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Figure 1-8. Adhesion molecules in the adhesion cascade.

Upregulation of Adhesion Molecules Following Irradiation

There has been increased interest in the upregulation of adhesion molecules following
radiation during the last decade. Investigators have shown the upregulation of adhesion
molecules, primarily E-selectin (35,36,37,41,42) and ICAM-1 (4,30,31,38,39,42) following
irradiation of human endothelial cells. Hallahan et al. reported that E-selectin is upregul ated as
early as 2 hr, post-irradiation (IR) reaching apeak in 6 hrs and returns to baseline by 24 hrs
(35,36) on human umbilical vein endothelial cells (HUVECS). Heckmann et a. reported that the
MRNA levels of E-selectin and ICAM-1 are upregulated significantly at 24 hr post-irradiation
(42) on human dermal microvascular endothelial cells. ICAM-1 isfound to be upregulated at 16

hr post-irradiation reaching peak values at 24 hrs and remains elevated until 48 hrs (36) on
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HUVECs from the data of Hallahan et al. In contrast to this result, Gaugler et al. also working on
HUV ECs observed the presence of ICAM-1, and not E-selectin, post-irradiation (31). ICAM-1
was upregulated at 48 hr post-IR and the levels remained high as long as 10 days post-IR (31).

In vivo studies on the expression of adhesion molecules by Hallahan et a. have shown the
presence of both E-selectin and ICAM-1 in the lungs of mice following irradiation (39). ICAM-1
MRNA has al so been reported to be upregulated in human skin cultures (4,8), and dermal
endothelial cells (42) following irradiation.

Recently P-selectin has been found to be accumulated in the lumen of tumor blood
vessels following radiation (40). Use of monoclonal antibodiesto P-selectin and ICAM-1ina
rat model showed decrease in the number of rolling and firmly adhering leukocytes (63) after
irradiation. Although upregulation of adhesion molecules in response to radiation have been
reported, the functional consequence of the presence of E-selectin and ICAM-1 following
irradiation has not been studied. Secondly, there have been controversia results regarding the
expression of adhesion molecules based on the cell type (microvascular vs. large vessels) and
radiation source (x-ray vs. gamma radiation).

In the current study, we investigated the functional consequences of the upregulation of
the adhesion molecules after irradiation using an in vitro flow chamber. Endothelial cells from
microvessels and large vesselsirradiated with x-ray or gamma were compared for the expression
of adhesion molecules. HL60 cells, which have become a standard substitute for leukocytesin
experiments were used to quantify leukocyte-endothelium interactions following radiation

damage under conditions of flow.
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Chapter 2. OBJECTIVES

lonizing radiation is amaor treatment therapy for the treatment of cancer. Damage to
the endothelium and inflammatory responses are the major side effects of radiotherapy, but the
mechanisms behind these processes are not clear. Over the last decade, much has been learned
about the inflammatory processin general. Consideration of these findings can give insight into
the cellular and molecular mechanisms, which may govern tissue damage in response to

irradiation.

Specific Aims
The main objective of the research presented here was to quantify the expression of
adhesion molecules on the endothelium following ionizing radiation and to determine functional

significance of the upregulation of these moleculesin anin vitro flow chamber model.

Hypothesis
We hypothesize that exposure to ionizing radiation during radiotherapy activates the
normal endothelium, which leads to the increase in expression of adhesion molecules such as E-
selectin and ICAM-1, and supports the increased interaction of leukocytes and endothelial cells.
Thisincreased interaction leads to leukocytes extravasating into the tissues and mediating
damage. Understanding of the functional interactions between the molecules can lead to

reduction in the damage to the normal tissue.
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Key Questions

. What adhesion molecules are upregulated on the endothelial cells following exposure to
ionizing radiation?

. Isthe upregulation of adhesion molecules radiation dose dependent ?

. What is the functional significance of the upregulation of these moleculesin the
interaction of leukocytes and the endothelium?

. Do endothelial cells from different parts of the body react differently to ionizing
radiation?

. What isthe effect of shear stress on the interaction of the leukocytes with the radiation

activated endothelium?
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Chapter 3. MATERIALSAND METHODS

The methods described herein were used to quantify the expression of adhesion
molecules on the irradiated endothelium and the functional consequence of their interactions
with leukocytes. Anin vitro flow chamber was developed to model the in vivo blood flow

conditions.

Experimental Design

Three different types of endothelial cell cultures were used to study the expression of
adhesion molecules following ionizing radiation. The endothelial cell cultures were human
umbilical vein endothelial cells (HUVECSs), human dermal microvascular endothelia cells
(HDMECSs) and HMEC-1 which is the transformed immortalized progeny of HDMECs. All the
experiments were conducted at the following passages of the endothelial cells, HUVECs (P3-
P6), HDMECs (P4-P7) and HMEC-1 (P21-P26).

The endothelial cells wereirradiated with a single dose of 10Gy (x-ray or gamma-
radiation). It has been shown that a dose of 5Gy or 10Gy produces observable changesin the
normal tissue microvasculature (5). Irradiated HUVECs and HMEC-1 were observed at 5 hr,
24hr, 48 hr and 72 hr post-IR for the expression of adhesion molecules. HDMECs were analyzed
at 5 hr, 24 hr and 48 hr post-IR. Non-irradiated cells served as negative controls and IL-1[3
activated endothelial cells served as positive controls for the expression of adhesion molecules.

The experimental design is shown schematically in Figure 3-1.
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Figure 3-1. Experimental design of the study.

To study the functional interactions, human promyelocytic leukemia cells (HL60), which

have become a standard for use as substitutes of leukocytes were utilized in an in vitro flow

chamber to model thein vivo flow conditions. In vitro flow chambers provide the flexibility and
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control to vary the shear stress by varying the flow rates in order to understand the

pathophysiological consequences following radiation.

