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ABSTRACT

Interleukin-3 receptor expression and function in non-hemopoietic cells

Interleukin-3 (IL-3) is a T cell-derived hemopoietic growth factor which stimulates the
production and functional activity of blood cells. IL-3 exerts its functions through
binding to specific high-affinity receptors (IL-3R) consisting of a ligand-specific a
chain and a common B chain, which is shared between the related receptors for IL-5 and
granulocyte-macrophage colony-stimulating factor (GM-CSF), and is required for
signalling. The work described in this thesis aimed to examine whether the actions of
IL-3 are restricted to blood cells, or whether non-hemopoietic cells also express

receptors for IL-3 and can functionally respond to this cytokine.

Interestingly, IL-3Rs were found to be expressed in several vascular and connective
tissue-type cells including human umbilical vein endothelial cells (HUVEC), dermal
fibroblasts (HFF), smooth muscle cells (SMC) and bone marrow stromal cells (BMSC).
These cells exhibited marked differences in the basal expression of the IL-3R subunits:
while HUVEC expressed both IL-3R chains, SMC expressed only the B chain, and no
expression was found on HFF and BMSC. However, an induction of the IL-3R a chair3
was observed in all the cell types examined in response to IFN-y and TNF-a. These
inflammatory cytokines also enhanced expression of the p chain in HUVEC and BMSC,
but down-regulated it in SMC, and had no effect in HFF which remained B chain
negative. IL-3R mRNA expression correlated with protein expression on the cell
surface, as judged by flow cytometry with anti-IL-3R o chain and anti-p chain mAbs,
and by binding of 125I-labelled IL-3. The receptor expression was IL-3 specific, as a

chains for the related GM-CSF and IL-5 receptors were absent in parallel experiments.

The HUVEC IL-3R is functional, as shown by the induction of the immediate-early
gene c-fos in response to IL-3 treatment. In contrast, IL-3 failed to stimulate c-fos
expression in HFF, SMC or BMSC, which may be due to insufficient B chain

expression in these cells. The biological role of the endothelial IL-3R was further



characterised using different functional assays. IL-3 was found to enhance production of
the chemokine IL-8 in TNF-a -activated HUVEC and, in keeping with this, increase
transmigration of neutrophils across endothelial monolayers. IL-3 also enhanced the
IFN-y -induced MHC class II expression and production of the hemopoietic cytokines

G-CSF and IL-6.

The findings described in this thesis identify a novel site of action for IL-3, and suggest
that IL-3 can influence immune and inflammatory responses and hemopoiesis by acting

not only on hemopoietic cells but also on vascular endothelium.



DECLARATION

This work contains no material which has been accepted for the award of any other
degree or diploma in any university or other tertiary institution and, to the best of my
knowledge and belief, contains no material previously published or written by another

person, except where due reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the University Library, being

available for loan and photocopying.

J0 &.09259

Signed: _- — , Date:



ACKNOWLEDGMENTS

The work described in this thesis was performed in the Division of Human Immunology,
Institute of Medical and Veterinary Science, Adelaide. I am grateful to the IMVS for
enabling me to pursue my studies, and to the University of Adelaide for my research

scholarship.

I am indebted to my supervisors Associate Professor Angel Lopez and Professor
Mathew Vadas for their guidance, support and encouragement throughout my
candidature. I am also grateful for the significant help and advice given by Dr Jennifer

Gamble.

1 would like to thank everybody in the department for providing a friendly working
environment, and especially the large number of people from various laboratories who
have contributed to this work, including:

Leanne Noack for her tireless efforts in providing endothelial cells; Mara Dottore for
binding assays; Sun Qiyu for the receptor antibodies; Dr Joanna Woodcock for advice
with molecular biology techniques; Dr William Smith for IL-8 measurements and
neutrophil transmigration assays; Dr Pritinder Kaur and Jill Furze for provision of
fibroblasts and smooth muscle cells respectively; Dr Paul Simmons, Sharon Paton and
Stan Gronthos (Department of Hematology) for provision of bone marrow stromal cells;
Drs Gregory Goodall and Richard D'Andrea, and Paul Moretti for the IL-3R cDNAs and
helpful discussions; Dr Judith Layton (Ludwig Institute, Melbourne) for the G-CSF
measurements, and Dr Heddy Zola (Adelaide Children's Hospital) for the MHC class 11
antibody. I would also like to thank the IMVS library staff, Mark Fitzgerald and the staff
of the IMVS photography department, and the delivery ward at the Queen Victoria
Hospital for providing umbilical cords.

I warmly thank Cathy Lagnado for her friendship and technical advice during these

years, as well as for assistance with English expression in this thesis.

Finally, I wish to express my gratitude to Philippe Rua for his endless support and

understanding during the period of my enrolment for this degree.



PUBLICATIONS ARISING

Publications arising from the work included in this thesis, and from related collaborative

work, are:

1.

Korpelainen EI, Gamble JR, Smith WB, Goodall GJ, Qiyu S, Woodcock M,
Dottore M, Vadas MA, Lopez AF: The receptor for interleukin-3 is selectively
induced in human endothelial cells by tumor necrosis factor o and potentiates
interleukin 8 secretion and neutrophil transmigration. Proc. Natl. Acad. Sci. USA.

90: 11137-11141, 1993

Korpelainen EI, Gamble JR, Smith WB, Dottore M, Vadas MA, Lopez AF:
Interferon-y up-regulates interleukin-3 (IL-3) receptor expression in human
endothelial cells and synergizes with IL-3 in stimulating major histocompatibility

complex class II expression and cytokine production. Blood, in press.

Smith WB, Guida L, Qiyu S, Korpelainen E, Gillis D, van den Heuvel C,
Hawrylowicz CM, Vadas MA, Lopez AF: Neutrophils activated by GM-CSF
express receptors for interleukin-3 which mediate major histocompatibility

complex class I expression. Blood, in press.

Khew-Goodall Y, Butcher CM, Litwin MS, Newlands S, Korpelainen EI, Noack
LM, Berndt MC, Lopez AF, Gamble JR, Vadas MA: Chronic expression of
P-selectin on endothelial cells stimulated by the T cell cytokine interleukin-3.

Blood, submitted.

Sun Q, Woodcock JM, Rapoport A, Stomski FC, Korpelainen EI, Bagley ClJ,
Goodall GJ, Smith WB, Gamble JR, Vadas MA, Lopez AF: Monoclonal antibody
7G3 recognises the N-terminal domain of the human interleukin-3 receptor o

chain and functions as a specific IL-3 receptor antagonist. Blood, submitted.



ABBREVIATIONS

actD
APC
AU
BMSC
BSA
CNTF
DMSO
DOG
DTH
DRB
ELISA
FCS
GAPDH
G-CSF
GM-CSF
HBSS

HUVEC

LIF
LPR
LPS
mAb
MHC
OoSM
PBS

RNase
RT-PCR
SA
SMC
STAT
TGF-B

actinomycin D

antigen presenting cell

absorbance unit

bone marrow stromal cell

bovine serum albumin

ciliary neurotrophic factor

dimethyl sulfoxide

deoxyglucose

delayed type hypersensitivity
5,6-dichloro-1-ribofuranosylbenzimidazole
enzyme-linked immunosorbent assay

fetal calf serum
glyceraldehyde-3-phosphate dehydrogenase
granulocyte colony-stimulating factor
granulocyte-macrophage colony-stimulating factor
Hanks balanced salt solution

human foreskin fibroblast

human umbilical vein endothelial cell
interferon-y

interleukin-n

dissociation constant

leukemia inhibitory factor

late phase reaction

lipopolysaccharide

monoclonal antibody

major histocompatibility complex
oncostatin M

phosphate-buffered saline

receptor

ribonuclease

reverse transcription - polymerase chain reaction
specific activity

smooth muscle cell

signal transducer and activator of transcription
transforming growth factor-f

tumor necrosis factor-a



CHAPTER 1

INTRODUCTION



1.1 Preface

Interleukin-3 (IL-3) is a hemopoietic growth factor which stimulates the production and
functional activity of various blood cell types. The aim of the work described in this
thesis was to examine whether the actions of IL-3 are restricted to blood cells, or
whether non-hemopoietic cells also express receptors for and respond to this cytokine.
Identifying the target cells offers insight into the physiological function of IL-3 and is
also of clinical importance, as IL-3 is used in bone marrow reconstitution following

cancer therapy.

Interestingly, IL-3 receptors (IL-3R) were found to be expressed on various non-
hemopoietic cells of mesenchymal origin including endothelial cells. This finding raises
the potential for IL-3 to have a much wider role than previously expected, prompting
investigations into the function of the IL-3R in these cells. A brief introduction to IL-3

and its receptor, as well as to endothelium and its functions, is given here.

I in-

Interleukin-3 was initially identified as one of the active components in T-cell
conditioned medium which is able to stimulate colony formation of hemopoietic
progenitor cells in semisolid cultures (reviewed by Metcalf, 1988). Biochemical
purification of the IL-3 molecule (Ihle et al., 1982) was followed by expression cloning
of the mouse IL-3 cDNA (Fung et al., 1984, Yokota et al, 1984) and the human
homologue (Yang et al., 1986). Human IL-3 is a 133 amino acid glycoprotein with a
mass ranging from 15 to 30 kDa, depending on the degree of glycosylation. Bacterially-
derived recombinant human IL-3 is biologically active, indicating that glycosylation is
not necessary for function. The gene for IL-3 is located on human chromosome 5 and
mouse chromosome 11, and is in close proximity to the genes for GM-CSF and IL-5
(reviewed by Arai et al., 1991). Although these three hemopoietic growth factors have
litle sequence homology, they share a similar tertiary structure and functional

properties.



IL-3 is predominantly produced by mitogen- or antigen-stimulated T lymphocytes
(Niemyer et al., 1989). Both Tp1 and Tp2 type CD4 cells, as well as CD8* cells have
been shown to make IL-3 (Mossman 1987, Kelso et al., 1988). In addition to T
lymphocytes, mast cells also can release IL-3 upon IgE-stimulation (Plaut et al., 1989,
Wodnar-Filipowicz, 1989). The cellular source and tight regulation of IL-3 production

suggest a role for this cytokine in immunological and allergic inflammations.

In vitro activities of IL-3

IL-3 stimulates the proliferation and differentiation of hemopoietic progenitor cells,
giving rise to granulocytic, monocytic, erythroid, mast cell, megakaryocytic and mixed
colonies in vitro (Sieff et al., 1987, Lopez et al., 1988, Metcalf, 1988). The ability to
stimulate such a wide spectrum of lineages is unique to IL-3, and is reflected in its
alternative name "multipotential colony-stimulating factor" (multi-CSF). IL-3 acts not
only on lineage-committed progenitor cells but also on the more primitive pluripotent

stem cells, functioning as a primer for other hemopoietic growth factors.

In addition to hemopoietic precursors, IL-3 also activates certain mature blood cells
including monocytes, eosinophils and basophils, suggesting a role in the inflammatory
process. The monocyte functions induced by IL-3 include cytotoxicity, proliferation,
adherence to endothelium and expression of MHC class II molecules (Cannistra et al.,
1988, Elliott er al., 1989, Elliott et al., 1990, Sadeghi et al., 1992). IL-3 has also been
shown to activate phagocytosis, degranulation and proteoglycan production by
eosinophils (Lopez et al., 1988, Fujisawa et al., 1990, Rothenberg et al., 1988A) and
histamine release from basophils (Haak-Frendscho et al., 1988). In addition to acting on
myeloid cells, IL-3 can stimulate the proliferation of and antibody secretion by activated

mature B lymphocytes (Tadmori et al., 1989, Xia et al., 1992).

Fundamental to the effects mentioned above is the ability of IL-3 to enhance cell

survival. This has been observed with both hemopoietic progenitor cells and mature



monocytes and eosinophils (Metcalf, 1988, Elliott et al, 1989, Rothenberg et al.,

1988B) and is likely to occur via suppression of apoptosis (Williams et al., 1990).

The function of IL-3 in vivo

The in vivo effects of IL-3 largely reflect those documented in vitro. An increase in
hemopoietic progenitors and mature blood cells of different lineages has been observed
in various hemopoietic tissues following administration of IL-3 in mice (Metcalf et al.,
1986). On the other hand, mice reconstituted with IL-3-overproducing bone marrow
cells develop a non-neoplastic myeloproliferative syndrome (Chang et al., 1989). The
ability of IL-3 to stimulate hemopoiesis has been studied in several animal models with
encouraging results, culminating in the clinical use of IL-3 in treatment of bone marrow
failure following cancer therapy. Administration of IL-3 to humans induces a
multilineage response, with an increase in neutrophil, eosinophil, monocyte, reticulocyte
and platelet numbers in the peripheral blood (Ganser et al., 1990). IL-3 is relatively well
tolerated, the immediate side effects being mainly fever and headaches. However, most
patients treated with IL-3 develop bone marrow fibrosis (Orazi et al., 1992). The origin
of this fibrosis, characterised by endothelial cell proliferation, increased reticulin and
collagen content and an increase in fibroblast numbers, is not understood at present. The
possibility that IL-3 may act directly on endothelial cells and fibroblasts has been

examined in this thesis.

Despite the observed hemopoietic activities of IL-3 in vitro and in vivo, the role of
endogenous IL-3 in hemopoiesis remains controversial for several reasons. Firstly,
athymic mice and humans appear to have normal hemopoiesis (Ohsawa et al., 1977),
and secondly, IL-3 is not detectable in the bone marrow or in the circulation (Garland et
al., 1983, Crapper et al., 1984, Cheers et al., 1988, Cluitmans et al., 1995). One possible
way in which to address the question of the physiological role of IL-3 would be to create
IL-3 -deficient mice through targeted disruption of the IL-3 gene in embryonic stem

cells. Although such IL-3 "knock-out" mice have not yet been reported, transgenic mice



with down-regulated IL-3 production have been obtained using an antisense strategy.
Interestingly, the mice expressing antisense IL-3 mRNA have normal hemopoiesis but
develop a B-cell lymphoproliferative syndrome or neurologic dysfunction (Cockayne et

al., 1994).

1.3 The IL.-3 receptor

IL-3 exerts its biologic activities through binding to specific high-affinity receptors on
the cell surface. The human IL-3R consists of at least two subunits, a 70 kDa a chain
which is specific for IL-3 and binds IL-3 with low affinity (Kdz10'7 M) (Kitamura et
al., 1991A), and a 120 kDa B chain (Hayashida et al., 1990), which does not detectably
bind IL-3 by itself but confers high affinity binding (Kg=~10-10 M) when co-expressed
with the o chain. The B chain can also couple with the a chains of the related receptors
for GM-CSF and IL-5 (Gearing et al., 1989, Tavernier et al., 1991) and is critical for
signalling (Kitamura et al., 1992). The fact that the IL-3, GM-CSF and IL-5 receptors
use the same P chain as an affinity-converter and signal-transducer explains why these
cytokines exhibit binding cross-competition and elicit an almost identical set of
functions on target cells such as eosinophils (reviewed by Lopez et al, 1992). The
human IL-3, IL-5 and GM-CSF receptor system is illustrated in figure 1.1. The mouse
IL-3R differs from its human counterpart in having two alternative B chains, one of
which is unique to the IL-3R and itself also binds IL-3 with low-affinity (Hara et al.,
1992, Itoh et al., 1990).

The IL-3R o and B chains are membrane glycoproteins with a single hydrophobic
transmembrane domain. Although soluble GM-CSFR and IL-5R a chains, generated by
alternative splicing, have been found (Raines et al., 1991, Tavernier et al, 1991), no
such soluble forms of either IL-3R subunit have been detected. Structurally the IL-3,
IL-5 and GM-CSF receptors belong to the type I cytokine receptor superfamily, which
also includes the receptors for IL-2, IL-4, IL-6, IL-7, IL-9, G-CSF, LIF, CNTF,

erythropoietin, oncostatin M, prolactin and growth hormone (Bazan, 1990, Taga et al.,



IL-3 GM-CSF IL-5

GM-CSFRa. |

Fig. 1.1 Schematic presentation of the human IL-3, IL-5 and GM-CSF receptor

system. High-affinity binding is represented by broad arrows and low-affinity binding

by thin arrows, and the flashes indicate signalling.



1992). The extracellular regions of these receptor chains are characterised by the
presence of fibronectin type III modules (Patthy, 1990), containing four well conserved
cysteine residues and a unique Trp-Ser-X-Trp-Ser motif located close to the
transmembrane region. The cytoplasmic domains are less conserved and do not contain

any motifs characteristic of signalling molecules.
E ion of the receptor

Expression of the IL-3R is a prerequisite for a biological response to IL-3. As expected
from the functional data, specific binding of IL-3 has been detected to bone marrow
cells, monocytes, macrophages, eosinophils and basophils but not to neutrophils (Park et
al., 1989, Lopez et al., 1989, Lopez et al., 1990). The results obtained with radiolabelled
ligand binding have since been confirmed at the molecular level using the cloned IL-3R
cDNAs and specific antibodies. Both the IL-3R o and B chains are expressed on early
CD34* hemopoietic progenitor cells and in various lineages with myeloid markers such
as CD13+, CD14+, CD15+ or CD33+, as well as on cells with the B cell marker CD19*
(Sato et al., 1993). Although IL-3 receptors are not detectable on human T lymphocytes,
both the IL-3R o and B chains have been shown to be present on a subset of murine
CD4+ T cell clones (Mueller et al., 1994). Unlike the GM-CSFR, which is also found on
some non-hemopoietic cells (Bussolino et al., 1989, Baldwin et al, 1989, Baldwin et

al., 1993), IL-3R expression appears to be restricted to cells of hemopoietic origin.

