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Abstract
This thesis studying the biology of adult human derived microglia in vitro and in

situ, assessed putative immune accessory/effector functions of microglia and correlated
in vitro findings with microglia in situ in normal and multiple sclerosis brain specimens.
Initial studies describe an isolation protocol for deriving enriched microglial cultures and
demonstrate using phenotypic markers of cells of the myeloid lineage, that microglia can
be distinguished from peripheral blood monocytes in vitro. Microglia-but not astrocytes
could function as an antigen presenting cell (APC) for primary and secondary T cell
responses. Investigating the basis for the difference in antigen presentation capacity
between microglia and astrocytes, it was found that microglia expressed mRNA and
protein for IL-1a, IL-6, and TNFa, while astrocytes only had transcript and protein for
IL-6. Human recombinant IL-1a, or microglia at non-T cell stimulatory concentrations
added to astrocyte T cell co-cultures resulted in the reversal of the inability of astrocytes
to present antigen in the MLR. In terms of immune accessory/adhesion molecules, both
microglia and astrocytes expressed LFA-1 and ICAM-1 but microglia alone expressed
B7/BB-1. Antibody against B7/BB-1 and a CTLA-4 Ig fusion protein that binds to
B7/BB-1 partially inhibited the ability of microglia to present antigen. B7/BB-1
expression was also demonstrated on microglia in active MS lesions. In addition to
immune accessory/adhesion molecules, microglia expressed FcR I-III _in vitro and in
situ, and the level of FcR expression on microglia was upregulated in MS brain.
Functionally microglia could bind, phagocytose, and lyse antibody coated target cells via
FcR dependent mechanisms. Ligation of FcR on microglia resulted in activation of
microglia as seen by increased oxidative burst activity and cytokine production. The
phagocytosis of myelin by microglia resulted in a similar oxidative burst and cytokine
production response. These data indicate that microglia can function in vitro and in situ
as immune accessory/effector cells linking the cellular and humoral arms of the immune

system, possibly contributing to the pathology seen in multiple sclerosis.



Résumé
Cette these évalue les fonctions immunitaires accessoires et effectrices des cellules
microgliales d’origine humaine et établit la corrélation entre les données obtenues in vitro
et les études in situ sur la microglie de cervaux humains normaux et de cervaux de
patients atteints de sclérose en plaques. Les premires études décrivent un protocole
d’isolement de cultures enrichies de microglie, et démontrent qu’avec I’utilisation de
marqueurs phénotypiques pour les cellules myéloides, la microglie peut étre différenciée

des monocytes in vitro. Les cellules microgliales ont un niveau d’expression du CMH

de classe II plus élevé que les astrocytes autologues, au niveau basal et au niveau atteint
apres induction par linterféron y. De plus, les cellules microgliales, et non les
astrocytes, peuvent fonctionner en tant que cellules présentatrices d’antigenes pour
'induction de réponses primaires et secondaires de cellules T. En poursuivant 1’étude
de la capacité & présenter 1’antigéne de la microglie et des astrocytes, nous avons trouvé
que les deux types cellulaires expriment les molécules d’adhésion accessoires LFA-1 et
ICAM-1, mais seule la microglie exprime I’antigéne B7/BB1. La capacité des cellules
microgliales & présenter les antigenes est partiellement inhibée aprés addition d’anticorps
dirigés contre I’antigéne B7/BB1. Les cellules microgliales expriment I’ARNm et les
protéines pour les cytokines IL-1qa, IL-6, et TNFa, tandis que les astrocytes n’expriment
que ’ARNm et la protéine IL-6. La capacité des astrocytes A présenter les antigénes
dans une réaction lymphocytaire mixte est inversée par 1’addition d’IL-1a recombinante
humaine ou de microglies A une concentration non-stimulante pour les cellules T En
plus de I’expression du CMH de classe II, la microglie exprime les récepteurs Fc I 4 I,

in vitro et in situ, et les niveaux d’expression les plus élevés sont observés dans les

lésions actives de sclérose en plaques. Les cellules microgliales peuvent fixer,
phagocyter, et lyser des cellules de cibles opsonisées. La génération d’une poussée
oxidative et de cytokines est observée aprés liaison des cellules cibles opsonisées. La
phagocytose de la myéline par la microglie produit une réaction semblable. L’ensemble

de ces données indique que les cellules microgliales peuvent fonctionner in vitro et in situ

en tant que cellules immunitaires effectrices et accessoires et peuvent, de ce fait,

contribuer a la pathologie observée dans la sclérose en plaques.
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Thesis Overview '

The following thesis is divided into 4 parts; the first 3 sections constitutes original
work performed describing the biology of adult human derived microglia in vitro, assessing
putative immune accessory and effector functions of microglia in vitro, and correlating in
vitro, data with MS pathology material.

Part I describes the isolation of microglia from adult human brain, defining the
biology of these cells compared to peripheral blood monocytes and autologously derived
astrocytes, and the ability of microglia to function as antigen presenting cells. In vitro data
on microglia phenotype were confirmed in situ, in MS brain sections.

Part IT and III define the ability of microglia to function as immune accessory cells
to stimulate unprimed and previously activated T cells, and the ability of microglia to
function as an effector cell in immune mediated antibody dependent mechanisms. When
possible, functional comparisons were made between microglia and either monocytes or
astrocytes.

Part IV provides a brief summary of the data presented in the thesis as it might be
related to MS, and concludes with a summary of the original work contained herein.

This thesis, in accordance with the "Guidelines concerning thesis preparation " of the
Faculty of Graduate Studies and Research, consists of papers that have already been
published or which have been submitted for publication. Each chapter in the thesis excluding
Chapter 10, was written as manuscript for publication and is either published, in press, or
submitted (outlined in Chapter 10). I am the first author of Chapters 2, 4, 5, 6, and 9, and
the second author of Chapters 3, 7, and 8. Elling Ulvestad and myself contributed equally
to the data and writing of the manuscript resulting in Chapter 7. Each chapter has both an
introduction and discussion of the work as it relates to current and past literatﬁre. The
following introductory chapter is included not as a review of the literature, but as an
introduction to the assumptions made in the body of the thesis and as a basis of the questions

asked and work performed.
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Chapter 1

Introduction

Multiple sclerosis

The major issues pursued in this thesis relate to the postulated role of microglia in
contributing to the development of autoimmune disease of the adult human central nervous
system. This role is postulated to reflect the interaction between microglia and both the
cellular and humoral arms of the immune system. This thesis investigates the contribution
of microglia as regulators and effector cells of immune responses within the CNS. Multiple
sclerosis (MS), characterized clinically by an apparent spontaneous onset and a
relapsing/progressive course, is postulated to be an autoimmune disease (1,2).
Pathologically, MS is characterized by multifocal lesions within the CNS with perivascular
inflammatory infiltrates, astrogliosis, demyelination, numerous macrophages containing
myelin debris, and reactive microglia. Lesions in MS are of different ages and activity
correlating with the observed chronic and relapsing clinical course of the disease. The
putative target of the inflammatory response in MS is against the oligodendrocyte and/or its
myelin membrane. Experimental allergic encephalomyelitis (EAE), a T cell mediated animal
disease induced by active immunization of the host animal with antigen in adjuvant emulsion
(3) or by the passive transfer of myelin sensitized CD4* T cells to nonimmune recipients
(4,5), provides a model of immune mediated CNS disease from which parallels to MS have
been drawn.

Both T and B lymphocytes are implicated as cells contributing to the development of
MS and EAE central nervous system (CNS) lesions (6). With the development of
monoclonal antibodies against T cell subsets, it has been demonstrated that many of the
lymphocytes in early MS lesions are MHC class II restricted, CD4* T cells (7). Based on
these early studies and on clinical histopathological studies in EAE it is believed that the
presence of infiltrating CD4* T cells in the CNS of MS patients correlates with acute and
active disease (8,9). Subsequent studies of T cell phenotype in MS and EAE lesions
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demonstrated an accumulation of T cells with increased Ta, and IL-2 receptor expression,
and CD45 low or CD45RO phenotype, suggesting that the T cells in the CNS have
undergone differentiation or are activated (10-13). These data suggest that T cells in MS and
.EAE are actively engaged in an immune effector function. While the antigen(s) to which
the immune response is directed are known in the EAE model, putative antigen(s) in MS are
less well defined, though myelin components are implicated. Myelin basic protein reactive
T cells have been identified in the blood of normal individuals (14) and elevated frequencies
have been reported in the blood and cerebral spinal fluid (CSF) of MS patients (15).
Additionally, CNS and CSF derived T cells exhibit a limited heterogeneity in the

rearrangement of their T cell receptors (TCR) (16-18) possibly the result of enrichment of
| T cells of similar specificities. Whether T cell sensitization to myelin antigens in MS occurs
in the periphery or in the CNS remains speculative. The conditions under which T cells
gaining access to the CNS are subsequently stimulated to proliferate or become anergic or
apoptotic remains to be defined. Resident CNS antigen presenting cells may be important
determinants of these outcomes.

In the normal CNS T lymphocytes are rarely found (19-21). A critical factor for T
cells to gain access to the CNS is their level of activation. Activated T cells, irrespective
of MHC class II restriction and antigen specificity, gain entry into the CNS (22-24).
Whether T cells entéring the CNS remain, is dependent on the ability of the T cell to see its
antigen. CD4* T cells cannot respond to antigens in the soluble from. The antigens must
be processed and presented to the lymphocyte in the context of the correct self MHC
molecules (25,26). Therefore, a requirement for antigen presentation in the CNS by resident
presenting cells would be the expression of MHC class II molecules and additional immune
accessory/adhesion molecules. The CNS of healthy animals has been repeatedly
demonstrated to lack of MHC class II expression (27 ,28). In MS, expression of MHC class
I molecules has been reported on brain capillaries (29), and on astrocytes (30) and microglia
(31). Early studies demonstrating MHC class II expression in the CNS were marred by the
limitations of identifying cell types morphologically and by the inability to perform double
labelling experiments. In the rodent CNS, the levels of MHC class II expression have been
demonstrated to be upregulated or induced following IFN gamma injection (32) or in
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response to viral infection (33) Expression of MHC class II antigens on microglia in
histologically normal human brain has been demonstrated (34,35).

In addition to the involvement of T cells in MS lesions, B cells have also been
implicated to play a role. Indeed, increased intrathecal immunoglobulin (IgG) synthesis is
a hallmark of MS (36,37) and is also seen in EAE (38,39). In addition to increased
intrathecal oligoclonal IgG synthesis in MS, there is evidence of blood brain barrier (BBB)
damage with resultant deposition of IgG, immune complexes, and complement (40,41) all
implicated to play a role in the CNS immune mediated pathology. The combined effects of
T and B cells contributing to the pathology seen in MS and EAE have been demonstrated in
studies where a combination of anti MOG antibody directed against surface molecules on
oligodendrocytes, and passively transferred T cells, result in a significant increase in disease
activity over that induced by T cells or antibody alone (42,43).

The production of cytokines in MS and EAE have been studied both to ascertain the
level of T cell activation in the parenchyma and to delineate the possibility of injury or
activation of individual CNS glial cells as a result of increased cytokine levels in the CNS.
These studies have demonstrated elevated I1-2 (44,45) IL-1, TNFc, and lymphotoxin in MS
tissues (46,47) Neutralizing antibodies against TNFa and IL-1o have been demonstrated
to abrogate disease symptoms in EAE (48,49). The glial cells synthesizing and secreting
cytokines in MS and EAE have not been definitively demonstrated.

The above immune-pathologic observations in MS and EAE suggest a state of
activation of inflammatory cells and glial cells corresponding to phases of active lesion
formation. The contribution of microglial cells in the regulation of immune reactivity and

effecting tissue directed responses form the basis of the work presented in this thesis.

Microglia

The central nervous system (CNS) glial cells are composed of macroglia;
oligodendrocytes and astrocytes that are derived from neuroectodermal tissues, and microglia.
The origin and indeed the very existence of microglia as a unique cell type in the CNS, has
been the subject of considerable debate (for review see 50-52). Microglia, until just recently,

possibly the result of not having a cell specific marker, have received little investigative
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attention as compared to astrocytes and oligodendrocytes. The development of tissue
culture protocols for the isolation of fetal rodent (53-55) and fetal human microglia (56-58),
in parallel with increased antibody and lectin staining technology (59-63), has resulted in
increased information concerning microglia lineage and putative microglial functions.
Despite these advances questions concerning microglial lineage and function remain (for
review see (64). Contributing to the confusion concerning the role of microglia in human
CNS disease, is the apparent species differences in function and phenotype between rodent
and human microglia. Thus rodent microglia have detectable levels of CD4 expression (65)
while human microglial cells do not (66). Rodent microglia are non specific-esterase (NSE)
positive cells (67) while adult human microglia are NSE negative (68). Additionally, a
number of monoclonal antibodies recognizing rodent microglia including ED2 (60), and
F4/80 (62) do not cross species to human. Human microglial cells express many antigens
also demonstrated on myeloid cells (69,70) making it difficult to distinguish between
infiltrating monocytes and macrophages and resident parenchymal microglia in inflammatory
CNS diseases.

Microglia subtypes and origin

The microglia population within the CNS has been classified into two major
morphologic subtypes consisting of ameboid (including uni-polar and bi-polar cells) and
ramified cells. Microglia juxtaposed with the CNS vasculature are termed perivascular
microglia (71) and are ameboid in shape. Parenchymal microglial cells in the developing
CNS are ameboid and in the adult CNS ramified microglia appear uniformly throughout the
neuropil, forming an extensive reticular array. Ameboid microglia are found in the adult
CNS in response to injury and inflammation. In tissue culture studies, the majority of cells
obtained are ameboid (53-55).

While there exist controversy concerning the embryonic origin of microglia (72-75)
developmental studies using immunocytochemical and enzymatic characterization have
demonstrated that microglia are most likely haematogenous cells of monocytic origin
(74,76,77). Other theories of microglial origination include the belief that microglia are

derived from neuroectodermal matrix cells together with macroglia (78) and that microglia
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are derived from pericytes (79). Contributing to the difficulty in assessing the originatioh
of CNS microglia might be differences in experimental methodologies, and more importantly
defining the cell population in the CNS that are considered to be brain
macrophages/microglia.

Ameboid microglia ‘

Rio-Hortega (1932) (80) thought that ameboid microglia were formed from embryonic
corpuscles from the pia that migrate into the CNS. He also noted that microglia might be
derived from the blood mononuclear cells. Immamoto and Leblond (1978) (81) first
described that ameboid microglia cells in postnatal corpus callosum ultrastructurally
resembled monocytes. Following the injection of carbon into the peripheral circulation of
3-5 day old rats, Ling (1979) (82) unequivocally demonstrated that carbon-labelled ameboid
microglia were representative of monocytes from the blood that had ingested the carbon in
the vasculature and had then infiltrated the post-natal brain to establish residence in the
corpus callosum. Immunohistochemical methods have added further evidence of the
monocytic origin of ameboid microglia. These studies include data using anti-
granulomonocytic serum (83), using antibodies against the Fc portion of immunoglobulin and
complement type three receptors (74), and the demonstration of leukocyte common antigen

and major histocompatibility complex antigens on microglia (84).

Ramified microglia
Hortega further postulated that ramified microglia represent a transition from the
ameboid microglia . Hortega (1932) (80) postulated that cells with argentophilic cytoplasm
first appeared in the pia and then further penetrated the CNS changing from a globose to an
ameboid form followed by the formation of branched processes and the transition to a
ramified cell. That ramified microglial cells are derived from mesodermal origin is widely
accepted though a contrary view that these cells are derived from neuroectodermal cells of
the subependyma subjacent to the lateral ventricles is also held (85,86)
Rodenf ameboid microglia express several monocyte associated markers that are
apparently down regulated on ramified microglia. This observation has lead Perry and

Gordon (74) to consider the ramified rodent microglial cells to be "switched off
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macrophages”. Though developmental studies describe the transformation of ameboid
microglia to bi-polar and then ramified cells in_situ the possibility has been raised that
ramified microglial cells can migrate directly from the peripheral blood (87). Dunning and
Furth (88) studying cultured cells in vitro documented that cultured blood derived monocytes
can transform into cells identical to ramified microglia. |

Hickey and Kimura (89) using bone marrow chimeric animals were able to demonstrate
donor-specific antigens in the host brain associated with both the majority of perivascular
cells but labelling a small percentage of parenchymal microglia. More recent evidence using
the same chimeric model suggests that the perivascular cells have a constant rate of turnover
and replacement by blood derived cells while the parenchymal ramified microglia have a low

rate of turnover.

Microglial functions

The majority of early studies related to the microglial response in disease or injury
in situ, focused on morphologic changes as an indicator of activation. More recent studies
using immunocytochemical methods analyzing the expression of receptors for the constant
region of immune globulin (FcR), complement type 3 receptors, and MHC class II antigens,
describe microglia activation in a variety of human diseases including Alzheimer’s disease
(90) Parkinson’s disease (91) and in MS (92). '

More recently, microglia have been implicated as central contributors involved in
CNS immune surveillance and activation (93,94), in the mediation of human
immunodeficiency virus (HIV) CNS pathology (95) and activation and pathology in brain
injury models (96,97).

This thesis sought to develop our knowledge concerning the possible role of microglia
contributing to CNS immune reactivity. Specifically, this thesis sought to define the ability
of microglia to function as an immune accessory cell contributing to T cell activation; and
the ability of microglia to function as an immune effector cell through the interaction of FcRs
on microglia. Comparisons of microglia phenotype and function have been made with
peripheral blood mononuclear cells and astrocytes.  When possible, in vitro findings have
been confirmed in situ using CNS tissue from non-inflammatory cases and from MS brain.
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Chapter 2

BIOLOGY OF ADULT HUMAN MICROGLIA IN CULTURE:COMPARISONS
WITH PERIPHERAL BLOOD MONOCYTES AND ASTROCYTES

Kenneth C. Williams, Amit Bar-Or, Elling Ulvestad
Andre Olivier, Jack P. Antel, Voon Wee Yong

Preface

This chapter describes a protocol for the isolation and enrichment of adult
human derived microglia in vitro. To assess the purity of microglial cultures
comparisons were made between brain derived microglial cells and peripheral blood
monocytes. ~Characteristics studied included rate of survival in vitro, adherence
properties, and the surface and enzymatic phenotype of microglia. Comparisons
between autologous microglia and astrocytes were under taken with regard to
expression of surface MHC class II molecules. Major points demonstrated in this
chapter include:
1. Enriched microglial cultures (>95%) can be established utilizing surgically
resected material from adult human brain. Adult human derived microglia, in contrast
to fetal rodent and fetal human microglia, can be selectively purified based on their
strong adherence to tissue culture plastic.
2. Based upon survival in_vitro, adherence properties, and the rate of
morphological development, the majority of " microglia" in our culture system are most
likely parenchymal derived cells and not monocytes trapped in the vasculature or
contaminating the brain specimen.
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3. A differentiation pattern was demonstrated that can distinguish between
microglia and peripheral blood monocytes in vitro; peripheral blood monocytes were
Leu-M3, non-specific esterase, and CD4 positive while microglia were negative for all
three markers.
4, Ameboid, bi-polar, and ramified microglia morphologies were demonstrated in
vitro, and each cell type expressed MHC class II antigens. The number of microglial
cells expressing MHC class II antigens under basal and IFN gamma activation
conditions was greater than that of autologous astrocytes.
5. Microglia could function as an antigen presenting cell presenting the recall
antigen Candida albicans to freshly derived autologous T cells, resulting in T cell
proliferation.
ABSTRACT

We have compared phenotypic and functional properties of surgically-
derived human adult microglia to autologous and allogenic peripheral blood-
derived monocytes and with astrocytes derived from the same surgical resection.

We found that microglia differed from peripheral blood monocytes with respect

to adhesion properties and survival rates in vitro. Microglia, similar to resident
macrophages in different tissues, expressed many but not all (CD4, Leu-M3, non
specific esterase) monocyte/ macrophage associated markers tested, a pattern
similar to that of terminally differentiated cells of this lineage. As with other
human tissue macrophages, but in contrast to astrocytes, microglia did not
undergo DNA synthesis jn vitro, assessed using BrdU incorporation. Under basal

culture conditions the majority of microglia of all morphologic subtypes (ameboid,
bipolar, ramified) expressed MHC class II molecules; by flow cytometric analysis,
mean fluorescence intensity of these cells was less than that of blood monocytes
(relative to isotype control). In vitro MHC Class II antigen expression on
microglia, under basal and interferon gamma (IFN) activating conditions, was
greater than astrocytes. Freshly derived T cells cultured with 1-10% autologous
microglia plus Candida albicans underwent active ﬁroliferation, indicating the
functional capacity of the microglia to serve as antigen presenting cells.



INTRODUCTION

Microglial cells were originally defined as a distinct cell type based on their in
situ morphology within the central nervous system (CNS). The origin of these cells
has most often been ascribed to a bone marrow-derived monocyte/ macrophage lineage
(1-4), with entry into the CNS during the course of development; others have proposed
a non-monocytic origin of these cells (5-6), or ascribed their origin to neuroectoderm
(7). Microglia participate in the pathologic reactions of the CNS in response to
trauma, inflammation, and neuronal degeneration processes. In such conditidns,
microglia responses include morphological changes, "proliferation” and expression of
major histocompatibility complex (MHC) class II molecules. These responses have
been regarded as indicators that the microglial cells are “activated". Among
functional properties ascribed to microglial cells are phagocytosis of damaged neural
elements (8), antigen presentation to T-lymphocytes which could mediate neuroimmune
interaction (3,9), and production of soluble factors (10) which may induce tissue injury
(11,12) and gliosis (13).

In vitro tissue culture techniques provide opportunities to assess the properties

of microglial cells under "baseline” and "activating” conditions. Given the apparent
similarities in both phenotypic and functional properties between microglia and
systemic monocytes/macrophages, concern is raised as to whether resident " microglia"
or contaminating systemic monocytes/macrophages are being isolated from the CNS
in such studies. Suzumura et al (14) referred to the phagocytic cells isolated from
newborn mice as macrophage/microglia; this population was positive for non specific
esterase (NSE) but peroxidase negative, expressed MHC class I and II molecules only
after exposure to interferon gamma (IFN), and did not actively proliferate. These
cells could be maintained in culture for at least eight weeks, in contrast to a shorter
survival time expected of systemic monocytes. Hayes et al (15) found that microglial
cells derived from adult rats rarely expressed NSE, a finding consistent with previous
in situ histochemical studies (6).

In vitro properties of human CNS-derived microglia cells isolated from post

mortem “normal” adult brain by a rosetting technique, using opsonized human
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erythrocytes (EA) to rosette microglia via their Fc receptors, were described by Hayes
et al (15). In comparison to blood monocytes, the microglial cells readily became
bipolar in culture, did not express NSE, and showed vacuolated cytoplasm. A
majority, upon isolation and after seven days in culture, expressed HLA-DR antigens.
Proliferation of these cells was described as "non-extensive”. Peudenier et al (16)
characterized brain-derived macrophages isolated from 8-12 week old human embryos
as NSE positive, rarely expressing MHC molecules except following IFN treatment,
and as slowly dividing.

We have previously reported that dissociated cell cultures derived from biopsy
specimens of adult human brain contain an abundance of cells of the
monocyte/macrophage/microglial phenotype (17,18). The purpose of the present study
was to address whether the microglial cells derived from surgically resected brain
specimens of young adults were distinct from human peripheral blood monocytes under

baseline and activating conditions in vitro. Comparisons were also made with adult

human astrocytes from the same surgical biopsies. Phenotypic and functional
properties of the microglia examined included survival and growth in tissue culture,
presence of macrophage/monocyte cell surface molecules and intracellular enzymes,
response to IFN treatment in terms of MHC class II antigen expression, proliferation,

and the capacity to serve as antigen presenting cells.

MATERIALS AND METHODS

Isolation of microglia

Adult human brain tissue was obtained from surgical resections to ameliorate non-
tumor related intractable epilepsy. Ten samples from separate individuals were used
for the described studies. Due to the limited number of cells from each sample,
different specimens were used for individual experiments. Tissue was obtained from
near but not at the epileptic focus. Our method to establish adult human glial cultures
have been described in detail (17, 18). To obtain dissociated cells, tissues were treated
with 0.25% trypsin and DNAse (50 pg/ml), followed by Percoll (Pharmacia LKB
Biotechnology, Uppsala) gradient centrifugation at 15,000 rpm for 30 minutes. Cells
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were suspended in culture medium, consisting of Eagle’s minimal essential medium
(MEM) supplemented with 5% fetal bovine serum (FBS), 0.1% glucose, and 20 ug/ml
gentamicin. Two types of cultures were prepared from this initial isolate. In the first,
cells were seeded directly onto 9 mm Aclar fluorocarbon coverslips (Dr. S Kim,
Vancouver, British Columbia) previously coated with 10 ug/ml poly-l-lysine. These
mixed glial cultures contained microglial cells in addition to astrocytes and
oligodendrocytes. In the second type of cultures, to obtain enriched microglial cells,
the initial cell isolate was plated onto uncoated 25 ¢cm? Nunc (Gibco, Burlington,
Ontario) flasks. Oligodendrocytes remained floating and were removed the next day.
The adherent cells were allowed to develop morphologically for seven days, and
residual astrocytes were then floated off by rotary shaking for five hours at 150 rpm.
The adherence properties of adult human microglial cells contrast to neonatal rodent
preparations where microglial cells are less adherent than astrocytes, and thus can be
floated off by rotary shaking. The human microglial cells were detached with 0.25%
trypsin and DNAse (50 pg/ml) at 37°C for 15 minutes followed by seeding on 9 mm
poly-l-lysine-coated Aclar fluorocarbon coverslips as 30 ul droplets at densities of
10,000 or 25,000 cells per coverslip. The coverslips were adherent to the floor of
round tissue culture dishes (60 mm, Nunc). Flooding of culture dishes with 3 ml of
culture medium was done one day later. These preparations consistently yielded
enriched (greater than 90%) microglia cultures as assessed by Leu-MS5

immunofluorescence (see results and Fig. 1).

Isolation of blood monocytes

Peripheral blood monocytes were isolated from heparinized venous blood
samples obtained either from the surgical patients or from young volunteers (necessary
for flow cytometry studies which required large cell numbers). To isolate monocytes,
mononuclear cells obtained by Ficoll-Hypaque (Pharmacia) density centrifugation were
incubated overnight, or up to seven days in some experiments, at 37° C in feeding
medium described above. The lymphocytes were then washed off; the remaining
adherent monocytes were removed with 0.25% trypsin and DNAse (50 pg/ml). These
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cells were either used for flow cytometry studies or they were seeded onto poly-1-

lysine coated coverslips at densities of 10,000 or 25,000 cells per coverslip. Cells on

coverslips were then flooded one day later.

Comparison of microglia and peripheral blood monocytes:
The following characteristics were examined: a) plating efficiency (attachment)
and long-term survival, b) morphology and cell size, and c) phenotypic expression of

antigenic and enzymatic markers.

A. Plating efficiency and long-term survival

The following cell preparations were compared a) enriched microglia, initially
maintained in flasks with astrocytes for seven days and then trypsinized and replated
following removal of astrocytes; b) peripheral blood monocytes, maintained in culture
overnight following isolation and then trypsinized and replated; and c) peripheral blood
monocytes maintained in culture for seven days (to simulate the microglia conditions),
then trypsinized and replated. Plating efficiency and long term survival were
determined by seeding either 10,000 or 25,000 microglia or monocytes per 30 ul on
a coverslip and then flooding the dish containing coverslips with feeding medium one
day after seeding. To obtain the percent of surviving cells, one-half of each coverslip
was counted. Morphologic properties were also assessed using phase contrast

microscopy.

B. Morphology and cell size:

The shape and process extension capability of cultures were assessed after
immunofluorescence labelling with Leu-MS5 antibody as described below.
Comparisons of relative cell size between monocytes in culture for 24 hours and
microglia which were cultured for seven days were made by trypsinizing the cells and
analyzing live cells in a FACScan (Beckton Dickinson, San Jose, California)

comparing forward scatter histograms.



C. Phenotypic expression:

Microglia isolated after seven days in culture and seeded onto coverslips, and
peripheral blood monocytes isolated and seeded onto coverslips after either one or
seven days, were assessed by immunocytochemistry using antibodies listed in Table
1, and histochemical staining for NSE as described below. Astrocytes and
oligodendrocytes were stained using antibodies to glial fibrillary acidic protein (GFAP)
and galactocerebroside (GalC). In all staining protocols, sister-culture coverslips were
used as controls with HHG (2% horse serum, 1mM Hepes, and 10% goat serum in
Hanks balanced salt solution) substituting for the primary antiserum. HHG was the
diluting medium of all antibodies. Except for fixation at -20°C, all procedures were
done at room temperature.

For immunofluorescence labelling of surface markers, coverslips with adherent
cells were washed gently with phosphate-buffered saline (PBS) pH 7.2 (three times)
to rinse off the feeding medium. Primary antibody was added for 45 minutes,
followed by three PBS washes. Secondary antibody was then added for another 45
minutes. After three PBS rinses, cultures were fixed in acid-alcohol (5% glacial acetic
acid: 95% absolute ethanol, v/v) at -20°C for 15 minutes and mounted with gelvatol
on microscope slides. For staining of cytoplasmic markers (GFAP, EBM1 1), cells
were first fixed with acid alcohol at -20°C for 15 minutes, washed three times with
PBS and stained as described above. For ricinus communis agglutinin-1 (RCA-1),
cells were fixed in 2% paraformaldehyde at 4°C for 15 minutes, rinsed three times in
PBS and incubated with RCA-1 conjugated to fluorescein isothiocyanate (FITC) for 45
minutes. Non specific esterase was detected using an alpha-napthyl butyrate esterase
kit (Sigma #180-B, St. Louis, MO) Briefly, cells on coverslips were fixed at 4°C in
a mixture of 2% glutaraldehyde/60% acetone for 5 minutes, rinsed with distilled water
and air dried for 15 minutes. A mixture of pararosaniline solution (Sigma #180-4)
sodium nitrate, and alpha-naphyl butyrate (Sigma #180-1) was then employed for 1
hour at 37°C. Cells were then rinsed with distilled water, air dried, and mounted.



Assessment of microglial activation

A. MHC Class II expression on microglia

We quantitated MHC class II antigen expression by determining the mean
fluorescence intensity (MFI) of anti-MHC class IT labelled cells using cytofluorometry.
For these studies adherent cells (i.e. microglia), seven days after the initial
biopsy/isolation procedure, were trypsinized, suspended, and immunolabelled with a
pan MHC class II antibody (SG 465), followed by goat anti-mouse IgG-FITC (45
minutes per antibody at 4°C with three rinses between antibodies). Cells analyzed
were either live (for cell size comparisons), or fixed (after staining for MHC class II
antigen) with 1% paraformaldehyde in PBS. Five to ten thousand events were
accumulated from each sample. Analysis of MFI values were done using the BDIS
Consort 30 computer program. Staining controls consisted of unstained cells incubated
in HHG, cells incubated with HHG and secondary antibody, and isotype controls
incubated with secondary antibody. In some studies recombinant human IFN (100
U/ml) (Boehringer Mannheim, Mannheim) was added to cultures 18 hours prior to
preparing cells for cytofluorometry.

Blood monocytes to be analyzed by FACScan were harvested after one day of
culture using the same trypsinization protocol and immunostained as described for
microglia. Initial studies indicated that there was no significant difference in MFI
between cells treated with trypsin and those detached with EDTA or cells that were
scraped (data not shown).