Media
M199, RPMI-1640, Fetal bovine serum (FBS), L-glutamine, penicillin/streptomycin
solution, EDTA-Trypsin solution, Trypsin neutralizing solution, and Dulbeco phosphate buffer
solution (DPBS) was obtained from Biowhittaker, Walkersville, MD. MCDB131 was purchased
from Life Technologies, Rockville, MD. Endothelial growth factor was bought from Biomedical
Technologies, Boston, MA. Gelatin, heparin, dibutyryl cyclic AMP, Formaldehyde and
hydrocortisone were obtained from Sigma Chemical, St. Louis, MO. Bovine serum albumin was

obtained from Fisher Scientific, Pittsburgh, PA.

Antibodies and Cytokines

IL-1B was obtained from Calbiochem, La Jolla, CA. Antibodies to E-selectin, ICAM-1
and 1gG1 were obtained from R & D systems, Minneapolis, MN. Anti-mouse 1gG, Heavy and
Light Chain(Goat) F (ab’), fragment conjugated to FITC was purchased from Caltag
Laboratories, CA. Antibodies to LFA-1, PSGL-1, SI€", B, integrin and Mac-1 were kind gifts of

Dr. Douglas Goetz of University of Memphis, TN.

Endothelial Cell Cultures

Human umbilical vein endothelial cells (HUVECSs) were obtained from Birthing Center,

Strong Memoria Hospital, Rochester, NY). Human microvascular endothelial cells (HDMECS)
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and transformed human microvascular endothelia cells (HMEC-1) were obtained from Dr.
Robert Swerlick, Emory University, Atlanta, GA.

Human umbilical cord veins were utilized as a source of endothelial cells (HUVEC)
utilizing the methods of Gimbrone et al. (33)and Wagner et al. (78) as modified by Sporn et al.
(71). A sterile technique was employed in all manipulations of the cord. The cord was severed
from the placenta soon after birth, placed in a sterile container and held at 4°C until processing.
Storage time did not exceed 48 hours. The cells were allowed to grow for 72-96 hours and were
then passaged in T25 cm? culture flasks pre-coated with 0.2% gelatin for usein our studies. All
umbilical cords used were considered normal by the obstetrical staff (Birthing Center, Strong
Memorial Hospital, Rochester, NY). Cells were maintained in M 199 with 10 % FBS, 2mM L-
glutamine supplemented with 100ug/ml of heparin, 50pg/ml of endothelial growth factor and
100U/ml penicillin/streptomycin on 0.2 % gelatin coated tissue culture dishes at 37° in 5% CO..
Confluent cells were trypsinized and subcultured at aratio of 1:3. All the studies were
conducted on passage 3-6 of these cells.

Transformed microvascular endothelial cells were maintained in MCDB131 with10 %
FBS, 2mM L-glutamine and 100U/ml penicillin/streptomycin solution on 0.2 % gelatin coated
tissue culture dishes at 37° in 5% CO,. Confluent cells were trypsinized and subcultured at a
ratio of 1:3. Cells used in our studies were from passage 22-26.

Primary microvascular endothelial cells were isolated from human neonatal foreskins as
described previoudly (75) and were obtained from the laboratories of Dr. Robert Swerlick at the
Emory University. Culture medium was MCDB131 with 10% human serum (Irvine Scientific),
10% FBS, 2mM L-glutamine, 5 x10-4 M dibutyryl cyclic AMP, 1 pg/ml hydrocortisone acetate

and 100 U/ml of penicillin/streptomycin. The cells were grown on 0.2 % gelatin coated tissue
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culture dishes at 37° in 5% CO,. Confluent cells were trypsinized and subcultured at aratio of

1:3. Cells used in our studies were from passage 4-7.

HL60 Cells

HL60 (human promyel ocytic leukemiacells) were obtained from American Type Cell
Culture (ATCC, Manassas, VA). The frozen cells were thawed at 37 °C and placed in RMPI-
1640 media supplemented with 10% FBS, 2mM L-glutamine and 100 U/ml of
penicillin/streptomycin in a T75 cm? flask. The flask was incubated at 37°C in 5% CO,. HL60
cells grow in suspensions. Upon reaching confluence, the cell suspension was further diluted to

alow for more cell growth.

Irradiation

Prior to irradiation, confluent endothelial cellsin T25 cm? flasks were replenished with
fresh media. HDMECs mediawas replaced with medialacking cyclic AMP (cyclic AMP has
been found to suppress expression of E-selectin (60,66). Cellswereirradiated with a single dose
of radiation (10 Gy (X-ray or gamma)). The x-ray dose rate was 2 Gy/min using a Siemens
Primus (4000 series) linear accelerator (6MV) and the collimator diameter used was 5 cm. The
dose calculations and calibrations were performed by Dr. Waleed Gaber (Research Investigator
at the St. Jude Children’s Hospital, Memphis, TN). The gamma radiation was delivered from
Mark 1, cesium source irradiator (Veterans Affair Hospital, Memphis, TN) at a dose rate of 4.2
Gy per minute. Cells taken to the radiation facility but not irradiated served as negative controls.

IL-1 3 (10 U/ml) activated cells served as positive controls to show the presence of the adhesion
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molecules. Post-irradiation cells were incubated at 37°C for 5Shr, 24hr, 48 hr and 72 hr to be
analyzed for the expression of adhesion molecules.

For thein vitro flow assay, endothelial cells were grown in 35 mm dishes. Confluent cells
were irradiated and incubated until the experimental time points. Non-irradiated cells served as

negative controls and IL-1[3 activated cells served as positive controls.

Flow Cytometry

Flow cytometric analysis was carried out to test for the presence of adhesion molecules.
At the respective time points post-IR (5 hr, 24 hr, 48 hr and 72 hr), cells were trypsinized with
0.01% EDTA-trypsin mixture in the presence of 1 % BSA. Cells were washed in phosphate
buffer saline and incubated with antibodies to E-selectin, ICAM-1 or murine IgG1 at a
concentration of 20pg/ml for 30 minutes at 4°C. Cells were washed and incubated with
secondary antibody (Anti-mouse 1gG, Heavy and Light Chain(Goat) F (ab’), fragment
conjugated to FITC for further 30 minutes at 4°C (1:50 neat dilution of antibody). Cells were
washed and fixed in 2% formaldehyde to be analyzed using flow cytometry (Epics - Profile 1
Beckman Coulter Inc., Fullerton, CA).