It has become increasingly recognised that expression of the cytokine receptors,
including that of IL-3, is not static but can be dynamically regulated by various humoral
factors. Cytokine responses may therefore be controlled not only at the level of cytokine
production, but also at the level of target cell responsiveness. Hemopoietic cells of
different lineages and maturation states exhibit differences in the regulation of IL-3R
expression. For example, the IL-3R o chain has been shown to be up-regulated by
G-CSF in CD34+ cells (Sato et al., 1993) but not in neutrophils, which respond to

GM-CSF instead (Smith et al., in press). Similarly, B chain expression is enhanced by



TNF-a in CD34+ hemopoietic progenitor cells (Sato et al., 1993) and TF-1 cells
(Watanabe ez al., 1992) but not in mature monocytes, where the up-regulating signal is
IFN-y (Hallek et al., 1992). Interestingly, down-regulation of IL-3R expression in

response to TGF- has been observed in murine progenitor cells (Jacobsen et al., 1993).

The molecular mechanisms which regulate the cell-type specificity and level of IL-3R
expression are only beginning to be elucidated. While the promoters of the human IL-3R
subunits are not yet cloned, the proximal promoter of the mouse IL-3R a chain has been
shown to contain potential binding sites for several transcription factors, such as GATA,
Ets, c-myb, Spl, AP-2 and ICSBP (IFN-y consensus sequence binding protein), and
direct transcription in a cell type-specific manner (Miyajima et al., 1995). The mouse B
chain promoters also contain a GATA sequence, as well as recognition sites for PU.1
and AP-3, an octamer sequence and two IFN-y responsive elements (Gorman et al,

1992).

IL-3 receptor signal transduction

The signalling pathways which mediate the functional response following binding of
IL-3 to its receptor have been the subject of intense investigation during the last three
years. Although the IL-3R does not contain any detectable catalytic domains, rapid
phosphorylation of several cellular proteins, including the B chain itself, has been
observed following IL-3 binding (Duronio et al., 1992). Analysis of the kinases and
substrates involved has identified two major pathways stimulated by IL-3, namely the

Ras pathway and, more recently, the JAK-STAT pathway.

Ras is a membrane-associated GTP-binding protein which cycles between the GTP-
bound active and GDP-bound inactive states. The switching is controlled by nucleotide
exchange factors such as Sos, or by activators of Ras' intrinsic GTPase activity such as
GAP. Interestingly, IL-3 has been shown to induce tyrosine phosphorylation of Shc
(Matsuguchi et al., 1994), a small adaptor protein which can associate with Sos and bind

to receptor phosphotyrosines through its SH2 domains, thus bringing Sos in close



proximity to Ras. IL-3 also induces tyrosine phosphorylation of Vav (Mui et al., 1992),
a hemopoietic-cell-specific molecule with nucleotide exchange activity. Both Shc and
Vav may account for the observed activation of the Ras signalling cascade by IL-3,
which involves activation of Raf and MAP kinases, leading ultimately to induction of

the immediate-early genes c-fos and c-jun (reviewed by Miyajima et al., 1993).

The JAK-STAT pathway was first discovered in studies of interferon signalling, but has
since been shown to be utilised by many other cytokines (reviewed by Damell et al.,
1994). The JAK-family of tyrosine kinases, often physically associated with the
receptors, become phosphorylated and activated upon cytokine stimulation. Activation
of JAKs is followed by tyrosine phosphorylation of latent cytoplasmic molecules called
STATs (Signal Transducers and Activators of Transcription). Phosphorylated STAT
proteins can form complexes and translocate to the nucleus, where they act as
transcription factors. Several lines of evidence suggest involvement of the JAK-STAT
pathway in IL-3 -signalling. IL-3 stimulation results in rapid phosphorylation and
activation of JAK?2 kinase (Silvennoinen et al, 1993), which has been shown to
physically associate with the B chain (Quelle et al., 1994). IL-3 also activates p72
tyrosine kinase which associates with STATs (Matsuda et al., 1994). Finally, IL-3 has
been shown to induce the phosphorylation and DNA-binding activity of two STAT-
family members termed STATSA and STATSB (also known as STF-IL-3a p80), as well
as activate transcription from promoters containing binding sites for these factors (Mui

et al., 1995, Azam et al., 1995).

In addition to the signalling pathways mentioned above, IL-3 activates protein kinase C
and the hemopoietic-cell-specific kinases Lyn, Fyn, Fps, Pim-1 and Tec (Miyajima et
al., 1993, Mano et al., 1995). Although much research has focussed on the kinases
involved in IL-3 signalling, the action of phosphatases is also important. Interestingly,
the hemopoietic cell phosphatase SHPTP1 has been shown to associate with the § chain

and down-regulate IL-3 -induced tyrosine phosphorylation and mitogenesis (Yi et al.,



1993). Recent results suggest that IL-3 also activates the related but more ubiquitously

expressed tyrosine phosphatase SHPTP2 (Welham et al., 1994).

The transcription factors involved in the stimulation of specific target genes by IL-3
remain largely unknown. So far only the promoters of the immediate-early genes c-fos
and egr-1 have been studied in this regard. The serum response element (SRE) in the
c-fos promoter has been shown to be responsible for activation by IL-3 (Hatekeyama et
al., 1992), suggesting the involvement of SRF and associated factors. In the case of the
egr-1 promoter, both the SRE and CRE (cAMP response element) are required fo; IL-3 -
induced transcription, and binding of CREB to the CRE site has been documented
(Sakamoto et al., 1994).

1 lial

Endothelial cells line the vessels of the vascular system, forming an interface between
circulating blood components and the extravascular space. Once considered as an inert
barrier, vascular endothelium is now known to dynamically respond to a wide variety of
stimuli and play an active role in immune and inflammatory responses and hemopoiesis.
For example, endothelial cells have the potential to present antigens, recruit leukocytes
from the blood to the site of inflammation, regulate coagulation, control vascular
permeability, growth, and tone and produce hemopoietic growth factors. The diverse
functions of endothelium are based on its ability to adjust phenotypically to
environmental requirements, signalled by humoral mediators, cell-to-cell adhesion

pathways, or physical stimuli such as shear stress.

Cytokines have an important role in the interplay of endothelium with other cell types.
Endothelial cells not only secrete cytokines, but also respond to a wide variety of
factors. These include the monokines TNF-a and IL-1, the lymphokines IFN-y and
IL-4, and several angiogenic stimuli such as FGF (fibroblast growth factor) and the
tumor cell derived VEGF (vascular endothelial growth factor) (reviewed by Litwin et

al., 1995). It has also been suggested that endothelial cells express receptors for and

10



respond to certain hemopoietic growth factors such as G-CSF, GM-CSF and
erythropoietin (Bussolino et al., 1989, Anagnostou et al., 1990). This may reflect the
possible common origin of endothelial cells and blood cells. Both cell types are derived
from the embryonic mesoderm and develop in close spatial and temporal relationship,
forming the blood islands of the yolk sac which are the first recognisable hemopoietic

system (Doetschman et al., 1985).

The work described in this thesis investigated the possibility that endothelial cells
express receptors for the hemopoietic growth factor IL-3. As this was found to be the
case, investigations were extended to the function of the IL-3R in these cells. The effect
of IL-3 was studied on various endothelial responses, including those involved in
leukocyte recruitment, antigen presentation and hemopoiesis. A brief introduction to the

role of endothelial cells in these processes is given here.

Before discussing the biological activitities of endothelium further, it should be noted
that although all endothelial cells resemble each other in their general organisation, their
morphology and functions vary considerably in different parts of the body and in
different types of vessels (Page et al., 1992). Most in vitro studies on human endothelial
cells have been performed using cells derived from the umbilical vein (HUVEC). While
offering a useful model system, HUVEC may not reflect the properties of endothelial

cells in all vessels.

Endothelial control of leukocyte infiltration

An effective inflammatory response requires infiltration of the appropriate cell types
from the blood to the site of inflammation in a temporally correct manner. This process
is largely controlled by the endothelium, which can selectively recruit leukocytes from
the circulation by expressing different adhesion molecules and by secreting

chemoattractants.

11



Leukocyte-endothelial recognition consists of at least three sequential steps (reviewed
by Springer, 1994). The initial interaction of leukocytes with endothelium, often referred
to as "rolling", is mediated by vascular selectins and their cognate carbohydrate ligands.
This is followed by activation of the leukocyte integrins by chemoattractants, small
soluble molecules that can also direct the subsequent leukocyte migration. Activated
integrins bind their immunoglobulin superfamily ligands on endothelium, resulting in
firm adhesion, which can be followed by transmigration. The combinatorial use of
different molecules at each step generates specificity for distinct leukocyte
subpopulations. The main mediators of leukocyte-endothelial recognition are briefly

introduced here.

Selectins

The selectin family of adhesion molecules which mediate the primary adhesion of
leukocytes to endothelium includes E- and P-selectin, expressed on endothelial cells,
and L-selectin, expressed on leukocytes (reviewed by Bevilacqua et al., 1993).
Endothelial expression of E-selectin is induced by inflammatory stimuli such as TNF-a.,
IL-1 and LPS, and P-selectin by histamine and thrombin. E- and P-selectin recognise
sialylated carbohydrate determinants related to sialyl Lewis* in their counterreceptors,
which are expressed on certain leukocytes including neutrophils, monocytes and
lymphocyte subsets. The leukocyte L-selectin is constitutively expressed and contributes
to adhesion by recognising the CD34 molecule on endothelial cells (Baumhauer et al.,

1993).

Chemoattractants

Leukocytes have the ability to sense chemical gradients and migrate in the direction of
increasing concentration of chemoattractants, a process termed chemotaxis. The
classical chemoattractants such as formylated bacterial peptides and platelet-activating
factor act broadly, whereas the members of the newly discovered chemokine family are
specific for leukocyte subsets (reviewed by Miller et al., 1992). Based on sequence

similarities, this family can be divided into the neutrophil-specific C-X-C chemokines

12



such as IL-8, and C-C chemokines such as RANTES and MIP-la which act on
monocytes, eosinophils and/or lymphocytes. Endothelial production of IL-8 is induced
by TNF-a, IL-1 and LPS (Sica et al., 1990), whereas the expression of RANTES is
stimulated by TNF-a and IFN-y (Devergne et al., 1994). In addition to endothelial cells,
chemokines are also produced by other cells involved in the inflammatory response such

as T lymphocytes and monocytes.

Integrins and their vascular ligands

The leukocyte integrins are heterodimers of non-covalently linked o and B subunits.
They include the B, integrins LFA-1 (lymphocyte function-associated antigen-1) and
Mac-1 (macrophage antigen-1) which are widely expressed in different leukocyte
populations, and the B integrin VLA-4 which is expressed on monocytes, eosinophils,
basophils, lymphocytes and NK cells but not on neutrophils (reviewed by Larson and
Springer, 1990). The adhesive function of integrins can be activated by chemoattractants
and is likely to involve conformational changes. For example, treatment of neutrophils
with IL-8 rapidly activates Mac-1 (Detmers et al., 1990). The endothelial ligands for
integrins are members of the immunoglobulin superfamily. They include the
intercellular adhesion molecule ICAM)-1, which can interact with LFA-1 and Mac-1,
ICAM-2 which interacts with LFA-1 only, and vascular cell adhesion molecule
(VCAM)-1 which is the ligand for VLA-4 (reviewed by Bevilacqua, 1993). Both
ICAM-1 and -2 are constitutively expressed on endothelium, and the expression of
ICAM-1 can be further enhanced by TNF-a,, IL-1 and LPS. In addition to these stimuli,

the expression of VCAM-1 is also strongly induced by IL-4.
ntigen entation by endothelial cells

Endothelial cells have the potential to function as antigen presenting cells in immune
reactions. Like most cell types, they express the MHC class I antigens required for
activation of CD8+ lymphocytes in CTL responses, and this expression can be further
enhanced by TNF-a and IFN-y (Doukas et al., 1990). Interestingly, endothelial cells can
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also be recruited to express MHC class II molecules, which are normally expressed on
the cells of the immune system, by stimulation with IFN-y (Pober et al, 1983A).
Functional activation of CD4* T lymphocytes by endothelial cells has been observed in
vitro, and endothelium may play an important role in initiating or propagating T cell
activation in immunologically mediated inflammation and allograft rejection in vivo

(reviewed by Pober et al., 1991).

Endothelial cells in hemopoiesis

Endothelial cells have been implicated in the control of hemopoiesis for several reasons.
They secrete, either constitutively or in response (o inflammatory stimulation,
hemopoietic growth factors such as G-CSF, GM-CSF, M-CSF, IL-6 and SCF (Seelentag
et al., 1987, Jirik et al, 1989, Buzby et al., 1994). Endothelial cells also form an
important component of the bone marrow stromal cell population (Tavassoli, 1992,
Hasthorpe et al, 1992), which plays a critical role in hemopoiesis by providing
hemopoietic growth factors and adhesive interactions. Techniques to isolate human bone
marrow microvascular endothelial cells have been recently developed and, interestingly,
these cells have been shown to support adhesion of CD34% hemopoietic progenitors in
vitro (Rafii et al., 1994). Finally, the anatomic location of the bone marrow
microvascular endothelium suggests that it may control the release of blood cells from

the marrow into the circulation.
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CHAPTER 2

MATERIALS AND METHODS




2.1 Reagents

Tissue culture reagents

HDMEM, RPMI 1640, FCS: Gibco Laboratories, Glen Waverly, Australia
M199 medium with Earle's Salts, non-essential amino acids, HEPES, trypsi/EDTA!:
Cytosystems, Sydney, Australia

a-MEM: ICN Flow laboratories, Irvine, Scotland

Endothelial cell growth supplement: Collaborative research, Bedford, MA
Heparin, soybean trypsin inhibitor: Sigma, St. Louis, MO

Collagenase, elastase: Worthington Biochemicals, Templestowe, Australia
Dispase, fibronectin: Boehringer Mannheim, Germany

Ficoll (Lymphoprep), Metrizamide: Nycomed, Oslo, Norway

Penicillin: Commonwealth Serum Laboratories, Melbourne, Australia
Gentamicin: Delta West, Bentley, Australia

Streptomycin: Servipharm, Basel, Switzerland

Cytokines

IFN-y (2x107U/mg), TNF-a. (6.27x107U/mg): gifts from Genentech, San Fransisco, CA
IL-3: a gift from Genetics Institute, Cambridge, MA

IL-1, IL-4: gifts from Immunex, Seattle, WA

GM-CSF was expressed in E. coli and purified in the laboratory by Dr. C. Bagley as
described (Hercus et al., 1994)

LPS was undetectable in all the cytokine preparations used, as judged by the Limulus

amoebocyte assay (detection limit 100 pg/ml).

Antibodies

7.G3 (anti-IL-3R a chain mAb), 4.F3 (anti-B chain mAb), 8.G6 (anti-GM-CSFR « chain
mAb): made in the laboratory by Sun Qiyu as previously described (Woodcock et al.,
1994, Qiyu et al., submitted)
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49-1B11 (anti-E-selectin mAb): made in the laboratory by Joe Wrin as previously
described (Cockerill et al., 1994)

FMCS52 (anti-MHC class I mAb): a gift from Heddy Zola, Adelaide Children's Hospital
FITC-conjugated rabbit anti-mouse IgG: Silenius, Hawthomn, Australia

anti-a. -SMC actin: Sigma, St. Louis, MO

Radiochemicals

3H-uridine (26 Ci/mmol): Amersham, Little Chalfont, England
3H-deoxyglucose (30.6 Ci/mmol): DuPont, NEN products, Boston, MA
Nal251 (2500 Ci/mmol): DuPont Australia, Melbourne, Australia
[a-32PJUTP (400 Ci/mmol): Bresatec, Adelaide, Australia

Other chemicals

RNA polymerases SP6, T3 and T7, ribonucleotides, RNasin: Promega, Madison, WI
RNase A: Pharmacia, Uppsala, Sweden

Guanidine thiocyanate: Fluka, Buchs, Switzerland

E.coli-derived LPS: Difco, Detroit, MI

2.2 Cell isolation and culture

HUVEC

HUVEC were isolated by collagenase treatment of umbilical veins (Wall et al., 1978)
within 24 h of delivery. The cannulated vein was flushed with RPMI medium containing
antibiotics, digested with collagenase for 13 min at 37°C, then washed and the cells
collected by centrifugation. HUVEC were cultured in gelatin-coated plastic flasks in
M199 medium containing Earle's Salts, 20% FCS, 20 ug/ml endothelial cell growth
supplement, 2 mM glutamine, heparin, non-essential amino acids, sodium pyruvate,
sodium bicarbonate, penicillin and gentamicin. Cells were used between passages 2

and 6.
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Human foreskin fibroblasts (HFF)

Pieces of foreskin tissue were treated with 4 mg/ml dispase overnight at 4°C to separate
the epidermis and dermis. The dermis was then finely cut, treated with collagenase for
90 min at room temperature, and the cells collected by centrifugation and plated in
HDMEM culture medium containing 20 mM HEPES, 10% FCS, 2 mM glutamine,

sodium bicarbonate, penicillin and gentamicin. HFF were passaged up to 30 times.

Bone marrow stromal cells

Human bone marrow samples were obtained by aspiration from the posterior iliac crest
or sternum of normal volunteers. The low-density bone marrow mononuclear cells were
isolated by density centrifugation over Ficoll, and cultured in o-MEM medium
containing 20% FCS, 50 pM B-mercaptoethanol, 2 mM glutamine, penicillin and
streptomycin. After 48 h, the nonadherent cells were removed by changing the medium.
The adherent stromal cells were refed with fresh medium and passaged several times

prior to their use in experiments.