To compare HLA-DR expression on microglia to astrocytes, seven day old
mixed microglia-astrocyte (GFAP/Leu-MS5 positive, GalC negative) cultures were
seeded directly onto plastic coverslips following removal from flasks, and double
stained with monoclonal antibody D1-12 and anti-GFAP antibody. Using an
immunofluorescence microscope, the number of microglia (GFAP negative cells with
microglia morphology) or astrocytes (GFAP positive cells) presenting with HLA-DR
immunoreactivity were counted. Microglia (Leu-M5 positive) and astrocytes (GFAP
positive) accounted for nearly all the cells present in these cultures when

oligodendrocytes were removed following initial cell isolation.



B. Functional MHC expression

Functional MHC expression was assayed by the ability of microglia and
peripheral blood monocytes to present Candida albicans antigen to freshly derived
autologous T-lymphocytes. For these studies, microglia cultured for seven days and
peripheral blood monocytes in culture for one day were trypsinized, irradiated (2000
Rad, AECL Gammacell 1000 irradiator, Radiochemical Company, Kanata, Ontario)
and plated in 96 well plates at concentrations of 10°, 5x10°, and 10* cells per 100 uL
of culture medium per well. Culture medium consisted of RPMI 1640 (Gibco, Grand
Island, New York) supplemented with 2.5 pg/ml penicillin, 2.5 ug/ml streptomycin,
2 mM glutamine, and 10% FBS. Cells were allowed to adhere overnight either with
or without IFN (100 U/ml). The following day T lymphocytes were isolated from
peripheral blood by rosetting with neuraminidase treated sheep erythrocytes (Frappier
Diagnostic, Laval, Quebec), and suspended at 10° cells per ml in 100 pl of culture
medium. T lymphocytes were added to microglial/ macrophage containing microwells.
Candida albicans antigen, 1:20,000 dilution of stock solution (50 protein units/ml, a
gift from Dr. CK Osterland, Rheumatology, Royal Victoria Hospital, Montreal,
Quebec) was added to some wells. After seven days, cells were pulsed with l;zCi
[*H]-thymidine (ICN Biomedicals, Missississauga, Ontario) per well, for five hours and
harvested onto glass filters with a Titertek Cell Harvester 550 (Flow Laboratories,
ICN, Mississauga, Ontario). Radioactive counts were measured on a LKB 1217 Rack
Beta Liquid Scintillation counter (LKB, Fisher, Montreal, Quebec) and were expressed
as counts per minute (CPM).

C. Microglia proliferation

To assess microglial proliferation, a Leu-M5/bromodeoxyuridine (BrdU) double
immunofluorescence technique, modified from a similar protocol (anti-GFAP/BrdU)
for astrocytes (19) was employed. Enriched microglia sister cultures were assessed
either under basal culture conditions or after addition for four days of activating
agents, listed in the results section. Ten uM BrdU was added during the last two days

of culture. At the end of the experiment, live cells on coverslips were labelled with
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Leu-M5 (IgG2b isotype) as described above except that the secondary antibody
employed was sheep anti-mouse IgG2b conjugated to rhodamine (1:25) (Serotec,
Toronto, Ontario). Following fixation with 70% ethanol at -20° C for 30 minutes,
cultures were treated successively with 2M HCI and 0.1M sodium borate (10 minutes
each), mouse monoclonal antibody to BrdU (IgGl1 isotype, Beckton-Dickinson, 1:25,
45 minutes) and sheep anti-mouse IgG1 conjugated to flourescein (Serotec, 1:25, 45
minutes). Using an immunofluorescent microscope, the percentage of Leu-M5 and
BrdU double positive cells was tabulated for each coverslip. Assessment of astrocyte
proliferation by a GFAP-BrdU technique was done as described previously (19,20).

RESULTS

Comparison of microglia and peripheral blood monocytes:

A. Plating efficiency and long-term survival:

Table 2 shows that microglia seeded at 10,000 cells per 9 mm diameter
coverslip had calculated plating efficiencies of greater than 60% when flooded one day
after retrypsinization and seeding. At a higher seeding density (25,000 cells per
coverslip), overcrowding of microglia prevented reliable counting. In contrast,
monocytes flooded at day one after seeding had calculated mean plating efficiencies of
24% and 35%, when seeding densities were 10,000 and 25,000 cells per coverslip,
respectively.

Both cell types exhibited a decline in viable cell numbers over time, although
microglia had better long-term survival overall (Table 2).

B. Morphology and cell size:

Bipolar cell morphology as illustrated in Figure la and b accounted for the
majority (80-85%) of the enriched microglial population (90-95% purity as assessed
using Leu-M5 immunostaining and FACscan analysis, Figure 1c) present at seven days
post-isolation. The remaining cells were either unipolar, with only one process

extended, or less frequently ameboid-rounded cells with grainy cytoplasm or ramified
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cells (Fig. 2a,c). These cell-shapes were evident by three days following initial cell
isolation when Leu-M5 staining could first be appreciated reliably.

The majority of monocytes after seven days in culture were round, phase-
bright cells. Between three to seven days in vitro, a small population of process
bearing cells (of unipolar or bipolar morphology) could be identified in some, but not
all, of the cultures initiated (Fig. 2b,d) Long-term cultures of peripheral blood
monocytes (greater than 14 days) had marked debris, with phase dark cells with
flattened profiles and short, thick processes.

Microglia cells subjected to Ficoll-Hypaque gradient centrifugation to mimic
the isolation procedure of monocytes did not differ in morphological characteristics
from sister cultures isolated by the method described for brain cells. Flow cytometric
determinations of cell size by forward scatter analysis revealed that the microglial cells
which had been in culture for seven days were larger cells than monocytes which had

been in culture for 24 hours (Fig. 3).

C. Phenotypic expression

Table 3 summarizes the results of immunolabelling of seven day microglial
cultures and monocytes cultured for one or seven days. Both cell types were positive
for Leu-M5, EBM 11, MHC class I and II antigens, Fc receptors I and II and RCA-1,
and were negative for GFAP and GalC. Peripheral blood monocytes were positive for
the NSE reaction (Fig. 4b) and for Leu-M3 and CD4 immunofluorescence at both two
and seven days. In contrast to the monocytes, microglia were negative for the NSE
(Fig.4a) reaction, and for immunofluorescence staining with Leu-M3 antibody and for
the CD4 antigen. Microglia were strongly Fc receptor III immunoreactive while weak

immunoreactivity was detected on monocytes.

Assessment of microglial activation

A. MHC Class I expression:

Figure 5 represents microglia and peripheral blood monocytes either unstained
or immunostained with anti-MHC class II antibody under basal and IFN stimulated
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culture conditions. Using the same cytometer settings between samples, the MFI of
unstained or isotype controls for microglia were greater than the MFI of peripheral
blood monocytes indicating that the former had a higher level of autofluorescence. The
MFI of immunostained monocytes relative to non-stained or isotype control stained
monocytes was greater than that for immunostained microglial cells compared to their
controls. Interferon gamma consistently increased MHC class II antigen expression on
the microglial cells.

Assessment by conventional immunofluorescence microscopy of the number of
cells expressing MHC class II antigens showed that under both basal and IFN
activating conditions, more microglial cells expressed HLA-DR molecules than did
astrocytes (Fig. 6). In a quantitative assessment of mixed glial cultures under basal
conditions, 12% of the total astrocytes were positive for HLA-DR expression; in sister
IFN stimulated cultures, 56% of the astrocytes were positive. In contrast, basal
cultures had 77% positive microglia for HLA-DR while in the IFN stimulated cultures
96% of cells were positive. Ameboid, bipolar, and ramified microglial cells all
expressed HLA-DR antigens (Fig. 7).

Additionally, we found that basal levels of HLA-DR expression on microglia
in purified cultures increased as a function of time in culture. In a quantitative assay
we found that at one week post-purification and seeding on coverslips 63% of the total
microglia population were HLA-DR antigen positive, at three weeks post-seeding 84 %
of the cells were positive, and at five weeks post-seeding 96% of the cells were
positive. In contrast, we have previously reported that the percent of astrocytes that
express HLA-DR antigens remained constant in culture (18).

B. Functional MHC

As shown in Figure 8, T cells underwent active proliferation in response to
Candida albicans antigen in the presence of 1-10% autologous IFN-treated or non-
treated microglia. The extent of T cell proliferation was dependent on the proportion
of microglial cells present in both unstimulated and IFN stimulated cultures.
Proliferation of T cells was greater in the presence of IFN-treated than non-treated

microglia at all T cell: microglia ratios tested.
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C. Proliferation:

Microglial cells, under basal conditions or in response to IFN (100 U/ml), did
not show incorporation of BrdU (Figure 9). None of the following agents tested
induced proliferation of microglia: recombinant human (rh) colony stimulating factor-1
(100 U/ml) (Genzyme, Boston, MA), lipopolysaccharide (5 ug/ml) (Calbiochem, La
Jolla, CA), human r-interleukin-1 (100 U/ml) (Genzyme), and human r-tumor necrosis
factor-alpha (100 U/ml) (Genzyme). Other agents tested that did not cause BrdU
incorporation of microglial cells included fibroblast growth factor (20 ng/ml) (UBI,
Lake Placid, NY), epidermal growth factor (100 ng/ml) (Collaborative Research
Incorporation, Bedford, MA), insulin-like growth factor-1 (20 ng/ml) (Collaborative
Research Incorporation), platelet derived growth factor (200 mU/ml) (Genzyme) and
nerve growth factor (100 ng/ml) (Sigma, St. Louis, MO). In some experiments,
endotoxin free horse serum (a gift from Dr. S Fedoroff, Saskatoon, Saskatchewan) was

substituted for FBS, and again no microglia proliferation was observed.

DISCUSSION

The availability of surgical brain biopsy specimens has presented us with an
opportunity to study the biological properties of adult human microglia in culture. We
have found that microglia and peripheral blood monocytes differ with respect to their
physical characteristics in tissue culture including plating efficiency, rate of
morphological development, morphology, cell size, survival in culture, antigenic and
enzymatic properties, and basal levels of MHC Class II antigen expression. Although
we cannot exclude that our "microglia” preparations include some cells from
extrparenchymal sources, our data suggest that the majority of microglia in our culture
system are indeed cells intrinsic to the brain and not merely blood monocytes trapped
in the CNS vasculature removed concurrently during resection.

Our comparative study demonstrates that microglia and peripheral blood
monocytes are similar with respect to many immunohistochemical markers of cells
from the mononuclear/phagocytic lineage, yet distinct from each other with respect to
NSE, CD4, and Leu-M3 where microglia are negative and peripheral blood monocytes
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are positive. The observed immunostaining profile of microglia is similar to previous
reports that adult human microglia did not express NSE or CD4 (15), and with reports
that associated NSE and Leu-M3 with monocytes/macrophages but not microglia (21).
Low expression of CD4 mRNA has been detected in microglia with a highly sensitive
polymerase chain reaction (PCR) protocol (22). Peudenier et al (16) reported CD4
expression on fetal microglia in culture; as previously mentioned these cells were also
NSE positive. Perry and Gordon (23), and more recently Sedgwick et al (24) have
also shown CD4 expression on microglia of neonate and three to four week old rats
respectively. While the data on CD4 expression in the rat might be explained by
species differences (25), the expression on fetal human microglia is more difficult to
resolve with the lack of CD4 antigen on adult human microglia. However, the time
at which these "microglia” cells in the fetal brain appear is controversial (21, 26, 27)
making it difficult to discern between monocytes and resident microglia at this stage
developmentally.

Our analysis of MHC class II antigen expression on human adult microglia, in
agreement with Hayes et al (15), indicates that the majority of cells express these
molecules under basal culture conditions. These results contrast with fetal human and
neonatal rat and mouse microglia where expression is observed only after activation
with agents such as IFN. Additionally, we found that ameboid, ameboid bipolar, and
ramified microglia all can express Class II antigens. Thus, the classification of
activation of microglia by the expression of HLA-DR does not fit the idea that ameboid
cells are "activated” and ramified are "quiescent” (28). The levels of MHC class II
expression on adult microglia under both basal and IFN activating conditions exceeded
that observed on astrocytes: these observations parallel those of Sasaki et al (29) using
newborn rat CNS cultures. The proportion of MHC class II expressing microglia
continued to increase as a function of time in vitro compared to stable values
previously observed for astrocytes (18). Our data demonstrate that adult human
microglia can present antigen in vitro without the requirement for previous in vitro
activation of T cells. This is in contrast to data derived using new born murine

astrocytes which only stimulate previously in vitro activated T cells (30) or myelin
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basic protein reactive T cell lines (31), indicating that prior T cell activation is a
requirement for antigen presentation by astrocytes (30). The Candida albicans antigen
used in our study may be acting as a recall antigen rather than serving to prime
previously naive T cells.

Results of the proliferation studies point to the inability of adult human
microglia to undergo mitosis under basal culture conditions. Similarly, we were
unable to demonstrate proliferation of microglia using endotoxin-free horse serum
supplemented culture conditions (32) or to demonstrate microglial proliferation in
response to the various growth factors. We do observe proliferation of adult human
astrocytes under similar culture conditions (20). Several reports have shown that
rodent microglial cells could be induced to proliferate when treated with colony-
stimulating factors (14, 33, 34, 35). In the present experiment, recombinant human
macrophage colony stimulating factor (M-CSF) at 50 or 100 colony forming units
(CFU) per ml did not promote proliferation of adult human microglia; it remains
undefined whether or not adult human microglia can undergo mitosis under any
conditions, or whether these microglial cells represent terminally differentiated cells
of the monocyte lineage which are unable to replicate in culture (36, 37, 38). Our
current data raise the issue as to whether the human microglial proliferation referred

to in_vivo under pathologic conditions represents actual proliferation or cell

recruitment.

In conclusion we have found that while human adult microglia do share
characteristics with peripheral blood monocytes, they differ with respect to adhesion
properties and survival in vitro. Microglia, similar to resident macrophages in
different tissues express some but not all of the known monocyte/macrophage markers,
suggesting that brain microglia/macrophages lose early monocyte markers upon
becoming resident brain cells, and that expression of surface and enzymatic markers
can be modulated with respect to unique brain microenviroments (28, 39). Based on
morphology in tissue culture, we have found three different shapes corresponding to
ameboid, ameboid-bipolar, and ramified cells. Microglia of all morphologic subtypes
express MHC class II antigens under basal conditions and respond to activation (IFN)
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by upregulation of such expression but not by proliferation. Microglia, even under

basal conditions, are competent as antigen presenting cells.
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Antibody Source Dilution Reference
Used
Leu M5 (mse a-CDlIc) Beckton-Dickinson 1:10 (40)
(San Jose, CA)
Leu M3 (mse a-CD14) Beckton-Dickinson 1:10 Manufacturer
EBM 11 Dako Corporation 1:50 Manufacturer
(Scarborough, ON)
Leu 3a (mse a-CD4) Beckton-Dickinson 1:10 Manufacturer
D1-12 (mse a-HLA-DR) DR. R Sekaly 1:1000
(Montreal, PQ)
SG465 (mse o-MHC II) Dr. R Sekaly, 1:1000 41)
W6/32 (mse a-MHC 1) Dr. R Sekaly, 1:50 (42)
Mab 197 (mse a-CD64, FcRI) Medarex (West 1:1000 Manufacturer
Lebanon, NH)
IV.3 Fab (mse a-CD32, FcRII) Medarex 1:1000 Manufacturer
3G8 (mse o-CD16, FcRII) Medarex 1:1000 Manufacturer
RCA-1 Vector (Burlingame, 1:50 (43)
CA)
Mouse a-BrdU Beckton-Dickinson 1:25 Manufacturer
H8H9 (mse a-GalC) Dr. S Kim neat 44)
(Vancouver, BC)
Rabbit a-GFAP Dako Corporation 1:100 Manufacturer
(West Chester, PA)
Goat a-mse Ig-Rh Cappell (Lexington, 1:150 Manufacturer
MA)
Goat a-rabbit-Rh Cappell 1:100 Manufacturer
Goat a-rabbit-FITC Cappell 1:100 Manufacturer
NSE (enzyme) Sigma, Kit #180-B Manufacturer

Abbreviations used: MSE= mouse, Rb= rabbit, Mtl= Montreal, N.H.=New

Hampshire



2 -24

Table 2:  Microglia and peripheral blood monocytes in culture: plating
efficiency and cell survival

Pléting Efficiency % Survival %
Day 1 Day 7 Day 14
microglia
10,000/coverslip 61-71 61-64 51-54
25,000/coverslip Too densely populated to count reliably

peripheral blood monocytes
10,000/coverslip 22-26 15-29 19-22

25,000/coverslip 33-37 35-41 24-29

Plating efficiency and percent cell survival comparison between microglia (after seven

C,

days in culture) and peripheral blood monocytes (after one day in culture). Cells were
seeded onto coverslips at 10,000 or 25,000 cells per coverslip (n=3 coverslips per data
point), adhered overnight, and flooded. Percents expressed as number of cells remaining
on coverslip over original number of cells seeded. Peripheral blood monocytes left in
culture for seven days, trypsinized, and seeded at 10,000 cells per coverslip had survival

ranges of 18-24% at two days and 3-7% at 14 days.



Table 3: Phenotypic expression on 7 day microglia
and 1 and 7 day peripheral blood monocytes

Ak

Marker Microglia Peripheral Blood
Monocytes

Leu M5 ++ ++
Leu M3 - ++
EBM 11 ++ ++
a-CD4 - +*
a-MHC class I ++ ++
a-MHC class II ++ ++
a-FcRI ++ ++
o-FcRII ++ ++
a-FcRIIT ++ S
RCA-1 ++ ++
NSE - ++
a-GFAP - -
a-GalC - -

++ easily detectable in the large majority of cells,

weakly stained throughout the given culture,

undetectable in the large majority, if not all cells, of a given culture

stain intensity diminishes with time in culture,

stain intensity increases with time in culture.
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FIGURE LEGENDS

Figure 1. Enriched adult human microglia in culture. A. Microglia cultured for seven
days, purified, trypsinized and seeded onto Alcar coverslips at density of 10,000 cells
per coverslip (250x). B. Leu-M5 immunoreactivity on seven day microglia cultures
(1000x). C. Flow cytometry histogram of seven day purified microglial culture stained
with Leu-M5 antibody. Curves represent unstained cells overlapping with isotype
control, and Leu-MS$ (primary) FITC (secondary) stain. This staining pattern, shown

here for one culture, was reproducible among different series.
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Figure 2. Comparison of microglia and peripheral blood monocytes in culture. A.
Enriched, seven day microglia culture (200x). B. Enriched peripheral blood
monocytes after seven days in culture (200x) C. Higher magnification (800x) of a
seven day microglia culture with ramified (arrows) and ameboid (inset) cells. D.
Higher magnification (800x) of a seven day peripheral blood monocyte culture;
majority of cells remain rounded with a small population with bipolar morphology.
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Figure 3. Flow cytometric comparisons between microglia and peripheral blood
monocytes using the same cytometer amplification and detection settings, and serial
sample runs. A. Forward scatter (FSC) plot of microglial cells, seven days in culture.
The large oval (R1) represents population gate of cells selected for analysis. B.
Forward scatter of peripheral blood monocytes one day in culture, small oval (R2) is
population gate (note: in order to analyze both microglial and peripheral blood
monocyte populations in the same forward scatter fields cytometer settings are lower
than traditionally used for mononuclear cells; thus peripheral blood monocytes cluster
lower than is usually seen by dot plot). C. Overlay histogram of forward scatter plots
showing microglial cells, the larger cell of the two populations, and peripheral blood

monoctyes.
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Figure 4. Non-specific esterase reaction of: A. Microglia in culture for seven days

(800x) and B. Peripheral blood monocytes in similar culture conditions (800x).
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Figure 5. Flow cytometry of basal and IFN stimulated class II antigen expression. A.
seven day purified microglial culture either unstained or immunostained isotype control
(MFI=100.91) or with anti-MHC class II (SG465) (MFI=131.07). B. one day
peripheral blood monocyte histograms of isotype control (MFI=5.53) or
immunostained with SG465 (MFI=333.09). C. MHC Class II antigen expression on
seven day microglial cultures with unstained and isotype control (MFI=132.83) and
IFN stimulated cells (MFI=492.88). The staining characteristics, shown here for one

culture, were reproducible among different human cultures.
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Figure 6. Comparison between basal and IFN (100 U/ml) stimulated HLA-DR (D1-12)
staining of adult human astrocytes and microglia in mixed glial cultures. Astrocytes
were identified with GFAP antibody. Bars represent the percent of astrocytes or
microglial cells that were immunoreactive for HLA-DR + SEM. Number of

coverslips analysed is shown in parentheses.
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Figure 7. Purified seven day microglial cultures stained for HLA-DR. A. Low power
magnification (400x) showing immunoreactivity on both bipolar and ameboid cells.
B. High power magnification showing HLA-DR reactivity on a ramified microglial cell
(1000x).
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Microglia Antigen Presentation Assay
Basal and Gamma Interferon Stimulated
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Figure 8. Microglia as antigen presenting cells. Bars represent counts per minute
(CPM) of 10° T cells cocultured with either 10° (1%), 5x10° (5%), or 10* (10%),
microglial cells plus Candida albicans antigen, + IFN. Each bar represents the mean
+ SEM of four wells. CPM of T cells, T cells plus microglia without antigen, or
microglia cells alone were below 500 cpm as represented by control line at the bottom

of the graph.
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Figure 9. Mixed microglia and astrocyte cultures assessed for proliferation by BrdU
incorporation. A. Microglia stained with Leu-M5 antibody (800x). B. Astrocytes
stained with anti-GFAP antibody (800x). C. Same microglial field as A, with no
reactivity to anti-BrdU antibody (800x). D. Same astrocyte field as B, showing BrdU
incorporation (800x).
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PHENOTYPIC DIFFERENCES BETWEEN HUMAN
MONOCYTES/MACROPHAGES AND MICROGLIA IN SITU
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Preface

From the work described in Chapter 2, using the differential staining patterns of

microglia and peripheral blood monocytes in vitro, it was of interest to determine if

the same staining phenotype would hold in situ, and if other established markers used
on myeloid phagocytic cells might assist in further differentiating between these two
cell populations. This chapter describes data investigating the possibility of delineating
microglia and monocytes/macrophages infiltrating the CNS in acute and chronic
inflammatory disease. Major points demonstrated in the chapter include:

L, A confirmation of earlier in vitro data (Chapter 2) that monocytes infiltrating

the CNS were positive for the markers non-specific esterase and Leu-M3 while
microglia were negative for both markers.

2. Monocytes recently infiltrating the CNS were also positive for other myeloid
markers including myeloperoxidase, L1, lysozyme, and RFD7, and again microglia
were negative for the same markers.

3. Using the immune stain pattern described in Chapter 2, it was demonstrated that
monocytes invading the CNS in chronic MS lesions have primarily a perivascular
location while in active inflammatory lesions, monocytes and macrophages also

infiltrate into the parenchyma.




ABSTRACT

This report describes a phenotypic differentiation pattern conceived to
distinguish invading monocytes/macrophages from resident microglia in frozen and
formalin fixed CNS. Phagocytic cells in normal and diseased CNS (MS and
encephalitis) were studied immunohistochemically with a panel of antibodies, and
phenotypic characteristics compared with cultured monocytes/macrophages and
microglia. Monocytes/macrophages were positive for the markers non specific
esterase, myeloperoxidase, L1, lysozyme, RFD7, and CD14, whereas microglia
were negative for the same markers. Both populations of cells were positive for
CD11c and CD68. Our results indicate that invading monocytes/macrophages
mainly have a perivascular location in established lesions of multiple sclerosis
brains, whereas invading phagocytes also infiltrate the parenchyma in acute

inflammatory CNS diseases, such as in encephalitis.

INTRODUCTION

The origin and phenotypic characteristics of resident microglial cells in the
human central nervous system (CNS) has long been a subject of controversy. Microg-
lia were first described by del Rio-Hortega as distinct from astroglia and
oligodendroglia (1,2). Since then several hypotheses for the embryonic origin of
microglia have been proposed, suggesting that they are derived from pial elements,
from neuroectodermal matrix cells, from pericytes, or from brain invasion by blood
monocytes (3). Microglial cells express various molecules which have been detected
only on cells of bone marrow origin, including CD45 (leukocyte common antigen) and
CD64 (IgG Fc receptor I) (4), favoring the concept that microglia are bone marrow-
derived.

A distinction has been made between parenchymal microglia and perivascular
cells. Perivascular cells are separated from the CNS parenchyma by a basement mem-

brane, whereas microglia are true parenchymal cells (5). Studies using bone marrow
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chimeric rats provide strong evidence that perivascular cells are bone marrow-derived
and continuously repopulated, whereas no significant repopulation of parenchymal
microglia by hematogenous cells occurs, indicating that parenchymal microglial cells
are more permanent residents of the CNS (6,7).

Microglia are of importance in the CNS immune response. They express MHC
class II molecules constitutively, establishing them as potent intraparenchymal antigen
presenting cells (8). In addition, microglia have phagocytic capacity (9). It is cur-
rently believed that both invading monocytes/macrophages and resident microglia may
contribute to the phagocytic MHC class II expressing cells observed in the injured
adult brain. To assess the relative contribution of microglia and monocytes/macro-
phages to human CNS disease processes, a phenotypic differentiation of the two cell
populations is required. However, no antigens specific for microglia have as yet been

found, and identification of microglia in vivo and in vitro is therefore performed using
markers characterisitic of monocytes/macrophages, making the differentiation between
invading monocytes/macrophages and microglia difficult.

In an attempt to further characterize and differentiate the inflammatory phago-
cytes in CNS disease, we have utilized various markers of monocytes/macrophages.
Tissue sections of normal and diseased brains were studied. In addition, a recently
developed cell culture technique has enabled us to study purified microglia in vitro.
Phenotypic characteristics of cultured microglia were compared with characteristics of
cultured monocytes and monocyte-derived macrophages. Our data indicate that
microglia can be differentiated from invading monocytes and macrophages in the in-
jured brain, and a phenotypic characterization pattern for microglia as opposed to
monocytes/macrophages is proposed.

MATERIALS AND METHODS
Patients
The characteristis of patients with inflammatory CNS diseases are summarized
in Table 1. Five patients had clinically definitive MS. Patients 1-3 had remittent-
progressive MS, patients 4 and 5 had remittent-relapsing MS. Patients 6-8 died of
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acute viral encephalitis, whereas patient 9 died with a chronic Epstein-Barr virus
encephalitis. The diagnosis was confirmed by post mortem examination of the CNS.

Three patients with non-cerebral diseases were included as controls.

Tissue

Brain and spinal cord from patients and controls were obtained at autopsy.
Tissue from four MS patients and three control brains were blocked in Cryomount
(Histolab, Geteborg, Sweden) and frozen in isopentane precooled in liquid nitrogen.
Tissue from MS patients and patients with encephalitis were fixed in 10% formalin and
embedded in paraffin. Sections were cut (4-10 pm) on a cryostat. Frozen sections
were postfixed for 5 min in cold acetone. Histological staining of sections with Luxol
fast blue was performed to delineate demyelinated regions, with hematoxylin and eosin
(H&E) to reveal mononuclear cells within the lesions, and with Oil red O to identify
cells with neutral fat in their cytoplasm. Hypercellular MS lesions with perivascular
inflammatory cells and numerous Oil red O positive cells were assessed as active.
Temporal lobe tissue was removed from patients undergoing surgical procedures for
intractable epilepsy by Cavitron ultrasonic aspiration. The procedure dissected the
tissue into multiple pieces 2-3 mm® in size, providing the material used to establish
CNS cell cultures.

Microglia cultures

Isolated glial cells were obtained by a previously described protocol (10). In
brief, CNS temporal lobe tissue from patients undergoing surgical procedures for
intractable epilepsy was cut into small pieces and trypsinized. The single cell
suspension was then centrifuged over a Percoll gradient (Pharmacia LKB, Uppsala,
Sweden). Glial cells were recovered from the layer of floating cells between the top
layer of myelin and the bottom layer of red blood cells. Cells were seeded in tissue
culture flasks (Nunc, Roskilde, Denmark) at 10 million cells per flask and grown in
a humid atmosphere at 37°C with 5% CO, for seven days. The less adherent cells

were shaken off into the culture medium by rotary motion (150 rpm) for 5 h at room
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temperature and removed. The more adherent microglia were finally removed with
0.25% trypsin and seeded on poly-L-lysine coated cover slips at a density of 10.000
cells per cover slip. - They were cultivated for up to seven days before analysis.
Culture medium was Eagle’s minimum essential medium supplemented with 5% FCS,
gentamicin 20 ug/ml, glucose 1 mg/ml, and 2 Mm glutamine (all from GIBCO, Burlin-
gton, Ont). In some experiments, interferon-y (IFN-vy) was added at 100 U/ml (UBI,
Lake Placid, NY) for 24 - 48 hours before analysis.

Monocytes and monocyte-derived macrophages

Blood donor buffy coats were centrifuged on Isopaque-Ficoll (Lymphoprep,
Nyegaard & Co., Oslo, Norway) density gradients (11). Peripheral blood mono-
nuclear cells (PBMC) were recovered from the interphase, and washed three times in
phosphate buffered saline, pH 7.2 (PBS). The cell suspension was adjusted to 20 x
10° cells/ml in RPMI 1640 medium supplemented with 2 mM glutamine, 20 pg/ml
gentamycin and 10% FCS (GIBCO). 0.4 ml PBMC were seeded into the wells of 8
chamber culture slides (Nunc Inc., Naperville, Ill., U.S.A), and cultured at 37°C in
a humid atmosphere with 5% CO, for one hour. Non-adherent cells were then re-
moved by gentle washings in warm PBS. Medium was added and cultures reincu-
bated. Monocytes were studied immediately after isolation, whereas monocyte-derived

macrophages were cultured for 8 days. Medium was changed every second day.

Antibodies

The antibodies used in this study are summarized in Table 2. Isotype control
mAbs were MOPC21 (IgG1), UPC10 (IgG2a), and MOPC195 (IgG2b), obtained from
Sigma, St. Louis, USA. Isotype controls and all anti-CD14 mAbs were used at 5
pg/ml. Biotinylated rabbit anti-mouse immunoglobulins and HRP-conjugated swine

antibodies to rabbit IgG were purchased from Dakopatts, Glostrup, Denmark.



Immunohistochemistry

Endogenous peroxidase was inactivated by pretreatment with 0.3% H,O, for 10
min. Sections to be stained by mAbs were thereafter preincubated with 10% rabbit
serum in PBS for 30 min at room temperature, whereas sections to be stained by
polyclonal rabbit antibodies were preincubated with 10% human serum. Sections were
then incubated over night at 4°C in a humid chamber with mAbs diluted in 10% rabbit
serum or with polyclonal rabbit antibodies diluted in 10% human serum.

We have recently shown that microglia in MS lesions strongly express receptors
for the Fc portion of IgG (FcR) (12). To investigate the specificity of mAb reactivity,
control experiments were therefore performed with or without FcR-blocking. The
various anti-CD14 mAbs and isotype controls were diluted in either PBS or in PBS
with 10% rabbit serum, and applied to sections preincubated with or without 10%
rabbit serum for 2 hours at room temperature.

Biotinylated rabbit anti-mouse immunoglobulins or HRP-conjugated swine anti-
bodies to rabbit IgG were then applied for 30 min. Avidin-biotin-peroxidase complex
(ABComplex/HRP, Dakopatts) was prepared as recommended by the manufacturer,
and allowed to react with sections for 30 min. Sections were finally treated with a 3-
amino-9-ethyl-carbazole containing buffer for the development of a colored reaction
product. All incubations were followed by washings in PBS. Sections were finally
counterstained with hematoxylin, mounted in Glycergel (Dakopatts), and analyzed in
a light microscope.

Viable microglia were stained with mAbs for 60 min at 4°C. The cells were
then fixed with 95% ethanol-5% glacial acetic acid at -20°C for 15 min. Microglia
were therafter immunostained as described above.