Flow cytometric analysis was also carried on the HL60 cells to check for the expression
of ligands of the adhesion molecules E-selectin and ICAM-1; namely, Sle*, PSGL-1, LFA-1,
Mac-1, and the 3, integrin chain. In brief, HL60 cell suspension was placed in a50 ml centrifuge
tube and was centrifuged at 12,000 rpm for 5 minutes at 37°C. The cells were washed in RPM|
—1640 media containing 5% FBS and resuspended to 1 x 10° cells/ml. One ml of the suspension
was aliquoted into 1.5 ml centrifuge tubes. The cells were spun down and 40pl of antibody

(20pg/ml) diluted in RPMI-1640 was added against Sle*, PSGL-1, LFA-1, Mac-1, and the B,
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integrin chain and incubated at 4°C for 30 minutes. The cells were washed and incubated for
further 30 minutes at 4°C with secondary antibody (Anti-mouse 1gG, Heavy and Light Chain
(Goat) F (ab’), fragment ) conjugated to FITC at 1:50 neat dilution. The cells were washed with
RMPI-1640 and then fixed in 2% DPBS to be analyzed in a flow cytometer (Epics - Profilell

Beckman Coulter Inc., Fullerton, CA).

In Vitro Flow Chamber Assay
To probe the functional consequence of the presence of adhesion molecules on the
irradiated endothelium a flow assay was used. The flow chamber was obtained from Glycotech

(Rockville, MD). A schematic of the flow chamber is shown in Figure 3-2.

syringe
pump

vacLiLm
pump

HL 60 cells

Gasket

Endothelial
cells

Figure 3-2. Schematic of the flow chamber.
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The irradiated cells on the 35 mm dish were washed with the HL60 cells media (RPM 1 —
1640 with 10% FBS and 100 U/ml of Penicillin/Streptomycin) and the flow chamber was placed
over it. A gasket of approximate thickness 250 pum was placed between the culture dish and the
flow chamber (the exact thickness of the gasket was obtained with the use of the z axis scale on
the microscope). The flow path width was 0.5 cm. The flow chamber was placed over an
inverted microscope (Nikon, Japan-TE300 series) and viewed at 10x Phasel. HL60 cells (10°
cells/ml) suspended in RPM 1-1640 media were perfused over the endothelial cells at shear stress
values of 0.5 —2.0 dynes/cm? by varying the flow rate with a syringe pump (Harvard Apparatus,
Boston, MA). These shear stress are values are typically observed in the post-capillary venulesin
vivo (70).

The flow rate needed to develop the desired shear stress was calculated using the

equation for the shear stress at the wall in aparallel plate flow chamber:

y= 3uQ, (1)
2h?w

wherey= shear stress in dynes/cm?

W = viscosity of the medium (0.76¢P in our experiments)
Q= flow rate of the medium containing HL6E0 cells (ml/min)
h= thickness of the gasket (height of the chamber) in cm

w = flow path width (0.5 cm)

The derivation for equation 1 has been shown previously (70). Experiments were
recorded with avideo camera (Dage-MTl, Inc, USA). The number of rolling, and adherent cells
were counted for aperiod of 3 minutes. The camera was connected to a video monitor

(Panasonic Model No. WV-5410) and the images were recorder on SVHS videotapes on avideo
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recorder (JVC SVHS Model No. HR-54900U) for offline analysis. A video title maker
(Videonics Title Maker 3000, Mexico) was used to place an electronic time and stamp
(containing experimental date, radiation status, lens used and the shear stress) on each video

field. The experimental set up is shown in Figure 3-3.

Parallel Plate Flow Chamber

HL6Ocells Q

DI

1=3Qu/ 2wk

Enlarged view

HL 60 cells Chamber

o] ||

Video -
Camera Syringe Pump

Inverted Microscope

Figure 3-3. Experimental setup of the flow chamber assay.

A semi-static flow assay was used at 48hr post-irradiation to investigate the functional
significance of the upregulation of ICAM-1 (semi-static assay was used as ICAM-1 bindsto its

ligands only under static conditions). Semi-static adhesion assays were performed by
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introducing HL60 cells into the flow chamber (shear stress of 0.5 and 1.0 dynes/cm?), stopping
the flow, incubating for 15 minutes allowing the HL60 cells to adhere to the endothelium, and

reintroducing the flow at shear stress of 0.5 and 1.0 dynes/cm?2.

Statistical Analysis
One way analysis of variance (ANOV A) was used to detect significant differences among
the groups (control, irradiated and IL-1[3 activated control) for the upregulation of adhesion
molecules. A two-way analysis of variance was performed to detect significant changes with
respect to time (5, 24, 48 and 72 hr), and radiation dose (5 and 10 Gy). ANOV A was performed
using SIGMASTAT software. A multiple comparison method (Fisher’s least significant
difference, LSD) was used to discriminate between the means. Differences between the mean

were considered statistically significant if P<0.05.
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Chapter 4. RESULTS

Expression of adhesion molecules following was quantified using flow cytometry at 5 hr,
24 hr, 48 hr and 72 hr post-irradiation (10 Gy) on endothelial cells obtained from large vessels
(HUVECSs) and microvessels (HDMECs and HMEC-1). All the data for irradiated endothelial
cells corresponds to a dose of 10 Gy unless stated otherwise. Statistically significant differences
were observed for the expression of E-selectin only on HDMECs (control vs. irradiated).
Statistically significant different levels of ICAM-1 were observed on all three endothelial cell
types: HUVECs, HMEC-1 and HDMECs post-irradiation. The functional consequence of the
presence of adhesion molecules was investigated using an in vitro flow chamber at shear stress
values of 0.5-2.0 dynes/cm? at 5 hr, 24 hr and 48 hr post-irradiation. Significant differences were
found for HDMECs (control vs. irradiated) and HUV ECs (control vs. irradiated).

