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Georgia Institute of Technology
Atlanta, Georgia 30332-0405

Robert M. Nerem, Ph.D.
Institute Professor and

Parker H. Petit Chair

for Engineering in Medicine
School of Mechanical Engineering
(404) 894-2768

May 12, 1992

TO: Pete Dawkins
FROM: Bob Nerem
SUBJECT: Continuation Proposal including Progress Report

for E25-M10

Attached 1is the continuation proposal for the project
entitled “Vascular Healing: Cell Biclogy and Rheologic Factors.”
Contained within it is the progress report for the fourth year of
this project, including the work done on EZ25-M10 here at Georgia
Tech. It also includes the proposal for the Georgia Tech part of
the fifth and final year.

RMN : cmw
Encl,

An Equal Education and Employment Opportunity Institution A Unit of the University System of Georgia



The University of Texas

Health Science Center at San Antonio
7703 Floyd Curl Drive

San Antonio, Texas 78284-7750

Jepartment of Pathology

(512) 567-4035
Fax: 567-3105

March 4, 1992

National Institutes of Health
NHLBI-DEA

Grants Operations Branch
Westwood Building, Room 4A09A
Bethesda, Maryland 20816

RE: Grant No. SRO1HL41175-05
Dear Sir or Madam:

(512) 567-4000

Please find enclosed the completed application for continuation grant, "Vascular Healing -
Cell Biology and Rheologic Factors". We apologize for the delay and would appreciate

your acceptance of this continuation grant,

Sincerely,

Colin J. Schwartz, M.D., FRACP
Professor
Department of Pathology



The University of Texas

Health Science Center at San Antonio
7703 Floyd Curl Drive

San Antonio, Texas 78284-7828

Office of the Director of - (512) 567-2340
Grants Management / /

/ March 4, 1992

National Institutes of Health,
NHLBI-DEA

Grants Operations Branch
Waestwood Building, Room 4A09A
Bethesda, Maryland 20816

Dear Sir or Madam:

We are enclosing a letter and three (3) copies of an application for
continuation of grant number HL41175-05 for research entitied “Vascular
Healing—Cell Biology and Rheologic Factors® directed by Dr. Colin J.
Schwartz, Professor of Pathology.

This continuation application qualifies under the Federal Demonstration
Pra_?ct's pilot project relating to the non-competing a%)ﬁcation process. As
such, the application consists of a cover page and technical progress
report.

Funding is requested at the recornmended level for the period May 1, 1992
through April 30, 1933.

We shall appreciate your favorable consideration of this proposal and will
be pleased to furnish any additional information which may be required.

Sincerely yours,

E.ASiebold
Director
Grants Management
EAS/KJN:kyp
Enclosures: 4

xc:  Dr. Colin J. Schwartz
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1. Brief Summary of Plans:

Based on encouraging and continuing progress this year (-04), no major changes in our
overall research plan are anticipated. The primary plan for the -05 year is to achieve the final
steps of the ultimate goal of both the RFA and our original proposal, i.e., to develop and test a
successful small diameter vascular graft. Also, a major emphasis will be placed upon
submitting several manuscripts emanating from our studies for publication. The changes to our
original research plan, which are detailed below, reflect recent rapid developments in our
knowledge concerning cytokines and cell adhesion molecules influencing endothelial cell-to-
cell, cell-to-substrate, as well as platelet and monocyte adherence to endothelial cells. Also,
progress with the in vitro testing of the polyester mesh graft this year has allowed us to refine
the endothelial seeding, incubation, and shear stress preconditioning of the graft and, thus,
improve the feasibility for in vivo implantation. Additionally, progress in our laboratories at
UTHSCSA and GIT, especially related to shear stress influences on endothelial cell-to-substrate
focal adhesion points and endothelial secretory product(s) influencing monocyte recruitment and
adhesion, have allowed us to focus more precisely our efforts to optimize both development of a
pre-endothelialized vascular graft and also probe cellular mechanisms regulating the biology of
vascular endothelial cells residing in different flow environments.

Initial objectives established for Specific Aim #1 directed at defining endothelial cell
growth on porous graft materials under steady or pulsatile flow conditions have been achieved.
Some studies will continue to explore molecular mechanisms governing the shear dependent
decrease in cell proliferation observed. The knowledge gained from these studies has allowed
us to initiate in vitro testing of a confluent pre-endothelialized vascular graft. Additionally this
year, we plan to continue a collaboration initiated in the current year with Dr. Dan Urry at The
University of Alabama at Birmingham to examine the influence of elevated laminar shear stress
on the proliferation and retention of BAEC cultured on synthetic elastomeric polypeptides.