Monocytes and monocyte derived macrophages were pretreated with 0.3% H,0,
for 10 min before immunostaining with antibodies.

Non-specific esterase (NSE)

The cytochemical reaction for NSE was performed according to the method

described by Yam et al. (13) In brief, cryostat sections of tissue or cultured cells were
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fixed for 30 s in phosphate buffered acetone-formaldehyde. Sections were then in-
cubated at room temperature for 45 min in the following solution: 44.5 ml 0.15M
phosphate buffer, 50- mg o-naphtyl acetate dissolved in 2.5 ml ethylene glycol
monomethyl ether, and 3 ml hexazotized pararosaniline (reagents from Sigma, St.
Louis, USA). The solution was adjusted to pH 6.1 with IN NaOH and filtered. After
incubation, sections were washed and counterstained with hematoxylin before

mounting.

Endogenous peroxidase

The demonstration of myeloperoxidase activity in cells was done according to
the method described by Kaplow (14), with modifications. In brief, cultured cells or
tissue sections were fixed for 60 s at room temperature in 10% formal-ethanol, and
then washed with water. Cells were thereafter incubated for 60 s in the following
solution: 10 mg 3-amino-9-ethyl-carbazole diluted in 6 ml dimethyl sulfoxide and 50
ml 0.02M sodium acetate, pH 5.5. 4 ul 30% H,0, was added immediately before use.

Cells were therafter washed in water, counterstained with hematoxylin, and mounted.

RESULTS

Normal white matter

Perivascular cells showed diffuse NSE activity, but no myeloperoxidase
activity. Cells in the parenchyma expressed neither NSE nor myeloperoxidase activity.
MAC 387 and anti-lysozyme reacted with occasional cells within the vessels. Neither
perivascular cells nor cells in the parenchyma were stained with MAC 387 and anti-
lysozyme. RFD7 and anti-CD14 mAbs stained perivascular cells (Fig 1A-D). MY4
gave the strongest staining intensity. No parenchymal microglia were stained by anti-
CD14 mAbs. Both perivascular cells and parenchymal cells were stained by mAbs to
CDlle, CD45, CD64, and CD68 (Fig 1E; Table 3). CD68 reactivity appeared to be

intracellular and granular. Isotype controls did not bind to normal CNS.



MS lesions

In H&E stained sections a perivascular mononuclear infiltrate was observed
within the lesions. Luxol fast blue delineated the demyelinated regions, and lipid filled
cells were stained by Oil red O.

Diffuse cellular NSE reactivity was found on cells in the perivascular spaces.
A few scattered cells in the parenchyma were also NSE positive (Fig 1F). Myelqpe—
roxidase activity was observed on occasional mononuclear cells in the perivascular
spaces and on cells within the vessels, but not on microglia. MAC 387 and anti-lyso-
zyme stained intravascular polymorphonuclear cells and some mononuclear peri-
vascular cells, but rarely detected any parenchymal cells. In cryostat sections, MAC
387 reacted with antigen diffusely surrounding the vessels, probably due to leakage of
the L1 protein. No such leakage was observed in formalin fixed tissue. RFD7 mAb
stained perivascular cells only in most of the lesions (Fig 2A,B). In one active lesion
(patient 4) a significant infiltration of RFD7 positive cells was evident. These cells
were also CD14 positive (Fig 2C)

The four anti-CD14 mAbs displayed heterogenous staining characteristics within
some of the lesions. In experiments where rabbit serum was omitted from incubations,
TUK4 and the IgG2a isotype control UPC10 stained a high proportion of the parenchy-
mal cells (Fig 2D). Reactivity with TUK4 was also observed in some small areas of
apparently normal CNS outside the demyelinating lesion. The non-specific binding of
IgG2a mAbs was further substantiated by the use of mAbs reactive with CD21. No
binding to microglia was detected by the IgG1 anti-CD21 mAb, whereas the IgG2a
anti-CD21 mAb reacted with microglia within the lesions. This binding could be
completely abrogated by preincubation of sections with 10% rabbit serum. Leu-M3,
MY4, and AML 2-23 did not stain cells in the parenchyma in most lesions, whereas
perivascular cells were stained (Fig 2E). No cells were stained by the IgG1 isotype
control, whereas IgG2b isotype control reacted with occasional cells within the lesions.
In experiments with 10% rabbit serum included, perivascular cells remained positive

for CD14, whereas most of the parenchymal cells were negative. Isotype controls
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were also negative. MY4 stained perivascular cells strongly, and also stained
occasional cells within lesions which were not detected by the tree other anti-CD14
mADs.

Cells reactive with mAbs to CD11c (Fig 2E), CD45, CD64, and CD68 were
prominent throughout the lesions. The intensity of staining of all these mAbs was
stronger within lesions and at the borders than in the normal appearing surrounding
parenchyma. The mAb to CD68 also stained endothelium in some lesions. The mAb
reactive with CD45 stained a majority of cells in the perivascular mononuclear cell

infiltrates.

Encephalitis
In the CNS from the three patients with acute encephalitis, perivascular mononuclear
inflammation and parenchymal hemorrhages were evident in sections stained with
H&E. Occasional plasma cells were observed around the vessels. Demyelination was
perivascular and not as sharply delineated as in MS lesions. Mononuclear cells reac-
tive with anti-lysozyme, MAC 387, CD45, and CD68 were distributed around vessels
and in the parenchyma (Fig 3A-C). More cells were stained by the mAb to CD68 than
with MAC 387 and anti-lysozyme.
The H&E staining of the CNS from the patient with a chronic CNS in-
flammation displayed few perivascular inflammatory cells. No cells reactive with anti-
lysozyme or MAC 387 could be demonstrated in the parenchyma, whereas CD68

positive cells were abundant.

Characterization of cultured microglia, monocytes and macrophages.

Cultured microglia were negative for non specific esterase, myeloperoxidase,
lysozyme, L1, and RFD7 (Table 3). A majority of microglia were also negative for
CD14 and NSE; with occassional cells showing weak reactivity. The expression of
these molecules was not induced on microglia after treatment with 100 U/ml IFN-y.
Microglia were positive for CD11c, CD45 (Fig 3D), CD64 and CD68. Monocytes

and monocyte-derived macrophages were positive for the same markers as microglia,
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but also for non specific esterase, myeloperoxidase (monocytes only), lysozyme, L1,
RFD7 (macrophages only), and CD14 (Table 3). Expression of L1 and CD14 was

weaker on monocyte derived macrophages than on monocytes.

DISCUSSION

The study of inflammatory CNS diseases has been hampered by the lack of
specific markers for microglia. Microglia have therefore been identified using markers
also recognizing monocytes/macrophages, making it difficult to distinguish the
differential role of these cells in CNS pathology. In the normal human CNS, microglia
can be distinguished from monocytes/macrophages by their ramified morphology and
by their localization. Morphological and anatomical distinctions between microglia and
monocytes/macrophages can however not be relied on in the inflamed CNS, where
invasion of hematogenously derived monocytes and lymphocytes may occur.
Furthermore, microglia may transform into reactive macrophage-like cells. It has
therefore been difficult to ascertain the relative importance of invading monocytes and
resident microglia to disease processes within the CNS. This problem is reflected by
the various names given to phagocytic cells within MS lesions; macrophages (15),
foamy macrophages (16), microglial lipophages (17), and foam cells (18).

Several studies have addressed the problem of identifying hematogenous phago-
cytic cells within MS lesions, but so far no systematic differentiation between mono-
cytes/macrophages and microglia has been established. In an attempt to identify
microglia in inflammatory CNS diseases, we have therefore employed several markers
of myeloid phagocytic cells. Both acute and chronic CNS diseases were studied, and

results were compared with in vitro studies of brain and blood derived phagocytes.

As demonstrated in Table 3, several markers distinguish between microglia and mono-
cytes/macrophages. In frozen sections, invading monocytes/macrophages can be
identified by the markers CD14, NSE, MPE, L1, lysozyme, and RFD7. In formalin
fixed sections, hematogenously derived cells can be identified by the markers MAC
387 and lysozyme. Resident microglia, being negative for these markers, can be
identified by mAbs to CD11c (frozen sections only) and CD68.



311

Our results show that microglia are the major phagocytic cells within MS
lesions. Monocytes were observed mainly in the perivascular inflammatory cuffs.
These results are somewhat in contrast to results published by Woodroofe et al. (19)
and to studies performed by Esiri and Reading (15). Both groups used the mAbs
UCHM1 (CD14, IgG2a) and EBM11 (CD68, IgG1) to identify phagocytic cells in MS
lesions. In both studies these markers stained similar numbers of cells; the majority
of parenchymal cells reacted with both mAbs. UCHMI also stained cells with
microglial appearance beyond the margins of active lesions. In control studies
performed by Esiri and Reading, microglia in the normal CNS were negative for CD14
and positive for CD68, thereby indicating that phagocytic cells in MS lesions are
mainly hematogenously derived monocytes. However, no blocking of FcR were
performed in these studies, and the binding of UCHM1 to parenchymal cells might
therefore have been non-specific due to the high affinity of FcRI for IgG2a mAbs (20).
This hypothesis is strengthened by our identification of non specific binding of IgG2a
mAbs to parenchymal and border zone cells, and by the identification of enhanced
FcRI staining on these cells. Non-specific IgG2a binding to microglia was not evident
in normal CNS, and enhanced non-specific IgG2a reactivity could thus be used as a
marker of activated microglia. Hofman et al. (21) identified Leu-M3 positive cells
mainly at the lesion edge. Again no blocking of FcR were performed. However, FcR
bind IgG2b mAbs only weakly, indicating that some monocytes may indeed be present

~ at the border zone in active MS lesions. To confirm that microglia are indeed CD14

negative, we utilized the mAb MY4. This mAb has a broad CD14 reactivity, and
stains cells which are not detected by other anti-CD14 mAbs like Leu-M3 (22).

Our results are in agreement with a previous study using anti-lysozyme and
MAC 387 to stain formalin fixed MS lesions (18). These authors investigated twenty
cases of acute MS, and reported that anti-lysozyme and MAC 387 stained
predominantly perivascular cells, with a scattering of positive cells throughout the
lesions and at the edge. The majority of foam cells in all lesions remained unstained.
Their results indicate that patients with the most recent onset of fatal disease had the

greatest number of hematogenous cells in the lesions, indicating a more acute



3-12

inflammatory process. Similar results were reported by Esiri and Reading (15) using
the markers non specific esterase and RFD7. Both markers stained a proportion of
parenchymal cells in -the most active lesions, whereas in less active lesions these
markers stained perivascular cells only.

Our data from patients with encephalitis are in accordance with a hypothesis
suggesting that acute inflammatory activity in the CNS recruits hematogenous
phagocytes. The three patients with acute inflammatory encephalitis had monocytes,
as identified by MAC 387 and anti-lysozyme, scattered throughout the parenchyma.
Monocytes/macrophages were not demonstrated by the same antibodies in the CNS
from a patient with chronic encephalitis. Similar results have been reported on frozen
sections of CNS from patients with encephalitis using the RFD7 mAb and a mAb
reactive with CD14 (UCHMI) (23). Two patients with acute encephalitis had paren-
chymal cells reactive with UCHM1 and RFD7, whereas these antigens were detectable
only on perivascular cells in patients with chronic forms of encephalitis.

Flaris et al. (24) have in a recent paper demonstrated that rat microglia may

express de novo a wide variety of molecules shared by monocytes/macrophages in

response to distinct CNS activating signals. We do however not believe that the
molecules identified on macrophages in our study represent activation markers of
human microglia. Support for this comes from 2 lines of evidence: 1) no induction
of macrophage-specific antigens could be induced on microglia after activation with
IFN-y. 2) parenchymal cells identified by staining with non specific esterase, CD14,
MAC 387, RFD7, and anti-lysozyme were identified mainly in recent encephalitis
cases, whereas phagocytically active microglia in most MS lesions were negative for
all monocyte/macrophage specific markers.

Various monocyte antigens such as L1 and CD14 are downregulated on mature
macrophages (22,25). It can therefore not be excluded that our failure to detect
hematogenously derived phagocytes in MS lesions are due to such downregultory
mechanisms. However, since also NSE, lysozyme, and the developmentally regulated
antigen recognized by RFD7 are all negative on parenchymal cells within most MS

lesions, this possibility seems less probable.
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Further support for our theory stems from observations made by Lassmann et
al. (7) using bone marrow radiation rat chimeras. They demonstrated that hemato-
genously derived monecytes/macrophages invaded the parenchyma in active lesions of
experimental allergic encephalitis (EAE). After recovery from EAE, only a small
number of macrophages remained in the CNS. Furthermore, microglia were not
replaced by bone marrow derived cells in significant numbers.

Blood vessel-associated myeloid cells have been demonstrated in both rat and
human CNS. There is no generally accepted name for these cells, although Graeber
and Streit (5) suggested the name perivascular cells to distinguish them from pericytes.
It was recently shown that these cells express HLA-DR in histologically normal human
brain (26), suggesting that they are of importance for the immunological reactions
occuring at the blood-brain interface (6). We have in the present study confirmed
previous observations showing that these cells are positive for non specific esterase,
CDllc, CD14, CD68, and RFD7 (15,26,27), thus distinguishing them from microglia.
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TABLE I

Characteristics of multiple sclerosis and encephalitis patients

Death - post

Case Length of mortem interval
No. Autopsy Age Sex illness (hours) Diagnosis®
1 0.570/86 41 F 7 years 8 MS

2 0.756/91 56 F 26 years 24 MS

3 R.106/92 42 F 10 years 41 MS

4 0.614/92 43 M 7 years 45 MS

5 0.737/79 46 F 2 years 27 MS

6 0.205/77 33 M 7 days 30 E

7 0.260/92 18 M 10 days 19 E

8 0.368/82 51 M 8 days 30 E

9 R.175/92 5 M 4 months 25 CEBVE

"MS, Multiple Sclerosis; E, Encephalitis;
CEBYV, Chronic Epstein Barr virus encephalitis.
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Antibodies used in present study

Table II

3-19

Antigen MoAb/Ab  Isotype Reactivity pattern Manufacturer’ Dilution
CDllc LeuMs IgG2b Monocytes/macrophages B&D 1 pg/ml
CD14 TUK4 IgG2a Monocytes/macrophages Dako 5 pg/ml
CD14 LeuM3 IgG2b Monocytes/macrophages B&D 5 pg/ml
CD14 AML-2-23 1gG2b Monocytes/macrophages Medarex 5 pg/ml
CD14 MY4 IgG2b Monocytes/macrophages Coulter S pg/ml
CD21 1F8 IgGl B ce{ls Dako 1:10
cp21 Anti-CR2 1gG2a B cells B&D 25 il
CD45 PD7/26 IgGl  Leukocytes Dako 1:10°
CD64 (FcRI) 32.2 IgGl  Monocytes/macrophages Medarex 5 pg/ml
CD68 KP1 IgGl  Monocytes/macrophages Dako 1:50°
L1 MAC 387 IgGl  Monocytes/macrophages Dako 1:50° .
Lysozyme Lysozyme Poly  Monocytes/macrophages Dako 1:1000°
Undesignated RFD7 IgGl  Tissue macrophages L. Poulter 1:5

'B/D: Becton Dickinson, Mountain View, Cal., USA. Dako: Dakopatts, Glostrup, Denmark.

Medarex Inc., West-Lebanon, NH, USA. Coulter Immunology, Hialeah, FL, U.S.A.

L. Poulter: Royal Free Hospital, London, UK.

*Suitable for use on formalin-fixed tissue.
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Table III

Markers used to differentiate between microglia, monocytes, macrophages, and perivascular cells.

Microglia (time in culture) Monocytes (time in culture) Perivascular cells

Markers in situ 8 days 60 min 8 days in situ
NSE - - +++ +++ +

MPE - - +++ - -

L1 - - +++ +++ -
Lysozyme - - +++ +++ -

RFD7 - - - ++ +

CDllc + +++ +++ +++ +

CD14 - - +++ +++ +

CD68 + +++ +++ +++ +

- = Negative; + = positive cells identified in situ; ++ = 30-40% positive cells in culture;
+++ = more than 70% of cells in culture positive. NSE = non specific esterase. MPE = myeloperoxidase.
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FIGURE LEGENDS

Figure 1. a,b: RFD7 on perivascular cell in normal CNS (x670). c,d:
Perivascular cell in normal CNS identified by a mAb to CD14 (Leu-M3) (x420).
e: CD58 staining of microglia in normal CNS (x330). f: Non-specific esterase

staining of perivascular and occassional parenchymal cells (arrow) in MS lesion

(x330). Counterstaining with hematoxylin.
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Figure 2. a,b: RFD7 reactive perivascular cells in active MS lesion (A; x170, B:
x420). c: Leu-M3 staining on microglia in the normal CNS. d: Reactivity with
IgG2a isotype control mAb in unblocked MS lesions (x420). e: CD11c staining
on microglia in MS lesion (1) and in surrounding white matter (w) (x330).
Counterstaining with mematoxylin.
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Figure 3. a: MAC387 reactivity on perivascular monocytes/macrophages in
encephalitis brain. Note occassional positive cells in parenchyma (arrow) (x170).
b: CD45 reactivity on perivascular and parenchymal leukocytes (large arrow) and
parenchymal microglia (small arrow) in encephalitis brain (x170). c: Lysozyme
staining of cells invading the parenchyma in encephalitis brain (x170). d: CD45
positive cultured microglia (x420). Counterstaining with hematoxylin.
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Chapter 4

INDUCTION OF PRIMARY T CELL RESPONSES BY HUMAN GLIAL
CELLS
Kenneth Williams, Elling Ulvestad, Manon Blain, and Jack P. Antel

Preface
Following the observation that microglia expressed a high level of MHC class
IT antigens in vitro over that of autologous astrocytes and that microglia could present
recall antigens to freshly isolated T cells, it was of interest to determine if microglia
could function as antigen presenting cells initiating a primary immune response in a
mixed lymphocyte reaction system (MLR). Major points demonstrated in this section

include:

1. In addition to the expression of MHC class II antigens on microglia in vitro,
MHC class II antigens could also be demonstrated on snap frozen tissue from the same
specimens used to established microglial cultures. No MHC class II positive astrocytes

were demonstrated in the same surgical specimens.

2. Mixed glial cell cultures consisting of microglia, astrocytes, and
oligodendrocytes, were able to present antigen to freshly isolated CD4* T cells in a
primary mixed lymphocyte reaction system.

3. Microglia and astrocytes both were immunoreactive for the immune accessory
molecules HLA-DR and LFA-3, while only microglia were positive for LFA-1 and
B7/BB-1, particularly following IFN gamma stimulation.

4, Using enriched microglial and astrocyte cultures, it was found that microglia
alone were capable of presenting antigen in the primary mixed lymphocyte reaction
system. Astrocytes even following the induction of HLA-DR, could not function as

an antigen presenting cell in this assay.



ABSTRACT

Glial cells of the central nervous system (CNS) are postulated to function
as immune accessory cells which may regulate immune reactivity occurring within
the CNS, activating or alternatively inhibiting T cell responses. We have utilized
surgically resected cerebral tissue derived from young adult humans to prepare
dissociated cultures of glial cells (mixed astrocyte-microglia-oligodendrocyte
cultures) and demonstrate that such cells are capable of acting as stimulators of
primary T cell responses, using proliferation of T cells to allogeneic determinants
on the glial cells as the test system. Studies of resected adult cerebral tissue
indicated major histocompatibility complex (MHC) class II antigen expression on
microglia in situ. Using a mixed lymphocyte reaction (MLR), we observed that

enriched microglial cultures alone were capable of stimulating primary responses
of freshly isolated T cells or the CD4" T cell subset, a response which could be
inhibited with an anti-MHC class II blocking antibody. In agreement with
previous studies using rodent-derived astrocytes, we found that human astrocytes
(fetal), could not initiate a primary T cell response even after up-regulation of
MHC class II antigen expression with interferon gamma (IFNy) and tumor
necrosis factor alpha (TNFa). Our results indicate that a primary T cell response,
as well as a secondary response to a recall antigen, can occur within the CNS; our

data implicate microglia as the central cell involved in the former.

INTRODUCTION
The role of glial cells in regulating immune reactivity within the CNS remains
under active study. These cells include astrocytes, a cell type defined by the
expression of glial fibrillary acidic protein (GFAP) and microglia, a cell type
expressing many but not all phenotypic markers of cells from the haematopoietic
lineage (1-3). Under non-pathologic conditions, human astrocytes appear not to

express major histocompatibility complex (MHC) molecules in_situ, whereas such

expression on human microglia is reported (4-8). Although MHC class II expression
on astrocytes has been described in situ under pathologic conditions (9,10), microglia

are most probably the major cell expressing class II molecules under these conditions
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(5,11). Under basal tissue culture conditions a proportion of human astrocytes express
MHC class II molecules (12), whereas expression of MHC class II is found on the
majority of adult humén microglia (3). Treatment of astrocytes and microglia with T
cell-produced cytokines, including interferon gamma (IFN+), and tumor necrosis factor
alpha (TNFa), induces or up-regulates MHC class II expression (3, 12-13).

The capacity of glial cells to present antigen to T cells, with subsequent T cell
activation and proliferation, has received previous attention. T cell activation requires
both antigen-MHC interaction with the T-cell receptor (TcR) and secondary signals
delivered by the antigen-presenting cell (APC). Evidence that glial cells can present
antigen is based upon the observations that: (a) antigen presentation by rodent
astrocytes and microglia pre-stimulated with IFNy results in continued proliferation of
previously sensitized T cell lines (15,16) and (b) unstimulated human microglia can
present recall antigens, resulting in the proliferation of freshly-isolated autologous
human T cells. This latter response is further upregulated when microglia are pre-
stimulated with IFNy (3). Antigen presentation by rodent astrocytes to naive T cells
does not result in T-cell activation (17).

In the present study, we have examined the capacity of human glial cells to
present antigen to unprimed T cells in vitro. For these studies we have used freshly-
derived unfractionated human T cells and purified CD4* cells, the T cell subset
implicated as the primary antigen-specific autoreactive T cell and the subset known to
respond to allogeneic MHC class II (18). In initial experiments we observed a
proliferative response of whole mononuclear cells (MNC) to dissociated mixed glial
cell cultures comprised of astrocytes, microglia, and oligodendrocytes. To further
define the relative capacity of individual glial cell populations to present antigen, we
used enriched cultures of adult human microglia and fetal human astrocytes. Highly
enriched microglial preparations can be prepared from the initial mixed glial cultures,
based on their differential adhesion properties (3,19). We were unable to prepare
cultures of human adult astrocytes of sufficient purity or cell number for these studies

and therefore utilized fetal human astrocyte cultures. Our results indicate that
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microglia represent an endogenous CNS cell capable of priming T cell responses.
Astrocytes, even when induced to up-regulate expression of MHC class II antigens,

are not able to initiate T cell activation.

METHODS AND METHODS

Source of glial cells - Adult human glial cell cultures were prepared from cerebral
cortical tissue resected from young adults (N=7) (ages 18-35) undergoing surgical
therapy for treatment of intractable epilepsy. Cases in which tumor or vascular
malformation was found were excluded. Neuropathological examination of the tissue
showed varying extent of gliosis, ranging from normal to severe. The bulk of the
tissue used in our studies was derived from regions requiring resection to reach the
precise epileptic focus, and was distant from the main electrically-active site. Fetal
human glial (astrocyte) cultures were prepared from 8-12-week old specimens (N=12)
following Medical Research Council of Canada approved guidelines.

Source of lymphocytes: - Peripheral blood mononuclear cells (PBMC) were derived
from individuals from whom surgical cerebral tissues were available (autologous) or
from young adult normal volunteer donors (allogeneic). Splenic tissue from fetuses

was used to obtain fetal lymphoid preparations.

Glial cell preparations

Adult - Our method for preparing human mixed glial cell cultures has been described
previously (12,19). Briefly, tissues were treated with 0.25% trypsin and DNAse (50
pg/ml), followed by Percoll (Pharmacia LKB Biotechnology, Uppsala, Sweden)
gradient centrifugation at 15,000 rpm for 30 minutes (min.). Cells were then
suspended in culture medium, consisting of Eagle’s minimal essential medium (MEM)
supplemented with 5% fetal bovine serum (FBS), 0.1% glucose, and 20 pg/ml
gentamicin (Gibco, Burlignton, Ontario). Two types of cultures were prepared from
this initial isolate. A) Mixed glial cultures- for these, the initial cell isolates were
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either seeded directly into 96 well microtiter plates or onto 9 mm Aclar fluorocarbon
coated coverslips (Dr. S. Kim, Vancouver, British Columbia) previously coated with
10 ug/ml poly-l-lysine (Sigma, St. Louis, USA). These mixed glial cultures contained
microglial cells in addition to oligodendrocytes and astrocytes. B) Microglia enriched
cultures: to enrich for microglia, the initial cell isolates were plated into uncoated 25
cm? Nunc flasks (Gibco). Oligodendrocytes remained floating and were removed the
following day. The adherent properties of adult human microglia cells contrast to
thoses of the neonate rodent preparations or human fetal preparations where neonate
or fetal cells are less adherent than astrocytes and thus can be floated off of the initial
cultures. To isolate adult human microlgia, the adherent cells consisting of microglia
and astrocytes were allowed to develop morphologically for seven days, and the
astrocytes were then floated off by rotary shaking for 5 hours at 150 rpm. The human
microglial cells were then detached with 0.25% trypsin and DNAse (50 ug/ml) at
37°C for 15 min., and then seeded onto coverslips or into 96 well microtiter plates.

Fetal - These cultures were prepared by dissociation of fetal cerebral tissue (8-12
week) with trypsin (0.05%), passing the tissue through a 125 um nylon mesh, washing
2X in phosphate buffered saline (PBS), and plating directly onto poly-L-lysine-coated
plastic culture dishes (20). Cells were trypsinized with 0.05% trypsin and 50 pg
DNAse for 15 min. at 37°C and split when confluent (= every 2 weeks).
Experiments were conducted after the second or third cell passage when fetal neurons

were no longer apparent.

Immunocytochemical studies

In-vitro- The purities of microglia and astrocyte cultures were determined by
immunostaining with mouse anti-CD11c (Leu-M5) (1:10) (Becton Dickinson, San Jose,
CA) or rabbit anti-GFAP Ab (1:100) (Dako, Westchester, PA), respectively followed
by rhodamine conjugated goat anti-mouse antibodies (1:150) (Cappel, Lexington, MA)
or fluoroscein conjugated goat anti-rabbit antibodies (1:150) (Cappel). The anti-GFAP
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staining required fixation of cells in acid alcohol (5% glacial acetic acid:95% absolute
ethanol, v/v). In all staining protocols, sister culture coverslips were used as controls
with HHG (2% horse serum, 1mM Hepes, and 10% goat serum in Hanks balanced salt
solution) substituting for the primary antiserum. The HHG was the diluting medium
of all antibodies. Except for fixation at -20°C all procedures were done at room
temperature. Proportions of immunostained cells were assessed either by counting
using a fluorescent microscope or by FACScan (Becton-Dickinson).

Immune-accessory molecule expression was assessed on enriched microglial
and fetal astrocyte cultures under basal and activation conditions. For these studies
cells on coverslips were washed 3X with PBS followed by incubation with primary
antibody against CD11a (LFA-1) (1:100) (AMAC Inc., Westbrook, ME), CD58 (LFA-
3) (1:100) (AMAC), CD54 (ICAM-I) (1:100) (Bio Design International,
Kennebunkport, ME) and B7/BB-1 (1:100) (Becton-Dickinson) for 45 min. Coverslips
were then washed 3X with PBS and incubated with rhodamine conjugated goat anti-
mouse Ig for 45 min. Coverslips were again washed and the cells were fixed and
stained for GFAP immunoreactivity as described above. Staining for HLA-DR (mAb
DI1-12, 1:1000, a gift from Dr. R. Sekaly, CRIM, Montreal, PQ) was assessed using
a HLA-DR, GFAP double staining procedure as previously described (Williams et al.,
1992).

In situ - 4-6pm sections were prepared from cerebral tissue specimens which
were derived from surgical resections which had been quick-frozen in liquid nitrogen,
blocked in Tissue Tek (Miles, Elkhart, IN), and stored at -70 degrees C. Serial tissue
sections were fixed in cold acetone for 5 minutes and washed in PBS. Endogenous
peroxidase was inactivated by pre-treatment with 0.3% H,0, for 10 minutes. Sections
were thereafter washed in PBS and incubated overnight at 4oC in a humid chamber
with Leu M5 (1:10) or anti-HLA class IT (SG465) mAb (1:50) (a gift from Dr. R.
Sekaly, Montreal, Quebec). Biotinylated rabbit anti-mouse immunoglobulins
(Dakopatts, Glostrup, Denmark) diluted 1:300 were applied for 30 minutes. Avidin-
biotin peroxidase complex (ABComplex/HRP, Dakopatts) was prepared as



4-7

recommended by the manufacturer and allowed to react with sections for 30 minutes.
Sections were thereafter washed in PBS and treated with a 3-amino-9-ethyl-carbazole-

containing buffer for the development of a colored reaction product.

Preparation of lymphocyte populations

Mononuclear cells (MNC) were isolated from heparinized peripheral blood (PB)
samples obtained from adult donors by Ficoll-Hypaque (Pharmacia, LKB) density
centrifugation. Total T cells (E* cells) were isolated by rosetting with S-(2-Aminoeth-
yl) isothiouronium bromide hydrobromide (AET)-treated sheep red blood cells (RBC)
(21). Non-rosetting cells (E- cells) consisting of monocytes and B-cells, were used as
APC’s in some experiments described below. CD4* T cell populations were prepared
by incubating total T cells with anti-CD8 monoclonal antibodies (mAbs) (prepared
from OKT8 hybridoma obtained from ATCC, Rockville, MD), followed by addition
of rabbit complement (Cedarlane Laboratories, Hornby, Ontario) (21,22). Purity of
total T cell and CD4* T cell preparations was assessed by immunostaining with
fluorescein-labelled anti-CD8 mAb (Leu2) (Becton-Dickinson) and phycoerythrein
conjugated anti-CD4 mAb (Leu3) (Beckton-Dickinson) and FACScan analysis
(Beckton-Dickinson). MNC’s were prepared from fetal spleen tissue by dissociating
the tissue, passing it through a nylon mesh, lysing RBCs with Guy’s hypotonic saline
followed by Ficoll-Hypaque gradient centrifugation. Lymphocytes were cultured in
medium comprised of RPMI supplemented with 5% human AB (Pel-Freze, Brown
Deer, WI) or autologous serum, 2.5ug/ml penicillin, and 2.5ug/ml streptomycin
(Gibco).

Functional Lymphocyte Assays:

Priming responses- 1x10° allogeneic or autologous lymphocytes (either MNC’s, total
T cells, or CD4* T cells) were placed into individual wells of 96 well flat-bottom
microtiter plates (Nunc) into which radiated glial cells had been seeded at a
concentration of 2x10* cells per well. Glial cells were irradiated in the 96 well plates
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with 2500 rads (AECL Gammacell 1000 irradiator) prior to the addition of lymphoid
cells. The fetal astrocytes were utilized under basal culture conditions and after
stimulation with recombinant human IFNy (100 U/ml) (Boehringer Mannheim,
Germany) and TNF-oc (100 U/ml) (Genzyme, Boston, MA) 48 hours prior to
lymphocyte coculture. ‘Wells were rinsed 2X with culture medium prior to the addition
of T cells.

For mixed lymphocyte reactions (MLR) in which fetal spleen cells were used
as stimulators, these cells were irradiated (2500 rads) and used at 1x10° cells per
microwell. Experiments were also performed in which freshly-isolated CD4* T cells
were cocultured with allogeneic E cells at a 1:1 ratio in the presence of 1-2x10*
IFN~/TNF o -treated irradiated astrocytes. In some experiments, a blocking antibody
against HLA-DR (L243) (1:300) (a gift from Dr. R. Sekaly, Montreal, Quebec) was

preincubated with the microglia for 1 hour prior to the addition of T cells.