Smooth muscle cells

Smooth muscle cells (SMC) were extracted from human saphenous veins by a procedure
modified from Chamley-Campbell et al., (1981). Briefly, the endothelial layer was
removed by scraping with a scalpel blade, and the tunica intima peeled off with forceps
to avoid contaminating adventitial fibroblasts. The vessel was then cut into small pieces
and digested with collagenase and soybean trypsin inhibitor for 1 h. The segments were
then incubated in 1 mg/ml elastase for 1 h and again with collagenase for 1-3 h prior to
centrifugation. The resultant cells were seeded into T25 flasks in M199 medium
containing Earle's salts, 10% FCS, 4 mM glutamine, non-essential amino acids, sodium
pyruvate, sodium bicarbonate, 10 mM HEPES, penicillin and gentamicin. The medium
was changed every 2-3 days and the cells used after 4-6 weeks of growth. The identity

of the cells was confirmed by staining with anti-o.-SMC actin.
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TF-1 cells
TE-1 cells (Kitamura et al., 1989) were maintained in RPMI 1640 medium containing
10% FCS, 2 ng/ml thGM-CSF, 2 mM glutamine, sodium bicarbonate, penicillin and

gentamicin.

Neutrophils

Neutrophils were isolated from the freshly collected blood of healthy volunteers.
Citrated blood was dextran sedimented, the buffy coat separated by Ficoll gradient
centrifugation, and the remaining red cells removed by hypotonic lysis. The purity of
neutrophils was >93%, as judged by morphological examination of Wright's stained

cytocentrifuge preparations.

Monocytes

Monocytes were isolated from the blood of healthy donors, obtained from the Red Cross
transfusion service (Adelaide, South Australia), by density centrifugation and counter-
current elutriation (Elliott ez al., 1990). Briefly, after centrifugation through a cushion of
Ficoll, mononuclear cells were collected from the interface, washed in RPMI 1640 and
resuspended in HBSS containing 0.1% FCS. The cells were separated in a Beckman
JE-6B elutriator using the Sanderson chamber, with a rotor speed of 2050 rpm and a
flow rate of 11.8 mlmin. The cells remaining in the chamber after 30 min were
collected, washed in RPMI 1640, and used immediately. Elutriation resulted in a

monocyte purity of >91%.

Eosinophils

Eosinophils were obtained from the peripheral blood of slightly eosinophilic volunteers
after sedimentation through dextran and centrifugation through a discontinuous density
gradient of hypertonic Metrizamide, as previously described (Vadas et al., 1979).

Eosinophils were obtained from the 24% cushion and were >92% pure.
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2.3 RNA extraction

Total cellular RNA was isolated using the guanidinium thiocyanate method
(Chomczynski et al., 1987). Briefly, cells were lysed in solution D (4 M guanidine
thiocyanate, 25 mM sodium citrate, 0.5% sarkosyl and 0.1 M B-mercaptoethanol) and
extracted with acidic phenol. The RNA was isopropanol-precipitated, resuspended in
solution D, reprecipitated with isopropanol, washed with 70% ethanol and dissolved in
water. All aqueous solutions used in RNA extraction (and in the RNase protection
assay) were treated with diethylpyrocarbonate (DEPC). The RNA was quantitated

spectrophotometrically, assuming that 1 AUe0pm = 40 pg/ml.

2.4 RNase protection assay

RNase protection assays were used to study the expression of the cytokine receptor
subunit, hemopoietic growth factor and immediate early gene c-fos mRNAs.
A simultaneous probing technique was developed, allowing detection of 5 different
mRNAs (IL-3Ra, B, GM-CSFRa, IL-5a and GAPDH) in one sample, and was
particularly useful for studying primary human cells such as HUVEC and SMC as it
significantly reduced the amount of sample RNA required. Briefly, the antisense RNA
probes were designed to protect fragments which are considerably different in size in
order to avoid overlapping signals. Care was also taken to avoid regions of the receptor
transcripts which are known to be susceptible to alternative splicing. Each probe was
individually tested for its optimal RNase digest conditions, and a set of probes with

similar requirements was chosen for further use.

c¢DNAs were subcloned into the following transcription vectors for probe synthesis:
pGEM1 (IL-5R o, GM-CSFR o, common B chain, G-CSF, IL-6), pGEM2 (IL-3R a,
c-fos), pGEM4Z (GM-CSF) or Bluescript KS (GAPDH). The probes protect the
following fragments of the mRNA, with the enzymes used to linearise the transcription
template shown in parentheses: 1119-1280 (Pst I) for the IL-3R a chain, 937-1191 (Pvu
ID) for the IL-5R a chain, 606-731 (Rsa I) for the GM-CSFR a. chain, 833-1032 (Bal I)
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756 (Nco I) for GM-CSF, 3612-3830 (Stul) for c-fos and 707-810 (Sty I) for GAPDH.

RNase protection assays were performed as described (Goodall et al. 1990) with a few
modifications. Briefly, the probes were prepared from linearised template constructs by
in vitro transcription using [a-32PJUTP at a specific activity of 400 Ci/mmol (excepting
the GAPDH internal control, 4 Ci/mmol), and purified by gel electrophoresis. A 10 or
20 pg sample of total RNA was hybridised with the probes (20 000 Cerenkov cpm each)
for 16 h at 45°C. The remaining single-stranded RNA (including the unhybridised
probe) was then removed by digestion with RNase A (20 pg/ml) for 40 min at 26°C.
The reaction was stopped by incubation with proteinase K and SDS for 15 min at 37°C.
The probe-mRNA duplexes were phenol-extracted, ethanol-precipitated and analysed on
8 M urea-6% polyacrylamide gels, using 32P-labelled Hpall-digested pUC19 DNA as a
size marker. Gels were visualised by phosphorimaging and quantitated using
ImageQuant software (Molecular Dynamics), the GAPDH mRNA being used as an

internal control.

2.5 mRNA half-life determinations

The effect of various stimuli on the stability of the IL-3R and IL-6 mRNAs (chapters 4
and 5) was examined by measuring the half-lives of these transcripts. HUVEC were
stimulated as described in the text, then ongoing transcription was blocked by the
addition of 5 pg/ml actinomycin D (actD). Total RNA was extracted at various times
thereafter, and the decay of the mRNA of interest followed by RNase protection. The
gels were quantitated by phosphorimager analysis, using the GAPDH mRNA as an
internal control. The half-lives were also similarly determined using the alternative
transcription inhibitor 5,6-dichloro-1-ribofuranosylbenzimidazole (DRB) at 100 uM.
These two inhibitors differ in their mode of action: actD binds to DNA and blocks the
movement of RNA polymerases, whereas DRB specifically interferes with RNA

polymerase II transcription.
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To confirm that the concentrations of actD and DRB used were sufficient to totally
block transcription in HUVEC, the incorporation of 3H-labelled uridine was measured.
In brief, 3H-uridine (4 pCi/ml) was added to HUVEC culture medium 15 min prior to
the addition of actD (5 pg/ml) or DRB (100 pM). At various times thereafter, the cell
layers were washed four times with cold 5% TCA, twice with ethanol, air-dried and then
dissolved in 0.3 M NaOH. Following neutralisation with HCI, the incorporated
3H-uridine was determined by scintillation counting. Uridine incorporation was
completely blocked in the presence of actD or DRB (fig. 2.1), indicating that both

inhibitors totally inhibited transcription at the concentrations used.

2.6 Flow cytometry

The surface expression of the cytokine receptor subunits, E-selectin and MHC class II
was examined by flow cytometry. Cells were cultured on 24-well plates, stimulated as
described in the text, and stained with the relevant antibody for 30 min at 37°C. After
three washes with RPMI 1640 containing 2.5% FCS, the cells were further incubated
with FITC-conjugated rabbit anti-mouse IgG at 4°C, washed three times, detached with
trypsin/EDTA (0.05%/0.02%) and fixed in 0.4% formaldehyde. A minimum of 104 cells
was analysed using the EPICS-Profile II (Coulter Electronics) flow cytometer. The
relative mean fluorescence intensity values (MFI) (obtained directly from the
instrument's data set), were used for quantitative analysis after subtraction of the
background fluorescence, which was determined using an irrelevant antibody of

matching isotype. All samples were analysed in duplicate.

2.7 Binding experiments

Binding experiments were performed as previously described (Lopez et al., 1989) using
1257 abelled IL-3 (25IIL-3). In brief, E. coli-derived rhIL-3 was radioiodonated to
high specific activity (0.6x106-1.3 x106 cpm/pmol) using iodine monochloride, and the
radiolabelled cytokine separated from iodide ions by chromatography on Sephadex G-25

(Pharmacia) in PBS containing 0.02% Tween 20. Prior to use, the radiolabelled
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Fig. 2.1 Effect of the transcription inhibitors actinomycinD and DRB on 3H-

uridine incorporation in HUVEC. HUVEC were cultured in the presence of 3H-
uridine and treated with actD (5 pg/ml) or DRB (100 uM) for the times indicated. The
cells were extracted with TCA, and the 3H-uridine incorporation determined by

scintillation counting.



protein was purified from non-protein-associated radioactivity by cation-exchange

chromatography using carboxymethyl-Sepharose CL-6B.

The Scatchard transformation (Scatchard, 1949) was derived from a saturation binding
curve using 2 x 108 HUVEC per sample, and six different concentrations of 125113
ranging from 80 pM to 1.4 nM. HUVEC were detached with EDTA (40 mM) and
chondroitin sulphate (100 pg/ml) prior to incubation with 1251113 for 3 hours at 22°C
in 0.15 ml of binding medium (RPMI 1640, pH 7.4, supplemented with 20 mM HEPES
and 0.5% BSA) containing 0.1% sodium azide to prevent receptor internalisation. Cell
suspensions were then overlayed onto 0.2 ml of FCS and centrifuged for 30 s at
maximum speed in a Beckman Microfuge 12. The visible cell pellet was recovered by
cutting the tube, and the radioactivity determined in a Packard Auto Gamma 5650.
Specific binding was determined by subtracting the cpm from parallel samples
containing a 100-fold excess of unlabelled IL-3. All samples were analysed in duplicate.
Binding data were analysed by EBDA and LIGAND software (Elsevier-BIOSOFT,
Cambridge, UK). Specific 1251.11.-3 binding to HUVEC during cytokine time-courses
(chapter 4) was measured in a similar fashion, except that a fixed concentration of

125113 (either 1 nM or 4 nM) was used.

2.8 Neutrophil transmigration assay

Neutrophil transendothelial migration was measured as previously described (Smith et
al., 1991) using HUVEC cultured on fibronectin coated transwells (Costar) with 3um
pores. HUVEC were incubated with medium alone or TNF-a (100 U/ml) for 24 h, IL-3
(30 ng/ml) being added for the last 6 h. Two hours prior to the addition of neutrophils
the medium was changed. 106 neutrophils were then added to the upper compartment by
replacing the medium, the HUVEC conditioned medium remaining in the lower
compartment. The number of neutrophils which had migrated through the endothelium
into the lower compartment was determined after 45 min using a Coulter counter (Herts,

UK), transmigration being expressed as a percentage of the total cells added.
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2.9 Quantitation of cytokines

IL-6, G-CSF and GM-CSF were measured in the culture supernatants of HUVEC
(5 x 103 per well) which had been stimulated as described in chapter 5. Immunoreactive
IL-6 was detected using an ELISA (Quantikine, R&D Systems, Minneapolis, MN)
according to the manufacturer's instructions. G-CSF measurements were kindly
performed by Dr J. Layton (Ludwig Institute for Cancer Research, Melbourne) by an
ELISA method, as described (Zoellner et al., 1992). GM-CSF was detected using a
sandwich ELISA method. In brief, the mouse anti-human GM-CSF mAb 4.D4 was used
to coat 96-well plates before samples and standards were added. An avidin-biotin
peroxidase system was then used to detect the second stage rabbit anti-human GM-CSF
polyclonal Ab. For IL-8 measurements, HUVEC were stimulated as described in the
text, the medium changed and supernatants collected after 1 h. Immunoreactive IL-8
was quantified by a sandwich-type ELISA (Van Zee et al, 1991) in which a polyclonal

rabbit anti-human IL-8 antibody is used as both capture and detection layer.

2.10 Glucose uptake assay

Glucose uptake by HFF fibroblasts (chapter 6) was measured as the intracellular
accumulation of 3H-2-deoxyglucose (3H-2-DOG) (Bird et al., 1990), a glucose analog
which is recognised by the glucose transporter and phosphorylated, but not further
metabolised. Cells were cultured on 24-well plates and incubated in glucose-free buffer
(HBSS containing 20 mM HEPES and 0.1% BSA) in the presence or absence of IL-3
(200 ng/ml) for 30 min. The uptake measurement was initiated by adding 2 pCi/ml
3H4-2-DOG and unlabelled deoxyglucose to 0.1 mM. After a 10-min incubation at 37°C
the wells were rapidly washed with ice-cold PBS, and the cells lysed in 0.05% SDS. The

3H-2-DOG content of the lysates was determined by scintillation counting.

To confirm that glucose uptake was linear during the 10-min pulse, a time-course was

performed. The accumulation of 3H-2-DOG was linear for at least 20 min (figure 2.2)
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and could be competed by 10 mM D-glucose (data not shown), indicating that uptake is

likely to occur via facilitated diffusion through the glucose transporter.
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Fig. 2.2 Time-course of 3H-2-DOG uptake in HFF fibroblasts. The cells were

incubated in glucose-free buffer for 30 min, then pulsed with 3H-2-DOG for the

indicated times. Each point represents the mean+SD determined in duplicate samples.



CHAPTER 3

ENDOTHELIAL CELLS EXPRESS FUNCTIONAL IL-3 RECEPTORS



INTRODUCTION

IL-3 stimulates hemopoietic progenitor cells to proliferate and differentiate into various
blood cell types (Lopez et al., 1988, Sieff et al., 1987), a property which has led to its
clinical use in bone marrow reconstitution after cancer therapy. In addition, IL-3 has
been found to functionally activate some mature blood cells, including monocytes,
eosinophils and basophils (Elliott et al., 1990, Lopez et al., 1988, Haak-Frendscho ez al.,

1988), suggesting that it may play a role in the inflammatory process.

The aim of the work described in this thesis was to examine whether the target cell
population is restricted to blood cells, or whether IL-3 can also act on non-hemopoietic
cells. Endothelial cells are of particular interest as they play a central role in the
inflammatory process, controlling leukocyte infiltration and releasing inflammatory
mediators (Vadas et al., 1992). They also secrete hemopoietic growth factors and are a
major component of the bone marrow stromal cell population (Seelentag et al., 1987,
Jirik et al,, 1989, Rafii et al., 1994). Endothelial cells resemble hemopoietic cells in
certain aspects, which may reflect the possible common origin of these two cell types
(Doetschman et al., 1985). For example, they express CD25 (the o subunit of the IL-2
receptor), the early hemopoietic progenitor marker CD34 and the leukocyte common
antigen CD45 (Chen et al., 1991, Fina et al., 1990, Forsyth et al., 1993). Furthermore,
they are the only non-hemopoietic cells found to express receptors for erythropoietin
and thrombopoietin (c-mpl) (Anagnostou et al., 1990, Methia et al., 1993). Expression
of the G-CSF and GM-CSF receptors has also been reported (Bussolino et al., 1989,

Colotta et al., 1993) although these findings remain controversial (Yong et al., 1991).

The first step in investigating whether endothelial cells could respond to IL-3 was to
determine whether they express receptors for this cytokine. As this was found to be the
case, it was important to examine whether these receptors are functional in a non-

hemopoietic environment. Induction of the immediate early gene c-fos was used as a
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functional read-out, as it has been shown that IL-3 induces c-fos in blood cells and that

the ubiquitous Ras pathway is likely to be involved (reviewed by Miyajima et al., 1993).

In addition to the IL-3R a and p chains, HUVEC were also examined for expression of
the o chains for the related GM-CSF and IL-5 receptors, which is important as these
receptors share the B subunit of the IL-3R and mediate similar functions on target cells.
Expression of the GM-CSFR a chain in HUVEC is of particular interest, due to the
controversy in the literature as to whether these cells bind and functionally respond to

GM-CSF (Bussolino et al., 1989, Yong et al., 1991, Colotta et al., 1993).
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RESULTS
1 HUV X m for the R a hai

HUVEC were examined for the presence of the IL-3R a and 8 chain mRNAs as well as
those for the related GM-CSFR and IL-5R a chains by using an RNase protection assay.
Simultaneous analysis of the different receptor subunit mRNAs was achieved by
designing the antisense RNA probes to protect fragments of different sizes. RNA from
various hemopoietic cells, including monocytes, eosinophils and TF-1 cells (Kitamura et
al., 1989), was used as a positive control for the receptor mRNAs. As shown in figure
3.1, freshly explanted, unstimulated HUVEC expressed substantial amounts of the
common P chain mRNA and small amounts of the IL-3R o chain mRNA. In contrast, no

expression of the mRNAs for the related GM-CSFR and IL-5R o chains was detected.

1 Surf o0 of the IL-3R subunits on HUVEC

To examine whether expression of the IL-3R mRNA was accompanied by protein
expression on the cell surface, HUVEC were stained with the anti-IL-3Ra chain mAb
7.G3 and the anti-B chain mAb 4.F3, and analysed by flow cytometry. These mAbs were
developed using mice immunised with COS cells transfected with IL-3R o and B chain
expression plasmids, and screened on CHO cell lines which permanently express the
appropriate receptor subunit (Woodcock et al., 1994, Qiyu et al., submitted). The anti-

GM-CSFR o chain mAb 8.G6 was developed in a similar fashion.