The data are presented as Mean + SEM (Standard Error of the Mean), where * represents
(P<0.05) and ** represents (P<0.01). In order to investigate the controversial results regarding
the upregulation of adhesion molecules depending on the radiation source (x-ray or gamma), we
compared the expression of adhesion molecules following x-ray and gamma radiation.
Multifactor analysis of variance (ANOVA) was used to examine the effects of the two factors
(time and radiation type) and their interactions on the expression of the adhesion molecules. We
did not find significant differences (P>0.05) in the upregulation of adhesion molecules based on
the radiation source (for example, Figure 4-1 shows the expression of ICAM-1 post-irradiation
based on the radiation source). Hence the data from the x-ray or gamma sources were pooled

together to increase the statistical power.
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Figure 4-1. Comparison of expression of ICAM-1 on HUVECs using x-ray or
gamma-radiation. N=6 for all groups, P>0.05 (x-ray vs. gamma)

Morphology of Endothelial Cells Following Irradiation
Endothelial cells started to become elongated and irregular in shape by 48 hr post-
irradiation and started to lose contact with the adjacent cells (Figure 4-2b) leaving gapsin the
monolayer. By 72 hr post-irradiation, more endothelial cells started to peel off leaving prominent
visible gaps in the monolayer of cells. IL-1[3 activated cells also became elongated by 48 hr post-
irradiation (Figure 4-2c), but maintained their contacts with adjacent endothelial cells at 48 hr
and 72 hr post-irradiation. Control cells, however, retained their normal shape at al the time

points and maintained uniform contact with the adjacent cells (Figure 4-2a).
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Figure 4-2. Morphology of endothelial cells following activation and irradiation.
(a). Non-IR HUVECSs, (b). 48 hr post-IR HUVECS, (c). 48 hr post-1L-1f3 activated HUVECs
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Expression of E-selectin on Endothelial Cells

E-selectin expression was analyzed at 5 hr, 24hr and 48 hr post-irradiation using flow
cytometry on HUVECs, and HMEC-1. Experiments were conducted on HDMECsonly at 5 hr
post-irradiation. 72 hr time point post-irradiation was not considered because E-selectin
expression by endothelial cells following activation by an inflammatory substance has been
found to peak at 4-6 hr post-activation and returning to baseline values by 48 hr (9) post-
activation. Non-irradiated cells served as negative controls and IL-1[ activated cells served as

positive controls.

Expression of E-selectin on HUVECs:

HUVECs were used at passage 3-5 for these studies. These passage allow for uniform
expression of the adhesion molecules by the endothelia cells. Flow cytometric analysis showed
that HUVECs did not have a base line expression of E-selectin (Figure 4-3a). E-selectin
upregulation was also not observed at 5 hr (Figure 4-3b), 24 hr (Figure 4-4) and 48 hr post-
irradiation (Figure 4-4).

However, E-selectin was upregulated by IL-1(3 and peaked at Shr post-activation. There
was a significant increase in the mean fluorescence intensity (Figure 4-3c) and in the number of
cells expressing E-selectin. Almost 60-65 % of the cells were expressing E-selectin at thistime
point (Figure 4-4) post activation. The percentage of cells expressing E-selectin and the mean
fluorescence intensity decreased at 24 hr post-activation by IL-1 and returned to almost
baseline levels by 48 hr post-activation. Figure 4-4 provides a summary of the data for the

expression of E-selectin on HUVECs.
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Figure 4.3. Flow cytometry plots showing expression of E-selectin on HUVECs.
(8). Non-IR (Contral), (b). 5 hr post-IR (10 Gy), (c). 5 hr post-1L-1f3 activated
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Figure 4-4. Expression of E-selectin post-IR (10 Gy) on HUVECSs.
N=3 for all groups, Meant SEM, P<0.01 (for IL-1 betavs. control)
Expression of E-selectin on HMEC-1:
HMEC-1 used in this study were passaged from 22-26. HMEC-1 did not possess a basal
level of E-selectin expression. E-selectin expression was not upregulated by ionizing radiation
(Figure 4-5). Interestingly, 1L-1f3 failed to induce the expression of E-selectinin HMEC-1

(Figure 4-5).
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Figure 4-5. Expression of E-selectin post-IR (10 Gy) on HMEC-1.
N=3for all groups, Mean + SEM, P >0.05
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Expression of E-selectin on HDMEC:

HDMEC cells used for this study were at passage 3-6. Surprisingly, flow cytometric
analysisindicated that HDMECs have a basal level of E-selectin expression (Figure 4-6).
Approximately 7 % of the cells were expressing E-selectin under control conditions. E-selectin

was upregulated 5 hr post-irradiation on HDMECs (Figure 4-6).

=
= o 80 -
3o ”
— 2 60 - H Control
o L
S o 40 - EIR
S = *
§ § 20 - M IL-1 beta
E é_ 0 [ |
o Control IR IL-1 beta
Treatment

Figure 4-6. Expression of E-selectin on 5hr post-IR (10 Gy) HDMECs.
N=3, Meant SEM, P <0.05(for control vs. IR), P<0.01 (IL-1 betavs. control)

Expression of ICAM-1 on Endothelial Cells

ICAM-1 expression was quantified at 5 hr, 24 hr, 48hr and 72 hr post-irradiation.

Expression of ICAM-1 on HUVECSs:

A flow cytometric plot of control HUVECs at 72 hr is shown in Figure 4-7a. 10-15% of
the HUVECs had a basal level of ICAM-1, which increased to 25-30% by 72 hr in non-irradiated
controls. ICAM-1 was upregulated at 48 hr post-irradiation and the level increased by 72 hr

(Figure 4-7b). IL-1p activated cells increased the expression of ICAM-1 by 5 hr, reaching a
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maximum level by 24 hr which remained elevated at 72 hr post-activation (see Figure 4-7c). The

datais summarized in Figure 4-8.
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Figure 4-7. Flow cytometry plots showing expression of ICAM-1 on HUVECs.