Recall antigen responses - In initial studies, T cells were cocultured with 10*10*
autologous microglia plus Candida albicans proteins diluted 1:10,000 from a stock
solution (4030 UI/ml stock, Rhone-Poulenc Pharma, Montreal, PQ). Subsequent
experiments were performed in which CD4* T cells, initially cultured with 1-2x10*
stimulated allogeneic fetal astrocytes were recovered, washed, and cultured with fresh
autologous irradiated MNCs as a source of APC’s plus tetanus toxoid antigen (1:100
final volume dilution of 50 protein units per ml stock, a gift from Dr. K. Osterland,
Royal Victoria Hospital, Montreal, PQ).

Mixed lymphocyte reaction (MLR) functional assays were carried out for 5
days and recall antigen responses were assessed after 7 days. Proliferative responses
were determined by pulsing cultures for 5 hours with *H-thymidine (1 uCu per well)
(ICN Flow Laboratories, Mississagua, Ontario), harvesting the wells, and counting
radioactivity using a beta liquid scintillation counter (LKB, Fisher, Montreal). Results
were calculated as mean counts per minute (CPM) of triplicate wells.



RESULTS
As shown in Table 1., dissociated mixed glial cell cultures (50-70% GFAP*
cells) were able to induce significant proliferation of unfractionated allogeneic MNC’s.
In the mixed glial preparations, the majority of microglia and some astrocytes (10-
20%), but none of the oligodendrocytes, were positive for HLA-DR expression.
Figure 1 demonstrates in situ expression of MHC class I molecules on microglia. As
summarized in Table 2., microglia in vitro expressed LFA-1, LFA-3, and B7/BB-1

molecules, particularly under activating conditions; fetal astrocytes were not LFA-1

or B7/BB-1 immunoreactive.

To assess which of the individual glial cell populations could induce activation
of allogeneic lymphocytes, enriched microglial cultures were prepared from adult
donors and astrocytes from fetal CNS tissue (Fig. 2, Fig. 3). As shown in Figure 4,
microglia could induce significant proliferation of CD4* T cells prepared from
allogeneic donors compared to the response of responder or stimulator cells cultured
alone or to autologous CD4* T cell/microglia cocultures. *H-thymidine incorporation
by CD4* T cells cocultured with autologous microglia was greater than that by CD4+
T cells cultured alone. Prior incubation of microglia with anti-HLA-DR antibody
(mAb L243) significantly reduced the microglia-induced proliferation of allogeneic T
cells (Fig. 5). Microglia were also able to present recall antigens to autologous T cells
(Table 3).

In contrast to the microglia, fetal astrocytes did not induce proliferation of
allogeneic T cells, even if the astrocytes were pre-treated with IFN+y (100 U/ml) and
TNFoc (100 U/ml) (Fig. 4). Pre-treatment of the astrocytes with IFN~y and TNF «
did increase MHC class II expression on the cells (Fig. 3). Irradiated spleen-derived
MNCs from the same fetal tissue that served as the source of astrocytes did induce
significant proliferation of allogeneic T cells (Fig. 4).

To investigate whether astrocytes exerted an inhibitory effect on the T cells,
MLR’s were performed in which CD4* T cells and allogeneic E- were cocultured on
a layer of stimulated fetal astrocytes. *H-thymidine uptake by 10° CD4* T cells
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cocultured with 10° allogeneic E- cells (1:1 ratio) and 1-2x10* irradiated astrocytes was
comparable to that of CD4* T cells co-cultured only with allogeneic E- cells (73639
+ 17845 cpm vs. 74114 + 17126 SEM) (N=7). In additional experiments, we found
that pre-culturing CD4™* T cells with allogeneic stimulated astrocytes for 48 hours did
not significantly inhibit the response of the T cells to subsequent stimulation by tetanus
toxoid presented by irradiated autologous MNC’s (data not shown).

DISCUSSION

The capacity of glial cells to promote or alternatively inhibit immune reactivity
within the CNS has been considered a potentially important element in the development
and course of autoimmune responses within the CNS. Whether IL-2 production and
T cell proliferation follows presentation of antigen by an APC is dependent both on the
pre-existent activation state of the T cell and the properties of the APC (23,24).
Antigen/T cell receptor interaction without optimal co-signals being delivered to the
T cell can induce a state of non-responsiveness of the T cell (anergy) (24-26) or
programmed cell death (apoptosis) (27,28). In the current study, we have assessed the
ability of human glial cells to activate or prime T cells using the MLR system.
Using mixed glial cell cultures, we observed proliferation of both unfractionated
allogeneic MNC’s and enriched CD4* T cell preparations, even without cytokine pre-
treatment of the glial cultures. At the stimulator: responder ratio used (1:5), only a
low level of autologous T cell responses were observed. Both microglia and a variable
proportion of the astrocytes in these cultures express MHC class II molecules.
Graeber et al. (8) and Lampson and Hickey (4) report the expression of MHC class

II molecules on microglia in the parenchyma in_situ, using autopsy material of

“normal” brain. Similarly, we observed MHC class II molecule expression on
microglia, but not on astrocytes, in the surgically-derived material from which our
microglial cultures were established.

To define which of the glial elements accounts for the priming effect, we

utilized enriched (>95%) dissociated cultures of either adult human microglia cells or
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fetal human-derived astrocytes. In the current study we observed that microglia can
present antigen to qurimed CD4* T cells, with resultant T cell activation and
proliferation. These observations extend previous reports (3,16,29) that microglia can
present antigen to antigen-primed T-cell lines and recall antigens to freshly-isolated
peripheral blood T cells. Although bone marrow-derived dendritic cells are considered
the main (most potent) stimulators of the MLR (30), macrophages, endothelial cells,
and B cells also are reported to be competent APC’s in this system. However,
macrophages are reported to stimulate CD4* T cells only following stimulation of the
macrophages with IFN and LPS (31,32) , raising the issue as to whether microglia are
more efficient as APCs than other resident macrophages. Microglia, similar to
resident macrophages in other tissues, express many but not all monocyte cell-
associated markers (3); they also do not express all markers associated with dendritic
cells.

Our data using human fetal astrocytes as APC’s are similar to previous analyses
of immune accessory properties of human and rodent astrocytes. We observe a

variable level of MHC class II molecule expression by these cells in vitro. Class II

expression is further augmented when these cells are treated with IFNy and TNF-a.
In agreement with the results of Sedgwick et al. (17), we find that the astrocytes, even
after up-regulation of class II molecules, do not prime CD4* T cell responses.
Sedgwick et al. (17), in accord with previous reports by Fontana et al. (33), did
observe that rodent astrocytes could support proliferation of activated CD4* T cell
lines; Matsumoto et al. (16), however, reported that rodent astrocytes did not support
such a response and suggested that astrocytes may actively inhibit responsiveness.
Similarly, Meinl et al. (34) report that fetal human astrocytes do not support
proliferation of myelin basic protein (MBP)-primed T cell lines and also observed an
inhibitory effect on proliferating T cells. We found that CD4* T cells cocultured or
pre-cultured for 48 hours with allogeneic fetal astrocytes could still be activated either
by allo-antigen or by recall antigen presented by autologous APC'’s, respectively.

Previous reports indicate that T cell clones stimulated with non-bone marrow-derived
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class II-expressing APCs (35) or metabolically inactive APC’s (23) do not produce IL-
2, but instead become anergic. Whether astrocytes which express class II antigen but
may lack necessary secondary signals to drive T cells to proliferate but instead induce
anergy in autologous T cells, remains to be established.

The precise factors accounting for the observed functional stimulatory
differences between microglia and astrocytes remain to be resolved; donor age
differences alone do not account for the failure of fetal astrocytes to prime since fetal
spleen cells from the same donor source were potent stimulators in the same assay.
Expression of class II molecules on the APC is the minimal requirement for antigen
presentation to class II-restricted CD4* T cells. Class II antigen expression under both
basal and cytokine stimulation conditions is greater on microglia than on autologous
adult human astrocytes (3). The microglia-stimulated MLR is inhibited by the anti-
HLA-DR antibody 1243 (36). Additional APC properties which favor T cell
activation include interactions between accessory adhesion molecules and production
of cytokines by the APC. In agreement with previous reports we found that fetal
human astrocytes express LFA-3 and ICAM, but not LFA-1 (37). Microglia expressed
all three of these molecules. We further observed that microglia, particularly
following activation, expressed B7/BBl, an antigen recently demonstrated to be
expressed on B cells (38) and activated macrophages (39), and to be involved in the
stimulation of T cells in the MLR (38)

Cytokine co-stimulatory signals which can contribute to the induction of a MLR
include IL-1, IL-6 and TNF; each of these cytokines has been reported to be produced
by astrocytes and microglia (40,41). However, the relative amount of synthesis by
microglia and astrocytes of cytokines like IL-1, and the levels of surface-bound IL-1
expressed by these two cell populations is not resolved and remains controversial
(42,43). Functionally it has been shown that ligation of LFA-3, CD44, and CD45
surface molecules on monocytes can stimulate these cells to release IL-1 and TNF,
contributing to T cell activation (44).

Our results were obtained using human glial cell cultures prepared from
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surgically derived CNS tissue. Previous studies have indicated both species and age-
related variables in the biologic properties of both microglia and astrocytes (20). The
capacity of human adlilt glial cells, particularly microglia, to both induce and sustain
immune responses within the CNS could contribute to the often relapsing,
Characteristically progressive, course of the putative autoimmune disease multiple
sclerosis. Such glial cell properties may be amenable to therapeutic intervention by
immuno-modulatory agents, some of which are the subject of current or proposed
clinical trials.
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TABLE 1

427

Response of Allogeneic and Autologous Mononuclear Cells (MNC) to

Mixed Glial Cell Cultures

riment I Experiment 11
Auto-MNC Allo-MNC Auto-MNC Allo-MNC
+glia 163(155) 14,355(11,301) 423 16,865
-glia 439 58 197 96

- 0= addition of IFNy 48 hours prior to addition of MNC’s;
- *H-thymidine uptake of glial cells alone was < 100 cpm.

- Auto= autologous cells; allo= allogeneic cells

- Results represent the mean *H-thymidine uptake of triplicate wells
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A TABLE 1
Immune Accessory Molecule Expression by Adult Human Microglia and Fetal
Human Astrocytes

Marker Microglia Astrocyte

NS IFN NS IFN
LFA-1 ++ ++++ - -
LFA-3 +++ ++++ + +
ICAM-I ++++ ++++ ++ +4+
B7 - +++ - -

Results represent the grading of 4 adult human microglial cultures and 4 fetal human
astrocyte cultures; 4 coverslips from each culture were graded blindly, 200 cells per
coverslip were counted and assessed for staining where (-)= staining absent;
(+)=<20% of the cells were positive; (++)= 20-50% of the cells were positive;
(+++) 50-80% of the cells were positive; (++++)> 80% of the cells were
positive; NS= cells under basal culture conditions; IFN= cells stimulated with IEN

gamma for 48 hours prior to staining.
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TABLE III

Presentation of Recall Antigens (Candida albicans)
to Autologous T Cells by Human Adult-Derived Microglia

% microglia
T cells + antigen 0 | 1% 5% 10%
Experiment I 220 507 11,852 1B414
Experiment IT 393 11,887 13,363 17545

% microglia represent ratio of the number of microglia (APC) over the total number
of T cells (10° cells per well). Results represent the mean *H-thymidine uptake (cpm)
of triplicate wells. Microglia alone <300 cpm.
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Figure 1. MHC class II expression on parenchymal adult human microglia as assessed
using mAb SG465 (400X). Tissue sections were taken from the same specimens used
to establish mixed and purified adult human cultures. MHC class II positive cells were
Leu M5 positive as determined by immunocytochemistry of adjacent serial sections
(data not shown) (400X).
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Figure 2. Adult human microglia in vitro (enriched cultures >95% purity) A) Phase

contrast microscopy of live adult human microglia maintained in vitro for one week
(200X). B) Leu M5 immunoreactivity of enriched microglial culture (800x). C) Basal
expression of MHC class II (HLA-DR) on adult human microglia in vitro assessed
using mAb D1-12 (800X).
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Figure 3. Enriched fetal human astrocytes (>95% purity) treated with IFNy (100
U/ml) and TNF« (100 U/ml) for 48 hours. A) GFAP immunoreactivity and B) HLA-
DR immunoreactivity of the same field (800X).
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Figure 4. Stimulation of allogeneic T cells by human-microglia and astrocytes. Bars
represent counts per minute (CPM) of either 10° T cells alone, T cells cocultured with
microglia or astrocytes, or microglia and astrocytes (2X10*) alone. For the T cell- glia
cocultures, solid bars represent allogeneic T cells, hatched bar represents autologous
T cells. Brackets () indicate the number of experiments per data point. Each individual
experiment represents means of triplicate wells + the standard error of the mean
(SEM). CPM of radiated glial cells or CD4* T cells alone was less than 800 CPM;
* = irradiated fetal spleen cells incubated with allogeneic T cells.
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BLOCKING OF MICROGLIA MLR
WITH ANTI-HLA-DR mAb e
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Figure 5. Blocking of microglia stimulated MLR with anti-HLA-DR mAb L.243. Solid
bars represent CPM (*H-thymidine) of 10° CD4* T cells cocultured with 2X10* adult
human microglia. Hatched bars represent CPM of 10° CD4* T cells cocultured with
2X10* microglia pre-incubated with mAb 1243 (diluted 1:300) 1 hour prior to the
addition of the T cells. Results are expressed as mean CPM of triplicate wells + SEM.
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Chapter 5

ANTIGEN PRESENTATION BY HUMAN FETAL DERIVED ASTROCYTES:
THE COOPERATIVE EFFECT OF MICROGLIA OR THE MICROGLIAL
DERIVED CYTOKINE IL-1

Kenneth C. Williams, Nora P. Dooley, Elling Ulvestad, Anders Waage,
Manon Blain, Voon Wee Yong, and Jack P. Antel

Preface

Following the observation that microglia, but not astrocytes, could present
antigen in a primary mixed lymphocyte reaction, we sought to determine biological
differences in the capacity of microglia versus astrocytes to present antigen. In the
previous chapter, microglia and astrocytes were compared in terms of immune
accessory molecules considered important as secondary signals provided by antigen
presenting cells for T cell activation. In this chapter, employing RT-PCR and
cytokine bioassays, cytokine message and production by microglia and astrocytes

was compared. Major points demonstrated in this chapter include:

1. Astrocytes could not present antigen in primary mixed lymphocyte reaction to
immediately ex-vivo CD4* T cells. With the addition of human rIL-2, astrocytes
were able to support the proliferation of T cells suggesting that while astrocytes
were not able to stimulate the T cells to proliferation, astrocytes were able to

stimulate the CD4* T cells to become IL-2 responsive.

2. Microglia had cDNA corresponding to mRNA for IL-la, IL-6, and TNFa,
while astrocyte had detectable basal message for IL-6. Cytokine bioassays
confirmed RT-PCR results.

3. Using a combination of human riL-1q, IL-6, and TNF« added to astrocyte
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CD4* T cell co-cultures, it was found that IL-1e alone could reverse the inability
of astrocytes to present in the mixed lymphocyte reaction. The reversal response
was demonstrated using as low as 1 U/ml of human rIL-1.

4. In addition to IL-la, microglia at non-T cell stimulating concentrations of 1-
5x10° cells per well with astrocyte T cell co-cultures could also result in the cell

stimulation.



Abstract

We have previously observed using a MLR system that adult human
derived microglia can function as antigen presenting cells for immediately ex-
vivo CD4" T cell responses whereas astrocytes could not. We have now found
that fetal human astrocytes can support CD4* T cell proliferation in the
presence of exogenous IL-2, and the continued proliferation of CD4" T cells
previously sensitized to sister astrocyte cultures. To examine the cellular basis
for the inability of human astrocytes to function as APC in the primary MLR,
astrocyte and microglial enriched populations were established from human
embryonic and adult brain respectively and analyzed for their ability to
synthesize cytokines potentially relevant as accessory signals in the MLR.
Microglia had transcript as determined by the reverse transcriptase-polymerase
chain reaction (RT-PCR) and protein as determined by bioassay for IL-1c, IL-
6, and TNFa. Human fetal astrocytes had transcript for IL-6 but not for IL-1«

or TNFa under basal culture conditions and following stimulation with IFN

gamma. The addition of human rIL-1 from 1-50 U/ml, could reverse the
inability of astrocytes to present antigen in the primary MLR. In addition,
adult human microglia, seeded into the non-priming astrocyte: CD4* T cell
cocultures at non-priming doses of 1,000 to 5,000 cells could also reverse the
inability of astrocytes to present antigen in the MLR. These studies suggest
that although, in vitro, astrocytes absent of microglia cannot present antigen
to immediately ex-vivo blood derived CD4* T cells in the MLR, in situ, with

the cooperative help of microglia derived cytokine or accessory surface

molecules, astrocytes may be able to function as APC.

INTRODUCTION
Perivascular lymphocyte infiltrates, reactive astrocytes, and activated
microglia are hallmarks of the cellular changes seen in active lesions in the chronic
central nervous system (CNS)’ demyelinating disease multiple sclerosis (MS). The

majority of the perivascular lymphocytes in MS lesions are T cells possibly
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representing a restricted cellular immune response which might be specific for CNS
antigens including myelin basic protein (1). While multiple immune effector
mechanisms probably. mediate tissue injury in MS, entry of T cells into the CNS
parenchyma is one of the early indicators of disease pathology. Whether initial or
subsequent sensitization to CNS antigens occurs in the periphery and/or in the CNS
is unresolved.

Activated T cell blasts, regardless of MHC class II restriction or antigen
specificity, have an enhanced capacity to cross the blood brain barrier and to ehter
into the CNS (2). However once inflammation is initiated in the CNS, the passive
recruitment of non-activated T cells could occur. Whether T cells migrating or
recruited to the CNS are subsequently activated or restimulated to continue to
proliferate, or instead become anergic or apoptotic (3,4) may depend both upon the
brain microenviroment (5) and putative CNS antigen presenting cells (6).

Astrocytes and microglia have been implicated as resident CNS cells capable
of presenting antigen to MHC class II restricted CD4* T cells. While astrocytes
have been reported to express MHC class II antigens in CNS disease (7-9),
microglia are considered to be the major cell type expressing class II antigens in
"normal” individuals (10-13) and in MS lesions (14,15).

Rodent astrocytes (16-18) and microglia (19,20) can both express MHC
class II antigens in vitro and function as APC capable of supporting the continued

proliferation of Ag-specific CD4* T cell lines. We have recently shown that adult
human brain-derived microglia can present recall antigen to freshly derived
autologous CD4* T cells (21) and present antigen to immediately ex-vivo blood
derived allogeneic CD4" T cells in a MLR. Consistent with previous observations
using fetal rodent astrocytes (22), we found that fetal human astrocytes expressing
MHC class II antigens were unable to initiate a similar CD4* T cell response (23).
To define a cellular basis for differences in the antigen presentation capacity
between microglia and astrocytes, we have previously documented that in vitro both
cell types express MHC class II, LFA-3, and ICAM-1 molecules constitutively, and
that microglia additionally express LFA-1 and B7/BB-1, particularly following IFN
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gamma stimulation (23). We have now compared human microglia and astrocytes
with regard to selected cytokine gene expression and production as a means to
delineate the basis for the inability of human fetal astrocytes to initiate an immune
response. Using the reverse transcriptase- polymerase chain reaction (RT-PCR) and
cytokine bioassays, we found that human adult microglia expressed mRNA and
synthesized protein for IL-1a, IL-6, and TNFa, whereas human fetal astrocytes had
message and protein for IL-6, but not IL-1a or TNFa. Addition of human rIL-1«,
as low as 1 U/ml, reversed the inability of astrocytes to present antigen in a MLR
to freshly isolated human peripheral blood derived CD4* T cells. Addition of as
few as 1,000 to 5,000 microglial cells into the non-priming astrocyte MLR also
resulted in a significant CD4* T cell response. These data suggest that purified
human astrocytes, without contaminating microglia, are unable to present antigen
and activate freshly derived CD4* T cells in vitro. In the CNS, however,

astrocytes may be able to present antigen and initiate immune responses with the
cooperative effect of soluble microglial cytokines or microglial accessory surface
molecules.
MATERIALS AND METHODS

Source of glial cells - Adult human brain tissue served as the source of microglia
and was obtained from surgical resections, carried out to ameliorate non-tumor
related intractable epilepsy (N=7 patients) (ages 18-45). Tissues used were derived
from regions requiring resection to reach the precise epileptic focus, and were
distant from the main electrically active site. Fetal human CNS tissues served as
the source of astrocytes and were prepared from 8-12 week old specimens (N=8)

following Medical Research Council of Canada approved guidelines.

Glial cell preparations

Adult - Our method for preparing adult human glial cell cultures has been
previously described (21,24,25). Briefly, tissues were treated with 0.25% trypsin
and DNase (50 pg/ml) followed by a percoll gradient centrifugation (Pharmacia
LKB Biotechnology, Uppsala, Sweden) at 15,000 RPM for 30 min. A mixed,
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dissociated glial cell suspension was then suspended in culture medium consisting of
Eagle’s MEM supplemented with 5% FCS, 0.1% glucose, and 20 ug/ml gentamicin
and seeded into 25 cm’ tissue culture flasks (Nunc, Burlington, Ontario). The
following day, oligodendrocytes remained floating and were removed. Remaining
adherent cells consisting of astrocytes and microglia were allowed to develop
morphologically for 7 days. At this time the less adherent astrocytes were then
floated off by rotary shaking for 5 hours at 150 rpm. Microglia were detached‘ by
incubation of cells using 0.25% trypsin and DNase (50ug/ml) at 37 °C for 15 min,
and seeded into either 96 well microtitre plates or onto Aclar fluorocarbon coated
coverslips (Dr. S Kim, Vancouver, British Columbia) previously coated with 10

pg/ml poly-L-lysine.

Fetal - Fetal cultures were prepared by carefully stripping CNS material of
meninges and blood vessels, mechanically dissociating the tissue with scalpel blades
followed by treatment with trypsin (0.25%) and DNase (50 pg/ml) at 37°C for 45
min. Dissociated tissue was then passed through a 130 um nylon mesh, washed 2X
in PBS and cells were plated directly onto poly-L-lysine coated plastic culture
dishes in culture medium (Yong et al., 1991). Cultures consisting of astrocytes,
neurons, and sparse microglia, were split when confluent (approximately every 2
weeks). Experiments were conducted after the second or third cell passage when
fetal neurons and microglia were no longer apparent in culture. Similar to
microglia, astrocytes were seeded into 96 well plates at a density of 2x10* cells per
well.

Purity of microglia and astrocyte cultures was determined by
immunostaining with anti-CD1lc (Leu-M5, 1:10) (Beckton-Dickinson, San Jose,
CA) or rabbit anti-GFAP Ab (1:100) (Dako, Westchester, PA) followed by goat
anti-mouse Ig-Rh (1:150) (Cappel, Lexington, MA) or goat anti-rabbit Ig-FITC
(1:150) (Cappel). Prior to staining for GFAP, cells on coverslips were fixed with
acid alcohol (5% glacial acetic acid:95% absolute ethanol, v/v). Proportions of

immunostained cells were assessed by counting using a fluorescence microscope, or



by FACScan analysis (Beckton Dickson, Mountainview, CA).

CD4" T-lymphocyte Preparations

Mononuclear cells (MNC) were isolated by Ficoll-Hypaque density
centrifugation from heparinized peripheral blood samples obtained from young adult
volunteers. Total T cells were isolated by rosetting MNC with S-(2-aminoethyl)
isothiouronium bromide hydrobromide (AET)- treated sheep red blood cells (23).
The rosette positive T cells (E*) were further purified as described belbw.
Mononuclear cells that did not rosette (E’), consisting of B cells and monocytes,
were irradiated (2,500 rad) and used in some MLR assays as controls. CD4* T
cell populations were prepared by incubating total T cells with anti-CD8
monoclonal antibodies (prepared from OKT8 hybridoma obtained from ATCC,
Rockville, MD), followed by th;: addition of rabbit complement (Cedarlain
Laboratories, Hornby, Ontario). Cells were cultured in medium consisting of RPMI
supplemented with 5% human AB serum (Pel-Frez, Brown Deer, WI) 2.5 ug/ml
penicillin, and 2.5 pg/ml streptomycin. The purity of the CD4* T cells, assessed
by immunostaining with fluorescein-labelled anti-CD8 mAb (Leu2) (Beckton-
Dickinson) and phycoerythrein conjugated anti-CD4 mAb (Leu 3a) (Beckton-
Dickinson), and analyzed by FACScan (Beckton-Dickinson), was >96%.

Cytokine analysis

Using the reverse transcriptase polymerase chain reaction (RT-PCR)
cytokine gene expression was assessed using enriched microglia and astrocyte
cultures, and brain biopsy specimens (taken from the same material used to
establish glial cell cultures) that had been snap frozen in liquid nitrogen. Some
astrocyte cultures were preincubated with IFN gamma for 24 hours prior to RNA
extraction. Total RNA was isolated using the guanidinium isothiocyanate-phenol-
chloroform method (26). Contaminating DNA was removed by treatment with 1U
RNase free DNase (RQ1 DNase, Promega) for 30 minutes at 37°C in 40mM Tris
HCl pH 7.9, 10mM NaCl, and 6mM MgCl,. The RNA was then re-extracted with
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phenol, ethanol precipitated, and stored at -20°C.

RNA (0.2-0.5 ,ug) was reverse-transcribed and amplified in a single-step
process as described by Singer-Sam et al. (27) with the following modifications: 5
U AMV reverse transcriptase (Gibco), 40 U RNA-guard (Pharmacia, Uppsala,
Sweden), 12.5 U TAQ DNA polymerase (Gibco), SOuM dNTPs (Pharmacia),
50pM primers (Sheldon Biotechnology, Montreal, PQ), and 0.5uCi of alpha-?P-
dATP (Amersham, Arlington Heights, IL). The total reaction volume of 50 ul was
then overlaid with 100 ul of heavy mineral oil. Samples were placed in a
thermocycler (Cetus, Perkin Elmer, Norwalk, CT) for 15 mins at 50°C, followed
by 20 cycles of 94°C for 1 min, 55°C for 2 mins, and 72°C for 2.5 mins.
Following amplification, 25u! of each sample was electrophoresed on a 10% non-
denaturing polyacrylamide gel which was then dried under vacuum and visualized
by autoradiography.

The sequence of the primers used were previously determined by others to
be specific for the cytokine of interest. The oligonucleotide sequences are as
follows: IL-la forward (F) 5’-GTCTCTGAATCAGAAATCCTT and reverse (R)
5’-CATGTCAAATTTCACTGCTTCATCC (28), IL-6 F
S5S’CCAAGAATCTAGATGCAATAAA and R §5°’-
GCCAATTAACAACAACAATCTG (29), TNF F 5’-
CCCTCAAGCTGAGGGGCAGCTCCAG and R 5’-
GGGCAATGATCCCAAAGTAGGGGGGACCTG (28).  Primers specific for
glyceraldehyde-3-phosphate dehydrogenase (GADPH) were also employed as
controls for RNA loading. The sequence for this set of primers is as follows: F 5’-
CCATGGAGAAGGCTGGGG and R 5-CAAAGTTGTCATGGATGATGACC
(30).

Cytokine bioassays

Assay for IL-1 and IL-2. IL-1 was determined in a two-stage assay by the IL-1
responsive mouse T-cell line EL-4 6.1 clone NOB-1 (31) and the IL-2 dependent
mouse T-cell line HT-2 (32). The EL-4 cells produce IL-2 in response to IL-1
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stimulation, and the IL-2 production was measured by the proliferation of the IL-2
dependent HT-2 cells. Serial dilutions of samples were added in duplicate to flat-
bottom 96-well microtiter plates, and the volume adjusted with medium to 100
pl/well. The medium utilized was RPMI 1640 supplemented with 0.1 mg/ml L-
glutamine, 40 ug/ml gentamicin, 10% FCS and 25 uM 2-mercaptoethanol. The
EL-4 cells were washed once in Hank’s balanced salts (HBSS) (Gibco, Paisley,
UK), resuspended in medium and incubated at 2X10° cells/well producing a final
volume of 200 ul per well. After 24 hours incubation, 100 ul of supernatant was
transferred from each well into a replicate microtiter plate. The HT-2 cells were
washed three times in HBSS, resuspended in medium and distributed to the
microtiter plates at a concentration of 0.15 X 10° cells/well giving a final volume
of 200 pl/well. After 20 hours of incubation the cell growth was measured by the
colorimetric MTT assay. Human rIL-18 (Glaxo, Geneva, Switzerland) was
included as a standard. The detection limit of the assay was 15 pg rIL-1/ml
supernatant.

Assay for IL-6. IL-6 was determined by the IL-6 dependent mouse hybridoma cell
line B13.29 clone B9 (33). The cells were incubated in the presence of serially
diluted samples and growth measured after 72 hours using the MTT colorimetric
assay. Human rIL-6 (Dr. L. Aarden, University of Amsterdam, The Netherlands)
was used as standard. - The detection limit of the assay was 15 pg/ml.

Assay for TNF. TNF was determined by its cytotoxic effect on the mouse
fibrosarcoma cell line WEHI 164 clone 13 (34). Cells were incubated with serial
dilutions of test supernatants and viability was measured after 20 hours by a
colorimetric assay based on a tetrazolium salt as previously described (34,35).
Human recombinant TNF (Genetech, San Francisco, CA) was used as standard.
The detection limit of the assay was 3 pg rTNF/ml supemﬁtant.
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Functional CD4" T cell assays

Primary MLR - For these studies 1x10° CD4* T cells from at least two different
donors per experiment were placed into individual wells of flat-bottom microtitre
plates, in which fetal astrocytes had been previously seeded at confluence (2x10*
cells per well). Astrocytes were irradiated in the 96 well plates with 2,500 rads
(AECL Gamma Cell 1000 Irradiator) prior to the addition of CD4* T cells. Fetal
astrocytes were used under basal culture conditions and following stimulation with
human rIFN gamma (100 U/ml) (Boehringer Mannheim, Germany) and TNF«
(100 U/ML) (Genzyme, Boston, MA) 48 hrs prior to lymphocyte coculture.
Culture wells were washed extensively prior to all T cell assays. The mixed
lymphocyte reaction was carried out for 5 days. To assess CD4* T cell
proliferation, the cells were pulsed for 5 hours with PH]-TdR (1 uCi per well)
(ICN Flow Laboratories, Mississauga, Ontario), harvested, and the counts
determined using a beta liquid scintillation counter (LKB, Fisher, Montreal).
Results are expressed as mean counts per minute (CPM) of triplicate wells.

Initial titration studies had been undertaken to determine at which seeding
‘concentrations microglia and astrocytes stimulate CD4* T cells in an allogeneic
MLR. For these studies irradiated microglia (2,500 rads) and astrocytes, and non-
rosetting mononuclear cells (E), consisting of monocytes and B lymphocytes, were
seeded into 96 well flat bottom microtitre plates at seeding densities ranging from
10% to 1x10° cells per well. To these, 1x10° allogeneic CD4* T cells (from 2

donors per experiment) were added as described below.

