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Regulation and function of class II major
histocompatibility complex, CD40, and
B7 expression in macrophages and microglia:
Implications in neurological diseases

George M O’Keefe, Vince T Nguyen, and Etty N Benveniste

Department of Cell Biology, University of Alabama at Birmingham, Birmingham, Alabama, USA

The ability of microglia, the brain’s resident macrophage, to present antigen
through the class II major histocompatibility complex (MHC) to T cells al-
lows these normally quiescent cells to play a critical role in shaping the out-
come of many neurological diseases. The expression of class II MHC antigens
and the costimulatory molecules CD40 and B7 on microglia and infiltrating
macrophages is regulated through a complex network of cytokines in the in-
flamed brain. In this review, we describe the molecular mechanisms underlying
class II MHC, CD40 and B7 regulation in microglia and macrophages. Our fo-
cus is on the cis-elements in the promoters of their genes and the transcription
factors activated by cytokines that bind them. The functional implications of
aberrant class II MHC, CD40 and B7 expression by microglia and macrophages
as related to the diseases of Multiple Sclerosis and Alzheimer’s Disease are
discussed. Journal of NeuroVirology (2002) 8, 496–512.
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Introduction

Historically, the central nervous system (CNS) was
viewed as a site of strict immune privilege due to
its isolation behind the blood-brain barrier (BBB),
an absence of lymphatic drainage from the CNS
parenchyma, and little if any expression of class II
major histocompatibility complex (MHC) antigens or
the costimulatory molecules CD40 and B7 on neurons
and glial cells. Under this view, the CNS was seen as
a passive target of infiltrating T cells, macrophages,
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and dendritic cells that were activated and regulated
in the periphery. However, the CNS can no longer
be considered a site of strict immune privilege based
on data showing that (1) T cells traffic through the
CNS for purposes of immune surveillance (Hickey
et al, 1991); (2) CNS-derived antigens move out of
the brain, albeit slowly, through a lymphlike system
(Cserr and Knopf, 1992); and (3) microglia, the brain’s
resident macrophage, can be induced to express
class II MHC and costimulatory molecules, and func-
tion as antigen-presenting cells (APCs) in the CNS
parenchyma (for review, see Aloisi et al, 2000; Becher
et al, 2000; Shrikant and Benveniste, 1996). In the in-
flamed brain, a network of cytokines and chemokines
contribute to the development, progression, and res-
olution of CNS diseases (for review, see Benveniste,
1997a; Merrill and Benveniste, 1996; Owens et al,
1994; Zhao and Schwartz, 1998). Many of these sol-
uble mediators exert their effects by altering the ex-
pression of class II MHC and costimulatory molecules
on microglia and infiltrating macrophages. This re-
view will focus on the molecular regulation of class
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II MHC, CD40, and B7 by cytokines in microglia and
macrophages, and the function of these cells as APCs.

Antigen presentation

APCs initiate immune responses by presenting pro-
cessed antigenic peptides to CD4+ T-helper (Th)
cells in a class II MHC–restricted fashion (for re-
view, see Pieters, 1997). Initial contact between
T cells and APCs is mediated by transient inter-
actions between the integrin leukocyte function-
associated antigen (LFA)-1 on the T cell and the ad-
hesion molecule intercellular adhesion molecule-1
(ICAM-1) on the APC (Reiss et al, 1998). High-
affinity interactions between clusters of T-cell re-
ceptors (TCRs) and class II MHC–peptide complexes
occur in conjunction with the T-cell accessory
molecule CD4 in a region referred to as an “immuno-
logical synapse” (Grakoui et al, 1999; Monks et al,
1998; Shaw and Dustin, 1997) (Figure 1). The “two-
signal model” has been proposed to explain antigen
presentation leading to the activation of naı̈ve T cells
(Bretscher and Cohn, 1970). The first signal, deliv-

Figure 1 Interactions between T cells and APCs. Signal transduction pathways activated through the TCR/MHC-peptide complex deliver
the first of two signals to the T cell. However, signaling to naı̈ve T cells through the TCR alone results in inactivation or anergy. Signaling
through the costimulatory molecules B7 and CD40 on APCs and their respective ligands, CD28 and CD154, on T cells, provides the second
signal required for complete T-cell activation. Activated T cells also express the death receptor Fas, and are susceptible to apoptosis when
in contact with APCs that constitutively express Fas ligand (FasL). T cells and APCs also cross-regulate one another through cytokine
production. Activated T cells produce IFN-γ that induces or enhances the expression of class II MHC, CD40, B7, and ICAM-1 molecules
on APCs. APCs secrete IL-12, which promotes Th1 responses.