(a). Non-IR (Control), (b). 72 hr post-IR (10 Gy), (c). 72 hr post-1L-1[3 activated.
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Figure 4-8. Expression of ICAM-1 on post-IR (10 Gy) HUVECs.
N=5 for all groups, Mean + SEM, P <0.05 (control vs. IR or IL-1 beta)
and P<0.01(control vs. IR or IL-1 beta)

Expression of ICAM-10on HMEC-1:

HMEC-1 were used at passages 21-26 for these series of experiments. HMEC-1 had a
basal level of ICAM-1 expression similar to that observed on HUVECSs (10-12% of the cells
expressed ICAM-1). ICAM-1 was upregulated at 48 hr post-irradiation and the level increased
significantly by 72 hr post-irradiation (Figure 4-9). However, the level of ICAM-1 upregulation
was only 1.5 times (control vs. irradiated) which was significantly less compared to the ICAM-1
level on HUVECs (2.4 fold increase on irradiated HUV ECs compared to control). In addition,
IL-1pB activated cells expression of ICAM-1 was also significantly less (75 % of the cells
expressed ICAM-1) than the corresponding levels of expression of ICAM-1 by HUVECs (90%

of the cells were expressing ICAM-1).
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Figure 4-9. Expression of ICAM-1 on post-IR (10 Gy) HMEC-1.
N = 3 for all groups, Mean + SEM, P<0.05 (control vs. IR or IL-1 beta),
P<0.01 (control vs. IR or IL-1 beta)

Expression of ICAM-10on HDMECs:

HDMECs had a significantly higher basal level of ICAM-1 compared to HMEC-1
and HUVECs. Almost 50-55% of the cells expressed ICAM-1 (Figure 4-10). However, ICAM-1
was upregulated as early as 24 hr post-irradiation and the level reached 90-95% by 48 h (Figure
4-10). 72 hr time point was not included for these cells. On IL-1[3 activated cells, ICAM-1
expression peaked by 24 hr reaching 95% expression levels and remained at the same elevated
level at 48hr post-irradiation (Figure 4-10).

A summary of data representing the time and significant level of upregulation of

adhesion molecules; E-selectin and ICAM-1 on the endothelial cellsis presented in Table 4-1.
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Figure 4-10. Expression of ICAM-1 on post-IR (10 Gy) HDMEC:s.
N=3 for all groups, P<0.01(control vs. IR or IL-1 beta)

Table 4-1. Summary of the adhesion molecules being upregulated following irradiation.

. Céll type | Molecules | Basdline Time Post-Irradiation (10 Gy)
Expression
5hr 24 hr 48 hr 72 hr
E-selectin No No No No No
HUVECs
ICAM-1 Yes No No Yes Yes
(P<0.01) | (P<0.01)
E-selectin No No No No No
HMEC-1
ICAM-1 Yes No No Yes Yes
(P<0.05) | (P<0.01)
E-selectin Yes Yes NA NA NA
HDMECs ( P<0.05)
ICAM-1 Yes No Yes Yes NA
(P<0.01) | (P<0.01)
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In Vitro Flow Chamber Assay

Flow chamber results corroborated the flow cytometry data and gave a functional tool to
study the importance of these molecules on the interaction between the endothelial cells and the

leukocytes. In order to verify the presence of the ligands of E-Selectin and ICAM-1 on HL6E0

cells, flow cytometry was utilized.

Flow cytometry on HL 60 cells:

HL60 cells were found to possess the E-selectin ligand; SLe* and PSGL-1 (Figure 4-11)

and the corresponding ligand for ICAM-1; LFA-1 and the 3, chain of the integrins (Figure 4-12).

Mac-1 was not observed on HL60 cells (Figure 4-12).
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Figure4-11. Flow cytometry plots for the expression of ligand of E-selectin on HL60 cells.
(4). PSGL-1 expression, (b). SL€" expression
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Figure 4-12. Flow cytometry plot for the expression of ligands of ICAM-1 on HL60 cells.
(a). B2 expression, (b). LFA-1 expression, (c). Mac-1 expression.
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For the flow assays, HL60 cells were perfused over endothelial cells (Non-Irradiated,
Irradiated and IL-1f activated) at shear stress values of 0.5-2.0 dynes/cm? in an in vitro parallel
plate flow chamber and the number of rolling and adherent HL6E0 cells were quantified off line as

indicated in methods section.

Interaction of HL60 cellswith HUVECs under conditions of flow:

HL60 cells did not roll on 5 hr control and post-irradiated HUVECSs (Table 4.2).
However, HL6E0 cellsrolled and adhered at 5 hr post-IL1[3 activated cells and the number varied
inversely with shear stress (Table 4-2 and Figure 4-13). This observation corroborated the
absence of E-selectin upregulation post-irradiation. HL60 cells also did not roll and adhere at 24
hr post-irradiated HUVECs. The number of HL60 cells rolling and adhering at 24hr post-1L13

activated cells also decreased.

Table 4-2. Number of rolling and adherent HL60 cellson 5 hr post-IR (10 Gy) HUVECs

Shear Stress Control Irradiated (10 Gy) IL-1B3 Activated
(dynes/cm?) HUVECs
Number Of Cells Number Of Célls Number Of Cédls
Rolling | Adhering | Rolling | Adhering Rolling | Adhering
05 0 0 0 0 852620 | 80.0:32
10 0 0 0 0 70015 | 610+43
15 0 0 0 0 42317 | 37.0:30
20 0 0 0 0 34708 | 17.3+20

Notes: N= 5, Mean +SEM, - for differences between control and I1L-13.
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Figure 4-13. HL 60 cellsrolling and adhering on 5 hr post-1L-13 HUVECs.
N=5, Mean +SEM

Semi-static flow assay at 48 hr post-irradiation performed by introducing HL60 cells
into the flow chamber, stopping the flow, incubating for 15 minutes, and reintroducing the flow
at shear stress of 0.5 and 1.0 dynes/cm? revealed an increase in the number of adherent cells
compared to controls (Table 4-3). At shear stress of higher than 1.0 dynes/cm?, the endothelial
cell started to dissociate from the tissue culture dishes. IL-1 activated cells showed a
significantly higher statistical difference for the number of adherent cells. The adherent cells
varied inversely with the shear stress as before. At 72 hr post-irradiation, endothelial cells started
to peel of asthe flow was introduced. Hence, the number of rolling or adherent HL6E0 cells could

not be quantified at this time point.