Secondary MLR- For these studies 1x10’ freshly isolated CD4* T cells were
coincubated with confluent bulk astrocyte cultures in 25 cm? flasks with human rIL-
2 (50 U/ml) (Genzyme, Boston, MA). Cells were incubated for 5 days at which
time lymphocytes were recovered and then introduced back into a MLR with sister

fetal astrocyte cultures as described above.
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Cytokine and microglia supplemented MLR

In some experiments human rIL-la (1-50 U/ml) (Genzyme), rIL-2 (50 U/ml)
(Genzyme) rIL-6 (50.U/ml) (UBI, Lake Placid, NY) and rTNFa (50 U/ml) (UBI)
was added to the glial-CD4* T cell cocultures at the beginning of the assay. In
subsequent experiments to neutralize IL-la activity, an IL-1 receptor antagonist
(IL-1RA) (Pepro Tech, Rocky Hill, NJ) (5 ng/ml) was added concurrently with rIL-
la. To study the ability of microglia to reverse the non-priming response,
microglia, at non-priming doses, were seeded into the MLR at either 1,000 or
5,000 cells per well with the addition of CD4* T cells.

RESULTS

Glial cell cultures

As previously reported (21,23) enriched human microglial cultures in excess of
95% Leu-MS™ cells were established (Figure 1). Additionally, microglia were Leu-
M3 and non-specific esterase (NSE) negative, distinguishing them from peripheral
blood monocytes which are Leu-M3* and NSE* (21). The remaining
contaminating cells in microglia cultures were GFAP positive astrocytes. Fetal
astrocyte cultures were similarly established with a high degree of purity (>95%)
with contaminating cells being neuronal in origin (Fig 2a and b). Adult human
astrocytes could not be purified beyond 70% purity (24) and therefore could not be
used in this study which required more highly enriched cultures.

Cytokine gene and protein
Using RT-PCR, ¢DNA corresponding to IL-l, IL-6, and TNFa were
amplified from total microglial RNA isolated under basal tissue culture conditions,
whereas ¢cDNA corresponding to IL-6 were amplified from astrocyte RNA (Figure
3). Human fetal astrocyte cultures, even after stimulation for 48 hours with IFN
gamma, did not express detectable message for IL-loo or TNFa. The exclusive
positive reaction product for IL-1a and TNFar by microglia suggest that the reaction

product was not the result of contamination by astrocytes in the microglial cultures.
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Similarly, the lack of IL-la and TNFa message by fetal astrocytes would argue
against microglial contamination in the fetal astrocyte cultures. Cytokine bioassays
confirmed that microglia produce low levels of IL-1 (6.7 pg/ml + .7 pg/ml) under
basal culture conditions that increased following incubation with IFN gamma (72.2
pg/ml + 8.9 pg/ml). Microglia under basal culture conditions produced IL-6 (359
pg/ml + 50 pg/ml) and TNF (221 pg/ml + 28 pg/ml) that increased following IFN
gamma stimulation (IL-6, 1401 pg/ml + 279) (TNF, 1601 pg/ml + 45) (Figure 4).
Human fetal astrocytes produced low IL-6 under basal culture conditions (30 pg/ml
+ 12 pg/ml) that increased following IFN gamma stimulation (191 pg/ml + 31
pg/ml). There were no detectable levels of IL-1 or TNF by human fetal astrocytes

under basal culture conditions or following stimulation (Figure 4).

Primary MLR

A-s seen in Figure 5, titration studies showed that human derived microglia
were able to stimulate immediately ex-vivo CD4* T cells at seeding densities from
2-4x10* cells per well. E populations stimulated CD4* T cells at E- concentrations
starting at 2 X 10* cells through 5 X 10* cells per well. Human fetal astrocytes
under basal culture conditions or following incubation with IFN gamma (100 U/ml,
for 48 hr), did not stimulate freshly isolated CD4* T lymphocytes in the allogenic
MLR.

To test whether astrocytes cocultured with fresh CD4* T cells provided any
level of stimulation, experiments were performed where human rIL-2 was added to
astrocyte: CD4* T cell cocultures. Figure 6 shows that the addition of human rIL-
2 to astrocyte- CD4* T cell cocultures resulted in CD4* T cell proliferation
whereas the addition of rIL-2 to CD4* T cells alone did not; indicating that
astrocytes could stimulate CD4* T cells to become IL-2 responsive. The magnitude
of the CD4* T cell proliferative response following addition of human rIL-2 was
greater when astrocyte cultures had been pre-stimulated with IFN gamma (100
U/ml, 48 hr) prior to the addition of CD4* T cells (Figure 6). When freshly
isolated CD4* T lymphocytes sensitized to fetal astrocyte cultures in vitro, in the
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presence of rIL-2 for 5 days, were recovered, washed, and reintroduced to sister
astrocyte cultures (2° MLR), a significant proliferative response was observed
(Figure 7). This response, indicating the ability of astrocytes to support the
proliferation of previously activated CD4* T cells, was not demonstrated using
fresh CD4* T cells from the same donor in a primary MLR. The ability of
astrocytes to support the proliferation of previously activated CD4* T cells was
partially inhibited by an anti-HLA-DR blocking antibody L243. (Figure 7).

RT-PCR and bioassay data demonstrated that microglia alone had transcﬁpt
for IL-1a and TNFa under basal culture conditions and following activation, and
corresponding cytokine production. Using human r-cytokines, we investigated
whether IL-1, IL-6, or TNF could provide a necessary secondary signal for
astrocytes to present antigen in the MLR. As shown in Table 1, the addition of
human rIL-1a (10-50 U/ml) to astrocyte:CD4* T cell cultures resulted in significant
T cell proliferation. In subsequent experiments, we were able to demonstrate CD4*
T cell proliferation using as low as 1 U/ml rIL-1« (Figure 8); the maximal response
was consistently observed following the addition of 10 U/ml human rIL-1o (Table
1, Figure 8). Human rIL-6 and r'TNFe«, used either separately or in conjunction
with IL-1e, did not augment CD4* T cell proliferation beyond basal control levels
or IL-la induced levels respectively (data not shown). Co-incubation of fetal
astrocyte: CD4* T cell cocultures with human r-IL-la (50 U/ml) and the IL-1
receptor antagonist (IL-1RA) inhibited the IL-1 priming effect (26,715 + 7,375
cpm vs. 3,258 + 687 cpm (n=4 experiments).

To investigate whether microglia could provide a secondary signal to induce
CD4" T cell proliferation in the presence of non-stimulating astrocytes, microglia
were seeded into the MLR at 1,000 or 5,000 cells per well; concentrations at which
microglia alone did not induce proliferation in the MLR (Figure 5). As shown in
Figure 9, as few as 1,000 microglia seeded into the non-priming MLR could
effectively correct the inability of astrocytes to induce CD4* T cell proliferation to
the same amplitude or greater than the rIL-1e control. Similar to the response with

human rIL-2, the microglial induced proliferation resulted in greater CD4* T cell
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proliferation when fetal astrocytes were stimulated with IFN gamma prior to the
addition of microglia and CD4* T cells. The addition of the IL-1RA (Sng/ml) to
astrocyte/microglia/T cell cocultures did not result in significant reduction of the

proliferative response (N=4 ) (data not shown).

DISCUSSION

This study addresses whether and under what conditions astrocytes can
function as APC to initiate or perpetuate a CNS immune response. The CNS has
been regarded as an immunologically privileged site having minimal numbers of
cells expressing MHC class II antigens (36) and being inaccessible to circulating
lymphocytes (37). More recent studies have demonstrated that in the CNS immune
surveillance does occur (2,38), that MHC class II antigens are expressed in normal
and diseased individuals (11,12,15,39) and that an active immune-regulation might
be exerted (40). Based upon initial observations of MHC class II expression in
human inflammatory CNS disease and in EAE, astrocytes were the focus of early
CNS antigen presentation studies. More recent evidence suggests that if MHC class
IT antigens are expressed on astrocytes, the level of Class IT expression is marginal
or occurs late in the disease, after significant inflammation has occurred
(7,15,39,41,42). Additionally, in vitro models studying antigen presentation by

rodent astrocytes have mainly utilized T cell lines which are by definition
previously activated cells and more accurately represent secondary T cell responses
(17,18). In our study, fetal human astrocytes, in the absence of added cytokines,
were unable to present antigen in the primary MLR. Astrocytes were able to
support CD4* T cell proliferation in the presence of exogenous IL-2, suggesting
that the astrocytes were able to stimulate lymphocytes to express IL-2 receptors and
to become IL-2 responsive, but not to produce IL-2 and proliferate (43).
Astrocytes were also able to support the proliferation of CD4* T cells previously
sensitized to sister astrocyte cultures in a 2° MLR. We have previously
demonstrated that irradiated fetal human spleen cells obtained from the same donor

material as the astrocytes, are potent stimulators in the MLR, ruling out the
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inability of astrocytes to prime based on embryologic development (23).

In addition to the requirement of class II expression for the APC to present
antigen to MHC class II restricted CD4* T cells, additional signals thought to be
important in T cell activation include the molecules ICAM-1, LFA-3, B7 (44,45,46)
and accessory signals including IL-la, IL-6 and TNF«a (47,48). We have
previously demonstrated that fetal human astrocytes and adult human microglia
could express similar adhesion molecules including MHC class II, LFA-3, and
ICAM-1, though microglia consistently expressed higher levels of these molecuies.
Microglia also were positive for LFA-1 and B7-BBl1, the latter being more
markedly expressed following induction with IFN gamma (23).

In the current report we further investigated the inability of fetal human
astrocytes, a non-haematopoietic, MHC class II expressing cell, to stimulate CD4*
T cells in a MLR; in particular, we compared cytokine production by astrocytes and
microglia. Our data for adult human microglia cytokine production is consistent
with previous reports for rodent (49-51) and human (52-54) fetal microglial
cultures.  Cytokine production by astrocytes is not resolved and remains
controversial (52). Similar to previous reports using fetal human (52-54) and
rodent derived astrocytes (49) we did not detect IL-1o message or protein in our
purified fetal astrocyte cultures under basal culture conditions or following IFN
gamma stimulation. Others have, however, reported the synthesis of IL-1 by
rodent astrocytes or astrocyte cell lines (55-57). Similarly, there are reports of
TNFe mRNA and protein production by human (53) and rodent astrocytes
following viral infection or induction with IL-18 or LPS (58,59). Our data
indicating a lack of IL-1la production by human fetal astrocytes is further supported
by our functional data showing that recombinant human IL-la could reverse the
inability of astrocytes to stimulate T cells in the MLR. IL-1 has been shown to be
elevated in both a rodent CNS injury model (51) and in MS serum and CSF
(60,61). The reversal of the inability of astrocytes to present in the MLR by
exogenous IL-1 was blocked using an IL-1 RA which has been shown to abrogate

symptoms in animal models of autoimmune disease (62). The inability of the IL-
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1RA to inhibit T cell proliferation when microglia were seeded with astrocyte
cultures might be due to microglia phagocytosis of the receptor antagonist;
alternatively these data might indicate the importance of additional microglial
signals including B7/BB-1 or ICAM-1 (44). We have not ruled out that the IL-1
effect might be acting directly on the astrocytes (53)

IL-1 has been previously demonstrated to be a necessary secondary signal
provided by a variety of APC including macrophages (63,64) monocytes (65) and
B-cells (66), to initiate or perpetuate T cell activation. IL-1 has also been showri to
function as an autocrine cytokine for T cell proliferation (67), to be essential for
TH2 costimulation (68,69) and to be involved in the priming response by dendritic
cells (70,71). Since we found that both microglia and astrocytes produce IL-6, we
cannot rule out the possibility that the IL-la response may be functioning in
cooperation with astrocyte produced IL-6 (72).

The type of cells that can stimulate CD4* T cell proliferation in a MLR
remains controversial. A variety of class II expressing, haematopoietic cells have
been reported to functions as APC. These cells include B-cells, endothelial cells,
dendritic cells, and macrophages (43). T cell contact with MHC class II antigens
on non-haematopoietic cells such as astrocytes, usually results in CD4* T cell
tolerance and not T cell proliferation (73). In our assay system, microglia at very
low cell numbers, were able to reverse the inability of astrocytes to prime.
Recently it has been shown that the ligation of CD28 on T cells by B7 can inhibit
or reverse the induction of T cell anergy (74). This might provide an alternative
mechanism of microglial stimulation in our assay system where B7/BB-1 expression
on microglia might function to inhibit the induction of anergy by astrocytes.

In our assay system, human fetal astrocytes were not able to present antigen
in the MLR, but could stimulate CD4* T cells following the addition rIL-1a as low
as 1 U/ml or by the addition of a small number of microglia. Our data raise the
interesting possibility that astrocytes in vivo, with the help of an accessory cell
providing either a soluble secondary signal or the surface expression of accessory

molecules, might effectively stimulate T cell proliferation, thereby initiating or



perpetuating a CNS immune event.
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TABLE I
IL-1 reverses the inability of human fetal astrocytes to present antigen in the MLR.
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Ast + CD4*T Ast + CD4'T
NoIl-1 10 U/ml S0 U/ml NoIL-1 10 U/mi S0 U/ml
la 1,016 - 2,388 2341 - 10,555
+133 - +1,510 +920 - +2,880
b 302 - 7,222 1,419 - 14,296
+53 - +112 +495 - +2,573
22 124 - - 892 1,110 5,268
+12 - - +524 +201 +211
b - - - 524 1,795 15,755
- - - +201 +841 1,118
3a 206 29,570 30,337 892 46,332 52,612
+46 +3,289 +5,293 +536 +9,861 +8,116
b 710 12,180 15,110 860 23,533 26,455
+33 +1,026 +1,555 +536 +5,264 +1,557
da 848 11,688 31,961 524 35,398 38,934
+405 +5,884 +38,001 +232 +1,805 +1,412
b 192 3,605 4,018 501 6,210 15,048
+13 +602 +392 +198 +839 +2,285

Fresh CD4* T cells (1X10°%) were cocultured with astrocytes (2X10%. In some experiments
th IL-1a was added concurrently with CD4* T cells. Astrocytes were either under basal
culture conditions (Ast) or stimulated with IFN (Ast/IFN). Cultures were harvested on day 5
after a 5 hr pulse with °’H] TdR. Data represent cpm + sem of triplicate cultures. cpm of
astrocytes or CD4* T cells alone was <900. Data represent N=4 experiments with 2 CD4*
T cell donors (a,b) per assay.
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FIGURE LEGENDS

Figure 1. Adult human derived microglia in vitro (enriched cultures >95% purity). Leu-M5
immunoreactivity was demonstrated by fixing cells with ice-cold acetone for 5 min,
incubating with primary Ab ovemnight, followed by biotinylated rabbit anti-mouse
immunoglobulin  (1:300) for 30 min, and avidin-biotin-peroxidase complex
(ABComplex/HRP) for 30 min. The colored reaction product was developed using 3-amino-

9-ethyl-carbazole-containing buffer (300X mag).
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Figure 2. Fetal human derived astrocytes in vitro. A: Phase contrast photomicrograph of

enriched (>95% purity) astrocyte culture (300X mag). B: GFAP immunoreactivity of same

field (300X mag).
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Figure 3. cDNA corresponding to IL-1a, IL-6, and TNFa mRNA expression by enriched

microglia and astrocyte in vitro. Cytokine mRNA was amplified by reverse transcriptase-

coupled PCR (as described in methods). The autoradiogram depicts signal for A: IL-la
(expected product 420 bp) by microglia (lane 1) with no detectable expression by astrocytes
under basal culture conditions (lane 2) or following IFN gamma stimulation (lane 3) or in a
snap frozen brain specimen (lane 4). B: IL-6 (expected product 201 bp) by microglia,
astrocytes under basal and activation conditions, and in frozen brain specimen (lane 1
through 4 respectively). C: TNF« (expected product 325 bp) by microglia (lane 1) but not by
IFN activated astrocytes (lane 2) or frozen brain specimen (lane 3). G3DPH (expected

product 196 bp) served as a control.
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Figure 4. Cytokine production by adult human derived microglia and fetal human derived
astrocytes in vitro. Data represent cytokine production by microglia and astrocytes seeded at
a concentration of 4 X 10* cells per well. Cytokine production was 1 ml of conditioned
supernatant of glial cells under basal culture conditions (solid bar) and following IFN gamma
stimulation (hatched bar). Data represent the mean + sem pg/ml protein of triplicate wells

(n=2 experiments).
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Figure 5. Titration curve demonstrating stimulation of fresh allogeneic CD4* T cells by
microglia and non-rosetted peripheral blood derived cells (E-), but not astrocytes. CD4* T
cells (1X10%) were cocultured with irradiated astrocytes, microglia, and E cells seeded at
densities ranging from 10? to 5X10* cell per well. Cultures were harvested on day 5 after a
5 hr pulse with [*H] TdR. Data points represent cpm + sem of triplicate cultures. cpm of

astrocytes, microglia, E-, and T cells alone were <900. (n=2 experiments).
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Figure 6. Astrocytes stimulate CD4* T cells to proliferate in the presence of exogenous rIL-
2. Fresh CD4* T cells (1X10°) from 2 donors per experiment (donor 1 = solid bar, donor 2
= hatched bar) were cocultured with 2X10* astrocytes. Some astrocyte cultures were
incubated with IFN (100 U/ml) for 48 hr prior to the addition of T cells. Cultures were
harvested on day 5 after a 5 hr pulse with [’H] TdR. Bars depict cpm =+ sem for triplicate

cultures. cpm of astrocyte and CD4* T cells alone <900. Data presented here are

representative of n=4 experiments.
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Figure 7. Astrocytes can support the continued proliferation of previously activated CD4* T
cells, but can not present antigen in the MLR. Fresh CD4* T cells (1° MLR) and CD4* T
cells from the same donor that had been previously cocultured with sister astrocyte in the
presence of IL-2 (50 U/ml) for 5 days, recovered, and cocultured with astrocytes (2X10%)(2°
MLR). Some astrocyte cultures were preincubated with an anti-HLA-DR mAb (L243
20pg/ml, 30 min on ice) prior to the addition of CD4" T cells. Cultures were harvested on
day 5 after a 5 hr pulse with [*H] TdR. Bars depict cpm + sem of triplicate cultures using 2
different sources of CD4™ T cells per experiment (donor 1 = solid bar; donor 2 = hatched
bar). cpm of astrocytes or CD4* T cells alone <900. Results presented here are

representative of n=3 experiments.
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Figure 8. Astrocytes can present Ag in the allogeneic MLR with the addition of rIL-1.
Fresh CD4* T cells (1X10° from 2 different donors (donor 1 = solid bar; donor 2 =
hatched bar) cocultured with astrocytes (2X10%) under basal (Ast) and IFN activation
conditions (Ast/IFN). rh IL-1 (1-50 U/ml) was added to cocultures at the beginning of the
assay and cultures were harvested on day 5 after a 5 hr pulse with [*H] TdR. Bars represent

cpm =+ sem for triplicate cultures. cpm of astrocytes or CD4* T cells alone were <900.
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Figure 9. Astrocytes can present Ag in the MLR with the cooperation of rh IL-le or
microglia. Fresh CD4* T cells (1X10°) from 2 donors (donor 1=T1, donor 2=T2) were
cocultured with astrocytes (2X10%) under basal culture conditions (hatched bars) and
following IFN stimulation (solid bars). In some experiments IL-1 (10 U/ml) or irradiated
microglia (10°) (MG) were added to astrocyte: CD4* T cell cocultures. Cultures were
harvested on day 5 after a 5 hr pulse with [’H] TdR. cpm of astrocytes, astrocytes plus
microglia, or CD4* T cell with rh IL-1 were <900. Results presented here are

representative of n=4 experiments.




Chapter 6

B7/BB-1 Antigen Expression on Adult Human Microglia
studied in vitro and in situ

Kenneth C Williams, Elling Ulvestad, and Jack P. Antel

Preface
This chapter explored the functional significance of B7/BB-1 antigens expressed
on microglia in vitro using a mAb and a fusion protein to bind to the B7/BB-1
molecule to inhibit microglial/T cell interactions. Additionally, studies were
undertaken investigating the expression of B7/BB-1 on normal and MS brain sections.

Major points demonstrated in this chapter include:

1. Confirmation of the expression of B7/BB-1 antigen on microglia with upregulation

of expression following IFN gamma treatment or co-culture of CD4+ T cells.
2. The demonstration of B7/BB-1 on microglia in active MS lesions but not on

adjacent, non lesion areas. B7/BB-1 was also demonstrated on perivascular microglia

and infiltrating cells in perivascular cuffs.

3. The demonstration that pre-incubation of microglia with an anti-B7/BB-1 mAb or
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the CTLA-4 Ig fusion protein partially inhibited the ability of microglia in_vitro to
present antigen in a primary MLR; to present recall antigens; and to support the
continued proliferation of previously activated CD4* T cells in a 2° MLR. Pre-
incubation of astrocytes with the same anti BB-1 mAb did not result in the inhibition
of the B7/BB-1 negative astrocytes to support the continued proliferation of previously
activated T cells.

ABSTRACT

In this study, we have examined the expression and function of B7/BB-1
antigen on individual human glial cells in vitro and in situ, by utilizing surgically
resected adult human central nervous system (CNS) tissue, abortus derived fetal
human CNS tissue, and pathology material from cases of multiple sclerosis (MS).
Immunofluorescence analysis using enriched adult human derived cultures of
microglia and oligodendrocytes, and mixed microglia/astrocytes cultures,
demonstrated B7/BB-1 on microglia following stimulation with interferon (IFN)
gamma. Oligodendrocytes and astrocytes, as well as human fetal astrocytes were
B7/BB-1 negative under all culture conditions. Flow cytometry studies showed a
low basal level of B7/BB-1 expression on microglia that was upregulated following
IFN gamma incubation. Co-culture of purified fresh CD4* T cells with microglia
for 24 hours resulted in clustering of T cells around microglia and microglial
B7/BB-1 expression. Pre-incubation of microglia with an anti BB-1 mAb prior to
microglia: CD4" T cell co-cultures resulted in partial inhibition of the ability of
microglia both to present recall antigen to autologous T cells and to a lesser extent
inhibited the ability of microglia to present antigen to allogeneic CD4* T cells in
a primary mixed lymphocyte reaction (MLR). The CTLA-4 Ig fusion protein
inhibited the ability of microglia to present antigen in both antigen presentation
assays to an even greater extent than did the anti BB-1 mAb. The BB-1 antibody
also inhibited the ability of microglia, but not of the B7/BB-1 negative astrocytes,
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to stimulate previously activated T cells in a secondary MLR. In sections of
multiple sclerosis brain, B7/BB-1 expression was observed on activated microglia
in select parenchymal lesions, and on perivascular cells and infiltrating monocytes.
No B7/BB-1 immmunoreactivity was found in normal appearing white matter or
in non-inflammatory brain specimens. Our results indicate that the B7/BB-1
molecule plays a functional role in the capacity of microglia to serve as CNS
antigen presenting cells and thus, may promote immune reactivity within the CNS

during the course of autoimmune disease.



INTRODUCTION

The B7/BB-1 Ag is constitutively expressed on dendritic cells and on activated
B cells and macrophages (1-3). B7/BB-1 expression is upregulated on B cells following
stimulation with anti-IgG (1) and on monocytes following stimulation with interferon
gamma (IFN) (4). B7 binds to CD28 (5) expressed on the majority of CD4* T
lymphocytes (6) and to the CD28 homologue CTLA-4 expressed on activated T cells
(7). Ligation of CD28 by B7 has been demonstrated to augment T cell activation by
a T cell receptor independent mechanism, resulting in the induction of IL-2
transcription and mRNA stabilization (8,9)

We have previously reported that adult human derived microglia can both
present recall antigen to immediately ex-vivo CD4* T cells with resultant T cell
proliferation and present antigen in a primary mixed lymphocyte reaction system
(MLR) (10,11). Human fetal astrocytes were unable to present antigen in the primary
MLR, but could support the continued proliferation of previously activated CD4* T
cells (Williams et al., Submitted for publication). Although human microglia and
astrocytes both express an array of immune adhesion molecules including ICAM-1, and
LFA-3, we previously found that microglia but not astrocytes, express B7/BB-1 in
vitro following IFN gamma incubation (11). In this report we have investigated the

expression and functional significance of B7/BB-1 by microglia in vitro and in situ.
In vitro, a negligible-to-low level of B7/BB-1 antigen expressed on microglia could be
augmented both with IFN incubation and following co-culture of microglia with CD4*
T cells. Pre-incubation of microglia with the anti-BB-1 mAb inhibited the ability of
microglia to present recall antigen, to present antigen in a MLR, and the ability of
microglia to support the proliferation of previously activated T cells. The CTLA-4 Ig
fusion protein was able to inhibit both the recall and primary MLR response by
microglia to an even greater extent than the anti-BB-1 mAb. In situ, expression of
B7/BB-1 antigens was found on microglia in active MS lesions but not in parenchymal
material outside of and adjacent to active lesions. These data are discussed in terms

of microglial cells functioning as CNS antigen presenting cells (APC) and the role of



B7 in augmenting CNS immune activity.

Material and Methods
Tissue ‘

CNS tissue was removed from patients undergoing surgical resections for
treatment of intractable epilepsy (N=6) (age range 22-36 years) (pathology ranged
from mild to severe gliosis without evidence of inflammation or malignancy). Tissue
was removed by Cavitron ultrasonic aspiration resulting in 2-3 mm? pieces, some of
which were blocked in OCT cryomount (Tissu-Tek, Elkhart, IN) and frozen in
isopentane previously cooled in liquid nitrogen, and then sectioned (4-6 pm) on a
cryostat. Brain specimens from 2 patients with multiple sclerosis were obtained at
autopsy and lesion and non-lesion areas were similarly frozen in liquid nitrogen and
sectioned. Fetal human CNS tissue served as the source of astrocytes and were
prepared from 8-12 week old specimens (n=3) following Medical Research Council
of Canada approved guidlines.

Glial cell cultures

Isolated cells from adult human tissue were obtained by a previously described
protocol (12). In brief, aspirated tissue was washed with PBS and dissociated using
0.25% trypsin in the presence of 20 png/ml DNase (GIBCO, Burlington, Ont) for 1 hr
at 37° C. The resulting cell suspension was then centrifuged in 30% Percoll at 4° C.
Glial cells were recovered, washed in PBS and seeded in Eagles minimum essential
medium supplemented with 5% FCS, Gentamicin 20 ug/ml, glucose 1 ug/ml and 2 mM
glutamine (GIBCO) into 25 cm? culture flasks (Nunc, Burlington, Ontario) or directly
onto 9mm Aclar fluorocarbon plastic coverslips (S. Kim, Vancouver, Canada)
previously coated with 10 ug/ml poly-l-lysine (Sigma, St Louis, MO). Cells in flasks
were left undisturbed overnight at 37° C in a humidified incubator with 5% CO,. The
following day, culture flasks were lightly shaken and floating cells consisting of >80%
oligodendrocytes were removed and seeded onto coverslips as described above. The
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remaining cells consisting of mixed microglia and astrocytes were either retrypsinized
and seeded onto coverslips as mixed microglia-astrocyte cultures or they were allowed
to differentiate morphologically for 1 week. After 1 week, enriched microglia cultures
were obtained by subjecting mixed microglia-astrocyte cultures to 5 hr 150 rpm
shaking on an orbital shaker. The less adherent astrocytes floated off and remaining
microglia (>95% Leu-M5 * cells) were either seeded onto coverslips for
immunofluorescence studies, trypsinized from flasks and stained for flow cytometry,
or seeded intd 96 well microtiter plates for functional studies.

Fetal astrocyte culture were prepared by stripping CNS materials of meninges
and blood vessels and dissociating the tissue first mechanically and then using 0.25%
trypsin in the presence of DNase (50 ug/ml) at 37° C for 45 min. The tissues were
passed through a 130 xm nylon mesh and then washed 2X in PBS. Dissociated cells
were then plated onto poly-1-lysine coated culture dishes in culture medium described
above. Cultures were split every 2 weeks when confluent and experiments conducted
after the second or third passage when neurons and microglia were no longer apparent.
For APC assays, astrocytes were lightly trypsinized 0.05% trypsin for 15 min a 37°C,
irradated (2,500 rads), and seeded into 96 well plates at a density of 2X10* cell per
well.
CD4* Lymphocyte Preparations

Mononuclear cells (MNC) and CD4* T cell populations were isolated and
prepared from, either individuals whose resected CNS tissue was used to establish
microglia cultures or from healthy normal individuals as previously described (10,11).
Briefly, MNC’s were isolated by Ficoll-Hypaque density centrifugation from
heparinized peripheral blood samples. Total T cells were isolated by rosetting MNCs
with S-(2-aminoethyl isothiouronium bromide) (AET)- treated sheep red blood cells
(13). CD4* T cells were then prepared by complement mediated lysis of CD8" cells
using OKT8 mAb (hybridoma obtained from ATCC, Rockville, MD) followed by the
addition of rabbit complement (Cedarlain Laboratories, Hornby, Ontario). T cells

were cultured in medium consisting of RPMI supplemented with 5% human AB serum
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(Pel-Frez, Deer Born, WI), 2.5 ug/ml penicillin, and 2.5 pg/ml streptomycin. The
mean purity of CD4* T cells, assessed by FACscan analysis of T cells immunostained
with phycoerythrein-conjugated anti-CD4 mAb (Leu3a) (Becton-Dickinson, San Jose,
CA) and fluorescein-labelled anti-CD8 mAb (Leu2), was >96%.

Antigen presentation assays

Presentation of recall antigens

1x10° autologous peripheral blood derived CD4* T cells were co-cultured in
96 well microtitre plates with 1x10* irradiated microglia (2,500 rad) in 200 ul of
culture medium. 10 ul of a Tetanus toxoid antigen stock solution (1:100 v/v dilution
of a 50 protein unit per ml stock) was added to individual wells at the beginning of the
assay.

Primary mixed lymphocyte cultures

1x10° allogeneic CD4* T cells (from 2 different donors per experiment) were
co-incubated with irradiated microglia which had been previously seeded in 96 well
microtitre plates at a concentration of 2.5x10* cells per well. In some experiments,
non-rosetting mononuclear cells (E" cells) consisting of monocytes and B lymphocytes,
were irradiated (2,500 rads) and used as stimulator cells (1x10° cells per well) in the
MLR. Medium for all glial: T cell antigen presentation assays was RPMI 1640
supplemented with 5% human AB serum (Pel Frez). Recall antigen assays and the
MLR assay were carried out for 7 and 5 days respectively. At the end of the assay
proliferation was measured following a 5 hour pulse with *H-thymidine uptake (1uCi
per well) (ICN Flow Laboratories, Mississaga, Ontario). Cells were harvested and
radioactive counts determined using a beta liquid scintillation counter (LKB, Fisher,
Montreal, PQ). Results are expressed as mean counts per minute (CPM) of triplicated
culture wells.

Activated T cell cultures

For these studies, purified CD4* T cells (1x10") were co-incubated with

confluent allogeneic astrocyte or microglial cultures in 25 ¢cm? Nunc tissue culture



6- 8

flasks in the presence of exogenously added rh IL-2 (50 U/ml, Genzyme, Boston, MA)
for 5 days. After 5 day in vitro, T cells were recoveréd, washed, and cultured with

corresponding sister microglia or astrocytes in a MLR system as described above.
APC inhibition assays were performed by preincubating stimulator cells with
either anti-BB-1 mAb (IgM, 10-100 ug/ml) (a gift from Dr. J Ledbetter, Bristol
Meyers Squibb, Seattle, WA) the CTLA-4 Ig fusion protein CTLA-4 (2-10 pg/ml) (a
gift from Dr. J Ledbetter), or the HLA-DR blocking mAb 1243 (IgG2a, 20ug/ml) (a
gift from Dr. Rafik Sekaly, CRIM, Montreal) at 4° C for 30 min. The percent of
inhibition was calculated relative to the basal response of unblocked control cultures.