ered by class II MHC engagement of the TCR/CD4
complex, activates multiple signaling pathways in
T cells, inducing their expression of cytokines and
cell surface molecules, including both interleukin
(IL)-2 and the IL-2 receptor, which drives T-cell pro-
liferation in an autocrine fashion (Taniguchi and
Minami, 1993). Signaling through the class II
MHC/TCR complex also enhances CD40 expression
on the APC, and initiates the expression of its lig-
and, CD154, on the surface of the T cell (Castle
et al, 1993; Léveillé et al, 1999). Interaction of CD40
and CD154 triggers the production of the proinflam-
matory cytokine interferon-gamma (IFN-γ ) by the T
cell (McDyer et al, 1998), and induces the APC to
express B7 proteins (CD80, CD86) and various cy-
tokines and chemokines (for review, see Grewal and
Flavell, 1998). Of particular importance is produc-
tion of IL-12 by macrophages and microglia (Aloisi
et al, 1999a; Kennedy et al, 1996), which induces the
differentiation of CD4+ Th cells into the Th1 sub-
set of effector T cells (see below). The B7 proteins
then interact with constitutively expressed CD28 on
the T cells, delivering the second signal to com-
plete the antigen presentation process (for review,
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see Lanzavecchia, 1997; Lenschow et al, 1996). Ac-
tivation of the TCR in the presence of costimulatory
signals results in T-cell clonal expansion, whereas
interaction of the T cell with cognate antigen in the
absence of costimulation leads to anergy. In contrast
to the costimulatory requirements for activation of
näive T cells, B7-CD28 interactions are not necessary
for reactivation of primed T cells (Schwartz, 1996).

Cytokine regulation of T-helper cells

Like other tissue macrophages, microglia and infil-
trating macrophages in the CNS play an important
role in the differentiation of precursor CD4+ Th cells
into distinct subpopulations of Th cells that regu-
late immune responses, inflammation, and ultimately
repair during a variety of CNS diseases. Whether a
T cell mounts a cell-mediated or humoral immune re-
sponse depends on the cytokine microenvironment
at the time of antigen presentation (Constant and
Bottomly, 1997). Each of these responses is driven by
the profiles of cytokines the Th cells produce (for re-
view, see Romagnani, 1997). Cross-regulation of these
T-cell subsets is accomplished by a complex network
of cytokines (Constant and Bottomly, 1997) (Figure 2).

Figure 2 The cytokine microenvironment at the time of antigen
presentation determines the outcome of T-helper cell differentia-
tion. IL-12 and IFN-γ induce precursor Th0 cells to differentiate
into Th1 cells that produce IFN-γ and IL-2, activating macophages
and promoting T-cell proliferation, respectively. Th2 cells develop
in the presence of IL-4 and produce cytokines that promote a hu-
moral response. IL-4 and TGF-β induce the development of Th3
cells that produce generally immunosuppressive cytokines. IFN-γ
produced by Th1 cells and IL-4 produced by Th2 cells reciprocally
inhibit each other’s differentiation. The cytokines of one subset of
Th cells can influence the function the other subset’s cytokines.
Positive regulation is denoted by arrows, and negative regulation
is denoted by blunt-end lines.

The early presence of IFN-γ and IL-12 (from APCs)
induces the differentiation of the CD4+ T cell into
the Th1 subset of effector T cells. Th1 cells are
implicated in the pathogenesis of CNS autoimmune
diseases such as multiple sclerosis (MS) and exper-
imental allergic encephalomyelitis (EAE), an animal
model of MS (for review, see Owens et al, 2001;
Windhagen et al, 1996). EAE can be induced by ac-
tivated CD4+ T cells that are class II MHC restricted
and are of a Th1 phenotype (for review, see Swanborg,
1995). Th1 cells produce IL-2 and IFN-γ , leading to
T-cell proliferation and macrophage activation,
respectively (for review, see Taniguchi and Minami,
1993). IL-4 promotes Th2 differentiation (Seder and
Paul, 1994) (see Figure 2). Th2 cells produce IL-4,
IL-5, IL-6 IL-10, and IL-13, cytokines that me-
diate humoral responses, and, within the CNS,
down-regulate Th1 responses and inhibit numerous
macrophage inflammatory functions (for review, see
Romagnani, 1997). Precursor Th0 cells exposed to
transforming growth factor (TGF)-β and IL-4 give
rise to another population of Th cells known as
regulatory or Th3 cells (Chen et al, 1996; Seder
et al, 1998) (see Figure 2). Th3-type cells, induced
by oral administration of myelin basic protein
(MBP), produce IL-4, IL-10, and/or TGF-β, leading
to suppression of EAE (Chen et al, 1994; Fukaura
et al, 1996). Beside their roles in promoting differ-
ent Th-subtype development, IL-4 and IFN-γ also
counteract each others actions during an immune
response, and this antagonism is particularly preva-
lent in monocytes/macrophages (for review, see
Paludan, 1998). IL-4 inhibits IFN-γ–induced expres-
sion of cytokines (IL-1β, tumor necrosis factor alpha
[TNF-α], IL-12), chemokines (interferon-inducible
protein [IP]-10, monokine induced by gamma in-
terferon [MIG]), surface receptors, and free-radical
production (for review, see Paludan, 1998). By the
same token, IFN-γ suppresses IL-4–induced expres-
sion of class II MHC, CD23, and immunoglobulin
(Ig) class switching at the ε locus in B cells.