Table 4-3. Number of adherent HL60 cells on 48 hr post-IR (10 Gy) HUVECs.

Shear Stress Control Irradiated (10 Gy) IL-1B Activated
(dynes/cm?) HUVECs
Number Of Cdlls Number Of Cdlls Number Of Cells
05 5.3:0.8 16.3t1.7 264+17
10 4.3:0.8 11.7+0.7 24417 |

Notes: Mean = SEM, N =4, - for differences between control and irradiated.

Interaction of HL60 cellswith HMEC-1 under conditions of flow:

Only 5hr post-irradiation flow assay was performed on HMEC-1. HL60 cells did not roll
or adhere on 5 hr post-activated cells. Consistent with the absence of E-selectin on HMEC-1 as
observed by flow cytometry, HL60 cells failed to roll and adhere on IL-13 activated HMEC-1

(data not shown).

Interaction of HL60 cellswith HDM ECs under conditions of flow:

5hr post-irradiation flow assay on HDMECs revealed an increase in the number of rolling
(Figure 4-14) and adherent cells (Figure 4-15) and the number varied inversely with shear stress.
On control HDMECs also, there was a significant amount of rolling and adhering of HL6E0 cells,
which was evident at shear stress of 1.5 dynes/cm?. The number of rolling and adherent HL60
cellsincreased as the shear stress was reduced to 1.0 and 0.5 dynes/cm?. However, at 2.0
dynes/cm?, there was no significant difference (P>0.05) between the irradiated and control
groups. IL-1f3 activated HDMECs showed the maximum number of HL60 cells rolling and

adhering (Figure 4-14, 4-15). The datais summarized in table 4-4.
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Figure 4-14. HL60 cellsrolling on 5 hr post-IR (10 Gy) HDMECs. N=3, Mean + SEM,
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Figure 4-15. HL60 cells adhering on 5 hr post-IR (10 Gy) HDMECs. N=3, Mean + SEM,
P <0.05 (control vs. IR or IL-1 beta), P<0.01 (control vs. IR or IL-1 beta)
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Table 4-4. HL60 cells rolling and adhering on 5 hr post-IR (10 Gy) HDMECs.

Shear Stress Control Irradiated (10 Gy) IL-1B Activated
(dynes’cm?) | Number Of Cells Number Of Cédlls Number Of Cells
Rolling | Adhering Rolling Adhering Roalling Adhering
2.0 13.4+0.8 | 12.3+0.8 | 17.7+0.7 15.7+0.8 55.7+1.7 48.0+1.7
15 22.67+1.4 | 18.6+0.8 | 29.7+1.7 34.7+4.2 68.7+3.2 102.3+2.8

10 31.0£17 | 443+18 | 48+36 77228 | 82017 | 164.0+3.4

05 86230 | 5310=15 | B14=14 | M056£24 | 100:51 | 215.7+46

Notes: Mean £ SEM, P<0.05 and - for differences between Control and Irradiated.

Comparison of Different Doses

In order to investigate the dose dependence on the expression of adhesion molecules,
studies were conducted on HUVECs at 48 hr and 72 hr post-irradiation (5 Gy) to compare the
expression of ICAM-1. There was ano significant difference (P >0.05) at 48 hr post-IR between
the two groups (5 Gy vs. 10 Gy). However, at 72 hr post-IR, a statistically significant difference

(P<0.05) was observed on the expression of ICAM-1 (Figure 4-16).
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Figure 4-16. Effect of dose on the expression of ICAM-1 post-IR on HUVECs.
N=3, Mean £ SEM, P<0.05 (5 Gy vs. 10 Gy)
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Chapter 5. DISCUSSION

Normal tissue damage is aside effect of radiation therapy. The effects of radiation were
studied on endothelial cells derived from alarge vessel (HUVEC) and a small vessel (HDMEC)
and the transformed dermal microvascular endothelial cell line (HMEC-1). Expression of
adhesion molecules was quantified by flow cytometry. The functional significance of the
upregulation of the adhesion molecules was investigated in an in vitro flow chamber using shear
stress values comparabl e to those observed in the post-capillary venules.

Our findings suggest that ionizing radiation selectively impacts the functional aspects of
the inflammatory response. Endothelial cells were found to have differencesin the basal level
expression of adhesion molecules based on their origin; the most surprising finding was the fact
that HDMECs possessed a basal level of E-selectin). Endothelial cells differed in the
upregulation of adhesion moleculesin atime and radiation dose dependent manner. The mode of
radiation (x-ray vs. gamma) did not cause significant changes (P>0.05) in the upregulation of
adhesion molecules. HL60 cells rolled and adhered on the endothelial cells depending on the

presence of adhesion molecules. E-selectin and ICAM-1.

Comparison of Control Data with Literature
There has been many studies to quantify the expression of adhesion molecules following
activation with IL-1, TNF-a and LPS (9,10,11,62,72). A few studies (16,27,51,50,52) have also
investigated the effects of these adhesion molecules on the interaction of the leukocytes to the

activated endothelium under flow following activation with IL-1. Our results regarding the
upregulation of adhesion molecules (basal level and upregulation with IL-1[3) arein good

agreement with the previously published results using IL-1 or TNF-a as the inflammatory agent
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(74,73). Although, in our studies we used 10 U/ml of I1L-1f3, and other investigators have used
upto 500 U/ml, our results agree with the time course of the upregulation of the molecules al so.
All the endothelial cells had a basal level of ICAM-1 consistent with previously
published results (31,42). The only interesting deviation from the datain the literature is the
finding that HDMEC cells possess abasal level of E-selectin. According to the available
literature, thisisthe first time that HDMECs or any endothelial cells has been found to have a
basal level of E-selectin expression. This surprising feature could be due to differencesin the
processing of cellsthat could have turned on the E-selectin gene to produce the molecule. There
Isasecond possibility that HDMECs do have a basal level of E-selectin, which so far no one has
observed. The HDMECs used in our study were obtained from neonatal foreskins. Previously
published data on HDMECs obtained from the mammary skins (47), pulmonary microvascular
endothelia cells (32) and from the neonatal foreskins did not show any basal level of E-selectin

(20,75). However, In vivo, investigators have seen abasal level of E-selectin (67).