Fig. 3.2 shows representative histograms of HUVEC stained with the mAbs directed
against the IL-3Ra, B and GM-CSFRa chains. Staining with 7.G3 resulted in a broad
curve, indicating variable levels of IL-3R o chain expression, whereas the curve
corresponding to the B chain staining was narrower, indicating a more homogenous

expression pattern. Interestingly, the histograms obtained with the anti-GM-CSFR «
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Fig. 3.1 HUVEC express mRNA for the IL-3R o and B chains. RNase protection
assay of the IL-3R, GM-CSFR and IL-5R subunit mRNAs in HUVEC, monocytes and

eosinophils. The samples were also probed for GAPDH mRNA which is used as an
internal control. RNA from TF-1 cells was used as a positive control and tRNA as a
negative control. Undigested probes (P) and DNA size markers (M; 32p.labelled Hpall-
digested pUC19 DNA) are also shown.
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Fig. 3.2 Surface expression of the IL-3R a. § and GM-CSFR a chains on HUVEC.
Flow cytometry analysis of HUVEC stained with the anti-IL-3Ra chain mAb 7.G3, the
anti-B chain mAb 4.F3 or the anti-GM-CSFRa chain mAb 8.G6. The isotype control is

represented by the dashed histogram.



chain mAb 8.G6 and the negative control Ab overlapped completely, indicating that

HUVEC do not express the GM-CSFR « chain protein.

In order to confirm that the small shifts observed in both the IL-3Ro and B chain
histograms were significant, several HUVEC lines were tested and the results analysed
statistically. The mean fluorescence intensity value (MFI) for cells stained with the
negative antibody was 0.432+0.018, whereas that for the IL-3Ra chain was
0.967+0.059, and the B chain 0.975+0.133 (mean+SEM, n=8). Although low, both the
IL-3Ra. and B chain MFI values were significantly different from that obtained with the
negative control antibody (p<0-0001 and p<0.005 respectively) as judged by student's t-

test.
-3 with hi ffinj

The ability of HUVEC to specifically bind IL-3 was investigated using ZI-labelled
IL-3. Scatchard transformation was derived from a saturation binding curve using six
different concentrations of 125I-IL-3 ranging from 40 pM to 1.4 nM, specific binding
being determined by subtracting the cpm from parallel samples containing a 100-fold
excess of unlabelled IL-3. All samples were analysed in duplicate, using 2 x 106
HUVEC per sample. Endothelial cell lines varied in their ability to bind IL-3, and the
number of IL-3Rs per cell, as determined by Scatchard analysis, ranged from
undetectable to 2000 (Fig. 3.3). The receptors detected were of the high-affinity class
only (K4=640 pM). In keeping with the lack of GM-CSFR o chain mRNA and protein
in HUVEC, no specific binding of 125-GM-CSF was detected in four separate

experiments (data not shown).
4 1L-3 induces c-fos expression in HUVE

To investigate whether the IL-3Rs on HUVEC are capable of transducing a signal,
induction of the immediate-early gene c-fos was measured in response to IL-3. HUVEC

were incubated in medium containing 0.5% FCS without supplementary growth factors

34



3 %
g 8

125 1.3 bound (cpm)

T T 1
0 0.5 1 1.5

[IL-3] (nM)

0.09-

)
3

Bound / Free
n

o°
o)
i

0 10 20 30
bound (pM)

Fig. 3.3 Characterization of 12I-IL-3 binding to HUVEC. a) Saturation binding
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points are averages of duplicate samples. b) Analysis of the data by Scatchard
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for 24 h prior to IL-3 stimulation. IL-3 (30 ng/ml) was then added, total RNA extracted
at various times thereafter, and expression of the c-fos mRNA analysed by RNase
protection. The induction of c-fos was similarly examined in response to GM-CSF (30
ng/ml) and FCS (20 %), which is a well-characterised inducer of c-fos. As shown in
figure 3.4, IL-3 treatment resulted in a rapid and transient induction of c-fos, which
reached maximal levels at 30-60 min, and declined back to the basal level by 120 min.
This was very similar to the induction observed with FCS. In contrast, GM-CSF did not

affect the expression of c-fos (Fig. 3.4).
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Fig. 3.4 Induction of the immediate-early gene c-fos in HUVEC in response to IL-3.
RNase protection assay of c-fos mRNA in HUVEC stimulated with IL-3 (30 ng/ml),

FCS (20%) or GM-CSF (30 ng/ml) for various times as indicated. The samples were
also probed for GAPDH mRNA which is used as an internal control. tRNA was used as
a negative control (t) and lane P represents the undigested probes. The gel was
quantified by phosphorimaging, and the amount of c-fos mRNA relative to the GAPDH

signal is shown in the graph below. Shown is a representative experiment of three.
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DISCUSSION

This chapter shows that expression of the IL-3R is not restricted to hemopoietic cells as
previously thought, but that endothelial cells also express receptors for IL-3.
Importantly, the IL-3Rs on HUVEC are able to bind IL-3 with high-affinity and
transduce a signal, as shown by the induction of c-fos. The finding of functional IL-3Rs
on endothelial cells suggests a novel role for this hemopoietic growth factor in vascular

biology.

The presence of the IL-3R was detected using a combination of approaches. RNase
protection analysis indicated that there were low levels of both the IL-3R o and $ chain
mRNAs in HUVEC, which correlated with the modest protein expression detected on
the cell surface by flow cytometry. HUVEC were able to specifically bind 1251-11.-3 and,
as shown by Scatchard analysis, only high-affinity receptors were present, consistent
with the similar levels of IL-3R o and B chain surface expression. HUVEC isolated
from different donors showed a great degree of variability in the number of IL-3Rs,
ranging from undetectable to 2000 per cell. This line-to-line variation is characteristic of
primary HUVEC and may reflect individual differences, as well as the activation state of
the endothelium. The presence of IL-3Rs on HUVEC has been recently shown by two
other groups. In agreement with our observations, low levels of the IL-3R a and B chain
mRNAs have been detected by RT-PCR (Colotta et al., 1993) and by northern blotting
following cyclohexamide treatment (Brizzi et al, 1993). Also in keeping with our

results, Brizzi et al. (1993) have shown that HUVEC bind IL-3 with high affinity.

IL-3 caused a rapid and transient induction of the immediate-early gene c-fos in
HUVEGC, indicating that hemopoietic cell-specific factors are not required for signalling
by the IL-3R. This is consistent with the finding that exogenously expressed human
GM-CSFRs are capable of initiating signal transduction in NIH 3T3 fibroblasts
(Watanabe et al., 1993, Eder et al., 1993). It remains to be determined whether the

IL-3R utilises the same signalling pathway in both HUVEC and hemopoietic cells, or
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whether it operates through different mechanisms in different cell types. The biological
consequences of c-fos induction result from its ability to complex with members of the
c-jun family, forming the heterodimeric transcription factor AP-1. Both Fos and Jun
proteins have been shown to be involved in the regulation of cell growth, using anti-
sense RNA and microinjection of Fos and Jun antibodies into cells (Nishikura et al.,
1987, Riabolow et al., 1988, Kovary et al., 1991). Interestingly, IL-3 has been shown to
stimulate the proliferation of endothelial cells in vitro (Brizzi et al., 1993), and cause
bone marrow fibrosis, characterised by endothelial proliferation, in vivo (Orazi et al,

1992).

As shown in this chapter, HUVEC selectively express mRNA for the IL-3R o and B
chains but not for the related GM-CSFR and IL-5R o chains. The lack of detectable
GM-CSFR a chain mRNA was somewhat surprising, as HUVEC have been reported to
bind and functionally respond to GM-CSF (Bussolino et al., 1989; Colotta et al., 1993).
However, in our study neither GM-CSFR a. chain protein (as judged by mAb staining),
nor specific 125I-GM-CSF binding was found. In keeping with the lack of receptor
expression, GM-CSF was unable to induce c-fos in HUVEC. This is in contrast to the
reports that HUVEC specifically bind GM-CSF with high affinity and respond to it by c-
fos induction, proliferation and migration (Bussolino et al., 1989; Colotta et al., 1993).
Others have been unable to replicate these results, although high levels of non-specific
125].GM-CSF binding to HUVEC has been observed (Yong et al., 1991), consistent with
our results (data not shown). The reason for this discrepancy is not clear, but it suggests
that the ability of HUVEC to bind and respond to GM-CSF is critically dependent on the
culture conditions. It should be noted that despite observing GM-CSF binding and
functional activation of HUVEC, Colotta et al. (1993) also failed to detect any mRNA
for the GM-CSFR a chain, prompting them to speculate that HUVEC may express a
different, novel kind of GM-CSF receptor. However, in light of our results and those of
Yong et al., (1991) one should not assume that GM-CSF influences endothelial cell

function in vivo. The leukocyte margination observed following GM-CSF administration
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(Devreux et al., 1989) is thus likely to be due to a direct effect on neutrophils and

monocytes, rather than on the endothelium.

Vascular endothelium is a multifunctional organ, participating in the control of immune
and inflammatory phenomena and in the regulation of hemopoiesis. The finding of
IL-3Rs on endothelial cells opens a wider role for IL-3 than previously expected.
Activation of the endothelium by IL-3 could be envisaged in pathological conditions
which involve infiltration of activated T cells, such as chronic inflammation. Indeed,
IL-3 mRNA expression has been detected in activated T lymphocytes at the site of
inflammation in vivo (Kay et al, 1991). The finding that IL-3 is not exclusively a
hemopoietic growth factor but also acts on vascular endothelium may aid in

understanding the side-effects of IL-3 administration.
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SUMMARY

IL-3 is a T cell-derived hemopoietic growth factor which not only stimulates
hemopoiesis but also functionally activates mature blood cells, such as monocytes,
eosinophils and basophils. This chapter demonstrates that the actions of IL-3 are not
restricted to hemopoietic cells, as endothelial cells are also able to bind and functionally

respond to this cytokine.

HUVEC were found to selectively express mRNA for the IL-3R o chain as well as for
the common P chain, but not for the related GM-CSFR and IL-5R a chains. The mRNA
expression correlated with protein expression on the cell surface, as judged by mAb
staining and by the ability of HUVEC to specifically bind !25I-IL-3 with high affinity.
IL-3 caused a rapid and transient induction of the immediate-early gene c-fos in
HUVEGC, indicating that the IL-3R is functional in endothelial cells and that hemopoietic
cell-specific factors are not required for signal transduction by the IL-3R. In contrast to

some previous reports, HUVEC did not bind or functionally respond to GM-CSF.

The finding that endothelial cells express functional IL-3 receptors suggests a wider role
for IL-3 than previously thought. Vascular endothelium is a multifunctional interface
between the blood and tissues, and participates actively in the control of immune and
inflammatory phenomena as well as the regulation of hemopoiesis. The effect of IL-3 on
endothelial functions related to these processes will be discussed in the following
chapters. The activation of endothelial cells by IL-3 (but not by GM-CSF) is of
particular clinical relevance, as both of these cytokines are used in bone marrow

reconstitution following cancer therapy.
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CHAPTER 4

ENDOTHELIAL IL-3 RECEPTOR EXPRESSION IS REGULATED
BY CYTOKINES



INTRODUCTION

IL-3 is a multifunctional cytokine with activities ranging from stimulation of
hemopoiesis to activation of mature blood cells. As described in the previous chapter,
endothelial cells also express receptors for IL-3 and have the capacity to functionally
respond to it. The production of IL-3 by activated T cells and mast cells is strictly
controlled, and the mechanisms involved in this regulation have been extensively
investigated. However, the in vivo effect of IL-3 does not solely depend on the extent of

IL-3 production, but also on the responsiveness of the target cells to this factor.

Responsiveness to IL-3 could be regulated at several levels, including receptor
expression and signal transduction. Unlike signalling molecules, the receptors are IL-3 -
specific, thus offering the possibility to selectively control IL-3 responsiveness. Indeed,
recent reports suggest that the expression of cytokine receptors, including that of IL-3,
can be regulated and that the regulation has functional importance. For example, IL-1
has been shown to increase P chain expression in TF-1 cells (Watanabe et al., 1992),
which may account for the synergistic effect of IL-1 on the proliferation of TF-1 cells in
response to IL-3, IL-5 and GM-CSF (Kitamura et al., 1991B). Expression of the f chain
is also enhanced by IFN-y in monocytes (Hallek et al., 1992) and by TNF-a in CD34%
hemopoietic progenitor cells (Sato et al., 1993), and TNF-a has been shown to increase
the expression of the IL-3 and GM-CSF receptors on AML cells (Elbaz et al., 1991). On
the other hand, IL-3R down-regulation has been observed with TGF-f in murine bone
marrow cells, correlating with inhibition of IL-3 -induced proliferation (Jacobsen et al.,

1993).

The regulation of IL-3R expression has so far been documented only in hemopoietic
cells. The work described in this chapter aimed to examine whether endothelial IL-3R
expression is also regulatable by cytokines, and whether the stimuli and responses are
similar to those observed for blood cells. Control of IL-3R expression by humoral

factors, including those associated with the inflammatory response, could potentially
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modulate the responsiveness of endothelium to IL-3 in vivo. The factors examined
include the pro-inflammatory stimuli TNF-a., IL-1 and LPS, as well as the lymphokines
IFN-y and IL-4 which, like IL-3 itself, are produced upon T cell activation. All of these
factors are known to activate endothelial cells functionally, although the set of functions
they induce are qualitatively different. For example, TNF-a, IL-1 and LPS increase
expression of ICAM-1 and E-selectin and production of IL-8, thus producing an
endothelial phenotype promoting neutrophilic infiltration (reviewed by Springer, 1994).
IL-4 increases endothelial adhesiveness for monocytes, eosinophils and lymphocytes,
rather than neutrophils, by inducing the expression of VCAM (Schleimer et al., 1992)
and it also stimulates production of monocyte chemoattractant protein (MCP-1) (Rollins
et al., 1991). IFN-y in turn induces an endothelial phenotype characterised by enhanced
expression of the MHC molecules (Pober et al., 1983A), thus favouring immunological

events.



RESULTS

4.1 ression of the IL.-3R o an hain mRNAS i VEC is enhanced by cytokines

A panel of factors, including TNF-a, IL-1B, LPS, IFN-y and IL-4, were examined for
their potential to regulate IL-3R mRNA expression in HUVEC. Total RNA was
extracted from HUVEC treated with medium alone, TNF-a (100 U/ml), LPS (100
ng/ml), IFN-y (100 U/ml) or IL-4 (10 ng/ml) for 24 h, or with IL-1p (100 U/ml) for 12
h, and probed for the IL-3R o and B chain mRNAs using an RNase protection assay.
The samples were also simultaneously probed for the mRNAs for the related GM-CSFR
and IL-5R a chains, as well as for GAPDH, which was used as an internal control. RNA
from TF1 cells (Kitamura et al., 1989) was used as a positive control for the different
receptor mRNAs. As demonstrated in figure 4.1, treatment of HUVEC with TNF-a,
IL-1B, LPS or IFN-y strongly enhanced the expression of both the IL-3R a and P chain
mRNAs. In contrast to this coordinate up-regulation of both IL-3R subunits, IL-4
selectively increased only the B chain mRNA. None of the factors tested induced

detectable expression of the GM-CSFR and IL-5R a chain mRNAs.

The induction of the IL-3R mRNA by TNF-a and IFN-y was further characterised by
time-course and titration experiments. The expression of the IL-3R o and B chains was
analysed by RNase protection assay and quantitated by phosphorimaging, using
GAPDH as an internal control. Both TNF-a and IFN-y transiently up-regulated
expression of the IL-3R o and B chains in a dose-dependent fashion. With IFN-y, levels
of both the IL-3R transcripts were increased by 2 h, maximal at 12-24 h, then slowly
decreased (Fig. 4.2a). Dose-response experiments showed that the maximal effect of
IFN-y was achieved at a concentration of 100-1000 U/ml (Fig. 4.2b). When HUVEC
were stimulated with TNF-a,, the IL-3R o and B chain mRNA levels increased at 4 h,
reached a maximum at 16-36 h, and slowly decreased thereafter (Fig. 4.2c), the optimal
dose being 100-1000 U/ml (Fig. 4.2d). In five experiments performed with different
HUVEC primary cultures, the IL-3R o chain mRNA expression increased 2.4+0.4
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Fig. 4.1 Selective induction of the IL-3R mRNA in HUVEC by a) the pro-

inflammatory_stimuli TNF-a, IL-1 and LPS and b) the lymphokines IFN-y and
IL-4. RNase protection assays of the IL-3R a and B chain mRNAs in HUVEC
stimulated with either medium alone, TNF-a (100 U/ml), LPS (100 ng/ml), IFN-y (100
U/ml) or IL-4 (10 ng/ml) for 24 h, or with IL-1 (100 U/ml) for 12 h. The samples were
also probed for the mRNAs for the GM-CSFR and IL-5R o chains and GAPDH, which
was used as an internal control. RNA from TF-1 cells was used as a positive control

(TF1) and tRNA as a negative control (t). Lane P represents the undigested probes.
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Fig. 4.2 IFN-y and TNF-o enhance expression of the IL-3R o and B chain mRNAs

in a time- and dose-dependent manner. RNase protection assay of IL-3R, GM-CSFR

and IL-5R mRNAs in HUVEC incubated with IFN-y (100 U/ml) or TNF-a (100 U/ml)
for various times as indicated (a,c), or with varying concentrations of IFN-y or TNF-a
for 24 h (b,d). The samples were also probed for GAPDH mRNA, which is used as an
internal control. RNA from TF-1 cells was used as a positive control (TF1) and tRNA as
a negative control (t). Also shown is RNA from elutriated mononuclear cells (E). Lanes
P and M contain undigested probes and DNA size markers (32P-labeled Hpall-digested
pUC19 DNA) respectively.
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(mean+SD) -fold in response to IFN-y and 4.5+0.5 (mean+SD) -fold in response to
TNF-o.. In parallel experiments the § chain mRNA expression was increased 2.2+0.4

(meanxSD) -fold by IFN-y and 2.3+0.2 (meanxSD) -fold by TNF-a.