Since most of the major objectives of Specific Aim #2 designed to determine influence
of different shear stress environments on graft endothelial monolayer integrity have been
completed, plans for this year will focus on cellular and molecular mechanisms regulating the
expression and distribution of cell-to-substrate focal adhesion sites. At UTHSCSA, the primary
objective within this Aim will be to perform immunocytochemistry studies on the expression of
the junctional protein, ENDOCAM, as modified by shear stress exposure. This effort will
complete current studies demonstrating a shear-related change in cellular ENDOCAM mRNA.
Based on current results detailed below demonstrating that BAEC exposed to prolonged high
shear stress exhibited a dramatic change in distribution of key extracellular matrix components
including fibronectin, collagen, and laminin, the focus this year at GIT will be to expand these
studies to pulsatile flow regimens designed to more closely model in vivo flow pattemns.

The objectives of Specific Aim #3 to examine the influence of shear stress
preconditioning of BAEC on platelet and monocyte adherence have been achieved. Efforts
within Aim #3 will be directed at completing studies on the influence of the shear stress
environment on BAEC expression of mRNA levels for the monocyte chemoattractant, MCP-1,
and the endothelial adhesion molecule, VCAM-1, which mediates monocyte-endothelium
interaction. Plans in Specific Aim #4 to develop and test a preconditioned, endothelialized
vascular prosthesis both in vitro and in vivo have been initiated and are designed to be
completed within year -05. As is evident in the progress in year -04, continued success in this
program involves and depends upon an integrated and coordinated effort among the
investigators at both UTHSCSA and GIT.
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2. Current Studies:

Specific Aim #1: Since the primary objectives of this aim were completed in the first
two years, and are currently providing the basic endothelialized material for the other 3 specific
aims, studies have been expanded to examine some of the molecular mechanisms mediating the
pronounced decrease in BAEC and PAEC proliferation observed in response to elevated shear
stress. Specifically, studies performed in a collaborative effort between the laboratories of Dr.
R. M. Nerem of GIT and Dr. B.C. Burk at Emory University indicate that BAEC cultures
preconditioned for 24 h to elevated steady state laminar or pulsatile shear stress exhibited a
decreased percentage of cells in the S phase of the cell cycle accompanied by an increase in the
percentage of cells in the Go/G; phase as compared to no flow control cells using flow
cytometry. Secondly, this same collaborative group (Mitsumata et. al.) demonstrated that
BAEC preconditioned to elevated shear stress exhibited a seven-fold decreased response in
cellular mRNA levels for c-myc protein relative to control BAEC when the cells were challenged
with a pharmacological dose of a-thrombin. Finally, Mitsumata et.al. demonstrated that
prolonged elevated shear stress exposure was associated with an increase in c-cis mRNA levels
concomitant with a decrease in glyceraldehyde 3-phosphate dehydrogenase intracellular mRNA
levels. These observations suggest that these cells do not break their cell-to-substrate
attachments upon division and, thus, may have important implications relative to the
maintenance of vascular endothelial integrity in high flow and shear stress environments.

, Specific Aim #2: As mentioned above, studies at UTHSCSA within this aim have

been directed at observing shear stress related responses of an important cell-to cell adhesion
molecule, ENDOCAM (CD31). In the original proposal, we hypothesized that preconditioning
cultured EC to elevated shear stress, would enhance integrity of the endothelial monolayer via
increasein molecules, such as ENDOCAM involved in EC-EC junctions. During this year, we
have completed studies demonstrating a significant increase in intracellular ENDOCAM mRNA
levels in cells preconditioned to elevated shear stress. This increased ENDOCAM mRNA level
can be detected as early as 3h after shear initiation and becomes pronounced by 24h. These
levels remained elevated up to 96h in high shear stress exposed cells relative to low shear stress
(< 1 dyne/cm?) treated cells. Interestingly, mRNA levels for molecules such as MCP-1 appear
to be changing in the opposite direction in response to the shear stress regimens. Current
studies are directed at using an ENDOCAM antibody generously provided by Dr. Steve Albelda
to determine whether the mRNA changes are paralleled by actual changes in ENDOCAM protein
expression at cell-to-cell junctions.

