
following 13 Gy PBI (n7= 4 for SS 0 Gy, n=>5 for SS 13 Gy, n= 4 for SS.BN3 0 Gy,

and n=>5 for SS.BN3 13 Gy). ¢ Ex vivotranscriptional regulation of DII4 and Notch target
genes hesl and hey?2 in pulmonary ECs from WagRij/Cmcr at days 28, 42, and 70 following
13.5 Gy PBI (n = 6/group each time point). d FACS expression of DIl4 within pulmonary
ECs from SS (Dll4-high) and SS.BN3 (DIl4-low) rats at day 70 following 13 Gy (n = 8 for
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SS 0 Gy, n=9 for SS 13 Gy, n= 8 for SS.BN3 0 Gy, and n=9 for SS.BN3 13 Gy). e
FACS expression of DIl4 within pulmonary ECs from WagRij/Cmcr at days 28, 42, and 70
following 13.5 Gy (7= 6/group each time point)
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