Effects of lonizing Radiation

In the last 5 years, there has been several investigations of the expression of adhesion
molecules following radiation (36,37,39,38,41,40, 42,31,30). However, there has been
inconsistent data in the literature regarding the upregul ation of the adhesion molecules. In
addition, although static adhesion studies have been performed, no study has looked into the
adhesion of leukocytes in adynamic situation under conditions of flow. This study isthefirst to
use a dynamic flow system to study the interaction of the HL60 cells to endothelia cells
following ionizing radiation in order to investigate the functional significance of the presence of

adhesion molecules on the endothelium following ionizing radiation.
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The endothelial cell morphology changed following irradiation. Cells started to became
more elongated and irregular in shape by 48 hr post-irradiation and by 72 hr ailmost al the cells
assumed the irregular shape. At 72 hr, afraction of the endothelial cells started to peel off from
the culture dishes leaving gaps in the confluent monolayers. However, the control (non-irradiated
cells) remained firmly adhered. Thisisin agreement with other findings that endothelial cells
tend to change their morphology by becoming more irregular in shape following irradiation (5).
Loss of endothelial cells from vesselsin vivo following radiation has also been reported (5).

All the endothelial cells exhibited different type of expression of adhesion molecules
following ionizing radiation. E-selectin was significantly upregulated at 5hr post-irradiation by
HDMECs. The level of expression of E-selectin on irradiated HDMECs (17%) had
approximately a 2.5 fold increase compared to that of controls (7%).

There has been only one previous study on the expression of E-selectin following
ionizing radiation (42) on HDMECs. Their results show that E-selectin mRNA was strongly
induced at 24 hr post-irradiation. However, they did not investigate the cell surface expression of
E-selectin following ionizing radiation. The same group of investigators showed E-selectin
expression at the cell surface was upregulated 6 hr post-UV radiation (43). Although, we do not
know how much correlation is there between UV and ionizing radiation mediated activation, our
dataisin good agreement regarding the time point of upregulation of E-selectin.

HUVECs did not express E-selectin following ionizing radiation. Previously published
worksin the literature suggest both presence (35,36,37,41) as reported by Hallahan et al. and
absence of E-selectin following ionizing radiation as reported by Gaugler et al (31). The
rationale for the difference between their findings was based on the radiation source (x-ray vs.

gamma). However, our study showed that the radiation source did not cause significant
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differences in the upregulation of adhesion molecules (P>0.05). Our data agrees with the
published work (31) that E-selectin is not upregulated on HUV ECs following ionizing radiation
exposure.

HMEC-1 also did not express E-selectin following ionizing radiation. Thisisin
agreement with previously published results using UV radiation (67). Interestingly, even after
activation with IL-13, E-selectin was not upregulated. HMEC-1 is the immortalized transformed
progeny of HDMECSs. These data suggest that the immortalized transformed cell probably lose
their ability to express some adhesion molecules.

We used HL60 cells as a substitute for leukocytes to study the functional interactions
with the endothelium. HL60 cells possess the primary counter ligands of E-selectin and ICAM-1,
namely PSGL-1, SI€*, B, integrins and LFA-1 that are present on the leukocytes. HL60 cells did
not roll or adhere on 5hr and 24 hr post-irradiated HUVECs and HMEC-1 confirming the
absence of E-selectin. Hallahan et a. have performed static assays (incubating the irradiated, at 5
hr post-IR HUVECs with HL60 cells) and observed a significant increase in adherent HL60 cells
(36). Our results do not agree with their data. ICAM-1 is needed for firm arrest of HL60 cells on
the endothelial cells. Sincein their studies also they observed ICAM-1 expression only at 16 hrs
post-IR, it is difficult to visualize their results. We performed a semi-static flow assay on 5 hr
post-IR HUVECs by starting the flow, allowing the HL60 cellsto interact with the endothelial
cells, incubating the HL60 cells for 5 minutes and restarting the flow. Our results did not show
any adherent HL60 cells. However, HL60 cells did roll and adhere on IL-1f3 activated HUVECs.
These data suggest that E-selectin is not upregulated by ionizing radiation on HUVECs (in

agreement with Gaugler et al.) and HMEC-1 (in contrast to Hallahan et al.)
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Flow assayson 5 hr post-IR HDMECs revea ed an increase in the number of rolling and
adhering cells and the number varied inversely with shear stress. However, significant
differences (P<0.05) were observed only at shear stress of 1.5 dynes/cm? or less. At 2.0 dynes/
cm?, there was no significant difference (P>0.05) between control and irradiated HDMECs.
There was a significant amount of rolling on non-activated HDMECs corroborating our findings
of small amount of basal E-selectin being present in a persistent manner. IL-1 3 activated
HDMECs showed the maximum number of rolling and adherent leukocytes.

ICAM-1 was upregulated on all the three-endothelial cell types. On HUVECs, ICAM-1
was upregulated 48 hr post-irradiation. This observation is again in contrast and agreement with
published data. Our findings does not agree with the observations of Hallahan et a. that ICAM-1
Is upregulated as early as 16 hrs post-irradiation on HUVECs (36). However, we observed the
upregulation of ICAM-1 at the same time point as observed by Gaugler et a. (31).

In HMEC-1 also, ICAM-1 was upregulated at 48 hr post-irradiation. Thisisalsoin
contrast to the previously published results where ICAM-1 was upregulated by 24 hr post-
irradiation using UV radiation (67).

However, on HDMECs, ICAM-1 was upregulated as early as 24 hr post-irradiation. This
Isin agreement with the ICAM-1 mRNA levels upregulation observed in previous studies (42).
Our findings, however isthe first study to report the cell surface expression of ICAM-1 on
HDMECs following radiation.

On 48 hr post-IR HUVECS, following a semi-static assay, there was a significant amount
(P<0.05) of HL60 cells adhering to the irradiated HUVECs compared to control. Thereisdatain
the literature by Hallahan et al. showing increased adhesion of HL60 cellsto HUVECs 24 hr

post-IR (36). However, our experimental time point is different from their studies (48 hr vs. 24
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hr post-IR). Static assays need ICAM-1 to mediate firm adhesion. Since in our studies ICAM-1
was upregulated only at 48 hr post-IR, we used the 48 hr time point.