4.2 Increased IL.-3R o and B chain mRNA expression is not due to mRNA stabilisation

The observed induction of the IL-3R o and B chain mRNA steady-state levels in
HUVEC in response to IFN-y and TNF-a. could be mediated by increased transcription
and/or mRNA stabilisation. In order to examine the latter possibility, the half-lives of
the IL-3R o and B chain mRNAs in HUVEC were determined using the transcription
inhibitor actinomycin D (actD). HUVEC were incubated with medium alone or with
IFN-y (100 U/ml) for 4 h, then actD (5 ug/ml) was added and total RNA extracted at
various times. IL-3R o and B chain mRNA decay was analysed using an RNase
protection assay and quantitated by phosphorimaging, using GAPDH mRNA as an
internal control (Fig. 4.3). In 4 separate experiments, all performed with different
HUVEC primary cultures, the IL-3R o chain mRNA had a half-life of =6 h, and was not
altered by IFN-y treatment. The B chain mRNA was more stable and did not
significantly decay during the 9-h actD time-course, in either unstimulated or IFN-y-
stimulated HUVEC. Similarly, TNF-o treatment did not alter the stability of the IL-3R
o and B chain mRNAs (data not shown). Identical results were obtained using the

alternative transcription inhibitor DRB (100 uM).

43 TNF-o, IFN-y and IL-4 regulate the surface expression of IL-3R subunits on
HUVEC

To examine whether the enhanced IL-3R mRNA levels were accompanied by increased
protein levels, the surface expression of the IL-3R subunits on HUVEC was monitored
using the specific monoclonal antibodies 7.G3 and 4.F3, directed against the IL-3R a
and B chains respectively. HUVEC were stimulated with TNF-a. (100 U/ml), IFN-y (100
U/ml) or IL-4 (10 ng/ml) for 24 h, and the surface expression of the IL-3R a and f8

chains analysed by flow cytometry. Representative histograms are shown in figure 4.4.
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Fig. 4.3 RNase protection analysis of the IL-3R o and B chain mRNA half-lives in

HUVEC, HUVEC were pretreated with either medium alone or with IFN-y (100 U/ml)
for 4 h, after which ongoing transcription was inhibited with actinomycin D (5 pg/ml)
for various times, as indicated. Phosphorimager quantitation is shown below. Levels of
the IL-3R o and B chain mRNAs are expressed as a percentage of the initial

IL-3R o/GAPDH or the B/GAPDH ratio.
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In keeping with the mRNA data, IFN-y and TNF-a enhanced the surface expression of
both IL-3R subunits, whereas IL-4 selectively up-regulated expression of the B chain
only. Interestingly, down-regulation of the IL-3R a chain was observed following the
treatment with IL-4. None of the factors tested induced detectable expression of the

GM-CSFR a. chain, as judged by staining with the specific mAb 8.G6 (data not shown).

The regulation of IL-3R a and B chain expression by cytokines was studied in several
HUVEC lines, and the results statistically analysed. As shown in figure 4.5, both TNF-a
and IFN-y increased expression of the IL-3R a chain by ~3 fold and the B chain by »2
fold. The combination of TNF-a and IFN-y had a synergistic effect on IL-3R
expression, up-regulating the o chain by ~14 fold and the B chain by =8 fold. This
synergism was also observed at the mRNA level (data not shown). Although IL-4
strongly up-regulated expression of the B chain, it consistently down-regulated the
IL-3R o chain. The inhibition of IL-3R a chain expression increased with time, being
64+17 % (mean+SD,n=3) at 24 h and 78+19 % (meanxSD,n=3) at 48 h following

treatment with IL-4.

4.4 Binding of 11.-3 to HUVEC is induced by TNF-a and IFN-y

The effect of TNF-a and IFN-y on the ability of HUVEC to specifically bind IL-3 was
investigated using 1251-IL-3. HUVEC were incubated with IFN-y (100 U/ml) or TNF-a
(100 U/ml) for various times, and binding assays performed using 1-4 nM 1251.11.-3 and
1.7 x 106 HUVEC per sample. In keeping with the increased surface expression of
IL-3R subunits, both TNF-a. and IFN-y increased the specific binding of IL-3 to
HUVEC (Fig. 4.6). The induction by TNF-o. was transient, with maximal binding
occurring at 24 h. In contrast, the induction by IFN-y was more prolonged, reaching a
maximum at 20 h and remaining elevated thereafter. Scatchard analysis indicated that
neither TNF-a or IFN-y significantly altered the affinity of IL-3 binding to HUVEC, but

rather increased the number of binding sites (data not shown).
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Fig. 4.4 Analysis of regulation of the IL-3R o and ( chains on HUVEC. HUVEC
were stimulated with either medium alone, TNF-a (100 U/ml), IFN-y (100 U/ml) or
IL-4 (10 ng/ml) for 24 h. The cells were stained with the anti-IL-3Ra chain mAb 7 .G3
or with the anti-p chain mAb 4.F3, and indirect immunofluorescence analysed by flow

cytometry. The isotype control is represented by the grey histogram.
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Fig. 4.5 Quantitation of the cytokine-induced IL-3R expression in HUVEC, Cells
were stimulated with medium alone, TNF-a (100 U/ml), IFN-y (100 U/ml) or both

factors together for 24 h, or with IL-4 (10 ng/ml) for 24 h. HUVEC were then stained
with the anti-IL-3Ro chain mAb 7.G3 or with the anti-p chain mAb 4.F3, and analysed
by flow cytometry. The increase in the IL-3R o and p chain surface expression over the
basal level was calculated using the mean fluorescense intensity (MFI) values obtained
by flow cytometry. Shown is the mean+SEM of four experiments, each performed with

different primary HUVEC cultures.
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Fig. 4.6 Time-course of specific 1%5I-IL-3 binding to HUVEC stimulated with TNF-
o or IFN-y. Shown are two separate experiments in which different primary HUVEC

lines were stimulated with either a) TNF-a (100 U/ml) or b) IFN-y (100 U/ml). 1251-1L-3
was used at either a) 4 nM or b) 1 nM with specific activities 0.6 x 106 cpm/pmol and

0.9 x 106 cpm/pmol respectively. Each experiment is a representative of three.



DISCUSSION

The data in this chapter shows that expression of the IL-3R in endothelial cells is not
static, but can be regulated by humoral factors such as the pro-inflammatory stimuli
TNF-a, IL-1 and LPS and the lymphokines IFN-y and IL-4. Control of expression of the
IL-3R may serve to modulate the responsiveness of endothelium to IL-3 during

inflammatory and immunological responses.

Regulation of expression of the IL-3R in HUVEC was detected using a combination of
approaches. Increased levels of IL-3R o and B chain mRNAs were observed after
stimulation of HUVEC with TNF-a,, IL-1, LPS or IFN-y. This coordinate up-regulation
of both o and B chains is important from the functional point of view, since both
subunits are required for IL-3 signalling (Kitamura et al., 1992). The induction of the
IL-3R was selective in that the mRNAs for the related GM-CSFR and IL-5R a chains
were not detected. In keeping with the mRNA data, TNF-a and IFN-y selectively
enhanced the surface expression of both the IL-3R o and P chains (as judged by mAb
staining), and increased 1251.1.-3 binding to HUVEC. The induction of 125113
binding by IFN-y differed from that mediated by TNF-a in being more prolonged,
suggesting a role in chronic inflammation. Interestingly, expression of both the IL-3R a
and P chains could be further increased by combining IFN-y and TNF-a, the synergistic

effect suggesting that these agents operate through different mechanisms.

In contrast to IFN-y and TNF-c, which induced the expression of both IL-3R chains, IL-
4 selectively up-regulated only the B chain and simultaneously down-regulated the IL-
3R o chain. Because endothelial cells do not normally express excess IL-3R a chains
(as judged by the lack of low-affinity IL-3 binding sites in scatchard analysis, chapter 3),
this down-regulation by IL-4 may seriously impair their responsiveness to IL-3. It is of
interest that IL-4 also inhibits E-selectin expression (Thornhill et al., 1990) and IL-8
production (Smith et al., submitted) by endothelial cells, thus dampening the acute

inflammatory response involving neutrophil infiltration. IL-4 shares these anti-
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inflammatory actions with TGF-B (Gamble et al., 1993, Smith et al., submitted), and the
possibility that TGF-p may also down-regulate IL-3R expression in endothelial cells is
currently being investigated. Interestingly, TGF-B is to date the only cytokine that has
been shown to inhibit IL-3R expression (and IL-3 responsiveness) in hemopoietic cells
(Jacobsen et al., 1993). The fact that IL-4 selectively up-regulated the B chain while
down-regulating the IL-3R a chain is somewhat surprising, especially as it did not
induce any detectable expression of the GM-CSFR and IL-5R a chains. It is possible
that the B chain may serve as an affinity-converter and signal-transducer for another, as
yet unidentified o chain, or that it has some function of its own. With regard to the latter
possibility, it is of interest that the extracellular domain of the B chain bears homology
to the type III fibronectin modules (Patthy, 1990), raising the possibility of a role in

adhesion.

IFN-y has previously been shown to selectively up-regulate the B chain but not the
GM-CSFR « chain in human monocytes (Hallek et al., 1992), which is in keeping with
our results with HUVEC and suggests that the expression of these genes is under similar
regulatory control in endothelial and hemopoietic cells. In contrast, the findings that
IFN-y and TNF-a up-regulate the IL-3R a chain in HUVEC but do not affect IL-3R a
chain expression in CD34*% hemopoietic progenitor cells (Sato et al., 1993) indicates a

different pattern of regulation of the IL-3R o chain in hemopoietic and endothelial cells.

The mechanisms regulating cytokine receptor expression are still poorly understood.
Involvement of both transcriptional and post-transcriptional elements have been
documented in induction of the P chain by IFN-y in monocytes, with mRNA
stabilisation having a predominant effect (Hallek et al, 1992). Regulation of mRNA
stability is less likely to play a role in endothelial cells, because the B chain mRNA is
considerably more stable in HUVEC (tjp>>9 h) than in monocytes (typ=2 h). The
IL-3R o chain mRNA is less stable than that of the  chain, but its half-life (=6 h) was
not prolonged in response to either IFN-y or TNF-a. Taken together, this suggests that

induction of the IL-3R o and B chain mRNAs in HUVEC is likely to occur via
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transcriptional activation. In order to confirm this hypothesis, the transcription rates
should be measured by nuclear run-on assays, but unfortunately these experiments were
impractical to perform with primary HUVEC due to the large number of cells required.
Cloning of the human IL-3R a and B chain promoters would open up new possibilities
to study the transcriptional control of these genes. Interestingly, the promoters for the
mouse IL-3R o and B chains have been shown to contain recognition sites for IFN-y -

inducible transcription factors (Miyajima et al., 1995, Gorman et al., 1992).

From the functional point of view, induction of the IL-3R by TNF-o and IFN-y is
especially important in those endothelial cells which express no or very low levels of
receptors. Assuming that a certain threshold level of IL-3R expression is necessary to
generate a biological response, this receptor up-regulation would allow larger numbers
of endothelial cells to respond to IL-3. On the other hand, the inhibition of IL-3R a
chain expression by IL-4 may limit the responsiveness of endothelium to IL-3 in vivo.
The pattern of IL-3R regulation in different, cytokine-induced activation states of
endothelium can provide clues to the functional role of IL-3 in vascular biology. For
example, IL-3R expression is enhanced by TNF-a and inhibited by IL-4, as are those
endothelial functions which favour neutrophil infiltration, suggesting that IL-3 may also
be involved in this process. This hypothesis, as well as the possible role of IL-3 in
regulating endothelial functions related to immunity and hemopoiesis, will be discussed

in the next chapter.
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SUMMARY

Regulation of the in vivo effect of IL-3 is likely to occur not only at the level of IL-3
production but also at the level of target cell responsiveness to this factor. In
hemopoietic cells, control of IL-3 responsiveness is achieved at least in part by
regulating expression of the IL-3R. This chapter shows that IL-3R expression is also
regulatable in endothelial cells: up-regulation was observed in response to TNF-a and

IFN-y, and down-regulation in response to IL-4.

TNF-a and IFN-y increased expression of both the IL-3R a and B chains, having a
synergistic effect when combined. In contrast to this coordinate up-regulation of both
IL-3R subunits, IL-4 selectively enhanced B chain expression and down-regulated the
IL-3R o chain. None of the factors tested induced detectable expression of the
GM-CSFR and IL-5R o chains. This regulation of IL-3R expression was observed at
both the mRNA and protein level, and correlated with the ability of HUVEC to bind IL-
3. The mechanism mediating induction of the IL-3R by TNF-a and IFN-y remains to be
investigated, but does not seem to involve mRNA stabilisation, as indicated by the lack

of effect of these cytokines on the half-lives of the IL-3R a. and B chain mRNAs.

TNF-a and IFN-y may recruit more endothelial cells to respond to IL-3 by increasing
the receptor number over the threshold level required for generating a biological
response. On the other hand, IL-4 stimulation could have the opposite effect by
inhibiting expression of the IL-3R a chain. Considered together, the control of IL-3R
expression by cytokines may serve to modulate the responsiveness of endothelium to

IL-3 during inflammatory and immunological responses in vivo.
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CHAPTER 5

REGULATION OF ENDOTHELIAL CELL FUNCTION BY IL-3




INTRODUCTION

The vascular endothelium is a dynamic interface between the blood and tissues which is
involved in the control of immune and inflammatory phenomena and in the regulation of
hemopoiesis. Active participation in these diverse processes requires endothelial cells to
undergo phenotypic changes, such as alterations in the expression of adhesion and
antigen presenting molecules and the production of chemokines and hemopoietic growth
factors. These changes are orchestrated to a large degree by cytokines. The finding of
functional IL-3 receptors on endothelial cells suggests that IL-3 may also play a role in
this regulation. The effect of IL-3 on various endothelial functions related to

inflammation, immunity and hemopoiesis has been investigated in this chapter.

The central role of the endothelium in inflammation is based on its ability to control
leukocyte trafficking from the blood to the inflammatory site in the tissue. Differential
expression of adhesion molecules and chemokines enables the endothelium to
selectively promote the adhesion and transmigration of different leukocyte populations
(reviewed by Springer, 1994). For example, neutrophil infiltration is favoured by the
expression of E-selectin, an adhesion molecule that mediates the initial "rolling"
interaction of neutrophils with the endothelium, and by the secretion of IL-8, which
enhances adhesion by activating neutrophil integrins, and directs the subsequent
transendothelial migration. In keeping with their role in the acute inflammatory
response, the expression of both E-selectin and IL-8 is rapidly induced by the pro-
inflammatory cytokines TNF-a, IL-1 and bacterial endotoxin (LPS) (Bevilacqua et al.,
1987, Sica et al., 1990).

Endothelial cells are an important source of hemopoietic cytokines such as G-CSF,
GM-CSF and IL-6, which regulate the inflammatory response in several ways. The
granulocyte colony-stimulating factors G-CSF and GM-CSF not only activate effector
functions of granulocytes and monocytes, but also stimulate their maturation (reviewed

by Demetri et al., 1991 and Gasson, 1991), thereby replenishing the pool of circulating
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leukocytes. IL-6 regulates immune responses and the acute phase reaction and also
stimulates hemopoietic progenitor growth in synergy with IL-3 (reviewed by Kishimoto
et al., 1992). The production of all these factors by the endothelium is induced by the
pro-inflammatory stimuli TNF-a, IL-1 and LPS (Seelentag et al., 1987, Jirik et al,
1989).

Endothelial cells express the MHC molecules necessary for antigen presentation in
immune reactions. Unlike "professional” APCs, endothelial cells do not express MHC
class II molecules constitutively, but the expression is inducible by IFN-y (Pober et al,
1983A). Functional activation of CD4* T lymphocytes by endothelial cells has been
observed in vitro (Geppert et al., 1985, Adams et al., 1992), and the endothelium may
play an important role in initiating or propagating T cell activation in immunologically-
mediated inflammation and allograft rejection in vivo. Endothelial cells also express the
MHC class I antigens required for activation of CD8% lymphocytes in CTL responses,

and this expression is further enhanced by TNF-a and IFN-y (Doukas et al., 1990).
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RESULTS

5.1 IL-3 enhances TNF-o -induced IL-8 secretion, E-selectin expression and neutrophil
transmigration

The effect of IL-3 on endothelial IL-8 production was studied using both unstimulated
cells, and cells which had been pretreated with TNF-o or IFN-y. As shown in the
previous chapter, these cytokines up-regulate expression of the IL-3R in HUVEC, thus
possibly increasing their responsiveness to IL-3. HUVEC were stimulated with medium
alone, TNF-a (100 U/ml) or IFN-y (100 U/ml) for 18 h, and IL-3 (30 ng/ml) was then
added for 6 h. IL-8 was measured in the culture supernatants using an ELISA method.
As shown in table 5.1, IL-3 did not induce IL-8 production by unstimulated HUVEC,
but significantly enhanced the production of IL-8 by HUVEC which had been treated
with TNF-a,, compared to the IL-8 levels elicited by TNF-a. alone. The increase in IL-8
expression was also seen at the mRNA level (W. Smith, personal communication). In
contrast, when IL-3 was combined with IFN-y, which does not induce IL-8 production,

no enhancing effect was observed (data not shown).

Surface expression of E-selectin was examined in HUVEC stimulated with medium
alone, IL-3 (30 ng/ml), TNF-a (100 U/ml), or both factors together for 4 h. As judged
by flow cytometry using the anti-E-selectin mAb 49-1B11, IL-3 enhanced E-selectin
expression in HUVEC treated with TNF-a by 47%%19% (meantSEM, n=4) compared

to TNF-o. stimulation alone.

Since E-selectin induces the initial leukocyte-endothelial interaction known as "rolling"
(Springer, 1994) and IL-8 is a powerful chemoattractant for neutrophils (Smith et al.,
1991), we examined whether IL-3 could regulate the migration of neutrophils across an
endothelial monolayer. HUVEC were cultured in transwells and pretreated with medium
alone or TNF-o. (100 U/ml) for 18 h, before IL-3 (30 ng/ml) was added for 6 h.
Neutrophils were then added to the upper compartment by replacing the medium (thus

creating an IL-8 gradient across the HUVEC monolayer), and the number of
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transmigrated neutrophils in the lower compartment counted after 45 min. As shown in
table 5.1, IL-3 significantly enhanced neutrophil transmigration in TNF-o-stimulated,

but not in resting HUVEC.