Immunofluorescence analysis

Cells on coverslips were analyzed by an indirect immunofluorescence labelling
technique as previously described (10). Purity of individual glial cell populations was
determined using either mouse anti-CD11¢ (microglia) (1:10, Becton-Dickinson), rabbit
anti-GFAP (astrocytes) (1:100, Dako, West Chester, PA), or mouse anti-GalC
(oligodendrocytes) (H8H9, 1:10, a gift from Dr S Kim, Vancouver, BC) followed by
rhodamine conjugated goat anti-mouse antibodies (1:150, Cappel, Lexington, MA) or
flourescein conjugated goat anti-rabbit antibodies (1:150, Capell). To immunostain
enriched microglia and oligodendrocyte cultures for B7/BB-1, viable cells on coverslips
were first incubated with the anti-B7/BB-1 mAb (1:100, Becton-Dickinson) for 1 hour
at 4°C followed by rhodamine-conjugated goat anti-mouse ab for 45 min at 4°C, and
then fixed using acid alcohol (5% glacial acetic acid: 95% absolute ethanol, v/v) at -20
°C for 15 min. Mixed microglia-astrocyte cultures under basal culture conditions and
following activation with human rIFN gamma (100 U/ml, Genzyme) were double
stained using a B7/GFAP protocol where viable cells on coverslips were first incubated
with anti-B7/BB-1 (1:100, Becton-Dickinson) for 1 hr 4° C followed by rhodamine-
conjugated goat anti-mouse ab for 45 min at 4° C, and then fixed and stained for
GFAP as described above. Enriched microglial cultures were also analyzed for basal
and IFN gamma (100 U/ml) induced levels of B7/BB-1 expression compared with basal
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and induced HLA-DR (anti HLA-DR- FITC, Becton-Dickinson, 10 ug/ml)) by flow
cytometry. For flow cytometry staining, microglia were trypsinized from culture
flasks, washed 2x with PBS with 1% bovine serum albumin (BSA), incubated with
primary mAb for 45 min on ice, washed 2x, and incubated with FITC conjugated goat
anti-mouse IgG for 45 min on ice, washed and then fixed with a 1% solution of
paraformaldehyde in PBS. Controls consisted of unstained cells, secondary antibody

only, and irrelevant isotype controls.

Immunohistochemistry

Sections were fixed in cold acetone for 5 min. Following fixation, sections
were incubated with 10% rabbit serum diluted in PBS, ph 7.2 for 30 min at room
temperature followed by overnight incubation at 4° C in a humid chamber with mAbs
diluted in 10% rabbit serum. Biotinylated rabbit anti-mouse immunoglobulin diluted
1:300 were applied for 30 min.  Avidin-biotin-peroxidase complex (ABC
complex/HRP, Dakopatts) was prepared according to manufacturers recommendation
and allowed to react with sections for 30 min. Thereafter sections were treated with
a 3-amino-9-ethyl-carbazole containing buffer and the colored reaction products
monitored. Sections were lightly counterstained with haematoxylin, mounted in
glycergel (Dakopatts) and examined by light microscopy. In addition to staining with
B7/BB-1 mAb, alternate serial sections were stained with Leu-M3 mAb (CD14,
Becton-Dickinson) and subjected to the non-specific esterase (NSE) reaction as
previously described (10) to differentiate between infiltrating monocytes (Leu-M3*,
NSE®) and microglia (Leu-M3-, NSE) (14,15).
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RESULTS

Expression and function of B7/BB-1 on microglia in_vitro.

Enriched cultures of adult human derived microglia (>95% Leu-M5+) (Figure
1), oligodendrocytes (>80% GalC*), and mixed microglia/astrocyte culture were
established as previously reported (10-12). Microng in either enriched cultures or in
mixed astrocyte/microglial cultures were B7/BB-1 positive following IFN gamma
incubation as assessed using fluorescence microscopy. Oligodendrocytes and astrocytes
were B7/BB-1 negative under all culture conditions.  Results from flow cytometry
studies demonstrated a low basal level of B7/BB-1 by microglia with variability of
expression between individual brain specimens (N=3) (Figure 2). HLA-DR was
more readily detected on the microglia under basal culture conditions than was B7/BB-
1 using flow cytometry (Figure 2); B7/BB-1 and HLA-DR expression both were
increased on microglia following stimulation with IFN gamma (Figure 2). When 1x10°
CD4* T cells were co-incubated with 1x10° microglia, clustering of T cells on
microglia occurred within the first 24 hr (Figure 3), and B7/BB-1 expression was
induced on the microglia (Figure 4a,b and insets), to a lesser extent than that found on

IFN gamma treated controls (Figure 4c).

Inhibition of microglial antigen presentation capacity by anti-B7 antibody and
CTLA-4 Ig
As previousiy demonstrated (10,11) enriched microglial cultures were able to

present the recall antigen, tetanus toxoid protein to immediately ex-vivo autologous

CD4" T cells and present antigen in a MLR system. Preincubation of microglia with
anti BB-1 (10-100ug/ml) partially inhibited the primary T cell response (Table 1a,b).
Pre-incubation of microglia with the fusion protein, CTLA-4 Ig (2-10 pg/ml) inhibited
the ability of microglia to present antigen in both the recall assay and the mixed
lymphocyte reaction, to an extent greater than the anti-BB-1 mAb (Table 1a,b). The
inhibition of both the recall and primary MLR responses by microglia using the
CTLA-4 Ig fusion protein was similar to the inhibition seen using the anti-HLA-DR
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mAb L243 (Table 1). The anti BB-1/B7 mAb did not inhibit the ability of non-
rosetting E- cells consisting of monocytes and B cells to stimulate allogeneic T cells
in the MLR (39,861 + 4,407 cpm vs. 36,660 + 1934 cpm, n=3)).

Pre-incubation of microglia with thé anti-BB-1 mAb inhibited the ability of
microglia to stimulate previously activated CD4* T cells in a secondary MLR; the BB-
1 mAb did not inhibit the capacity of human fetal astrocyte cultures to support the
secondary MLR (Table 2). The HLA-DR blocking mAb inhibited the ability of both
microglia and astrocytes to stimulate previously activated T cells in the MLR.

B7/BB-1 expression on MS brain

Immunohistochemical analysis of tissue sections from the same material used to
establish enriched microglial cultures, showed these tissues to be negative for B7/BB-1
reaction product (data not shown). Within active MS lesions B7/BB-1
immunoreactivity was found in selective areas on reactive microglia. (Figure 5).
These parenchymal cells were Leu-M3 and NSE  as seen by serial sections thus
discriminating these microglia from infiltrating monocytes macrophages (10,14,15).
No B7/BB-1 immunoreactivity was found within non-lesion parenchymal MS brain
material, though perivascular microglia and perivascular infiltrates, most likely
representing T cells and infiltrating monocytes, were also positive for the reaction

product (Figure 5).

DISCUSSION
Ligation of the TcR by an APC is a minimal requirement for antigen restricted
T cell stimulation. Secondary signals in addition to that provided by MHC class II
molecules on the APC are required for resultant T cell activation (16,17). Whether
the second signals are cytokines (18,19) or cell surface adhesion molecules (20,21),
or both, is not resolved. Several studies have shown that the accessory molecules
including LFA-3, B7/BB-1, and ICAM-1 expressed on APC contribute critical signals

to the T cells. The selective contribution of each of these molecules for primary



6- 12

versus secondary T cell responses is however not yet resolved. Prior studies using
mAb to block APC/T cell interactions have demonstrated that B7/BB-1 co-stimulation
is required for the efficient generation of a primary MLR against alloantigen (22,23).
Other studies using anti-T cell receptor antibodies and fusion proteins to stimulate
naive and Ag specific T cells in the absence of APCs, have demonstrated that B7 and
LFA-3 molecules function in the support of secondary T cell responses while ICAM-1
is necessary for the generation of a primary response (24,25). We have previously
demonstrated that adult human derived microglia are able to present recall antigen to
T cells (10), to present antigen to immediately ex-vivo CD4* T cells in a primary
MLR (11), and to support the proliferation of previously sensitized T cells in a MLR.
Human fetal astrocytes were able to support the continued proliferation of previously
activated T cells, but can not present antigen in a primary MLR without the addition
of rIL-2, rIL-1, or non-priming concentrations of microglia (Williams et al.,
submitted).

The microglia and astrocytes in our assay system both expressed the immune
accessory/adhesion molecules ICAM-1 and LFA-3, but only microglia expressed
B7/BB-1 that was upregulated following incubation with IFN gamma. B7/BB-1
expression on microglia could also be induced by the co-incubation of purified CD4*
T cells with microglia, possibly the result of T cell secreted cytokines or the
crosslinking of MHC class II molecules on microglia by the T cells (26). The observed
expression of B7/BB-1 antigen on microglia parallel a previous report demonstrating
the induction on human peripheral blood monocytes following IFN gamma incubation
C))

Functionally, we could demonstrate a partial inhibition of both recall antigen
responses and antigen presentation in the MLR by pre-incubating microglia with an
anti-B7/BB-1 mAbD and the CTLA-4 Ig fusion protein, with more convincing numbers
using the CTLA-4 Ig protein. The ability of anti B7/BB-1 mAbs to partially inhibit
allogeneic T cell responses has been demonstrated using dendritic cells (27,28), EBV
transformed B cells (5) or T cells (29,30) as the stimulator cells. Though activated
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human peripheral blood monocytes have been demonstrated to express B7/BB-1
antigens in vitro, inhibition studies using anti B7/BB-1 mAb did not demonstrate a
functional role for B7/BB-1 expression on these cells (4). The limited and variable
capacity of the anti-B7/BB-1 mAb to inhibit the ability of microglia to function as an
APC might be explained on the basis of the antibody affinity to the B7/BB-1 antigen.
The CTLA-4 Ig fusion protein is a CD28 homologue expressed on activated T cells
(5) that is also thought to bind to B7/BB-1 with a 20 fold greater affinity than the anti
BB-1 mAb (5). The reported discordant expression of BB-1 and B7 on keratinocytes
raises the possibility that the anti BB-1 mAb and the CTLA-4 Ig might also bind and
therefore block functionally distinct molecules on the APC (31). The existence of a
second B7-2 molecule that might be more important for initial T cell stimulation than
B7-1 has now been described (32-34)

While we demonstrate that the antibody against B7/BB-1 and the CTLA-4 Ig
fusion protein inhibited the ability of microglia to stimulate previously activated CD4*
T cells, the same incubation protocol did not inhibit the ability of astrocytes, a B7/BB-
1 negative cell, to support the continued proliferation of T cells. The anti-HLA-DR
blocking antibody inhibited the ability of both microglia and astrocytes to present Ag
to the previously activated T cells in a 2° MLR.

Human fetal astrocytes may be similar to keratinocytes that also express high
levels of ICAM-1 and HLA-DR antigens following IFN gamma exposure but are B7
negative cells (31). When keratinocytes are used as stimulators in primary APC assays
the activation of T cells does not occur and instead the T cells become anergic (31,
35,36).

In frozen sections of MS brain material, BB-1 antigen expression was
demonstrated on activated microglia in selected lesions. We did not detect B7/BB-1
expression within adjacent non-lesion sections from MS brain or from the resected
tissues from which microglial cultures were derived. B7/BB-1 expression was noted
on perivascular cells and infiltrates resembling monocytes and T cells. B7/BB-1

expression in MS brain might be another indicator of cellular activation in lesion areas.
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The expression of B7/BB-1 antigens in situ on frozen tissue sections has been described
(37) where the authors fail to demonstrated expression on fixed tissue sections of the
same medullary material (37). Fixation of tissues should therefore be considered when
analyzing autopsy materials.

CD4* T cells play a critical role in the MS and EAE pathology. Rodent
studies have demonstrated that activated T cells preferentially enter the CNS
irrespective of MHC class restriction or antigen specificity (38). Whether T cells in
the CNS are further stimulated to proliferate or instead become anergic or apoptotic
(39,40) might depend upon the brain microenviroment and putative CNS APCs.
Although both astrocytes (41,42) and microglia (43-44) have been implicated as
putative CNS APC, it is generally considered that microglia are the most likely cell
to function as a resident CNS APC (43-45). While early studies have suggested that
there might exist a correlation between the induction of rodent MHC class II
expression and susceptibility to EAE (46) these data have been recently questioned
(47). Our data suggest that T cell immune reactivity in the CNS might be as much a
result of aberrant B7/BB-1 expression as of MHC class II induction.One report has
demonstrated that microglia can present antigen in vivo (45)

Our previous data demonstrate that adult human derived microglia represent a

glial cell type that can present recall antigen and present antigen in a MLR to

immediately ex-vivo CD4* CD4* T cells in vitro, and suggest that in vivo microglia
might function to support either the initial or continued activation of T cells that cross
the blood brain barrier. Our current data suggest that the expression of B7/BB-1 on
microglia might be central to such CD4* T cell stimulation in the CNS.
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Table 1. Inhibition of the antigen presentation capacity of adult human microglia
with anti BB-1 mAb, and the CTLA-4 Ig fusion protein

Antigen presentation assay % Inhibition
Blocking Ab Mean Range
anti BB-1 37% 19-55% (n=38)
Recall antigen CTLA-4 51% 20-67% (n=8)
anti-HLA-DR 67% 56-72% (n=3)
anti BB-1 22% 15-42% (n=6)
MLR CTLA4 73% 62-77% (n=3)

anti-HLA-DR 71% 65-76% (n=3)
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Table 2. Anti- BB-1 mAb inhibits the ability of microglia to support
the continued proliferation of previously activated CD4* T cells in a MLR

% Inhibition
Mean
Microglia anti BB-1 9% (n=2)
Q anti HLA-DR 62% (n=2)
Astrocytes anti BB-1 . 21% (n=2)
anti HLA-DR 61% (n=2)
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Figure Legends

Figure 1. Adult human derived microglia in vitro (enriched cultures >95% purity).

Leu-M5 immunoreactivity was demonstrated by fixing cells with ice-cold acetone for
5 min followed by incubation of Leu-M5 mAb overnight. A biotinylated rabbit anti-
mouse immunoglobulin (1:300) was then incubated for 30 min followed by a avidin-
biotin-peroxidase complex (ABComplex/HRp) for 30 min. The colored reaction
product was developed using 3-amino-9-ethyl-carbazole containing buffer (300X mag).
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Figure 2. B7/BB-1 and HLA-DR antigen expression on microglia in vitro. Microglia
were stained either with anti-BB-1 mAb followed by a goat-anti- mouse FITC or with
a FITC labelled anti-HLA-DR mAb. Histograms represent 10,000 events analyzed
showing A) basal B7/BB-1 expression of enriched microglial cultures over an isotype
control. B) B7/BB-1 on non stimulated microglia and microglia that had been incubated
with IFN gamma (100 U/ml, 24 hr) prior to staining. C) Basal and IFN gamma
stimulated HLA-DR expression on microglia.
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Figure 3. Co-culture of CD4* T cells with microglia results in clustering of T cells

around microglia. 1X10° microglia were seeded onto poly-1-lysine coated coverslips
and placed into a 30 mm® culture dish with 3 ml of culture medium. CD4* T cells
(1x10° cells per ml) were co-cultured with microglia for 24 hr. Coverslips were briefly
dipped in PBS (3X), and cells were fixed with 4% paraformaldehyde, and examined

using a phase contrast microscope (300X mag).
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Figure 4. B7/BB-1 expression on microglia is induced with IFN gamma or by co-
culturing microglia with CD4* T cells. A) 1X10° microglia were seeded onto
coverslips and co-cultured with CD4* T cells or IFN gamma (100 U/ml for 24 hr) and
compared with sister microglia cultures that were cultured without T cells (inset)
(300X mag). B) Same field as A demonstrating B7/BB-1 expression on microglia co-
cultured with CD4* T cells over that of non treated microglia (inset, same field as
above inset A) (300 X mag). C) Incubation of microglial cultures with IFN gamma for
24 hr induces B7/BB-1 antigens (300x mag)
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Figure 5. Immune peroxidase demonstration of B7/BB-1 on frozen tissue sections from
MS brain. A) Reaction product on the surface of perivascular cells (arrows) (300X
mag) B) Reaction product on infiltrating cells in perivascular cuff (arrows) (300X
mag). C) Reaction product on reactive microglia in the parenchyma of an active MS
lesion (300X mag).
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Chapter 7

Fc RECEPTORS FOR IgG ON CULTURED HUMAN MICROGLIA MEDIATE

CYTOTOXICITY AND PHAGOCYTOSIS OF ANTIBODY-COATED TARGETS

Elling Ulvestad, Kenneth Williams, Roald Matre,
Harald Nyland, Andre Olivier, Jack Antel

Preface
Following the observation of FcRs I-III on microglia in vitro (Chapter 1) the functional

significance of FcR expression on microglia was evaluated including the ability of
microglia to bind, phagocytose, and lyse opsonized and non-opsonized target cells.
Activation of microglia as a consequence of FcR ligation was determined using an
OKT3 T cell assay that is dependent upon cytokine production by the FcR expressing
cell, and by assessing the oxidative burst response of microglia by the reduction of

nitroblue tetrazolium. Major points demonstrated in this chapter include:

1. Confirmation of FcR I-III on microglia in vitro. Astrocytes and oligodendrocytes

were FcR negative. FcR expression was also demonstrated on microglia in situ on the

same resected material from which glial cell cultures were established.

2. Opsonized human red blood cells bind to microglia, and are phagocytosed and
lysed, while non-opsonized cells are not. The interaction of opsonized red blood cells

and microglia via FcRs result in oxidative burst by microglia.

3. Cross linking Fc receptors on microglia using an OKT3 mitogen assay results in
cytokine production by microglia as demonstrated by the proliferation of peripheral
blood derived T cells. Pre-incubating microglia with IFN to upregulate FcR

expression results in an increased T cell response.




ABSTRACT

We have utilized surgically resected human central nervous system (CNS)
tissue to determine the expression and functions of Fc receptors (FcyR) on
individual cell types found within the CNS. We observed all three classes of FcyR
on microglial cells in situ and in vitro, but not on astrocytes or oligodendrocytes.
Incubation of cultured microglia with immune complexes (antibody-coated red
blood cells) induced phagocytosis, antibody-dependent cell-mediated cytotoxicity
(ADCC), and oxidative bursts. We also found that microglia have the capability
to produce T cell stimulatory soluble mediators after FcyR crosslinking. These
functional responses were enhanced by pre-treatment of the microglia with IFN-v.
Our results implicate microglial effector responses triggered by interaction of
FcyR with opsonized antigens as potential mediators of tissue injury within the
CNS. Such injury may be particularly applicable to multiple sclerosis, an inflam-
matory demyelinating disease characterized by intrathecal production of immuno-
globulins and cytokines.

INTRODUCTION

Although concealed by the blood-brain barrier, inflammatory responses are
elicited in the central nervous system (CNS) against both autoantigens and infectious
agents. The microglia and astrocyte cell populations of the CNS have both been impli-
cated as regulators of immune reactivity and effectors of tissue injury within the CNS
(1-3).

Development of a specific immune response within the CNS requires
communication between glial cells and cells of the immune system. Expression of
major histocompatibility complex (MHC) molecules on glial cells provide one type of
interactive molecules. IgG Fc receptor (FcyR) expression on glial cells provide a class
of surface molecules which will further promote glial-immune interactions. FcyR have
been demonstrated on ramified microglia in both rat (4) and human CNS (5,6), and on
the surface of microglial lipophages in multiple sclerosis (MS) lesions (7). Microglia
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and macrophages phagocytose myelin in active MS lesions, apparently with IgG
serving as ligand between myelin and FcyR on the phagocytosing cell (8).

The cerebrospinal fluid of MS patients characteristically contains oligoclonal
IgG antibodies, some of which are reactive with myelin or its cell of origin, the
oligodendrocyte (9). Experimental data obtained from rats indicate that such antibodies
may be of pathogenetic significance in demyelination, probably due to antibody-depen-
dent cell-mediated cytotoxicity (ADCC) (10).

In the present study, we have utilized surgically derived human CNS tissue to
study expression of FcyR on isolated neurons and glial cells, microglia, astrocytes and
oligodendrocytes. We also investigated whether binding of IgG to FcyR on isolated
microglia, the glial cell on which FcyR expression was detected, induced functional

activity including phagocytosis and ADCC. Since oxygen radicals can induce oligo-

dendrocyte cell death in vitro (11) and brain injury in vivo (12), we examined whether
microglia produce reactive oxygen species in response to FcyR triggering. Additional
studies were performed to document that crosslinking of FcyR on microglia could
promote synthesis and secretion of soluble T cell stimulatory mediators. The T cell
derived cytokine IFN-y was introduced in some experiments, following previous
studies indicating that IFN-y may potentiate antibody-mediated demyelination (10) and

promote clinical exacerbations and lesion growth in MS (13,14).

MATERIALS AND METHODS
Tissue
CNS tissue was removed from seven patients undergoing surgical procedures
for intractable epilepsy. Mean age of patients (four female, three male) was 38 years
(range 19 - 54 years). Histological examination of tissue revealed mild to severe

gliosis. Tissue was removed by Cavitron ultrasonic aspiration from either the temporal
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lobe, hippocampus, or from amygdala. Tissue was dissected into multiple pieces 2-3
mm?® in size, providing the material used to establish CNS cell cultures. Small
specimens of the same tissue were blocked in Cryomount (Histolab, Geteborg,
Sweden), frozen in isopentane precooled in liquid nitrogen, and sectioned (4-6 um) on

a cryostat.

Cell culture

Isolated cells from adult tissue were obtained by a previously described protocol
(15). In brief, aspirated tissue was washed extensively in PBS and dissociated with
0.25% trypsin and 20 ug/ml DNAse (GIBCO Canada, Burlington, Ont.) for 1 h at
37°C. The cell suspension was then centrifuged in 30% Percoll (Pharmacia LKB,
Uppsala, Sweden) for 30 min at 4°C. Glial cells were recovered from the layer of
floating cells between the top layer of myelin and the bottom layer of red blood cells.
The cells were washed twice in PBS, counted, and resuspended in Eagle’s minimum
essential medium supplemented with 5% FCS, gentamicin 20 ug/ml, glucose 1 mg/ml,
and 2 mM glutamine (GIBCO), henceforth referred to as culture medium. The cells
were then either seeded onto 25 cm? culture flasks (Nunc, Roskilde, Denmark) or
directly onto 9 mm Aclar fluorocarbon plastic cover slips (S. Kim, Vancouver,
Canada) previously coated with 10 ug/ml poly-L-lysine (Sigma, St. Louis, MO) at 10*
cells per cover slip. The cells in the culture flasks were left undisturbed over night
at 37°C in a humified incubator with 5% CO,. The following day culture flasks were
lightly shaken and floating cells, mainly oligodendrocytes, were removed and seeded
onto cover slips. Remaining cells, microglia and astrocytes, were then either
retrypsinized and seeded onto cover slips as mixed microglia-astrocyte cultures, or
were allowed to differentiate morphologically for 1 week in culture flasks. After 1
week, the microglia-astrocyte flasks were subjected to 5 hours of 150 rpm shaking on

an orbital shaker. The less adherent astrocytes floated off, and the remaining cells
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(>95% Leu-M5* cells) were then trypsinized and either seeded into microplate wells
at 10° - 10° cells per well or onto coverslips at a density of 10* cells per coverslip. In
some experiments glial cells were stimulated with 100 U IFN-y (UBI, Lake Placid,
NY) for 24 - 48 hours before being analyzed in the assays described below.

Isolation of monocytes and T cells

Mononuclear cells were obtained by Ficoll-Hypaque (Pharmacia LKB) density
centrifugation of heparinized venous blood samples from adult donors, suspended in
culture medium, and then allowed to adhere to petri dishes for 60 min at 37°C. Non-
adherent cells were removed by gentle washings in warm PBS. Adherent cells were
gently scraped off with a rubber policeman, and thereafter seeded onto cover slips at
10.000 cells per cover slip. Cells on cover slips were flooded one day later (16).
Cells were more than 90% monocytes as determined by non-specific esterase staining
and immunostaining with Leu-M3.

T cells were purified from non-adherent cells by rosetting with aminoethyl-
isothiouroniumbromide hydrobromide (AET)-treated sheep erythrocytes and
centrifugation upon Ficoll-Hypaque density gradients (17). Contaminating erythrocytes
were lysed with a buffered ammonium chloride solution, and residual monocytes
eliminated by a further adherence to plastic for 1 h at 37°C. Purity of T cells was
>95% as determined by immunostaining with OKT3 mAb.

Antibodies

The mAbs used in this study are summarized in Table 1. MAbs 32.2 and 3G8
were used as F(ab’), fragments and IV.3 as Fab fragments. Biotinylated rabbit anti-
mouse immunoglobulins were obtained from Dakopatts, Glostrup, Denmark.
Rhodamine-conjugated goat anti-mouse immunoglobulins, fluorescein-conjugated goat

anti-rabbit immunoglobulins and F(ab’), fragments of affinity purified goat anti-mouse



IgG were obtained from Cappel, West Chester, PA.

WinRho human IgG anti-D was obtained from Winnipeg Rh Institute Inc.,
Winnipeg, Canada. IgG was digested with pepsin (Sigma) to prepare F(ab’),
fragments (18). Immune complexes of horseradish peroxidase (HRP) and rabbit IgG
anti-HRP or rabbit F(ab’), fragments of IgG anti-HRP were prepared as described
(19). MAbs and secondary antibodies were diluted in Hanks’ balanced salt solution
containing 10% normal goat serum, 2% horse serum, and 1mM Hepes buffer.

Immunofluorescence analysis

Mixed astrocyte-microglia cultures on cover slips were analyzed by indirect
double immunofluorescence labelling techniques in order to permit evaluation of both
cell type and expression of FcyR. Viable unfixed cells were incubated with murine
mAbs for two hours at 4°C, and thereafter with rhodamine-conjugated goat anti-mouse
antibodies diluted 1:100 for 45 min at 4°C. Following fixation with 95% ethanol-5%
glacial acetic acid mixture at -20°C for 15 min, antibodies to GFAP were introduced
for 45 min at room temperature. Fluorescein conjugated goat anti-rabbit immuno-
globulins diluted 1:100 were then applied for 45 min at room temperature. All
incubations were followed by washings in PBS. Cover slips were finally mounted on
glass slides with Gelvatol (Air Products and Chemicals Inc, Allentown, PA). Enriched
oligodendrocyte cultures were assessed for FcyR expression using single immunost-
aining with anti-FcyR mAbs.

Negative controls consisted of sister cultures in which the primary antibodies
were omitted. A Leitz microscope equipped with rhodamine and fluorescein optics

was used for immunofluorescence analysis.

Phosphatidylinositol phospholipase-C treatment
Phosphatidylinositol phospholipase C (PI-PLC), an enzyme that hydrolyzes PI



7-17

anchors, was obtained from Boehringer Mannheim, Mannheim, Germany. PI-PLC
was diluted in PBS. Microglia were treated with 0.1 U/ml PI-PLC at 37°C for 60 min
(20). They were thereafter washed in PBS, and immunostained with 3G8 or 1F5 as
described above. Cultures incubated in PBS without PI-PLC were used as controls for
PI hydrolysis.

Non-specific esterase activity

Non-specific esterase (NSE) was detected using reagents obtained from Sigma
(21). Cells on cover slips were fixed at 4°C in a mixture of 2% glutaraldehyde/60%
acetone for 5 min, rinsed with distilled water, and air dried for 15 min. A mixture of
pararosaniline solution, sodium nitrate, and alpha-naphthyl butyrate was then employed
for 1 h at 37°C. Cells were thereafter rinsed with distilled water, air dried, and

mounted. Positive cells were scored using a light microscope.

Immunoperoxidase staining

Cryostat sections from adult brain tissue were fixed in ice cold acetone for 5
min. Sections were washed in PBS and incubated over night at 4°C in a humid
chamber with mAbs diluted in PBS with 10% normal rabbit serum. Biotinylated rabbit
anti-mouse immunoglobulins diluted 1:300 were applied for 30 min. Avidin-biotin-
peroxidase complex (ABComplex/HRP, Dakopatts code K 355) was prepared as
recommended by the manufacturer, and allowed to react with sections for 30 min.
Sections were thereafter washed in PBS and treated with a 3-amino-9-ethyl-carbazole
containing buffer for the development of a colored reaction product. Controls
consisted of similarly treated sections in which primary mAbs were omitted. Sections
‘were finally counterstained with hematoxylin, mounted in Glycergel (Dakopatts), and
analyzed in a light microscope.
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Phagocytosis assay

This assay was a modification of the assay described by Newman et al. (22).
Human O Rhesus D+ erythrocytes (E) were isolated from citrated blood collected
from healthy laboratory personnel. E were washed in PBS and adjusted to 2 x 10°
E/ml. 107 E in 100 ul PBS were incubated with an equal volume of IgG anti-D or
F(ab’), fragments of IgG anti-D for 60 min at 37°C. After washings in PBS, IgG la-
belled E (EA), IgG F(ab’), labeled E (EA-F(ab’),) and E were resuspended in growth
medium.

Cover slips with 10* microglia were incubated with 5 x 10° EA, EA-F(ab’), or
E at 37°C. After 30 min, cover slips were gently washed in cold PBS. For the
determination of rosette-forming cells, cells were immediately fixed in 4%
glutaraldehyde in PBS. Rosette forming cells were thereafter counted using a light
microscope. Results are presented as number of rosetting cells/100 cells. For
determination of phagocytosis, adherent non-phagocytosed EA were lysed after a brief
dip in distilled water. Cells were thereafter immediately transferred back to PBS
before fixation in 4% glutaraldehyde. 100 microglia were counted, and number of
phagocytosing microglia were determined. The phagocytic index is the number of EA
ingested/microglial cell. All results are presented as mean values of triplicate experi-
ments. For blocking studies, microglia were incubated for 30 min at 4°C with immune

complexes before addition of EA.

ADCC assay

Cytotoxicity assays were performed in U-bottomed microtiter plates (Costar,
Cambridge, MA) (23). 10° microglia/well were cultured overnight in 100 pl medium.
10* E were incubated with 100 uCi 5'Cr (sodium chromate, Radiochemical Center,
Amersham, UK) at 37°C for 30 min. E, EA, and EA-F(ab’), cells were then prepared
as for the phagocytosis assay. 10°, 5 x 10° and 10° 5!Cr-labeled EA, EA-F(ab’), or E
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in 100 ul medium were thereafter added to wells. Plates were centrifuged (2 min, 500
X g) at room temperature and incubated for 150 min in a humified incubator at 37°C.
Plates were then centrifuged (10 min, 400 x g, room temperature), and the supernatant
was removed for estimation of *!Cr release (experimental release, ER). 100 ul SN
NaOH was added to induce maximal *!Cr release (M). Spontaneous release (S) was
determined by the incubation of EA without effector cells as well as by incubation of
E with effector cells. Spontaneous release did not exceed 3% of the maximal release.
All experiments were performed in triplicate. 5'Cr release was estimated by an auto-
matic Pharmacia LKB gamma counter. Specific killing was calculated according to
the equation (ER - S)/(M - S) x 100. For blocking studies, microglia were incubated

for 30 min at 4°C with immune complexes before addition of EA.

Oxidative burst assay

Nitroblue tetrazolium (NBT) was purchased from Sigma. NBT acts as an
unspecific electron acceptor in biochemical pathways activated during the oxidative
burst, producing a blue precipitate within the reactive cell (24). NBT was dissolved
in 0.9% NaCl at 1 mg/ml. Phorbol myristate acetate (PMA) (Sigma), a potent
activator of protein kinase C, was used at a final concentration of 500 ng/ml.
Microglia on cover slips were incubated with 30 ul NBT and either 20 ul PMA, EA,
EA-F(ab’), or E. After 45 minutes incubation at 37°C in 5% CO,, uningested EA
were lysed in distilled water. Cells were fixed in 4% glutaraldehyde and mounted.
Microglia stimulated with mAbs, were preincubated for 30 minutes at 4°C with either
32.2,1V.3, 3G8, a mixture of 32.2, IV.3 and 3GS8, or Leu-MS, all diluted 1:10. After
washing in PBS, 30 ul NBT \;s'as added together with 20 ul F(ab’),-fragments of goat
anti-mouse IgG diluted 1:100. After 45 minutes incubation at 37°C, cells were washed
in PBS, fixed in glutaraldehyde and mounted. Coverslips were examined in a light

microscope, and results are presented as percent cells with reduced NBT in their
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cytoplasm. 100 cells were counted per coverslip. All experiments were performed

in triplicate.