Immunofluorescent studies (Drs.. Girard and Nerem, GIT) The fibronectin,
laminin, collagen type IV and vitronectin present in BAEC and their associated ECM were
observed by immunofluorescence. In static cultures, fibronectin formed a dense fibrillar
network, randomly oriented. In order to determine where fibronectin was present, the cell layer
was removed with either deoxycholic acid or EGTA treatments. Most of the fibrillar fibronectin
appeared to remain on the culture dish. It was deduced that the fibrillar fibronectin observed
belonged mostly to the EC deposited by endothelial cells at their basal side. When BAEC were
exposed to a shear stress of 70 dyn/cm? for 24 hours, the cells elongated and aligned with the
direction of flow, as previously reported, and the fibronectin fibrils showed a preferential
alignment with the direction of flow.

In static cultures, laminin and collagen type IV both showed a diffuse fibrillar pattern,
randomly oriented, as well as a spotty staining, thought to be intracellular. As for fibronectin,
removal of the cellular layer revealed that lamin and collagen type IV were mostly deposited in
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the basal ECM. When BAEC were submitted to a shear stress of 70 dyn/cm?2 for 24 hours,
both laminin and collagen type IV reorganized into a network of thick fibers, randomly oriented.

Vitronectin did not appear as a matrix, but its staining seemed to coincide with the
pattern of endothelial cells, suggestive of intracellular staining. When the cell layer was
removed by treatments with either deoxycholic acid or EGTA, the material remaining on the
culture dish showed no staining for vitronectin. Hence vitronectin appeared to be essentially
intracellular. When the cells were exposed to a 70 dyn/cm? shear stress for 24 hours, no major
change in the vitronectin staining was observed.

Immunoblotting studies (Drs. Girard and Nerem, GIT) The quantities of
fibronectin, laminin and vitronectin in endothelial cells and their ECM were determined by
immunoblotting and scanning laser densitometry. Fibronectin appeared as a doublet of two
subunits of 220 kDa each. Laminin had three subunits: a doublet migrating at 210 kDa and a
third subunit larger than 300 kDa which did not enter the separating gels. Vitronectin migrated
as two subunits: one major band migrated at 70 kDa and one minor band at 50 kDa. The ratio
R (a measure of the relative quantity of fibronectin, laminin or vitronectin in sheared cells versus
control cells expressed in percentage was obtained for a shear stress of S0 dyn/cm? at three
different time points: 12, 24 and 48 hours (figure 9). For all three proteins studied, the values
of the parameter R at 12, 24 and 48 hours time points were not found to be significantly
different (when compared by analysis of variance). This suggests that fibronectin, laminin and
vitronectin levels in BAEC did not vary over time in response to a 50 dyn/cm? shear stress.

The morphological reorganization of fibronectin in BAEC exposed to shear stress has
already been reported. The additional rearrangement of laminin and collagen type IV into thick
fibers further show that endothelial cells modify their ECM in response to flow. The
mechanism by which this modification occurs is unknown: does the cytoskeleton, in its process
of elongation, provide signals to the ECM through transmembrane linkages such as focal
contacts? Or is the ECM itself triggered by another pathway, which communicates with the
actin and myosin filaments involved in the generation of cell elongation and orientation?

The fact that the amounts of laminin and vitronectin did not change over time supports
the hypothesis that BAEC do not change the equilibrium synthesis/degradation of their ECM
components in response to flow. A change in the organization of the ECM such as that reported
above might be sufficient for endothelial cells to modify their adherence and change their shape

when exposed to shear stress. Levels of as81 FNRs in BAEC that have been exposed to a
steady laminar shear stress of 30 dynes/cm were determined using an immunoblot analysis. U

under reducing conditions, the as and B8y subunits migrated on SDS-polyacrylamide gels at
150- and 140-kDa, respectively. Following 6 hr. of exposure to shear stress, the levels of the

o5 subunit showed an approximately 30% increase in levels compared to the amount present in
cells growing under static culture conditions. There was a further increase at 24 and 48 hr. with

cells subjected to flow showing a nearly two-fold increase in the levels of the o5 subunit
compared to static cultures. There appeared to be no change in the levels of the By subunit.

| An examination of the ayB83 VNRs immunoblotting analysis showed the presence of an

ay subunit migrating at 125 kDa and a B3 subunit migrating at 105 kDa. Flowing 6 hr of
exposure to flow, there appeared to be no change in the levels of either subunit. However, at
both 24 and 48 hr, there appeared to be a three-fold increase in the level of the B3 subunit.