Table 5.1 IL-3 enhances IL-8 production and neutrophil transmigration in TNF-o -

treated HUVEC.

HUVEC Treatment IL-8 (ng/ml Neutrophil Transmigration (%)
Medium 0.04+0.01 7.9+1.2

IL-3 (30ng/ml) 0.06+0.02 (ns) 8.2+1.6 (ns)

TNF-a (100U/ml) 2.62+0.60 (p=0.006) 20.6x1.0 (p<0.001)

IL-3 (30ng/ml), TNF-a(100U/ml) | 5.02+0.98 (p<0.01) 27.1+1.8 (p<0.005)

The values represent the mean +SEM of four different experiments. The p values indicate the significance
of the difference between the TNF-o vs medium groups, and between the IL-3+TNF-a vs TNF-a groups,
by the student's t-test. The values obtained with IL-3 alone were not significantly different from medium
control (ns).

In order to investigate the role of the endothelial IL-3R in immune reactions, the effect
of IL-3 on expression of the antigen presenting MHC molecules was studied. HUVEC
were stimulated with IL-3 (30 ng/ml), IFN-y (100 U/ml) or both factors together for
various times. The expression of MHC class II was detected using mAb FMC52 and
quantitated by flow cytometry. As shown in figure 5.1, IL-3 alone did not induce MHC
class II on HUVEC, but strongly enhanced the expression induced by IFN-y. The
enhancing effect of IL-3 was first noted after 48 h of stimulation and lasted for at least
72 h. At 48 h the MHC class II expression was increased 3.1+0.7 (meanxSD, n=4) -fold
by IL-3, compared to the levels induced by IFN-y alone. In contrast, IL-3 did not affect

MHC class I expression, either alone or in combination with IFN-y (data not shown).
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Fig. 5.1 IL-3 symergises with TFN-y in up-regulating MHC class IT antigen

expression on HUVEC. Time-course of indirect immunofluorescence, quantified by
flow cytometry, of HUVEC stimulated with IFN-y (100 U/ml), IL-3 (30 ng/ml) or both
factors together. The y-axis shows the relative mean fluorescence intensity (MFI) after
subtraction of the background fluorescence. Data are from one experiment
representative of three, and are expressed as the mean+SD determined in duplicate

samples.



5.3 IL-3 synergises with IFN-y in selectively inducing the production of IL-6 and
G-CSF but not GM-CSF

To further investigate the functional role of the IL-3R in endothelial cells, the
production of the hemopoietic growth factors G-CSF, GM-CSF and IL-6 was measured
in response to IL-3. HUVEC which had been pretreated with medium alone or with IFN-
¥ (100 U/ml) for 24 h were stimulated with IL-3 (30 ng/ml) for 24 h. RNA was then
extracted and the expression of the G-CSF, GM-CSF and IL-6 mRNAs analysed using
an RNase protection assay. As shown in figure 5.2, IL-3 (30 ng/ml) did not increase the
IL-6 mRNA in untreated HUVEC, whilst IFN-y alone had only a modest effect.
However, IL-3 strongly enhanced the IL-6 mRNA in HUVEC pretreated with IFN-y, to
similar levels as those observed with TNF-a (100 U/ml), which was used as a positive
control. A similar pattern of induction was observed for G-CSF: IL-3 alone did not
induce the G-CSF mRNA but demonstrated a synergistic effect when combined with
IFN-y. In contrast, the GM-CSF mRNA was not induced by IL-3, either alone or in
combination with IEN-y. On the other hand, TNF-a strongly induced both the G-CSF
and GM-CSF mRNAs (Fig. 5.2). The possibility that IL-3 may also enhance the TNF-a
-induced expression of IL-6, G-CSF and GM-CSF was examined, but interestingly no

further induction of any of the cytokine mRNAs was observed (data not shown).

To examine whether increased cytokine mRNA levels resulted in increased protein
production, HUVEC supernatants were analysed for the presence of IL-6, G-CSF and
GM-CSF using ELISA methods. In keeping with the mRNA results, IL-3 did not induce
IL-6 secretion in unstimulated HUVEC but caused a 3.2+1.0 (mean+SD, n=3) -fold
increase in IL-6 secretion in HUVEC pretreated with IFN-y (Fig 5.3). To prove that the
induction by IL-3 was specific, a blocking mAb to the IL-3R a chain, 7.G3, was used.
This mAb has been shown to completely block binding of IL-3 to its receptor and the
IL-3-induced proliferation of TF-1 cells (Qiyu et al., submitted). HUVEC were pre-
incubated with mAb 7.G3 or a control mAb 6.H6 (a non-blocking anti-IL-3R o chain
mAb) at 100 pg/ml for 2 h prior to the addition of IL-3. As shown in figure 5.4, mAb
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Fig. 5.2 Induction of IL-6 and G-CSF but not GM-CSF mRNAs by IL-3 in
HUVEC. RNase protection assay probed for IL-6 mRNA (a) or G-CSF and GM-CSF

mRNAs (b) using RNA from HUVEC incubated with medium alone, IFN-y (100 U/ml)
for 48 h, IL-3 (30 ng/ml) for 24 h, IFN-y for 48 h with IL-3 added for the last 24 h, or
with TNE-a (100 U/ml) for 24 h. The samples were also probed for GAPDH mRNA,
which is used as an internal control. tRNA was used as a negative control (t) and lane P

represents undigested probes.
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7.G3 abolished the enhancing effect of IL-3 on IL-6 production, whereas 6.H6 had no

effect.

The production of G-CSF was induced in a similar manner to that of IL-6: while IL-3
had no effect on G-CSF secretion in unstimulated HUVEC, it caused a 3.0£1.2
(mean+SD, n=3) -fold increase in G-CSF production in HUVEC which had been treated
with IFN-y, compared to the levels elicited by IFN-y alone (Fig 5.3). In contrast to IL-6
and G-CSF, GM-CSF production was not induced by IL-3 or IFN-y, either alone or in
combination. Consistent with the GM-CSF mRNA data, immunoreactive GM-CSF

could only be detected in the supernatants from TNF-a-stimulated cells (Fig 5.3).

410- lter ili -

Both transcriptional and post-transcriptional mechanisms have been implicated in the
regulation of IL-6 and G-CSF expression (Seelentag et al., 1987, Elias et al., 1990). In
order to examine whether the enhancing effect of IL-3 on IL-6 production by IFN-y -
stimulated HUVEC is mediated at least in part by mRNA stabilisation, the half-life of
the IL-6 mRNA was measured before and after IL-3 stimulation. The effect of IL-3 on
the stability of the G-CSF mRNA could not be reliably examined however, because the

level in HUVEC prior to IL-3 stimulation is very low or undetectable.

HUVEC (pre-treated with IFN-y at 100 U/ml for 24 h) were stimulated with IL-3 (30
ng/ml) or medium alone for 6 h. Transcription was then inhibited by the addition of
actinomycin D (5 pg/ml), and RNA extracted at various times thereafter. IL-6 mRNA
decay was analysed using RNase protection assay and quantitated by phosphorimaging,
using the GAPDH mRNA as an internal control (Fig. 5.5). In 3 separate experiments
performed with different HUVEC primary cultures, the half-life of the IL-6 mRNA was
100 min, and was not altered by IL-3 treatment. Similar results were obtained using

DRB (100 puM) (data not shown), which inhibits transcription in a different manner.
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Fig. 5.3 IL.-3 enhances IL-6 and G-CSF but not GM-CSF production in IFN-y

treated HUVEC. Immunoreactive IL-6, G-CSF and GM-CSF were measured by

ELISA methods in tissue culture supernatants of HUVEC treated with medium alone,
IL-3 (30 ng/ml) for 24 h, IFN-y (100 U/ml) for 48 h, or IFN-y for 48 h with IL-3 added
for the last 24 h. As a positive control HUVEC were stimulated with TNF-a (100 U/ml)
for 24 h. Data are from one experiment representative of three, and are expressed as the

mean+SEM determined in duplicate wells.
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Fig. 5.4 The enhancing effect of IL-3 on_the IL-6 production by HUVEC is

specifically inhibited by the blocking anti-IL-3R o chain mAb 7.G3. IL-6 was
measured by an ELISA method in tissue culture supernatants of HUVEC, stimulated as

described in the legend to fig. 5.3, except that anti-IL-3R a chain mAbs 7.G3 (blocking)
or 6.H6 (non-blocking) were added at 100 pg/ml 2 h prior to stimulation with IL-3.



Fig. 5.5 RNase protection analysis of IL-6 mRNA half-life in HUVEC. After pre-
treatment with IFN-y (100 U/ml) for 24 h, HUVEC were stimulated with IL-3 (30

ng/ml) or medium alone for 6 h. Ongoing transcription was then inhibited with
actinomycin D for various times as indicated, and expression of the IL-6 mRNA
analysed by RNase protection. The samples were also probed for GAPDH mRNA,
which is used as an internal control. tRNA (t) was used as a negative control, and lanes
P and M contain undigested probes and DNA size markers (32P-labeled Hpall-digested
pUC19 DNA) respectively. Phosphorimager quantitation of the gel is shown below,
with IL-6 mRNA levels expressed as a percentage of the initial IL-6 vs. GAPDH ratio.
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DISCUSSION

This chapter demonstrates that the hemopoietic growth factor IL-3 has a wide spectrum
of effects on endothelial cells, ranging from stimulation of IL-8 production and
neutrophil transmigration to enhancement of MHC class II expression and the
production of G-CSF and IL-6. The demonstration that IL-3 can regulate endothelial
functions related to inflammation, immunity and hemopoiesis reveals a novel role for

IL-3 in vascular biology.

Stimulation of TNF-a-activated HUVEC with IL-3 led to increased E-selectin
expression, suggesting that IL-3 can regulate the adhesion of leukocytes (including
neutrophils, eosinophils, monocytes and certain T lymphocytes) to endothelium in vivo
(reviewed by Bevilacqua, 1993). The enhanced secretion of the chemokine IL-8 could
further facilitate recruitment of neutrophils and activated eosinophils to the site of
inflammation (Smith ez al., 1991, Warringa et al.,, 1992). This is consistent with the
increased neutrophil transmigration observed in these experiments. In addition to its
chemoattractant properties, IL-8 also stimulates phagocytosis and various other
neutrophil functions (reviewed by Miller ez al., 1992). Although IL-3 is not likely to be
present at the site of an acute inflammatory reaction, it may contribute to the initial
neutrophilic infiltration in DTH reactions, which are orchestrated by activated T cells.
On the other hand, as mast cells can produce IL-3 (Plaut et al., 1989, Wodnar-
Filipowicz et al., 1989) and are also a rich source of TNF-a (Gordon et al., 1990), the
IgE-dependent release of these two factors could regulate leukocyte infiltration in

allergen-induced late-phase reactions and asthma.

IL-3 enhanced the IFN-y -induced MHC class II expression on HUVEC, suggesting that
it may regulate the ability of endothelial cells to function as APCs in the cognitive phase
of inflammation in vivo. IEN-y is the prototypic inducer of class II antigens on
endothelial cells, however this response is notoriously slow, taking several days to

develop (Pober et al, 1983B). The enhancing effect of IL-3 could thus serve to
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accelerate this process. The expression of MHC antigens on vascular endothelium has
important implications because endothelial cells, by virtue of their anatomic location,
have access to circulating lymphocytes and intravascular antigens. The concomitant
production of IL-3 and IFN-y upon T cell activation may lead to enhanced MHC class 11
expression and thus antigen presentation by the endothelium, thereby amplifying the T

helper response.

The experiments described in this chapter identified the combination of IL-3 and IFN-y
as a novel inducer of endothelial cytokine production. In contrast to TNF-a and other
known inducers, IL-3 and IFN-y selectively induced the production of G-CSF and IL-6
but not GM-CSF or IL-8. Both G-CSF and IL-6 are early-acting hemopoietic growth
factors which, together with IL-3, form part of the optimal cytokine combination for
hemopoiesis in vitro (Haylock et al, 1992). They also play an important role in
inflammation; G-CSF stimulates the functional activity of neutrophils, while IL-6 is the
main inducer of the acute phase response (reviewed by Demetri et al., 1991, Kishimoto
et al., 1992). Both IL-6 and G-CSF can be found in the circulation under inflammatory
conditions and, interestingly, increased serum levels of IL-6 and acute phase proteins
have also been detected following clinical administration of IL-3 (Lindemann et al.,
1991). The IL-3 and IFN-y -stimulated release of G-CSF and IL-6 into the circulation by
the vascular endothelium could serve to further exacerbate the inflammatory response -
and stimulate hemopoiesis in the bone marrow, thereby replenishing the pool of
leukocytes in the blood. In addition to acting directly on hemopoietic progenitor cells,
IL-3 could thus also influence hemopoiesis indirectly. It would be of interest to
determine whether endothelial cells isolated from bone marrow (Rafii et al., 1994)
respond to IL-3 in a similar manner to HUVEC, allowing IL-3 to regulate cytokine

production locally in the hemopoietic microenvironment.

The mechanism(s) by which IL-3 enhances the expression of IL-6 and G-CSF requires
further investigation. Both increased transcription and mRNA stability have been

implicated in the induction of these cytokines by other stimuli (Seelentag et al., 1987,
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Elias et al., 1990). As shown in this chapter, IL-3 does not prolong the half-life of the
IL-6 mRNA, suggesting that the observed increase in the steady-state level of IL-6
mRNA is due to transcriptional activation. Unfortunately it was not possible to test this
hypothesis by nuclear run-on assays due to the large number of primary HUVEC
required. As an alternative, the effect of IL-3 on transcription of the IL-6 and G-CSF
genes could be studied using reporter constructs driven by the appropriate cytokine
promoters. Interestingly, the promoters of G-CSF and IL-6, as well as that of IL-8, have
been recently shown to resemble each other in that they contain functionally linked
NF-IL6 and NF-xB binding sites (Dunn et al., 1994, Matsusaka et al., 1993, Kunsch et
al., 1994).

The role of IL-3 in stimulating the endothelial functions described here is essentially that
of an amplification factor: IL-3 enhances the E-selectin expression and IL-8 production
induced by TNF-a, and potentiates the MHC class II expression and production of
G-CSF and IL-6 induced by IFN-y. This is in contrast to monocytes, as IL-3 alone
induces most of the above-mentioned functions in these cells (Takahashi et al., 1993,
Sadeghi et al., 1992, Oster et al., 1989). It is not clear why a co-stimulant is required for
endothelial activation: unstimulated HUVEC appear to be able to respond to IL-3, as
shown by the induction of c-fos (chapter 3), and more recently by our finding that IL-3
increases the expression of P-selectin in unstimulated HUVEC (Khew-Goodall et al.,
submitted). Stimulation of certain endothelial functions may require higher threshold
levels of IL-3R expression, which could be achieved by treatment with TNF-a or IFN-y
(chapter 4). However, this alone does not explain the need for a co-stimulant, at least in
the case of IL-8: although both TNF-a and IFN-y up-regulate IL-3R expression, only
TNF-a., which is also able to induce IL-8, can function as a co-stimulant with IL-3. The
synergistic effects observed with IL-3 and TNF-a or IFN-y are more likely due to some
post-receptor mechanism along the signalling pathway. It is of interest in this regard that
IL-3 has been shown to activate JAK2 kinase (Silvennoinen et al, 1993), also

implicated in IFN-y signalling, and to induce DNA binding complexes which recognise
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IFN-y activation site (GAS) elements (Lamb et al., 1994, Mui et al., 1995, Azam et al.,
1995).

The findings described in this chapter raise the possibility that IL-3 may be involved in
regulating endothelial responses in pathological conditions involving activated T cells
and mast cells, such as chronic inflammation, DTH reactions and allergy. In vivo,
expression of the IL-3 mRNA has been detected in allergen-induced late phase
reactions, and in activated T lymphocytes from patients with asthma (Kay et al., 1991,
Robinson et al., 1992). The stimulation of endothelial responses by IL-3 not only reveals
a novel role for this hemopoietic growth factor in vascular biology but also provides a
warning with regard to the clinical administration of IL-3, especially in patients with

underlying inflammatory conditions.
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SUMMARY

Active participation of the vascular endothelium in various physiological processes
requires endothelial cells to undergo phenotypic changes, which are to a large degree
coordinated by cytokines. This chapter identifies for the first time the hemopoietic
growth factor IL-3 as a potent stimulator of several endothelial functions related to

inflammation, immunity and hemopoiesis.

IL-3 stimulation of TNF-a-activated endothelial cells enhanced E-selectin expression,
IL-8 production and neutrophil transmigration, indicating that IL-3 can regulate
leukocyte adhesion, attraction and transmigration into inflammatory foci. IL-3 also
synergised with IFN-y in stimulating the expression of MHC class II antigens on
HUVEC, suggesting that the concomitant production of IL-3 and IFN-y upon T cell
activation in vivo may lead to enhanced antigen presentation by endothelial cells.
Finally, the combination of IL-3 and IFN-y was found to selectively induce secretion of
the early-acting hemopoietic growth factors G-CSF and IL-6 by endothelial cells. Taken
together, IL-3 may maintain and exacerbate pathological conditions involving activated

T cells and mast cells in vivo.

These results open a novel role for IL-3 in vascular biology, and suggest that care should
be taken in the clinical administration of IL-3, especially in patients with underlying

inflammatory conditions.
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CHAPTER 6

IL-3 RECEPTOR EXPRESSION IN OTHER MESENCHYMAL CELLS



INTRODUCTION

IL-3 receptors were previously thought to be expressed only on hemopoietic cells, where
they mediate proliferation and differentiation, or functional activation. This thesis shows
that endothelial cells also express receptors for IL-3 and are able to functionally respond
to this cytokine. The work described in this chapter investigated whether IL-3 receptors
are also expressed on other non-hemopoietic cells, such as fibroblasts, smooth muscle
cells and bone marrow stromal cells. These cells are of mesenchymal origin like

endothelial cells, and are often located in close relationship to vascular endothelium.