The increase in the number of HL60 cells rolling and adhering on irradiated HDMECS
but not on HUVECs and the selective upregulation of adhesion molecules on endothelial cells
suggest that the response of radiation damage on endothelial cells from different parts of the
body will differ. Our findings are consistent with previous studies showing that endothelial cells
of the body differ from each other based on their origin.

Based on our studies, HDMECs are probably the most sensitive to radiation damage, or
in other words, microvasculature of the body is most sensitive to radiation damage. Since
HUVECs are from large vessels and HDMECs from small vessels, it may be justifiable to
suggest that microvessels may be the primary site of increased leukocyte-endothelial interaction
leading to tissue damage following radiation. It has also been shown previously that the E-
selectin expression persists at a higher level on HDMECs compared to HUVECs at 24 hr post-
activation (47). This could probably help the leukocytes to mediate tissue damage for longer
duration of time.

During radiation therapy, patients are treated with fractionated doses over a period. In
order to investigate the effect of radiation dose on the expression of adhesion molecules, we used
the 48 hr and 72 hr post-IR time points on HUV ECs expression of ICAM-1 for this comparative
study. Although, there was no significant difference (P>0.05) at 48 hr post-irradiation between
the two groups (5 Gy or 10 Gy), there was a significantly higher amount of difference at 72 hr
post-irradiation (P<0.01). It could be due to the fact, that the onset of radiation damage may have
the same latent period irrespective of the amount of radiation damage. However, once the

expression of the molecule begins, there may be a dose dependent urgency to speed up the
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expression of ICAM-1. Published data shows that at 4 days post-irradiation, the ICAM-1 levels
of both 5 Gy and 10 Gy irradiated HUV ECs were amost at the same level (31). This could be
due to the fact that, the adhesion molecules plateau off at certain limits. Adhesion molecules may
reach the limit at different time points depending upon the dose of radiation.

In brief, our study suggests a difference in the radiation damage of endothelial cells
depending upon their origin. The adhesion molecules play a significant role in the tissue damage
following radiotherapy. There is a dose dependent increase of adhesion molecules, which may
plateau off. The mechanism of this damageis probably similar to the one following an
inflammatory response in the body. Leukocytes migrate to the site of injury, roll and adhere via

adhesion molecules, extravasate into the tissues and mediate damage.
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Chapter 6. CONCLUSION

This study investigated the expression of adhesion molecules on the endothelium
following ionizing radiation. The functional significance of the upregulation of these adhesion
molecules, and the dose dependence on the upregulation of the adhesion molecules was aso
investigated. These results could lead to a better understanding of the side effects of radiation

therapy and may aid in minimizing these side effects.

Our results indicate that:

1. Thereisadifferencein the response of endothelial cells to radiation damage based on their
origin.

2. Thereisno difference in the upregulation of adhesion molecules on endothelial cellsin
response to x-ray or gamma irradiation.

3. E-selectinisupregulated by ionizing radiation on HDMECs at 5 hr post-irradiation.
HDMECs possess a basal level of E-selectin.

4. ICAM-1isupregulated on HDMECs at 24 hr post-irradiation and increases its expression
by 48 hr.

5. ICAM-1isupregulated on HUVECs and HMEC-1 at 48 hr post-irradiation and increases
by 72 hr.

6. Transformed HDMECs (HMEC-1) do not express E-selectin under control conditions

7. HL 60 cellsrolled and adhered on 5 hr post-irradiated HDMECs in significantly larger
number than on control HDMECs.

8. HLG60 cells adhered in significantly larger numbers on 48 hr post-irradiated HUVECs

following a semi-static assay.



These data suggest that endothelial cells probably respond to radiation damage in the
same manner following ainflammatory response, which isinitiated by the upregulation of
adhesion molecules. Leukocytes then roll and adhere to the endothelium via these adhesion

molecules, extravasate into the tissues and cause damage.
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Chapter 7. FUTURE WORK

. Study the effect of antibodies in blocking the upregulation of adhesion molecules
following irradiation.

Investigate the use of radioprotective agents to prevent the upregulation of adhesion
molecules.

. Corroborate these in vitro findings with in vivo studies.
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Appendix



10.

11.

12.

Stepsin Running an In Vitro Flow Chamber Assay

Warm the buffer/mediato 37°C 1 hr. prior to beginning flow assay.

Assemble flow system apparatus connecting inlet, outlet, and vacuum lines to the flow
chamber deck with the help of 3-way stopcock connected to two 10 ml syringes.

Apply asmall amount of vacuum grease on the gasket and attach to the flow chamber.
Make sure no grease was present on the side coming in contact with the cells. Smoothen
the gasket so it is free from any wrinkles and leave the system undisturbed for at least one
hour prior to use.

Fill the system with media and remove al air from system.

Fill inlet reservoir (usually a 10 ml disposable syringe) with cell suspension. The cell
concentration should be 10° or 10° cells/m

Attach an empty 35mm dish to flow chamber deck. Hold the deck inverted, place a small
bubble of media on flow path area, then place the 35 mm dish on the deck. Switch on the
vacuum. Vacuum will hold dish on deck. Make sure dish was attached with no air
bubbles in the chamber.

Place assembled chamber on microscope stage.

Initiate flow of buffer/mediawith the syringe pump with shear stress of 0.5-1.0
dynes/cm? till thereis no air bubble in the path.

Remove the dish and replace it with dish containing monolayer of cells. Initiate flow of
cells syringe pump connected to outlet flow chamber at a shear stress in the range of 0.5-
2.0 dynes/cm?,

Allow cellsto flow for sufficient time (3- 5 minutes) to get an adequate number of cells
interacting with the cell monolayer.

Begin image acquisition. Collect images at 8-10 locations on the dish. Generally 3 dishes
at agiven experimental condition gives enough data to show statistical differences
between treatments.

After images are acquired on all dishes, perform image analysis to quantify the flow
assay using Metamorph Imaging Software.
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