Levels of the ay subunit appeared not o change in response to flow.
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In order to examine receptors for collagen and laminin, levels and localization of the
integrin subunits ap and a3 were examined. These subunits did not appear to localize in focal

adhesions. In static cultures of BAECs, the a3 subunit appeared to be evenly distributed
throughout the cells. Cells subjected to shear stress for 24 hr showed little evidence of a change

in localization or levels of a3. The o) subunit was concentrated in a perinuclear location in cells
in static culture, perhaps relecting synthesis of the subunit, Following 24 hr of exposure to

shear stress, there was a dramatic increase in the perinuclear staining for ap compared to static
controls. These studies indicate that integrins are differentially regulated in ECs exposed to a
flow environment. :

Specific Aim #3: Understanding platelet-endothelial and monocyte endothelial
interactions is critical not only to development of a small diameter vascular graft which can
maintain patency in vivo but also to investigate the basic cellular processes mediating
thrombosis and atherogenesis. Studies in year -04 within Specific Aim #3 have been
concentrated on determining the cellular mechanisms regulating the previously documented
decreased platelet and monocyte adherence to BAEC preconditioned for 24 h elevated shear
stress. Previous studies by Dr. Cayatte at UTHSCSA have demonstrated that the decrease in
platelet and monocyte adherence observed in cells preconditioned to elevated shear stress (30
dynes/cm?) relative to BAEC preconditioned to low shear stress (< 1 dyne/cm?) is a time
dependent process requiring a minimum of 4 h for expression. The results of these studies have
recently been submitted for publication. Based on the results of these studies, the efforts of the
current year (04) have been focused upon measuring cellular mRNA levels for the monocyte
chemotactic protein, MCP-1, and vascular cell adhesion molecule, VCAM in EC preconditioned
to both low (< dyne/cm?2) and high (30 dynes/cm?) shear stress levels. Since the level of these
two messenger RNA molecules is very low in static cultured cells, experiments were designed
to examine the influence of shear stress preconditioning of EC on their subsequent ability to
express increased MCP-1 and VCAM-1 mRNA levels in response to a lipopolysaccharide
(LPS) stimulus previously reported to elicit a maximal response of these two genes. The results
of these studies indicate that while static cultured BAEC exhibited a typical high level of MCP-1
and VCAM-1 mRNA expression in response to LPS, EC preconditioned to elevated shear stress
exhibited little or no response to LLPS. These results were paralleled in monocyte adherence
studies. Thus, high shear preconditioned, LPS-treated cells exhibited an adherence level similar
to that observed for untreated control cells, while no shear, LPS-treated cells exhibited a more
than 10-fold increase in monocyte adherence relative to static untreated BAEC. To determine
the time course required for this shear related inhibition, these studies were repeated using shear
stress preconditioning times ranging from 30 minutes to 4 h prior to the 5 h LPS treatment
exposure. The results of these studies indicate that 2 minimum of 1 h of elevated shear stress is
required to observe a detectable inhibition in the response of MCP-1 or VCAM mRNA
expression to LPS with the maximum response requiring a 4 h high shear stress exposure.
Thus, these findings indicate that preconditioning BAEC to elevated shear stress is associated
with a time dependent loss of sensitivity or even refractoriness to LPS-induced activation as
measured by both MCP-1 and VCAM gene expression and monocyte adherence.

Specific Aim #4: Studies were continued within this Aim in the current year to
develop and test in vitro a small diameter, pre-endothelialized, and shear stress pre-conditioned
vascular prosthesis. In cooperation with Spectrum Medical Industries, a 5 mm internal diameter
cylindrical tube constructed from the 1 p porous polyester mesh used in our previous studies has
been developed. During this year, several modifications to the in vitro flow system had to be
made to permit proper defining of flow and shear stress parameters entering and throughout the
vascular prosthesis. Current studies are directed toward completing the flow studies in vitro
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using this pre-endothelialized prosthesis and evaluating cell retention after prolonged pulsatile
shear stress conditions as described in our initial design.

3. Human Subjects: No change

4. Vertebrate Animals: No change
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