Smooth muscle cells (SMC) are a major component of the vascular wall, by far
outnumbering endothelial cells and adventitial fibroblasts in most blood vessel types.
Studies of the proliferative and contractile properties of SMC have shown that these
cells respond to various cytokines and other humoral factors (Warner et al., 1989,
Battegay et al., 1990, Vanhoutte, 1994). However, SMC should not be considered solely
as target cells, as they can also secrete cytokines including IL-1, IL-6 and G-CSF (Libby
et al., 1986, Loppnow et al., 1990, Zoellner et al., 1992), and are likely to play an active

role in various vascular diseases.

IL-3R expression in bone marrow stromal cells (BMSC) is of special interest, as these
cells have a critical function in hemopoiesis. They secrete growth factors and express
adhesion molecules which can regulate the proliferation and differentiation of
hemopoietic progenitor cells. BMSC are a heterogeneous population of fibroblasts,
endothelial cells, SMC, adipocytes, osteoblasts and macrophages. Interestingly, clinical
administration of IL-3 has been shown to cause bone marrow fibrosis, characterised by
endothelial cell proliferation and an increase in extracellular matrix proteins and
fibroblasts (Orazi et al., 1992). Most in vitro studies on BMSC, including this one, have
focussed on the bone marrow fibroblasts, as the isolation and culture conditions strongly

favour the growth of these cells.
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Fibroblasts have previously been examined for IL-3R expression, with negative results
(Hara et al., 1992), however these studies were performed using only unstimulated cells.
The experiments described here were designed to also encompass TNF-a and IFN-y -
treated cells, as the results obtained with HUVEC (chapter 4) indicate that IL-3R

expression can be up-regulated by these cytokines.
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RESULTS

6.1 IL-3R mRNA expression in mesenchymal cells

Several mesenchymal cells, including human foreskin fibroblasts (HFF), saphenous vein
-derived SMC and BMSC were examined for their potential to express IL-3R mRNA.
Total RNA was extracted from cells treated with medium alone, TNF-a (100 U/ml),
IFN-y (100 U/ml) or both factors together for 24 h, and probed for IL-3R a and B chain
mRNAs using an RNase protection assay. The samples were simultaneously probed for
mRNA for the related GM-CSFR and IL-5R o chains, as well as for GAPDH, which
was used as an internal control. RNA from TF1 cells (Kitamura et al., 1989) was used as

a positive control for the different receptor mRNAs.

As shown in figure 6.1, unstimulated HFF did not express either the IL-3R a or §§ chain
mRNAs. Interestingly, expression of the IL-3R a chain could be selectively induced by
IFN-y or TNF-a, and was further increased with both factors together. Unstimulated
BMSC expressed low levels of both the IL-3R a and § chain transcripts. Expression of
the IL-3R o chain was further enhanced by IFN-y and TNF-a, and the combination of
these two factors also increased expression of the B chain mRNA. Unstimulated SMC
expressed only the B chain, however expression of the IL-3R a chain could be induced
by stimulation with TNF-a and/or IFN-y. In contrast, expression of the B chain was
down-regulated by TNF-a (alone or in combination with IFN-y). The GM-CSFR and

IL-5R o chain mRNAs were not detected in any of the cell types examined.

6.2 Surface expression of the IL-3R subunits

The next series of experiments examined whether the expression and regulation of
IL-3R mRNAs observed in HFF, SMC and BMSC correlated with the expression of
protein on the cell surface. Cells were treated with medium alone, TNF-a (100 U/ml),
IFN-y (100 U/ml) or both factors together for 24 h, and the surface expression of the
IL-3R subunits analysed by flow cytometry using the specific anti-IL-3Ra chain mAb
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Fig. 6.1 Expression of IL-3R mRNA in human dermal fibroblasts (HFF), smooth

muscle cells (SMC) and bone marrow stromal cells (BMSC). RNase protection assay
of IL-3R o and B chain mRNAs in cells treated with either medium alone, TNF-a at 100

U/ml, IEN-y at 100 U/ml or both factors together for 24 h. The samples were also
probed for the GM-CSFR and IL-5R o chain mRNAs and for GAPDH, which was used
as an internal control. RNA from TF-1 cells was used as a positive control (TF1) and
tRNA as a negative control (t). Lane P represents undigested probes. The band between
the IL-3R o and P chain signals appears consistently under the conditions of the
protection assay, and is caused by incomplete digestion of vector sequences in the IL-3R

o chain probe.
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7.G3 and the anti-B chain mAb 4.F3. Representative histograms are shown in figure 6.2
IL-3R o chains were not detected on unstimulated cells, however expression was
induced in all cell types by IFN-y and TNF-c, and to a lesser extent by IFN-y alone.
Expression of the B chain was observed only on unstimulated SMC. It was decreased by
IFN-y and TNF-a., while the same cytokine combination slightly induced the $ chain on
bone marrow stromal cells. In keeping with the mRNA data, HFF fibroblasts remained B
chain negative. No detectable expression of the GM-CSFR o chain was observed in any

cell type, as judged by staining with the specific mAb 8.G6 (data not shown).

ionali IL-

In order to investigate whether the IL-3Rs expressed on HFF, SMC and BMSC are
functional, initial experiments examined the induction of the immediate-early gene c-fos
in response to IL-3. Cells were incubated in low-serum medium (0.5% FCS) for 24 h
and simultaneously treated with IFN-y (100 U/ml) and TNF-a (100 U/ml) in order to
maximise the level of IL-3R expression (SMC were treated with IFN-y only, as TNF-o.
decreases expression of the B chain in these cells). IL-3 (200 ng/ml) or FCS (20%) were
then added and total RNA extracted after 30 min. Expression of the c-fos mRNA was

analysed by RNase protection and quantitated by phosphorimaging.

As shown in figure 6.3, IL-3 had no effect on c-fos expression in any of the cell types
examined. In contrast, the FCS used as a positive control strongly induced c-fos both in
unstimulated and IFN-y and TNF-a. -stimulated cells, indicating that pretreatment with
these cytokines does not inhibit c-fos expression. Flow cytometry analysis performed in
parallel confirmed that levels of the IL-3R expression were not affected by the serum

starvation conditions used (data not shown).

It was next examined whether IL-3 could stimulate functions which are likely to be
mediated by signalling pathways other than those involved in c-fos induction. An
obvious candidate in this regard is the uptake of glucose: both IL-3 and GM-CSF are

known to stimulate glucose uptake in hemopoietic cells (Hamilton et al., 1988) and it
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Fig. 6.2 Flow cytometry analysis of the regulation of IL-3R o and B _chain

expression on HFF, SMC and BMSC. Cells were treated with either medium alone,

TNF-a (100 U/ml), IFN-y (100 U/ml) or both factors combined for 24 h, and stained
with the anti-IL-3R o chain mAb 7.G3 or with the anti-B chain mAb 4.F3. Indirect
immunofluoresence was analysed by flow cytometry. The isotype control is represented

by the grey histogram. Shown is one experiment representative of three.



Fig. 6.3 Inducibility of the immediate-early gene c-fos in response to IL-3 treatment

in HFF, SMC and BMSC. The cells, serum-starved for 24 h in the presence or absence

of TNF-a (100 U/ml) and IFN-y (100 U/ml) as indicated, were stimulated with IL-3 at
200 ng/ml (I) or 20% FCS (F) for 30 min. A 10 pug sample of total RNA was analysed
for c-fos expression by RNase protection assay. The samples were also probed for
GAPDH mRNA, which was used as an internal control. tRNA was used as a negative
control (t). Lanes P and M contain undigested probes and DNA size markers (32P-

labeled Hpall-digested pUC19 DNA) respectively.
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was recently reported that the effect of GM-SCF does not require tyrosine
phosphorylation and also occurs in cells which express only low-affinity GM-CSFRs
(Spielholz et al., 1995, Ding et al., 1994).

The ability of IL-3 to stimulate glucose uptake was examined in HFF fibroblasts, using
either untreated cells or cells treated with IFN-y (100 U/ml) and TNF-a (100 U/ml) for
24 h. The cells were stimulated with IL-3 (200 ng/ml) for 30 min in glucose-free buffer,
pulsed for 10 min with the glucose analog 3H-2-deoxyglucose (3H-2-DOG), then lysed

and the uptake of 3H-2-DOG determined by scintillation counting.

As shown in figure 6.4, IL-3 did not affect the uptake of 3H-2-DOG in either untreated
HFF, or in HFF pretreated with IFN-y and TNF-a. However, as the latter had much
higher basal level of glucose uptake activity and this could mask any effect of IL-3,
3H-2-DOG uptake was also studied in cells pretreated with IFN-y alone (the IL-3R a
chain expression is induced by IFN-y, although to a lesser extent than by both factors
together). While the basal level of glucose uptake was lower in IFN-y -treated HFF, no

induction was observed in response to IL-3 (data not shown).
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Fig. 6.4 Effect of IL-3 on the uptake of 2-deoxyglucose by HFF. IL-3 (200 ng/ml)
was added to untreated cells or cells treated with TNF-a (100 U/ml) and IFN-y (100

U/ml) for 24 h. Following incubation for 30 min, glucose transport activity was
measured by pulsing the cells for 10 min with 3H-2-DOG. Data are from one
experiment representative of three, and are expressed as the meantSD determined in

duplicate samples.



DISCUSSION

This chapter shows that expression of the IL-3R outside the hemopoietic system is not
limited to endothelial cells, but that fibroblasts, smooth muscle cells and bone marrow
stromal cells also have the potential to express receptors for this cytokine when
appropriately stimulated. Interestingly, these cells exhibited distinct patterns of
expression and regulation of the IL-3R subunits, which differed from that observed in

HUVEC.

No expression of either IL-3R subunit could be detected on unstimulated dermal
fibroblasts or bone marrow stromal cells (although the latter expressed small amounts of
the IL-3R o and B chain mRNAs), while smooth muscle cells expressed only the B
chain. Interestingly, expression of the IL-3R a chain could be induced in all cell types
by stimulation with IFN-y and TNF-a.. Although both factors induced the IL-3R a chain
mRNA, only IFN-y significantly induced surface expression of the IL-3R o chain
protein. However, a synergistic effect similar to that in HUVEC (chapter 4) was
observed when the two stimuli were combined. In contrast to the uniform pattern of
regulation of the IL-3R a chain, regulation of the B chain exhibited marked differences
between the cell types. The combination of IFN-y and TNF-a slightly increased
expression of the B chain in BMSC, had no effect on HFF, and down-regulated the B
chain in SMC. This is in contrast to endothelial cells, in which the expression of the
IL-3R subunits is regulated in a coordinate manner. Receptor expression appeared to be
IL-3 -specific in all cell types examined, as no a chains for the related GM-CSF and
IL-5 receptors could be detected. The lack of GM-CSFR a chain expression in BMSCis
of particular interest, as GM-CSF has been reported to stimulate proliferation of these
cells (Dedhar et al., 1988). However, no effect was found in a more recent study
(Gronthos et al., 1995), the controversy perhaps being due to differences in cell purity or

the assay conditions used.
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The results presented here open several points for discussion. Firstly, they indicate that
cells such as fibroblasts, which are seemingly IL-3R -negative, have the potential to
become IL-3R -positive when stimulated with inflammatory cytokines. The IL-3R may
thus be much more widely expressed than previously anticipated. Secondly, the finding
that HEF fibroblasts express only the o chain of the IL-3R is intriguing, since both
subunits are required for signalling (Kitamura et al, 1992). Similarly, unstimulated
SMC were found to express the B chain but none of the o chains which can associate
with it. One could speculate that these individually expressed IL-3R subunits may serve
as receptor components for some other, presently unidentified factors. A precedent for
this is seen in the case of the low-affinity oncostatin M receptor gp130, which also
functions as an affinity converter for the receptors for IL-6, IL-11, LIF and CNTF
(Kishimoto et al., 1992, Hilton et al., 1994). Alternatively, an adhesive function could
be envisaged, as the extracellular regions of both the IL-3R o and B chains bear

homology to the type III fibronectin modules (Patthy, 1990).

Although HFF, SMC and BMSC all expressed the IL-3R, none of these cells could
respond to IL-3, as judged by c-fos induction. In keeping with its inability to induce
c-fos, IL-3 also failed to stimulate proliferation of HFF (data not shown) and BMSC
(P. Simmons, personal communication). This lack of IL-3 responsiveness is not
surprising in the case of HFF, as these cells completely lack the B subunit which is
required for signalling, and it is possible that the level of B chain expression in BMSC
and SMC is below the threshold required for signal transduction. It would be of interest
to examine whether exogenous overexpression of the B chain could confer IL-3
responsiveness in these cells. Considering the inducible nature of the IL-3R subunits, it
is possible that B chain expression is enhanced under some circumstances in vivo. On the
other hand, one should not exclude the possibility that IL-3 may activate some other
functions not involving c-fos. In this regard, the ability of IL-3 to stimulate glucose
transport was examined in HFF fibroblasts. Although no response to IL-3 was observed,

these experiments were complicated by the fact that TNF-o and IFN-y, which are
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required for up-regulation of the IL-3R a chain, also strongly affect glucose uptake. It is
also not known at present whether the IL-3R a chain is capable of signalling glucose
transport in the absence of B chain, as has been demonstrated for its GM-CSFR

counterpart (Spielholz et al., 1995, Ding et al., 1994).

The finding of IL-3R expression on smooth muscle cells, fibroblasts and bone marrow
stromal cells further widens the population of possible target cells for IL-3. The results
presented here also indicate that IFN-y and TNF-a play an important role in regulating
this expression, suggesting a role for the IL-3R in inflammation. It is important to note
that the lack of IL-3 responsiveness in the in vitro assays used does not exclude the
possibility that these cells may respond to IL-3 under the more complex in vivo
conditions. Furthermore, the subunits of the IL-3R may mediate some other, yet

unidentified functions on these cells.
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SUMMARY

Expression of the IL-3R is not restricted to blood cells as previously thought, as vascular
endothelial cells also express receptors for this hemopoietic growth factor (chapter 3).
This chapter shows that endothelial cells are not unique in this regard, as other non-
hemopoietic cells of mesenchymal origin such as smooth muscle cells, fibroblasts and

bone marrow stromal cells are also capable of expressing the IL-3R.

When unstimulated cells were examined, IL-3R chains could not be detected on HFF
fibroblasts or BMSC, while SMC expressed only the B chain. However, expression of
the IL-3R o chain could be induced in all cell types by IFN-y and TNF-a. This was not
accompanied by a coordinate up-regulation of the B subunit: while only a slight
induction was observed in BMSC, HFF remained B chain -negative, and a down-
regulation was observed in SMC. The low § chain levels may explain the lack of IL-3
responsiveness of these cells in functional assays: IL-3 failed to induce expression of the

immediate-early gene c-fos and to stimulate glucose transport activity.

The finding of IL-3R expression in smooth muscle cells, fibroblasts and bone marrow
stromal cells further widens the population of possible target cells for IL-3. Importantly,
the expression is not constitutive but can be strongly induced by the inflammatory
stimuli IFN-y and TNF-a.. The biological function of the IL-3R in these cells remains to
be investigated. The lack of IL-3 responsiveness in the in vitro assays used does not
exclude the possibility that these cells may respond to IL-3 under the more complex in

vivo conditions.
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DISCUSSION

IL-3 is a hemopoietic growth factor which stimulates bone marrow progenitor cells to
proliferate and differentiate in vitro into various blood cell types (Sieff et al, 1987,
Lopez et al., 1988), a property which has led to its clinical use in bone marrow
reconstitution after cancer therapy. Surprisingly however, no IL-3 is found either in the
bone marrow or circulation (Garland et al., 1983, Crapper et al., 1984, Cheers et al.,
1988, Cluitmans et al., 1995), raising doubts as to the role of IL-3 in normal
hemopoiesis. On the other hand, IL-3 has been found to functionally activate mature
blood cells including monocytes, basophils and eosinophils (Elliott et al., 1989, Haak-
Frendscho et al., 1988, Lopez et al., 1988), suggestive of a role in the inflammatory
response. The work described in this thesis sought further clues as to the physiological
role of IL-3 by investigating whether this cytokine could also act on non-hemopoietic
cells. Interestingly, various vascular and connective tissue-type cells, including
endothelial, smooth muscle, fibroblast and bone marrow stromal cells, were found to
express receptors for IL-3. Although the basal level of IL-3R expression was low or
undetectable in these cells, a strong up-regulation was observed in response to TNF-a
and IFN-y in all the cell types examined. These findings suggested a potentially much
wider role for IL-3 than previously anticipated, and prompted investigations into the

function of the IL-3R in these cells.
Expression of the IL-3R

The expression of the IL-3R in non-hemopoietic cells differed from that in blood cells in
several ways: a) the expression was inducible rather than constitutive, b) the two
IL-3R subunits could be independently expressed, and c) no simultaneous expression of
the GM-CSFR was found. These differences, and the possible molecular mechanisms

underlying them, will be discussed here.