OKT3-induced T cell proliferation

The assay was performed as described (25), with slight modifications. 1000
microglia were co-cultivated with 10° allogeneic T cells and OKT3 mAb at 2.5 ng/ml
for three days in flat-bottomed 96 well microtiter plates (Costar). To quantitate the
degree of DNA synthesis, cultures were pulsed with 1 puCi [*H]-thymidine (ICN
Biomedicals, Mississauga, Ontario) per well for 5 hours and harvested onto glass
filters with a Titertek Cell Harvester 550 (Flow Laboratories Inc., Mississauga,
Ontario). Radioactive counts were measured on a Pharmacia LKB Beta liquid scintil-
lation counter and were expressed as counts per minute (CPM). All experiments were

performed in triplicate.

Statistics
The Mantel-Haenszel chi-square test and a two sample t-test were used for
statistical evaluations. A two sided P value of 0.05 or less was considered significant.

RESULTS

Characterization of neural cells

Mixed glial cell-cultures from adult donors consisted of microglia (Leu-M5*),
astrocytes (GFAP*), and oligodendrocytes (GalC*). Morphologic differentiation of
the cells was evident after seven days in culture. Oligodendrocytes and astrocytes had
well-developed processes radiating from the cell bodies, whereas most of the microglia
had developed into bipolar cells. Microglia could be differentiated from astrocytes and

oligodendrocytes on the basis of intracellular autofluorescent granula. The auto-
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fluorescence varied between different cell preparations. In contrast to blood-derived
monocytes, microglia were not stained by non-specific esterase or Leu-M3.

In CNS tissue sections, numerous microglia reactive with Leu-M5 were
observed throughout the parenchyma. Leu-M3 and NSE positive cells were infrequent.
Such cells were not detected in the parenchyma, but were exclusively located in close

proximity to blood vessels.

FcyR expression on neural cells

In vitro - Cells reactive with mAbs to FcyRI, FcyRII, and FcyRIII were
identified in the mixed adult-derived astrocyte-microglia cultures from all donors (Fig
1). All FcyR immunoreactive cells were GFAP negative. Double staining with
immune complexes and Leu-MS5 verified that all FcyR positive cells were also Leu-M5
positive. No FcyR mAb reactivity was observed on enriched oligodendrocyte cultures.
Pre-treatment of cultures with IFN-vy for 24-48 hours did not induce FcyR expression
on astrocytes or oligodendrocytes. CDS59 reactivity on microglia was strongly reduced
after PI-PLC treatment, whereas no difference in FcyRIII expression could be
observed between PI-PLC treated and untreated microglia. No staining was observed
when primary mAbs were omitted.

In situ - The mAbs 32.2 (FcyRI), IV.3 (FcyRII) and 3G8 (FcyRII) stained
cells scattered in the parenchyma (Fig 2). The staining intensity of anti-FcyR mAbs
was weaker than the staining with Leu-M5. Fewer cells were stained with anti-FcyR
mAbs than with Leu-M5. Staining with anti-FcyRIII was weaker than staining with
mAbs to FcyRI and FcyRII. Occasional perivascular cells were also stained by all
three anti-FcyR mAbs. Control sections without primary mAbs were negative.

Phagocytosis
Eighty-eight per cent of purified human microglia (Fig 3A) formed rosettes with
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EA (Fig 3B). Eighty-five percent of microglia ingested EA (Fig 3C). These numbers
increased to 97% for rosetting and 96% for phagocytosis (P < 0.0001) after treatment
with 100 U IFN-y. The phagocytic index increased after IFN-y-treatment, from 5.5
to 10.3 EA per microglia (P = 0.01). There was no rosetting or phagocytosis of EA-
F(ab’), or E. Blocking of FcyR with immune complexes resulted in a reduction of
rosetting microglia to 28%. No EA were ingested after FcyR-blocking. Immune
complexes prepared of IgG F(ab’), fragments did not reduce rosetting or phagocytosis
of EA. '

ADCC

In the ADCC experiments, microglia lysed EA in a dose-dependent manner, but
did not lyse EA-F(ab’), or E. As shown in Fig 4, IFN-y increased microglial specific
killing from 52% to 64% (P=0.004). Blocking of FcyR with immune complexes
almost abolished the ADCC (3% specific killing), whereas immune complexes pre-
pared of IgG F(ab’), fragments did not block ADCC.

Oxidative burst

Ninety-six per cent of microglia mounted an oxidative burst after PMA triggering.
Although 85% of microglia ingested EA, only 48% gave an oxidative burst after EA
ingestion. After IFN-vy treatment, 76% of microglia gave an oxidative burst after EA
ingestion (P=0.002). Anti-FcyRI (37%), anti FcyRII (44 %) and anti-FcyRIII (21 %)
mAbs all induced an oxidative burst. When the three mAbs were mixed together, 50%
of the cells gave an oxidative response (Fig 3D). In control experiments, microglia
were stimulated with E, EA-(F(ab’),, or Leu-M5. Less than 7% of the cells gave an

oxidative response.
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OKTS3 induced T cell mitogenesis

As shown in Table 2, microglia supported OKT3 induced T cell activation. After
IFN-y treatment of microglia, T cell activation was strongly enhanced (P=0.0008).
Purified T cells were not stimulated by OKT3 mAb alone, thus verifying the absence
of monocytes. Microglia alone did not stimulate allogeneic T cells to proliferate ina -

three day mitogen assay system.

DISCUSSION
In the present study we have assessed the expression of FcyR on human adult

CNS cells in situ and in vitro, and the potential functional consequences of their

presence on microglia, the cell type found to express FcyR in human CNS. In cell
cultures from adult CNS, microglia were identified by Leu-MS5 immunostaining. They
were negative for Leu-M3 and non-specific esterase activity, distinguishing them from
Leu-MS positive cells isolated form peripheral blood (16). The microglia, like mono-
cyte-derived macrophages (26) and alveolar and peritoneal macrophages (27), react
with immune complexes and with mAbs to FcyRI, FcyRII and FcyRIII. FcyRIII on
microglia was insensitive to PI-PLC treatment, as has been described for FcyRIII on
macrophages (20). In contrast, FcyRIII on granulocytes is reported to be PI-linked
(28).

Our in vitro immunohistochemical data are in accord with both our in_situ
studies of the surgically-derived CNS tissue and with previous data derived from
autopsy tissue (5,6, Ulvestad et al., data to be published) which show that microglia
in the parenchyma are immunostained with mAbs identifying all three classes of FcyR.
Oligodendrocytes and astrocytes did not have FcyR. Fetal neurons up to 12 weeks
gestational age are also FcyR negative (unpublished observation). The selective
expression of FcyR on microglia only is further supported by the findings of Hayes
et al. (29) who showed that microglia but not oligodendrocytes or astrocytes rosetted
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with erythrocytes coated with IgG.

Previous immunohistochemical studies of active MS lesions have demonstrated
capping of anti-myelin IgG on the surface of macrophages (8) and phagocytosed
immune complexes within microglia (30), suggesting that FcyR-mediated phagocytosis
plays a role in myelin breakdown. These observations are in accord with our

functional in vitro data which show that exposure of human microglia to opsonized

antigen (EA) results in ADCC and phagocytosis of the targets. Such data may indicate
that blocking of FcyR mediated functions could abrogate myelin destruction in MS.
Monocytes from patients treated with intravenous immunoglobulins have a decreased
phagocytic activity due to FcyR modulation (31), and a similar mechanism could
theoretically be operative in active MS lesions due to leakage of IgG across the
damaged blood-brain-barrier (30). Our observation that microglia pretreated with
immune complexes have a decreased phagocytic and cytotoxic activity in vitro, experi-
mental data showing that systemic injection of serum IgG promotes CNS remyelination
in mice (32), and a recent therapeutic trial indicating that intravenous immune
globulins given to MS patients suppress the ongoing pathological process (33), are all
in accordance with this hypothesis. In the normal CNS, FcyR on microglia likely
function to clear immune complexes. In the inflamed CNS, IgG-FcyR interactions
may acquire pathogenetic significance. Immune complexes crosslinking FcyR on
monocytes and macrophages induce release of cytotoxic oxygen radicals (34). We
have shown that also microglia can be triggered via all three FcyR to mount an oxida-
tive burst. Oxygen radicals have been implicated in oligodendrocyte killing in vitro

(11) and as mediators of vascular permeability and brain injury in vive (12). Oligo-

dendrocytes may thus be damaged as "innocent bystanders" rather than as antigen-
restricted targets of the immune response. This hypothesis is further supported by data
showing that crosslinking of FcyR on monocytes induces release of TNF (35) which

is reported to be cytotoxic for oligodendrocytes in vitro (36).
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Microglia are efficient accessory cells for antigen-specific T cell activation (16).
In addition to presentation of antigen in the context of the MHC, accessory cells
secrete T cell-activating soluble mediators. Crosslinking of FcyR on monocytes results
in the production of IL-1 (37), IL-6 (38), and TNF (35), all implicated in T cell
activation. To investigate whether microglia have the capability to produce T cell-
stimulatory cytokines after FcyR-crosslinking, OKT3 mAbs were used in an anti-CD3-
induced T cell proliferation assay. In this assay, CD3 complexes on the T cell surface
are crosslinked via FcyR on the accessory cell. The following T cell proliferation is
dependent upon soluble mediators produced by accessory cells and upon an IFN-y-
inducible physical interaction between accessory cells and T cells (39). Our results
show that microglia are highly efficient T cell activators in this assay. The production
of soluble mediator molecules might be of functional importance in inflammatory CNS
diseases, and the FcyR dependent release points to a connection between immune
complex generation and T cell activation.

The basis for the observed increase in disease activity in MS after systemic

IFN-y treatment remains speculative (13). IFN-y administered in vivo augments

expression of FcyR on human monocytes (40), and Vass et al. (10) recently demon-
strated that IFN-y potentiates antibody-dependent demyelination in rats in vivo. We
have in the present study shown that FcyR-triggered responses such as phagocytosis,
ADCC, oxidative burst and OKT3 induced T cell activation are all significantly

enhanced after IFN-v treatment of microglia in vitrg. Such data may indicate that the

deleterious effects of IFN-y in MS could involve potentiation of demyelination via
FcyR dependent functions.

The effects of IFN-y on FcyR modulation has been studied in detail in mono-
cytes and macrophages. Treatment of monocytes, monocyte-derived macrophages and
peritoneal macrophages with IFN-y results in increased numbers of FcyRI (41),
determined by an IFN-y responsive region on the gene encoding FcyRI (42). Since
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the OKT3-induced mitogenesis assay is totally dependent on functional FcyRI activity
(34), our data indicate that IFN-y upregulates microglial FcyRI via similar mecha-
nisms. Functional assays using EA as stimulators activate cells through all three
FcyR. The effect of IFN-y in these assays may be more complex, since IFN-y also
modulates FcyRII and FcyRIII expression and activity (43,44).

Since microglial cells in this study were obtained from epileptic patients
undergoing surgery, we can not exclude the possibility that the microglia may be

somewhat activated in vivo, neither can we exclude the possibility that isolation and

culture conditions may activate the cells in_vitro. The basal functional microglial

activities we have observed may therefore not be representative for resting microglia

in_situ, but may instead be manifestations of the potential functions such cells may

acquire when activated. Our data support the notion that microglia may, when interac-
ting with opsonized antigen, cause functional responses which may be capable of
inducing oligodendrocyte or myelin injury. FcyR on human microglia may conse-

quently be of pathogenic significance in demyelinating diseases of the CNS.
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Table 1. Antibodies used for immunostaining.

Antigen Antibody Cell specificity Dilution Source®
CD3 OKT3 T cells 1:1000 Ortho
CDl1c Leu-M$5 Monocyte/macrophage 1:10 B/D
CD14 Leu-M3 Monocyte/macrophage 1:10 B/D
CD16/FcyRIII 3G8 Leukocyte 1:10 Medarex
CD32/FcyRIl Iv.3 Leukocyte/platelet 1:50 Medarex
CD59 1F5 Widely distributed 1:250 N. Okada
CD64/FcyRI 32.2 Monocyte/macrophage 1:20 Medarex
GalC? H8H9 Oligodendrocytes 1:1 S. Kim
GFAP? GFAP Astrocytes 1:100 Dakopatts

a) Ortho: Ortho Pharmaceutical Corporation, Raritan, NJ. B/D: Becton Dickinson, Mountain View, Cal. Medarex:
Medarex Inc., West-Lebanon, NH. N. Okada, Fukuoka, Japan. S. Kim, Vancouver, Canada. Dakopatts: Dakopatts, Glo-
strup, Denmark. b) GalC: Galactocerebrocide. c¢) GFAP: Glial fibrillary acidic protein.



Table 2. OKT3-mediated activation of T cells.

PH]Thymidine
Culture conditions incorporation
MG + OKT3 , 336 + 243
MG + OKT3 + IFN-y 130 + 40
T + OKT3 141 + 18
MG+ T 165 + 50
MG + T + OKT3 20,735 + 915

MG + T + OKT3 + IFN-y 34,858 + 2.503

1000 microglia (MG) or 1000 microglia co-cultivated with 10° allogeneic T cells (T)
in the presence or absence of OKT3 mAb (2.5 ng/ml) and IFN-y (100 U/ml).
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FIGURE LEGENDS

Figure 1. Double immunofluorescence to detect FcyR on human
cultured microglia. AB, CD, and EF are of the same
fields. A: FcyRI, C: FcyRIl, E: FcyRIIl. B, D, and F: GFAP. (x760).
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Figure 2. Immunoperoxidase staining of cryostat sections from a tissue block of
surgically resected adult CNS tissue. Counterstaining with hematoxylin. A: Leu-M5,
B: FcyRI, C: FcyRII, and D: FcyRIIL. (x375).
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Figure 3. Enriched seven day microglial cultures. A: Untreated microglia. B:
Binding of opsonized erythrocytes (EA) to microglial FcyR. C: Phagocytosed EA
within microglia. D: Reduced nitroblue tetrazolium within microglia treated with
mAbs to FcyRI, FcyRII and FcyRII. (x760).
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Fig. 4 ADCC activity of human microglia cultured at 10° cells per well. EA added
at three different cell numbers, 10% 5 x 10° and 10°. Microglia challenged with 5 x
10° EA were pretreated either with or without IFN-y. Data are given as % specific
killing + SD. Results are expressed as [*H]-thymidine cpm + SD (n=3).




Chapter 8

REACTIVE MICROGLIA IN MULTIPLE SCLEROSIS LESIONS HAVE AN
INCREASED EXPRESSION OF RECEPTORS FOR THE Fc PART OF IgG

Elling Ulvestad, Kenneth Williams, Christian Vedeler,
Jack Antel, Harald Nyland, Sverre Mork, and Roald Matre

Preface
Data presented in this chapter, follow upon the demonstration of FcR

expression on microglia in vitro and in situ from "normal" tissue specimens, and
the observation that IFN gamma resulted in increased microglial FcR dependent T
cell activation in the OKT3 assay (Chapter 7). Data presented in this chapter are
the result of the investigation of FcR expression on microglia in MS brain

materials. Major points demonstrated in this chapter include:

1. Confirmation of results presented in Chapter 7 that normal human white matter

have low level of expression of FcR I-III.

2. The demonstration of upregulated FcR expression in active MS lesions over that
of non-lesion areas.
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ABSTRACT
Receptors for the Fc part of IgG, FcRI (CD64), FcRII (CD32), and FcRIII
(CD16) were studied by indirect immunoperoxidase staining of cryostat sections
from normal and multiple sclerosis (MS) brains. Microglia in the parenchyma
of normal white matter had a dendritic morphology, and were weakly stained
by monoclonal antibodies (mAbs) to FcRI, FcRII, and FcRIII. In active MS
lesions reactive microglia were strongly stained by the mAbs 32.2 (FcRI), IV.3
(FcRID, and 3G8 (FcRIII). Perivascular macrophages were stained by all anti-
FcR mAbs in both normal white matter and in MS lesions, whereas endothelial
cells were stained by the anti-FcRIII mAb only. The FcR on microglia and
perivascular macrophages may be of functional importance in antibody-depen-
dent cell-mediated cytotoxicity (ADCC), phagocytosis, and local immunoregu-
lation. FcR on endothelium may be of importance in binding and transporta-
tion of immune complexes into the CNS. FcR mediated functions may conse-

quently be highly relevant to the pathogenesis of MS.

INTRODUCTION
Multiple sclerosis (MS) is a chronic disease in the human central nervous

system (CNS) white matter of unknown etiology and pathogenesis, characterized
pathologically by multiple foci of demyelination with varying degrees of perivas-
cular inflammation and gliosis. The identification in MS lesions of blood vessel
damage and blood-brain barrier leakage suggests that endothelial dysfunction is of
importance in the pathogenesis of MS (1,2). Perivascular lymphocytic aggregates
and increased local CNS production of oligoclonal immunoglobulins, some of which
are reactive with myelin, indicate involvement of the cellular and humoral parts of
the immune system in the demyelinating process (3,4).

Important links between the cellular and humoral branches of the immune
system are provided by FcR, making the study of these molecules essential for our
understanding of immunologic regulation and immune reactivity in health and

disease. The availability of monoclonal antibodies (mAbs) against FcR has contrib-
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uted substantially to identification and functional characterization of these mole-
cules, and three classes of FcR have been identified on human leukocytes on the
basis of ligand afﬁnity, reactivity with mAbs, and cloning of complementary DNA
(cDNA) (5). FcRI (CD64) is a 72 kDa molecule with high affinity for IgG, ex-
pressed on monocytes and macrophages. FcRII (CD32) has a molecular weight of
40 kDa and is found on monocytes, macrophages, neutrophils, B cells, and platele-
ts. FcRIII (CD16) with a molecular weight between 50 and 70 kDa, is expressed
on neutrophils, NK cells, and macrophages. FcRII and FcRIII have low affinity for
IgG.

The functional importance of FcR in the human CNS is still not fully
characterized, but data indicate that microglia and perivascular macrophages both
have the capability to phagocytose myelin debris, apparently with IgG as ligand
between myelin and FcR on the phagocytosing cell (6-8). FcR positive cells may
however also play an active part in the demyelinating process. The binding to FcR
of myelin-specific IgG may induce antibody-dependent cell-mediated cytotoxicity
(ADCC) and release of cytotoxic mediators by microglia and perivascular macro-
phages (9), effects which may lead to killing of oligodendrocytes and consequently
demyelination.

Such potentially deleterious consequences of FcR triggering indicate that
FcR may be of pathogenetic significance in MS. To further explore the role of
FcR in CNS disease we have therefore studied the expression of FcR in normal
white matter and in MS lesions using immunohistochemical methods. In vivo

observations were correlated with in vitro results from human microglia maintained

in tissue culture.

MATERIALS AND METHODS

Patients
Six patients with clinically definitive MS were studied (Table 1). The patients had
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suffered from MS between three and fifteen years, and the diagnosis was confirmed
by post mortem examination of the CNS. Three patients with non-cerebral diseases

were included as con&ols.

Tissue

Brain and spinal cord from MS patients and controls were obtained at various
time intervals after death. Blocks of tissue from MS lesions and surrounding white
matter as well as white matter from the controls were frozen in liquid nitrogen and
sectioned (4-6 um) on a cryostat. Histological staining of the sections with Luxol
fast blue was performed to delineate demyelinated areas, with hematoxylin and
eosin to reveal mononuclear cells within the lesions, and with Oil red O to identify
cells with neutral fat in their cytoplasm. Hypercellular lesions with perivascular in-

flammatory cells and numerous Oil red O positive cells were assessed as active.

Microglia cuitures

Isolated glial cells were obtained from patients undergoing surgical procedures for
intractable epilepsy by a previously described protocol (10). Microglia were culti-
vated for three days before analysis in Eagle’s minimum essential medium supple-
mented with 5% FCS, gentamicin 20 ug/ml, glucose 1 mg/ml, and 2 Mm gluta-
mine, from GIBCO, Burlington, Ont.

Antibodies

The mAbs used in this study are summarized in Table 2. MADbs 32.2 and 3G8
were used as F(ab’), fragments and mAb IV.3 as Fab fragments. Rabbit anti-
human von Willebrand factor, biotinylated rabbit anti-mouse immunoglobulins, and
horseradish peroxidase (HRP)-conjugated swine antibodies to rabbit IgG were pur-
chased from Dakopatts, Glostrup, Denmark. Rhodamine-conjugated goat anti-
mouse immunoglobulins and fluorescein-conjugated goat anti-rabbit immunogl-

obulins were obtained from Cappel, West Chester, PA. Immune complexes of
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HRP and rabbit IgG anti-HRP or rabbit F(ab’), fragments of IgG anti-HRP were
prepared as described (11).

Immunohistochemistry

Sections were fixed in cold acetone for 5 min. They were thereafter incubated
with 10% rabbit serum diluted in phosphate buffered saline, pH 7.2 (PBS) for 30
min at room temperature, followed by over night incubation at 4°C in a humid
chamber with mAbs diluted in 10% rabbit serum. Biotinylated rabbit anti-mouse
immunoglobulins diluted 1:300 were then applied for 30 min. Avidin-biotin-peroxi-
dase complex (ABComplex/HRP, Dakopatts code K 355) was prepared as recom-
mended by the manufacturer, and allowed to react with sections for 30 min.
Sections were finally treated with a 3-amino-9-ethyl-carbazole containing buffer for
the development of a colored reaction product. All incubations were followed by
washings in PBS.

Tissue sections incubated with immune complexes over night at 4°C in a
humid chamber were incubated with HRP-conjugated swine anti-rabbit IgG diluted
1:100 for 30 min, and developed as described above. All sections were counter-
stained with hematoxylin, mounted in Glycergel (Dakopatts), and analyzed by light

Mmicroscopy.

Immunofluorescence analysis

Tissue sections were fixed in cold acetone for 5 min and then incubated with
immune complexes or anti-human von Willebrand factor over night in a humid
chamber. Sections were thereafter incubated with fluorescein-conjugated goat anti-
rabbit antibodies for 45 min. Leu-MS or 3G8 were thereafter introduced for 2
hours, followed by rhodamine-conjugated goat anti-mouse immunoglobulins for 45
min. Sections were finally mounted in Gelvatol (Air Products and Chemicals Inc,
Allentown, PA).

Cells on cover slips were analyzed by indirect immunofluorescence labelling
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techniques as previously described (12,13). All incubations were performed at 4°C
and followed by washings in PBS. Controls consisted of experiments in which the
primary antibodies were omitted. A Leitz microscope equipped with rhodamine

and fluorescein optics was used for immunofluorescence analysis.

Demonstration of non-specific esterase (NSE)
The cytochemical reaction for NSE was performed according to the method
described by Yam et al.(14).

RESULTS

Normal white matter
Perivascular cells but not parenchymal cells were stained by NSE and Leu-M3.

Leu-MS5 and KP1 reacted with perivascular cells and with ramified cells throughout
the parenchyma. All anti-FcR mAbs stained ramified cells in the parenchyma.
Anti-FcRI and anti-FcRII mAbs gave a stronger reactivity than the anti-FcRIII
mAb. FcRI, FcRII, and FcRIII were demonstrated on infrequent perivascular cells.
Some endothelial cells were stained by the anti-FcRIII mAb, but not by anti-FcRI
or anti-FcRII mAbs. Immune complexes reacted with endothelium and perivascular
cells, but also with a few scattered cells in the parenchyma.
Active MS lesions

Diffuse cellular NSE reactivity was found on cells in the perivascular area
(Fig 1A). A few scattered cells in the parenchyma were also NSE positive. A
similar staining was observed with Leu-M3. Leu-M5 (Fig 1B) and KP1 (Fig 1C)
reactivity was prominent on perivascular cells and on cells throughout the lesions.
The parenchymal cells within the lesions and at the lesion edge had an oval morph-
ology with Few if any ramified processes, typical for reactive microglia. Cells in
the surrounding parenchyma had a more ramified morphology. The staining with

KP1 was cytoplasmic and granular, in contrast to the more membranous staining
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observed with Leu-M5.

The mAb 32.2 against FcRI showed a strong reaction with reactive
microglia throughout the lesions (Fig 1D), the immunostaining pattern was similar
to the staining with the Leu-M5 mAb in serial sections. A similar reaction was ob-
served with the anti-FcRII mAb IV.3 (Fig 1E). The anti-FcRIII mAb 3G8 (Fig 1F)
gave a weaker staining than did 32.2 and IV.3. The staining intensity of all three
mAbs was strongest on reactive microglia within the lesions and at the lesion
border (Fig 2A). Microglia in the normal appearing parenchyma surrounding the
lesions had a more ramified morphology and exhibited staining characteristics
comparable to microglia in control brains. The reactivity with anti-FcR mAbs was
evenly distributed on the cell membranes, and no polar staining was observed. All
mAbs to FcR reacted with perivascular cells (Fig 2B). The anti-FcRIII mAb 3G8
stained elongated cel}s in small venules (Fig 2C), identified as endothelial cells in
double fluorescence with antibodies against von Willebrand factor. Endothelium
was not stained by mAbs against FcRI and FcRII.

Soluble immune complexes (HRP-anti-HRP) bound to endothelium and to
cells both in the perivascular spaces and in the parenchyma (Fig 2D, Fig 2E). Peri-
vascular and parenchymal cells reactive with immune complexes were also Leu-M5
positive as identified by double immunofluorescence staining. F(ab’), fragments of
immune complexes did not react.

Cultured microglia

Microglia in culture were stained by Leu-M5 and KP1, but were negative
for NSE and Leu-M3. They were also stained by mAbs reactive with FcRI, FcRII
and FcRIII. More than 85% of cultured Leu-M5 positive microglia bound HRP-
anti-HRP immune complexes (Fig 2F). When analyzed in a fluorescence micro-
scope, cultured microglia had multiple small autofluorescent granula in their cytop-
lasm (Fig 2F). A similar autofluorescence was observed within reactive

microglia in MS lesions (Fig 2E).
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DISCUSSION

In the present paper we have demonstrated binding of immune complexes
and anti-FcR mAbs to cells in the parenchyma, to perivascular cells, and to
endothelium in normal and diseased human CNS (Table 3). FcR expression was
highly upregulated on perivascular and parenchymal cells within active MS lesions
as compared to FcR expression on cells in the parenchyma located outside the
demyelinating lesion. This was evident from the enhanced binding of anti-FcR
mAbs and immune complexes to cells within MS lesions. Various inflammatory
mediators with capability to induce expression and functional activity of FcR on
phagocytic cells, such as interferon-y and tumor necrosis factor (9,15), have been
identified in MS lesions (16,17). The increased FcR expression on microglia in
active lesions may consequently reflect microglial activation by such mediators. No
specific microglial marker is as yet available, and in an attempt to discriminate be-
tween resident microglia and invading monocytes we therefore utilized enzymatic
staining with NSE and the mAb Leu-M3, both recognizing macrophages and mono-
cytes but not microglia (13,18). NSE and Leu-M3 reactivity was found almost
exclusively on perivascular infiltrating cells. These in_situ data were further con-
firmed by our in vitro studies, establishing that microglia are Leu-M5/KP1/FcR

positive but NSE/Leu-M3 negative. FcR on perivascular cells and microglia
probably mediate functions such as binding of immune complexes, phagocytosis of
opsonized particles, ADCC, and release of inflammatory mediators (9,18). FcR-
mediated functions may consequently be of pathogenetic significance in demyelin-
ation. Of particular interest is the fact that FcR-mediated uptake of antigens strong-
ly enhance antigen presentation by myeloid cells (19), thereby providing a link
between T and B cells with similar antigenic specificity.

We have previously demonstrated FCRIII on endothelial cells of human pla-
centa and peripheral nerves (20,21), and now report FcRIII on endothelial cells of
small venules in the CNS. FcRIII mediates phagocytosis of immune complexes in

macrophages and neutrophils (9). The functional significance of endothelial FcRIII
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is however poorly defined. Since FcRIII has low affinity for monomeric IgG but
binds strongly to immune complexes, a possible function of FcRIII on endothelium
might be binding and iransportation of immune complexes into the CNS, making
the blood-brain barrier permeable for antigens that have already provoked an
antibody response in the peripheral immune system. Perivascular macrophages and
probably also microglia may thereafter phagocytose the transported immune
complexes, leading tb antigen degradation and presentation of peptide fragments in
the HLLA class II molecules of these cells (19). Since antigen-activated T cells
transgress the intact blood-brain barrier in what appears to be a random fashion, a
continuous immunologic surveillance of the CNS is thereby accomplished, pre-
paring the CNS for a specific immune attack against potential deleterious invaders
(20,21). An immune response would according to this hypothesis be initiated
around small venules in the CNS, thus explaining the vasoconcentricity of T cells in
MS and viral encephalitis. Such a hypothesis could also explain why antigens
present in the CNS that have elicited an immune response in the periphery vigor-
ously induce a CNS immune response, whereas antigens present in the CNS and to
which the peripheral immune system has not been exposed, are tolerated (22). It is
well established that FcR on myeloid cells are important effectory and regulatory
molecules. Further functional in vitro experiments are however needed to establish
the role of FcR on microglia and on endothelial cells, and to verify or refute the

hypotheses proposed in this paper.
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TABLE 1

SUMMARY OF MULTIPLE SCLEROSIS CASES STUDIED

Death - post Number of

Case mortem interval lesions

No. Autopsy Age Sex (hours) studied
1 0.091/86 52 F 8 2
2 0.095/86 37 F 37 2
3 0.570/86 41 F 8 3
4 0.756/91 56 F 24 3
5 R.106/92 42 F 41 3
6 0.614/92 43 M 45 4




TABLE 2

MONOCLONAL ANTIBODIES USED FOR IMMUNOHISTOCHEMICAL

ANALYSIS
Antigen Antibody cell specificity Dilution
Source
CD1l1l1lc Leu-Ms5 Monocyte/Macrophage 1:10
B/D |
CD14 Leu-M3 Monocyte/Macrophage 1:10
B/D
CD16/FcRIII 3G8 Leukocyte 1:10
Medarex
CD32/FcRII 1IV.3 Leukocyte/Platelet 1:50
Medarex
CD64 /FcRI 32,2 Monocyte/Macrophage 1:20
Medarex
CDé68 KP1 Monocyte/Macrophage 1:50
Dakopatts

B/D: Becton Dickinson, Mountain view, Cal., UsaA.
Medarex: Medarex Inc., West-Lebanon, NH, UsA.

Dakopatts: Dakopatts, Glostrup, Denmark.