Most of the cell types examined, including fibroblasts, smooth muscle cells and bone

marrow stromal cells, were seemingly IL-3R -negative in the resting state. However,
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surface expression of the IL-3R could be induced by the inflammatory mediators TNF-a
and IFN-y, which also up-regulated the IL-3R in endothelial cells. Such inducible
expression suggests that the role of the IL-3R may be limited to inflammatory conditions
in non-hemopoietic cells. In keeping with this, endothelial expression of the IL-3R was
down-regulated by IL-4, which also inhibits expression of E-selectin and
IL-8 by endothelial cells, and has several anti-inflammatory activities on monocytes
(Thornhill et al., 1990, Smith et al., submitted, Standiford et al., 1990, Fenton et al,
1992). This strict control of IL-3R expression in non-hemopoietic cells is consistent with
the tight regulation of IL-3 production by T cells and mast cells, thus further ensuring
that IL-3 responses should not occur inappropriately. Interestingly, hemopoietic cells
express the IL-3R constitutively. It is possible that these differing modes of IL-3R
expression serve to keep blood cells, whose primary function is host-defence, on the
"alert” at all times, but recruit non-hemopoietic cells to respond to IL-3 only under more
severe circumstances. Notably, the cells which produce IL-3 can also potentially
regulate IL-3R expression and thus the target cell population: for example, activated T
cells can secrete IFN-y or IL-4 (depending on the T}, subtype) (Mossman et al., 1987),

and IgE-activated mast cells are a rich source of TNF-a (Gordon et al., 1990).

An unusual feature of IL-3R expression in non-hemopoietic cells, the significance of
which is as yet unclear, is that the IL-3R a and B subunits can be expressed
independently of each other. For example, unstimulated SMC express only the B chain,
and HFF fibroblasts express only the IL-3R a chain (following treatment with IFN-y and
TNF-o)). In addition, in endothelial cells stimulated with IL-4 the subunit balance
changes to high B chain and low IL-3R o chain expression. This selective expression of
one subunit is in contrast to hemopoietic cells, in which the IL-3R o chain is always
accompanied by the B chain, and the B chain is accompanied by at least one of the o
chains that can associate with it. In fact, the only documented example of independent
expression is that of the IL-3R a chain in ES cells (McClanahan et al., 1993). The role

of such single receptor subunits is not clear at present, as IL-3R signalling has been
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shown to require both chains (Kitamura et al., 1992). It should be noted, however, that
signal transduction is usually assessed by tyrosine phosphorylation and the induction of
certain immediate early genes, but these processes may not be required for all IL-3R -
mediated functions. For example, the GM-CSFR a chain has recently been claimed to
mediate glucose uptake in the absence of tyrosine phosphorylation (Ding et al., 1994).
On the other hand, the subunits of the IL-3R may have some other, IL-3-unrelated
functions. For example, they could serve as receptor components for other, presently
unidentified factors. This would not be surprising, as many receptor molecules are
shared between different cytokines and can function both as affinity-converters and
ligand binding subunits. This is well illustrated in the case of the gp130 molecule, which
is the signal transducer and high-affinity converting subunit of the IL-6, IL-11, CNTF
and LIF receptors, and the low-affinity receptor for oncostatin M (Kishimoto et al.,
1992, Hilton et al., 1994). Finally, the IL-3R o and B chains could perform some other
functions besides being cytokine receptors; for example, the type III fibronectin modules
found in their extracellular domains (Patthy, 1990) are suggestive of a potential adhesive

role.

Interestingly, no overlapping expression of the GM-CSFR was found in the
mesenchymal cells studied. The lack of the GM-CSFR o chain in endothelial cells and
bone marrow stromal cells is of particular interest, as the literature concerning the
effects of GM-CSF on these cells has been controversial (Bussolino et al., 1989, Dedhar
et al., 1988, Yong et al., 1991, Gronthos et al., 1995). It is important to note that the cell
types examined, including endothelial cells, fibroblasts, SMC and bone marrow stromal
cells, have the capacity to produce GM-CSF (Broudy et al., 1986, Munker et al., 1986,
Schrader et al., 1991, Guba et al., 1992), which could thus function as an autocrine
factor if the receptor were present. The production of IL-3 is more restricted, requiring
activation of T cells or mast cells. Selective expression of the IL-3R (and not the
functionally similar GM-CSFR) may thus serve to limit cytokine responses to

inflammation of an immunological or allergic origin. Hemopoietic cells which express
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both receptors would, in contrast, be able to respond maximally in all situations. In
addition to the GM-CSFR o chain, the IL-5R o chain was also undetectable in the cell
types examined, suggesting that the actions of this cytokine may be restricted to

eosinophils, basophils and some B cells (reviewed by Sanderson et al., 1992).

Although the control of IL-3 production has been extensively studied, relatively little is
known about the molecular mechanisms regulating expression of the IL-3 receptor.
These mechanisms are likely to be complex to account for the following observations:
a) expression of the IL-3R is constitutive in some cell types (eg. hemopoietic progenitor
cells, monocytes, eosinophils and endothelial cells) and inducible in others (eg. bone
marrow stromal cells and HEF fibroblasts); b) IL-3R expression is regulated by many
cytokines including TNF-a., IFN-y, erythropoietin, G-CSF, GM-CSF, TGF-, IL-4 (Sato
et al., 1993, Liboi et al., 1992, Jacobsen et al., 1993); and ¢) a given cytokine can have a
different effect on expression of the IL-3R on different cells (for example,
TNF-o up-regulates the B subunit in HUVEC and CD34+ progenitor cells but down-
regulates it in SMC). Another level of complexity is added by the fact that the IL-3R
subunits can be regulated either coordinately or differentially, depending on the cell type
and the stimulus used. Examples of these complex regulation patterns are shown in
table 7.1, which summarises the effect of IFN-y and TNF-a on expression of the human
IL-3R o and P chains in various primary cells. Additional insight into the molecular
basis of this regulation would be provided by cloning and characterising the promoters
of these genes. The promoters for the mouse IL-3R « chain and two B chains (AIC2A
and AIC2B) have already been cloned and contain potential binding sites for various
transcription factors (Miyajima et al., 1995, Gorman et al., 1992). In keeping with the
differential regulation of the IL-3R o and B chains, the 5' flanking sequences of these
genes show little similarity, although a GATA motif is present in both subunits. It is
tempting to speculate that the GATA proteins would be amongst the factors which are
involved in conferring constitutive IL-3R expression, as they are expressed mainly in

hemopoietic cells but are also found in endothelial cells (Orkin, 1992). Interestingly, the
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promoters of both subunits also contain several IFN-y responsive elements. A 394 bp
fragment of the IL-3R o chain promoter has been shown to direct transcription in a cell
type-specific manner, being active in mast cells but not in fibroblasts or T cells
(Miyajima et al., 1995). It would be of interest to examine whether transcription could

also be activated in fibroblasts following IFN-y treatment.

In addition to transcriptional control, post-transcriptional mechanisms can also
contribute to the regulation of IL-3R expression. For example, the increased expression
of the B chain in IFN-y-treated monocytes has been shown to involve mRNA
stabilisation (Hallek et al., 1992). Further control could be exerted at the levels of
translation, post-translational modification or membrane transport. There is some
precedent to suggest that this may be the case: while both IFN-y and TNF-a induce the
IL-3R o chain mRNA in SMC, only IFN-y increases the protein expression on the cell

surface (chapter 6).

Table 7.1 Regulation of expression of the IL-3R subunits by TNF-o and IFN-y in
different cell types.

TNF-o IFN-y TNF-o,IFN-y

afp ap o B
HUVEC ™ ™ ™
SMC ™ T T
HFF T T- T
BMSC T T ™
CD34+ progenitor! -7 -- 7?
monocyte? 7. 77 77

Up/down-regulation is indicated by arrows and no effect by a dash. Question marks indicate that the effect

has not been investigated. 1Sato et al., 1993, 2Hallek et al., 1992
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IL-3R function in non-hemopoietic cells

The finding of IL-3Rs in non-hemopoietic cells raises the potential for IL-3 to have a
much wider role than previously expected. Importantly, hemopoietic cell-specific
molecules do not appear to be required for signal transduction by the IL-3R, as IL-3 was
able to induce c-fos expression (and various other functions) in HUVEC. However
SMC, fibroblasts and bone marrow stromal cells failed to respond to IL-3 in the
functional assays used. This may simply be due to the fact that the level of B chain
expression is lower, and perhaps thus insufficient, in these cells. Alternatively, it could
reflect a lack of an essential component(s) of the signalling pathway. This could be
analogous to the "uncoupled” GM-CSFRs in HL60 cells: despite constitutive GM-CSFR
expression, these cells are able respond to GM-CSF only after stimulation with DMSO,
which increases expression of the src-like kinase hck (Linnekin er al, 1994). In either
case, it is possible that cells which do not respond to IL-3 in vitro can acquire IL-3

responsiveness in vivo in the presence of appropriate stimuli.

The potential of IL-3 to regulate various endothelial responses was investigated, in order
to further elucidate the role of this hemopoietic growth factor in vascular biology. An
inflammatory function seemed likely, as the IL-3R was strongly up-regulated by TNF-o.
and IFN-y. This hypothesis was confirmed by the finding that IL-3 enhanced expression
of the adhesion molecule E-selectin and the chemokine IL-8, both of which have been
implicated in recruiting neutrophils to inflammatory foci (Springer, 1994). In keeping
with this, IL-3 increased the transmigration of neutrophils across endothelial
monolayers. IL-3 also enhanced expression of the MHC class II molecules required for
antigen presentation, and secretion of the hemopoietic cytokines G-CSF and IL-6. The
role of IL-3 in regulating these functions is essentially that of an enhancer: it has no
effect on its own, but potentiates the expression induced by TNF-a or IFN-y. IL-3 did
not, however, augment all aspects of the TNF-a or IFN-y -induced activation of
endothelial cells. For example, it did not enhance the TNF-a -induced expression of

ICAM-1 or VCAM-1 (J. Gamble, personal communication), or the IFN-y -induced
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expression of MHC class I antigens. This selectivity of IL-3 action is further emphasised
in the case of TL-6 and G-CSF expression: although both TNF-a and IFN-y induce
production of these growth factors, only the induction mediated by IFN-y is further
enhanced by IL-3. These stimulatory actions of IL-3 are one example of how the
combinatorial use of cytokines can produce different patterns of endothelial cell
activation. In addition to its function as a selective enhancer, IL-3 also has independent
actions on endothelial cells, as demonstrated by our recent finding that it induces

expression of P-selectin (Goodall-Khew et al., submitted).

Endothelial activation by IL-3 could be envisaged in pathological conditions involving
activated T cells, such as chronic inflammation and delayed-type hypersensitivity
reactions (DTH), in which IL-3 and the required costimuli IFN-y and TNF-a are likely
to be produced concomitantly. A role in allergen-induced late-phase reactions (LPR) is
also possible, as mast cells release both IL-3 and TNF-a upon IgE-activation (Plaut et
al., 1989, Wodnar-Filipowicz et al., 1989, Gordon et al, 1990). IL-3 could enhance
participation of the endothelium in several stages of the inflammatory process; for
example, the ability of IL-3 to accelerate the IFN-y -induced MHC class II expression
could recruit more endothelial cells to function as APCs in the cognitive phase of
inflammation. IL-3 could also augment the initial neutrophilic infiltration in DTH and
LPR by enhancing the TNF-o -induced expression of E-selectin and secretion of IL-8 by
endothelial cells. Finally, the enhanced production of IL-6 and G-CSF by endothelial
cells in response to IL-3 could further exacerbate the inflammatory response through
neutrophil activation and the release of acute phase proteins. Both of these circulating
cytokines could also stimulate hemopoiesis in the bone marrow, thereby replenishing the

pool of leukocytes in the blood.

It is important to note that although the work presented in this thesis focussed on the
transmigration of neutrophils, IL-3 could also facilitate the recruitment of eosinophils:
E-selectin mediates the adhesion of eosinophils to endothelium (Weller et al., 1991), and

IL-8 has been shown to be chemotactic for eosinophils from patients with atopic
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dermatitis and asthma (Bruijnzeel et al., 1993, Warringa et al., 1993). Even eosinophils
from normal individuals can respond to IL-8 when primed with IL-3, GM-CSF or IL-5
(Warringa et al., 1992). The fact that IL-3 stimulates both eosinophils (Lopez et al,
1988) and endothelial cells points to an important role for IL-3 in allergic diseases. In
vivo, elevated levels of IL-3 mRNA have been detected in allergen-induced LPR and in
bronchoalveolar T lymphocytes from patients with atopic asthma (Kay et al.,, 1991,

Robinson et al., 1992).

The molecular mechanisms by which IL-3 enhances the expression of G-CSF, IL-6,
IL-8, E-selectin and MHC class II in endothelial cells remain to be elucidated.
Transcriptional activation seems likely at least in the case of IL-6, as no stabilisation of
the IL-6 mRNA was observed. The identity of the transcription factors activated by IL-3
is only beginning to be investigated: CREB (CAMP response element binding protein)
has been implicated in the induction of the egr-1 gene, and IL-3 has also been shown to
activate factor(s) which recognise the SRE element in the promoters of c-fos and egr-1
(Sakamoto et al., 1994, Hatekeyama et al., 1992). Egr-1 itself is a transcription factor,
and c-Fos can complex with c-Jun (also inducible by IL-3) to form the heterodimeric
transcription factor AP-1. Interestingly, the promoters for IL-6, IL-8 and E-selectin
contain AP-1 recognition sequences (Tanabe et al., 1988, Yasumoto et al., 1992, Collins
et al., 1991), suggesting that c-fos induction may be involved in the up-regulation of
these genes by IL-3. On the other hand, the G-CSF, IL-6 and IL-8 promoters resemble
each other in that they contain functionally linked NF-IL6 and NF-xB binding sites
(Dunn et al., 1994, Matsusaka et al., 1993, Kunsch et al, 1994), and an NF-xB site is
also found in the E-selectin promoter (Collins et al., 1991). It remains to be investigated
whether these sites, which are important for activation by TNF-a,, are also involved in
activation by IL-3. Of note, IL-3 has recently been shown to activate STATS (Mui et al.,
1995, Azam et al., 1995), a member of the STAT family of transcription factors which

are implicated in IFN-y signalling. It would be of interest to determine whether STATS
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is expressed in endothelial cells and whether it contributes, either directly or indirectly,

to the synergism between IL-3 and IFN-y.

In summary, the findings described in this thesis expand the role of IL-3, and emphasise
its involvement in the inflammatory process. IL-3 not only stimulates the effector
functions of leukocytes, but can also regulate their localisation to inflammatory sites by
acting on the endothelium. In addition, the ability of IL-3 to enhance MHC class 1I
expression is not limited to monocytes and eosinophils (Sadeghi et al., 1992, Hansel et
al, 1992), but also encompasses endothelial cells. Finally, the finding that IL-3
stimulates secretion of the circulating cytokines IL-6 and G-CSF by the vascular
endothelium suggests an alternative, indirect mechanism by which IL-3 could influence
hemopoiesis in the bone marrow. In addition to endothelial cells, IL-3 may also act on
neighbouring cell types such as SMC and fibroblasts, although this possibility remains
to be elucidated. This local, inflammation-oriented role for IL-3 is in agreement with the
fact that IL-3 is produced at the inflammatory site and is not detectable in the circulation
(Garland et al., 1983, Crapper et al., 1984, Cheers et al., 1988). The finding that IL-3 is
not exclusively a hemopoietic growth factor but also acts on the vascular endothelium
suggests that caution should be taken in the clinical administration of IL-3, especially in

patients with underlying inflammatory conditions.

Future work

The work described in this thesis opens a new area for IL-3 research. Further
investigation into the distribution and function of the IL-3R in different non-hemopoietic
cells would contribute to an understanding of the physiological role of this cytokine, and
also provide information of clinical importance. In addition to using isolated cells, it
would be of interest to study expression of the IL-3R in tissue sections, as this would
better reflect the in vivo situation and may also provide clues as to the role of the IL-3R

in different pathological conditions. Finally, identifying new target genes for IL-3 and
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the transcription factors involved in their regulation would also contribute to elucidating

the mechanisms involved in IL-3R signalling.
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Clarifications

Chapter 2

Human recombinant cytokines (page 16) were expressed in E. coli.

Chapter 3

Data on HUVEC expressing 2000 IL-3 receptors per cell is shown (fig. 3.3). Data
on HUVEC not expressing IL-3 receptors is not shown. Variability in recéptor
number is not due to contaminating cells, as HUVEC used in binding assays were
essentially pure after several passages in vitro. It may rather reflect the differences
between donors, as suggested in discussion (page 38). Most HUVEC lines (19/20)
tested were found to express IL-3 receptors.

Cyclohexamide on page 38 should read cycloheximide.

Chapter 4

The cytokines used in receptor regulation studies did not contain LPS as judged by
Limulus amoebocyte assay (Materials and methods, page 16).

The induction of the IL-3R o and B chain mRNAs (Fig. 4.1) was observed in all
HUVEC lines tested (5 separate experiments). The band between the IL-3R o and §
chain signals appears consistently under the conditions of the protection assay, and
is caused by incomplete digestion of vector sequences in the IL-3R o chain probe.

The conversion of units to milligrams for TNF-o and IFN-y is given in Materials and
methods (page 16).

All the RNase protection gels were quantitated using a phosphorimager as described
in Materials and methods (page 21).
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Chapter 5

IL-3 enhanced IL-8 production in TNF-o stimulated HUVEC but not in IFN-y
stimulated HUVEC (3 separate experiments). As the response in IFN-y stimulated
HUVEC could be delayed, longer (48-h) stimulations were also performed.
However, no induction of IL-8 was observed. This is consistent with the role of
IL-3 as an amplification factor (discussion, page 72): IL-3 does not induce IL-8 by
itself, but rather enhances the induction caused by TNF-o.. When IFN-y (which does
not itself induce IL-8) is used as a co-stimulant, IL-3 does not have any effect.

The experiment shown in fig. 5.2 is representative of 4.

The experiment shown in fig. 5.4 is representative of 3.

Chapter 6

In fig. 6.1 the IL-3Ro chain mRNA signal in TNF-o -stimulated HFF is faint,
nevertheless it has been consistently observed (4/4 experiments).

While both TNF-a and IFN-y induce the IL-3R a chain mRNA in SMC, only IFN-y
increases the protein expression on the cell surface (figures 6.1 and 6.2). Expression
of the IL-3R o chain may thus be controlled also at the level of translation or
membrane transport, as suggested in the discussion (page 94).