TABLE 3

FcRI FcRII FCcRIII
Endothelial cells - - +
Normal CNs Perivascular cells + + +
Parenchymal cells + + +
Endothelial cells - - +
Active lesion Perivascular cells ++ ++ ++
Parenchymal cells ++ ++ ++

- negative, + positive, ++ strongly positive
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Figure 1. A: Non specific esterase staining of perivascular cells in MS lesion. B:
Leu-MS5 (CD11c) on reactive microglia in MS lesion. C: CD68 (KP1) on
perivascular cells and on microglia in MS lesion. D: FcRI on reactive microglia in

c; MS lesion. E: FcRII on reactive microglia in MS lesion. F: FcRIII on reactive
microglia in MS lesion. B - F: Immunostaining, ABComplex/HRP. Counterstain-
ing with hematoxylin. x200.
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Figure 2. A: FcRI on reactive microglia at the border of an active MS lesion.
1=lesion, b=border zone, n=normal parenchyma. x40. B: FcRII on perivascular
cells in MS brain. x200. C: FcRIII on microglia and endothelial cells (arrow) in
MS brain outside the demyelinating focus. x200. D: Immune complex (HRP-anti-
HRP) binding to endothelium (open arrow) and reactive microglia (small arrow) in
MS lesion. x100. E: Immune complex (HRP-anti-HRP) binding to reactive
microglia in MS lesion. x400. F: Immune complex (HRP-anti-HRP) binding to
cultured microglia. x630. A - D: Immunostaining, ABComplex/HRP. Counter-
staining with hematoxylin. E - F: FITC-staining.






Chapter 9

ACTIVATION OF ADULT HUMAN DERIVED MICROGLIA
BY MYELIN PHAGOCYTOSIS IN VITRO

Kenneth C Williams, Elling Ulvestad, Anders Waage,
Jack P Antel, JoAnne McLaurin

Preface

Chapters 7 and 8 demonstrated the expression of FcR I-III on microglia in vitro
and corresponding upregulation of microglial FcR expression in active lesions of multiple
sclerosis brain material. Following the observation that the opsonization of antigen can
facilitate uptake of antigen and resultant antigen presentation by presenting cells, and
from the observation of myelin debris in macrophages and microglia in multiple sclerosis
lesions, it was sought to determine the capacity of microglia to phagocytose myelin.
Comparisons were made between uptake of myelin that was not treated and myelin that
had been opsonized with an anti-myelin mAb and human serum. The consequence of
myelin phagocytosis by microglia was investigated in terms of microglial activation
using an oxidative burst and cytokine assays. Major points presented in this chapter

include:

1. The demonstration that microglia can phagocytose myelin vesicles in vitro where the
level of myelin uptake by microglia increases following the opsonization of myelin

vesicles.

2. Myelin phagocytosis by microglia results in the activation of microglia seen by the
increased number of cells undergoing oxidative burst and by increased cytokine
production.



‘ ABSTRACT

The present study was designed to determine the extent to which cultured
human glial cells phagocytose normal CNS myelin and CNS myelin opsonised with
serum or purified antibody against MBP. Glial cells studied were mixed cultures
(consisting of astrocytes, microglia, and oligodendrocytes) and enriched microglia
cultures established from adult human brain specimens, and enriched astrocytes
from fetal human brain. A human monocytic cell line, THP-1, was included as a
control. Uptake of *I-labelled myelin was followed over a 24 hr time period. An
assay of oxidative burst (30 min) and cytokine bioassays measuring IL-1, IL-6, and
TNF (6-48 hr) production were used to investigate short and long term activation of
phagocytosing cells. Maximum myelin uptake by glial cells occurred within 12 hr
following myelin incubation. Opsonization of myelin prior to the phagocytosis assay
resulted in greater myelin uptake by mixed glial cell cultures, microglia, and THP-1
cells over that of non-treated myelin. The magnitude of myelin phagocytosis by
astrocytes was considerably lower than microglia and THP-1, and was not affected
by myelin opsonization. Within 30 minutes of myelin phagocytosis, microglia and
THP-1 cells underwent oxidative burst; opsonization of myelin by purified anti-MBP
IgG and heat-inactivated serum enhanced the microglia oxidative burst activity.
Production of IL-1, TNF and most markedly IL-6 by microglia was increased
following 12 to 24 hr of myelin ingestion. Our data demonstrate that myelin

phagocytosis by adult human microglia occurs in_vitro, and is augmented when

myelin is opsonized. Myelin phagocytosis by microglia results in the activation of

microglia as assessed by oxidative burst and cytokine production.



INTRODUCTION

Muiltiple sclerosis (MS), a putative central nervous system (CNS) autoimmune
disease, is characterized. by multifocal areas of perivascular inflammation, gliosis, and
demyelination. The precise bases for the tissue injury in MS remain to be defined.
Microglia and macrophages within active MS lesions exhibit an activated phenotype
including up-regulated MHC class II antigens (1,2) and Fc receptor (FcR) expression (2-
4). Activated microglia and macrophages have been implicated as mediators of
oligodendrocyte and/or myelin injury via cell-cell contact dependent mechanisms,
including  antibody-dependent cell mediated cytotoxicity (ADCC) (5-7).
Microglia/macrophage activation can be induced by cytokines produced by activated T
cells, and by immunoglobulin (IgG) binding to Fc receptors on microglia (3). Intrathecal
production of IgG, some of which are OL/myelin directed, is an almost universal
occurrence in MS.

Previous studies have shown that rodent derived macrophages (8,9) and microglia

(10) actively phagocytose myelin in vitro and that magnitude of myelin uptake, measured

by the levels of cholesterol ester production, could be increased following the
opsonization of myelin with whole serum, serum gamma globulin, or purified anti-myelin
Abs (9,10) . It has also been shown that the titres of IgG from the cerebrospinal fluid
(CSF) of rabbits with experimental allergic encephalomyelitis (EAE) correlated with the
severity of disease (9). We have previously reported a protocol for the isolation and
culture of adult human derived microglia and have shown that in vitro, we can
distinguish between microglia (Leu-M5*, Leu-M3" and non-specific esterase (NSE)
negative) and autologous peripheral blood derived monocyte/macrophages (Leu-M5*,
Leu-M3", and NSE* ) (3,11). Additionally, we have shown that adult human derived
microglia express FcRs I-III in vitro (3,11) and in vivo (4), and that microglia can bind,

phagocytose, and lyse opsonized target cells via FcRs (3).
In the current study, we investigated the ability of adult human derived microglia,
fetal human astrocytes, and a human monocyte cell line- THP-1, to phagocytose myelin

vesicles in vitro; assessing the effects of myelin opsonization on facilitating myelin
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uptake in a 24 hr assay. We further investigated the possibility of microglial activation
as a consequence of myelin phagocytosis over a 30 minute time period; measuring
oxidative burst responses using the reduction of nitroblue tetrazolium, and over a 24 hour

time period, using cytokine bioassays to monitor the production of IL-1, IL-6, and TNF.
MATERIALS AND METHODS

Source of glial and monocytic cells - Adult human brain tissue served as the source of
mixed glial and enriched microglia cultures and was obtained from surgical resections,
carried out to ameliorate non-tumor related intractable epilepsy (N=5 patients) (ages 20-
45). Tissues used were from regions requiring resection to reach the precise epileptic
focus, and were distant from the main electrically active site. Fetal human CNS tissue
were the source of astrocytes and were prepared from 8-12 week old specimens (n=4)
following Medical Research Council of Canada approved guidelines. The THP-1
monocytic cell line was obtained from ATCC, TIB202.

Glial cell preparation

Preparation of mixed glial cultures and enriched microglia cultures -

Our method of preparing mixed glial cell cultures and cultures of enriched
microglia from adult human CNS materials has been previously described (11,12).
Briefly, tissue was treated with 0.25% trypsin in the presence of DNase (50 pg/ml)
followed by a percoll gradient centrifugation (Pharmacia LKB Biotechnology, Uppsala,
Sweden) at 15,000 RPM for 30 min. The resulting dissociated cell suspension comprised
of mixed glial cells (microglia, astrocytes, oligodendrocytes) was then suspended in
culture medium consisting of Eagle’s minimal essential medium (MEM) supplemented
with 5% fetal calf serum (FCS), 0.1% glucose, and 20 pg/ml gentamicin, and seeded
directly into 24 well plates for phagocytosis assays as described below, or into 25 cm?
tissue culture flasks (Nunc, Burlington, Ontario). The following day, floating cells



9- 5§

consisting mainly of oligodendrocytes, were removed. Remaining cells consisting of
miéroglia and astrocytes were allowed to develop morphologically for 7 days at which
time the less adherent astrocytes were then floated off by rotary shaking for 5 hr at 150
rpm. Microglia were detached by incubation of cells with 0.25% trypsin and DNase (50
pg/ml) at 37°C for 15 min, and seeded into 24 well plates at densities described below.
Mixed glial cell preparations and enriched microglia cultures were also seeded onto Aclar
fluorocarbon coated coverslips (Dr. S. Kim, Vancouver, British Columbia) previously
coated with 10 ug/ml poly-L-lysine. Mixed glial cell cultures from various adult human
donors consisted of 40-70% microglia (Leu-M5*), 20 - 50% astrocytes (GFAP*), and
15 - 25 % oligodendrocytes (GalC*). Enriched microglia cultures (>95% Leu-M5%)
(11) were Leu-M3" and NSE, thus distinguishing them from autologously derived
peripheral blood monocyte/macrophages (Leu-M3*, NSE*) (3,11). Adult human derived
astrocytes cannot be derived in sufficient numbers or enriched beyond 70% purity (13)
and therefore could not be used in this study which required more highly enriched

cultures.

Preparation of astrocyte cultures -

Fetal cultures were prepared by carefully stripping CNS material of meninges and
blood vessels, mechanically dissociating the tissue with scalpel blades followed by
treatment with trypsin (0.25%) and DNase (50ug/ml) at 37 degrees C for 45 min.
Dissociated tissue was then passed through a 130 um nylon mesh, washed 2X in
phosphate buffered saline (PBS) and cells were plated directly onto poly-L-lysine coated
plastic culture dishes in culture medium (13). Cultures consisting of astrocytes, neurons,
and sparse microglia, were split every 2 weeks when confluent. Following the second
or third passage, when fetal neurons and microglia were no longer apparent, astrocytes
were removed by treatment with trypsin (0.05%) and seeded into 24 well plates for
experiments described bglow. Astrocyte cultures were established in excess of 95%

purity as seen by immunofluoresence with antibodies against GFAP (14).



Myelin vesicle preparation and iodination -

Myelin isolated from normal human brain white matter was suspended in 2mM
phosphate buffer pH 8.0 at a final concentration of 0.2 mg/ml, and incubated overnight
at 4°C. Myelin vesicles were pelleted by centrifugation at 15,000 RPM for 30 min and
the pellet resuspended in 5 mM phosphate buffer pH 8.4 at a final concentration of 5
mg/ml. After vortexing, the vesicle solution was passed through a 25 gauge needle and
the resulting vesicles stored at 4°C and used within 48 hr (15). Myelin vesicles were
iodinated by the method of Markwell (16) using Iodobeads (Pierce, Illinois, USA).
Briefly, 100 ug of myelin vesicles were incubated with 500 xCi Na'®I, in the presence
of Todobeads for 15 min at 37°C. The specific activity of the myelin was variable and
ranged between 8,700 to 50,000 cpm/ug total myelin protein.

Phagocytosis assay

For these studies mixed glial cell cultures, enriched microglia, enriched astrocyte
cultures, and THP-1 cells were seeded into 24 well plates at 1X10* cells per well
(microglia, astrocytes, THP-1) and 4X10* cells per well (mixed glial cultures). The
THP-1 cells were initially cultured in RPMI medium with 5% FCS prior to phagocytosis
assays. In order to make the THP-1 cells adherent for the phagocytosis assays, they were
cultured in serum free medium and stimulated with PMA (100 nM) for 24 hr. 'ZI-
Myelin vesicles were opsonized using either a purified anti-MBP mAb (IgG2a, against
myelin peptide 130-137, Boehringer Mannheim, Burlington, Ontario, Canada), or heat-
inactivated human serum (Pel Frez, Dearborn, WI) (56°C, 30 min, to deactivate
complement). For opsonization, myelin vesicles were incubated with serum or anti-MBP
mAD for 1 hr or overnight at 37°C at a concentration of 100 ug IgG of anti-MBP mAb
or 100ul of human serum per 100 ug of myelin protein. Following myelin opsonization,
myelin vesicles were washed extensively with PBS. Myelin was added to cultures at a
final concentration of 10 ug/ml for O to 24 hr. At designated time points (Chr, 6hr,
12hr, 24hr) conditioned medium from phagocytosis assays was removed, centrifuged at
12,000 rpm for 10 min, and snap frozen in liquid nitrogen for cytokine bioassays. At
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the end of the phagocytosis assays, cells were washed 3X with PBS before harvesting by
lysing the cells with distilled water, 1 ml per well. Radioactive counts of triplicate wells
were determined using a gamma counter (Fischer, Laval, Quebec) and expressed as mean
cpm *sem. Myelin uptake was expressed as the quotient of the total radioactive counts
of triplicate cultures over the cpm per ug of myelin protein. Determination of the non-
specific binding of myelin to cells was done by incubating cells at 4°C to block
phagocytosis.

Confocal Imaging of Phagocytosis

Myelin basic protein was incubated with FITC-Celite (Sigma, St. Louis, MO) in
0.1M NaHCO, pH 9.0 for 1 hr at 25 degrees C. Myelin basic protein (MBP) was washed
in PBS to remove celite beads and free uncoupled FITC. FITC-labelled MBP was
incubated with microglia cells (1X10* cells per coverslip) for 30 minutes at either 37°C
or at 4°C. Coverslips were washed twice in PBS, fixed lightly in 2% PFA and mounted
onto slides. Confocal images were generated on a Leica Laser Tecknik Gmb H
microscope (Leica, Heidelberg, Germany) by an argon laser with a line of 488 nM.
Emitted fluorescence light was detected through a band pass filter peak at 535 + 7 nM
before transmission to the photomultiplier. The image was reconstructed from the

average of 16 passes per raster line.

Oxidative burst

Nitroblue tetrazolium (NBT) acts as a non-specific electron acceptor in
biochemical pathways activated during the oxidative burst, producing a blue precipitate
within the reactive cell. NBT (Sigma, St Louis, MO) was dissolved in 0.9% NaCl at a
final concentration of 1 mg/ml. PMA (Sigma) a potent protein kinase C activator, was
used at a final concentration of 10 nM or 100 nM. Enriched microglia and astrocytes
(2 X 10* cells ) seeded on coverslips were incubated with 30 u1 NBT and either 20 ul
PMA, or myelin vesicles. After 45 min, cells were fixed in 4% glutaraldehyde and

mounted. Coverslips were examined using a light microscope, and results expressed as
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RESULTS

Myelin phagocytosis

Figure 1 depicts the results of the phagocytosis of opsonized and non-opsonized
myelin vesicles by mixed glial cell cultures, the activated monocytic cell line THP-1, and
enriched microglia and astrocyte cultures. Mixed glial cell cultures (4 X 10* cells per
well), consisting of microglia (40-70%) astrocytes (20-30%), and oligodendrocytes (15-
25%), reached a maximal myelin uptake at 12 hr of incubation (4ug). The uptake of
myelin opsonized with heat- inactivated serum was higher than non-opsonized myelin at
12 hours (2ug) (Figure 1A).

The activated monocytic cell line, THP-1, had the largest mean uptake of myelin
which peaked at 24 hr (Figure 1B). There was no marked difference between opsonized
myelin versus non-opsonized myelin by THP-1 cells within the first 12 hr of
phagocytosis. Phagocytosis by THP-1 cells after 24 hr was highest for myelin that had
been opsonized with anti-MBP mAb (50ug) followed by the uptake of myelin opsonized
with heat-inactivated serum (22ug) and non-treated vesicles (9ug).

Maximal myelin uptake by enriched microglia cultures was seen at 12 hr where
vesicles that had been opsonized with heat-inactivated serum were taken up most
efficiently (7ug) (Figure 1C). There was no detectable difference in phagocytosis by
microglia of vesicles that had been opsonized with purified anti-MBP mAb (4ug) or non-
opsonized myelin (4ug). Enriched astrocyte cultures had a low level of myelin uptake
(0.5p8) compared to the uptake of mixed glial cell cultures or enriched microglia
(Figure 1D).

Phase-contrast microscopic analysis of live cultures demonstrated the
accumulation of myelin vesicles by microglia within 6 hr of incubation, but not by
enriched astrocyte cultures (0-24 hr) (data not shown). Confocal microscopy was used
to distinguish phagocytosis of myelin vesicles from fluid phase pinocytosis and cell
surface binding.  Confocal microscopy studies using fluorescein labelled-MBP
demonstrate microglia phagocytosis of MBP (Figure 2A). The uptake of MBP by
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microglia could be completely blocked by the incubation of microglia at 4°C, an
indicator of phagocytosis rather than pinocytosis (Figure 2B). Similar results were
obtained for THP-1 cells.

Oxidative burst

To define early effects of myelin phagocytosis by glial and THP-1 cells, oxidative
burst was measured by the reduction of NBT in a 30 min assay. The results of the NBT
assay can been seen in individual cells where a blue, insoluble precipitate forms (Figure
3). Table 1 demonstrates that following incubation with 10 nM PMA, 80% of enriched
microglia cultures and 88% of the THP-1 cells undergo oxidative burst. Only 4% of the
astrocytes were positive for the reaction product using 10 nM PMA. Following
incubation with 100 nM PMA, 41% of the astrocytes were positive for the NBT
reduction product. The phagocytosis of untreated myelin by microglia resulted in 7%
of the cells undergoing oxidative burst. The number of microglia undergoing oxidative
burst increased to 21% using myelin vesicles incubated with the anti-MBP mAb, and
69% using vesicles opsonized with heat-inactivated serum. Enriched astrocyte cultures
did not undergo significant oxidative burst in response to any of the above stimuli. The
THP-1 cells showed a 22% oxidative burst with non-treated vesicles. The percent of
THP-1 cells positive for the NBT reaction product increased to 37% with anti-MBP

mAD, and to 35% when vesicles were opsonized with heat-inactivated serum.

Cytokine bioassays

Cytokine bioassays of conditioned medium from the phagocytosis assays
demonstrate a concordant increase in the production of IL-1, IL-6, and TNF by microglia
over time correlating with the progressive increase in non-opsonized myelin uptake.
Figure 4 represents results from an experiment demonstrating the kinetics of cytokine
production by enriched microglial cultures in response to myelin phagocytosis. Of the
three cytokines assayed, IL-6 levels were the highest with peak values of 9000 pg/ml at
48 hr; TNF peaked at 24 hr at 2,220 pg/ml; and IL-1 peaked at 48 hr at 501 pg/ml.
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Table 2 presents the mean peak production of IL-1, IL-6, and TNF by mixed glial cells
in comparison to enriched astrocyte and microglia cultures. Production of IL-6 (719
pg/ml) and TNF (213 pg/ml) by mixed glial cell cultures was lower than IL-1 and IL-6
produced by enriched microglial cultures, but higher than astrocytes (IL-6, 194 pg/mi;
TNF, 161 pg/ml) following myelin uptake (Table 2). IL-1 production by astrocytes was
not detected. The production of IL-6 and TNF by mixed glial cell cultures most likely

represents the combination of the microglia and the astrocyte contribution.
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DISCUSSION

In MS and EAE, the evidence for microglia and macrophage involvement in
lesion formation include EM studies demonstrating phagocytosis of myelin at the edge
of active lesions (21,22) and evidence of macrophages actively stripping myelin lamellae
(23). Nyland et al., (24) first reported that microglia lipophages in MS lesions expressed
Fc receptors. That myelin phagocytosis could involve Ig bound to myelin was further
supported by studies demonstrating capping of IgG with myelin fragments in MS lesions
(25) and the demonstration of myelin phagocytosis by clathrin-coated pits (22,26,27).
Gay and Esiri (27) demonstrated immune complexes within microglia in MS pathology
further supporting a role for microglia FcR in myelin phagocytosis. In accordance with
these observations, we have recently shown that FcR I-III are upregulated on microglia
within active MS lesions compared to their expression in non-lesion areas or in CNS
tissues from non-inflammatory cases (3,4).

Elevated concentrations of oligoclonal IgG in the CSF are a hall mark of MS (28).
The damaged blood brain barrier in MS, occuring during the course of the disease
(27,29) may also allow serum and CSF derived IgG into the CNS parenchyma. Evidence
suggests that some of the Abs are specific for oligodendrocytes and myelin (30). It has
also been shown that normal, non-specific serum IgG can bind to myelin, resulting in
opsonization of the myelin and phagocytosis (8). Antibodies found in MS and EAE CSF
and serum can contribute to demyelination (31,32); one mechanism for such activity
would be via macrophages or microglia serving as the effector cell.

The phagocytosis of myelin by rodent macrophages (8,9,33,34,35) and microglia
(10,36) has been studied previously. Goldenberg et al., (8) observed increased uptake
of myelin that had been treated either with anti-myelin antibodies or non-specific IgG in
a short-term assay (120 min). Sommer et al., (8) demonstrated an increased percent of
cholesterol esterification by rodent macrophages as an indicator of myelin phagocytosis
following opsonization of myelin in a 30 hour assay.

Our data indicate that mixed human glial cells, comprising of microglia,

astrocytes, and oligodendrocytes, can also phagocytose myelin vesicles in vitro. Purified
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microglia and the monocyte cell line THP-1, but not fetal astrocytes, had high levels of
myelin uptake that increased over time, and with myelin opsonization. Activated THP-1
cells had the highest level of myelin uptake after 12 hr. In order to have the THP-1 cells
remain adherent it was necessary to treat the cells with PMA to activate them, thereby
making them macrophage-like. Comparing the myelin uptake by microglia to that of
THP-1, it is interesting to note that the microglia showed greater phagocytosis after
opsonization with the human AB serum than with the anti-myelin mAb (IgG2A). The
reverse is true with the THP-1 cells. One explanation for this may be that the IgG2a
mADbs bind exclusively to FcRI (37). Since microglia are relatively freshly derived from
the CNS, they may have cytophilic monomeric IgG bound to their FcRI (37,38), thereby
blocking some interaction of FcRI with IgG2a mAbs. THP-1 cells have not been grown
in serum containing IgG, thereby allowing their FcRI to freely interact with IgG2a mAbs.
Furthermore, downregulation of microglial FcRI expression cannot be excluded.
Observations indicate that monocytes downregulate FcRI expression when cultured in
vitro (39). All three FcR have the capacity to mediate phagocytosis (40). The enhanced
phagocytosis of myelin opsonized with human serum as compared to myelin ‘opsonized
with anti-myelin mAb by microglia, indicated that FcRII and FcRIII may play an
important part in microglial phagocytosis. We have previously shown that human
microglia phagocytose erythrocytes opsonized with IgG, but not unopsonized erythrocytes
(3). Itis therefore of interest to note the highly efficient phagocytosis of unopsonized
myelin by human microglia. This may be the result of non-specific binding of myelin
to scavenger receptors on microglia. Scavenger receptors have a high lipid binding
capacity (41,42). Myelin consists of 70% lipid and 30% protein (43) and therefore the
composition of lipids should be considered in defining mechanisms of phagocytosis. An
increase in negatively charged lipids including phosphatidylcholine, phosphatidylserine,
and phosphatidic acid in liposomes has been shown to increase cell surface binding to,
and ultimately phagocytosis by, macrophages (44). This mechanism has been proposed
to function through a scavenger receptor and may partially explain the enhanced uptake
of myelin rather than RBC’s by their respective membrane composition.
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Results of the oxidative burst assay show that microglia, similar to THP-1 cells
undergo oxidative burst in response to 10 nM PMA. Incubation of both cells with
untreated myelin resulted in few cells undergoing oxidative burst. The number of
microglia positive for the NBT reaction product increased when microglia phagocytosed
myelin opsonized with anti-MBP mAb, and heat-inactivated serum. The increased
respiratory burst activity seen by microglia using opsonized vesicles indicate a role for
FcR crosslinking. We have previously demonstrated a similar increase in oxidative burst
using opsonized red blood cells or purified antibody against individual FcR (3). Non-
opsonized RBC’s, similar to non-opsonized myelin, did not enhance oxidative burst

activity. Oxygen radicals have been implicated in oligodendrocyte killing in vitro (45)

and as mediators of vascular permeability and brain injury in vivo (46).

In terms of cytokine production, microglia had low basal levels of IL-1, IL-6, and
TNF, just detectable at the beginning of the assay; following incubation with non-
opsonized myelin vesicles, cytokine levels increased indicating activation of the cells.
IL-1 was detected until 48 hr into the assay, IL-6 levels continued to increase with time
in the assay peaking at 48 hr. TNF peaked at 24 hours. Non-myelin treated cultures did
not demonstrate an increase in cytokine production over all time points investigated. IL-
1, IL-6, and TNF production could be induced in our assay in response to non-specific
phagocytosis of myelin. Previous studies have shown that crosslinking of FcR may
induce the production of these cytokines (47,48). We have previously demonstrated,
using an OKT3 T cell mitogenesis assay which is dependent on both functional FcR and
cytokine production by the stimulating cell, that microglia can support the proliferation
of purified CD4"* T cells, thus implicating the production of cytokines as a result of FcR
ligation by OKT3 mAbs. Human fetal astrocytes, which do not express any currently
described FcR (3) had a low level of IL-6 and TNF production following incubation of
myelin vesicles. Similar to others (49,50) we did not detect IL-1 production by
astrocytes under basal culture conditions or following myelin incubation.

Each of the cytokines assayed in this study have been implicated in the
development of MS lesions or heightened CNS immune reactivity. TNF has been
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identified in MS brain (51) and has been implicated as a mediator of oligodendrocyte
toxicity in vitro (52,53). IL-1 has been demonstrated to induce proliferation of adult

astrocytes (54) and be involved in the production and expression of an array of cytokine
mRNAs by fetal astrocytes (54,55), and might be important in promoting the
proliferation of naive CD4" T cells in the CNS (Williams et al., submitted) thereby
contributing to the ongoing intrathecal immune response characteristic of MS. IL-6 is
known to stimulate B-cells resulting in the production of immune globulins and might
therefore complete a feedback loop with microglia whereby cross-linking of FcR could
lead to activation of microglia resulting in the production of IL-6 and continued immune
globulin synthesis.

The current study has utilized adult human glial cell cultures. We demonstrated
that myelin phagocytosis is mediated largely by microglia cells. Our data indicate that
opsonization of myelin results in both increased myelin uptake and activation of microglia
as seen in the oxidative burst assay. Furthermore, phagocytosis by adult human derived
microglia results in the production of the cytokines IL-1, IL-6, and TNF; cytokine levels
correlate with the extent of myelin accumulation. These data may be particularly
interesting in the context of myelin injury within the CNS, where in contrast to the PNS,
myelin degradation is slow sometimes occurring over the course of years (56). The
slow removal of myelin in CNS inflammatory disease by microglia and macrophages
phagocytosing myelin could result in chronic microglial activation with resultant reactive

oxygen species generation and cytokine production.
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Table 1. Oxidative burst by cells phagocytosing myelin

Microglia Astrocytes THP-1
Cells alone 0 0 0
PMA 10 nm 9748 442 80+4
PMA 100 nm ND 4147 ND
Myelin vesicles 714 1+1 2247
with anti-MBP IgG 2145 2+1 37+7
with human serum 69414 242 35+4

Nitroblue tetrazolium reduction during the oxidative burst produces a blue precipitate
within the reactive cell. Microglia, astrocytes, and THP-1 cells were incubated for 30
min at 37 degrees C with NBT and either PMA, myelin vesicles, or myelin vesicles that
had been opsonized with anti-MBP mAb or heat-inactivated human serum. At the end of
the assay coverslips were examined by light microscopy and results reported as the
percentage of cells with reduced NBT in their cytoplasm. 100 cells per coverslip were

counted. Results represent n=2 experiments of triplicated coverslips.
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Table 2. Cytokine production by CNS glial cells phagocytosing myelin

IL-1 (pg/ml IL-6 (pg/ml) TNF(pg/ml

Mixed glial cultures

Basal ND 3315 8+0

Maximal ND 719422 213450
Microglia

Basal 45+11 1321492 10+6

Maximal 465611683 699742003 381341759
Astrocytes

Basal 0 35+15 0

Maximal 3+2 194146 161460

Cytokine production induced by non-opsonized myelin uptake. The basal and maximal
production of IL-1, IL-6, and TNF over a 24 hr time is reported. Data represent the
mean cytokine production of triplicate wells from 4X10* mixed glial cells, and 1X10*

enriched microglial or astrocyte cultures, + sem. n=3 experiments.
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Figure 1. Time course of myelin phagocytosis by mixed adult human derived glial cells
(A), human monocytic cell line, THP-1 (B), enriched adult human microglia (C) and
enriched fetal human derived astrocytes (D). '*I-labelled myelin vesicles were either
non-treated ( —e— ) or opsonized with heat-inactivated human serum (—&—) or with
anti-MBP mAb ( —g—) The amount of phagocytosis was determined by cell associated
radioactivity after removal of myelin vesicles. CPM was converted to ug of myelin
protein to account for differences in radiolabelling between experiments. Values are the

mean of n=3 experiments and the SEM < 0.78 (A); 2.9 (B); 1.5 (C) and 0.2 (D).




Figure 2. Phagocytosis of FITC-labelled MBP by enriched adult human microglial
cells. The internalization of MBP was determined at 37° C (A) and 4°C (B). After
extensive washes fluorescein was detected at 488 nm on a Lieca Laser Tecnick
Microscope. The photomicrograph demonstrates a slice through the middle of the cells
indicating internal fluorescence. Phagocytosis of MBP was only detected at 37°C
whereas only low background fluorescence could be detected at 4°C (Mag 400X).
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Figure 3. Oxidative burst response of microglia. Oxidative burst as determined by the
reduction of NBT in a 30 min assay could be detected (arrows) in microglia incubated
with myelin that had been opsonized with an anti-MBP antibody (A) but not seen in cells
alone (B) (Mag 400X).
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Figure 4. Microglia cytokine production as a result of myelin phagocytosis. Enriched
adult human derived microglial cultures (1X10* cells per well) were incubated with
myelin vesicles over a 48 hr time period. Activation of microglia was monitored by
the production of IL-1 ( i), IL-6 (FA4), and TNF ( ) by cytokine bioassays. Data

presented here are representative of N=4 experiments.
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Chapter 10

Conclusion and Claims to Originality
Results presented in this thesis demonstrate the ability to isolate and culture

adult human derived microglia. Immunocytochemical and immunohistochemical data
support the notion that microglia are most likely of bone marrow origin and are similar
phenotypically to other monocyte/macrophages. Similar to resident macrophages in
other tissue, the microglia studied were heterogenous both with respect to cells derived
from the same tissue specimens, and with regard to variations between different donor
tissues. The author acknowledges that the microglia studied in vitro are most likely
activated cells, a function of both the source of the tissue and the isolation technique.
Despite the inherent problem of microglial activation in vitro, within the parameters
investigated, it was possible to both upregulate microglia function using IFN gamma,
and to inhibit microglial functions using anti MHC class II blocking mAbs, anti-
B7/BB-1 mAbs, or by blocking microglial FcRs with immune complexes. Parameters
of microglia activation seen in vitro, including upregulated MHC class II and FcR
expression, were also demonstrated in situ on MS brain specimens.

In addition to the ability of microglia to function as immune accessory cells to
stimulate T cell activation, and to function as an immune effector cell through FcRs
and IgGs, data was also presented suggesting the role that microglia might play in the
elaboration of cytokines including IL-1, IL-6, and TNF, and the ability of microglia
to undergo oxidative burst. Data presented in this thesis suggest that in MS microglia
can contribute to ongoing pathology linking the cellular, T cell mediated arm of the
immune system with the humoral, B cell arm, resulting in augmentation of CNS

inflammatory events.
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Claims to Originality

Chapters 2-9 contain original work, either published (Chapter 2: J Neuropath
Exp Neurol 51:538-549, 1992, Chapter 4: J Neurosci Res 36:382-390, 1993; Ann
Neurol 32:99A, 1992, Chapter 7:J Neuropath Exp Neurol 53 (in press), Chapter 8:
J Neurol Sci (in press), Chapter 9: J Neurosci Res (in press), J Neurochem 61
(suppl):S228A) or submitted for publication (Chapters 3,5 ,6).