Macrophages and microglia: CNS
antigen-presenting cells

Several populations of APCs are associated with the
CNS in normal and pathological conditions. Den-
dritic cells (DCs) and macrophages can be found
in the meninges and stroma of the choroid plexus
and, along with circulating monocytes, can enter the
CNS upon breakdown of the BBB. The perivascu-
lar spaces proximal to the BBB contain a population
of macrophages called perivascular macrophages,
which are replaced continuously by cells of a mono-
cyte/macrophage lineage (Bauer et al, 1995; Hickey
and Kimura, 1988). Microglia are cells of hematopoi-
etic origin that populate the brain early in fetal de-
velopment, mature in the parenchyma, and persist as
long-lived cells. However, evidence is mounting that
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Table 1 Functions of microglial molecules

Molecule Functions

IL-1 Pro-/anti-inflammatory cytokine
IL-6 Pro-/anti-inflammatory cytokine
IL-12 Th1 response
IL-18 Proinflammatory
TNF-α Pro-/anti-inflammatory cytokine/apoptosis
TGF-β Anti-inflammatory cytokine
MIP-1α Th2 cell chemoattractant
PGE2 Anti-inflammatory
MMP-2, -9 Matrix metalloproteinases
ClqB, C3, C4 Complement components
Class II MHC Antigen presentation
B7-1, B7-2 Costimulation of T cells
CD40 Costimulation of T cells
ICAM-1 Adhesion
FasL Apoptosis of T cells

hematopoietic cells can cross the BBB in adult mice
and differentiate into microglia, astrocytes, and neu-
rons (Brazelton et al, 2000; Eglitis and Mezey, 1997;
Mezey et al, 2000). Microglia display a quiescent,
down-regulated phenotype with little if any constitu-
tive class II MHC, CD40, or B7 expression in the nor-
mal brain (Issazadeh et al, 1998; Kreutzberg, 1996).

Microglia and infiltrating macrophages are
the main immune effector cells mediating the
demyelinating disease of MS (for review, see
Benveniste, 1997b). Activated lymphocytes, astro-
cytes, macrophages, and microglia can be found
at the leading edge of tissue destruction in MS
(Steinman, 1996). Microglial activation in MS and
EAE is thought to contribute directly to CNS damage
by the production of proinflammatory cytokines,
matrix metalloproteinases, and free radicals that
damage the myelin-producing oligodendrocytes
(Table 1) (for review, see Benveniste, 1997b). In MS
and EAE, prominent expression of class II MHC,
CD40, and B7 molecules has been detected on
microglia (Carson et al, 1998; Gerritse et al, 1996;
Williams et al, 1994). Microglia and infiltrating
macrophages found in MS lesions actively phagocy-
tose myelin proteins, and are a reliable indicator of
ongoing demyelination (Bauer et al, 1994).

Initiation of primary immune responses in the CNS
The ability of microglia and other CNS-associated
macrophages to initiate a primary immune response
and drive T-cell expansion in the CNS parenchyma
is controversial (for review, see Antel and Owens,
1999; Carson and Sutcliffe, 1999; Perry, 1998). In
vitro expanded microglia, stimulated with IFN-γ or
lipopolysaccharide (LPS), can up-regulate class II
MHC, CD40, and B7 molecules, and can process
and present endogenous CNS antigens such as MBP
(Aloisi et al, 1998; Frei et al, 1987). In a comparison of
the efficiency of CNS and peripheral APCs (DCs and B
cells) in T-cell priming and restimulation, Aloisi et al,
(1999b) found that DCs, followed by IFN-γ–treated

microglia, were the most efficient at inducing naı̈ve
T-cell proliferation and differentiation into Th1 cells.
IFN-γ–treated microglia were as efficient as DCs at
restimulation of Th1 cells. Astrocytes, the other class
II MHC–inducible glial cell in the CNS, were not able
to activate naı̈ve T cells, but, along with microglia,
could efficiently restimulate Th2 cells (Aloisi et al,
1998, 1999b). Generally, perivascular macrophages
have been shown to stimulate CD4+ T cells to prolif-
erate and secrete Th1 cytokines (Carson et al, 1998;
Ford et al, 1995; Perry, 1998). In contrast, class II
MHC–positive microglia freshly isolated from nor-
mal rodent CNS fail to induce T-cell proliferation,
but induce T-cell production of the proinflammatory
cytokines IFN-γ and TNF-α and induce T-cell apop-
tosis, because the microglia are FasL positive (Bonetti
et al, 1997; Carson et al, 1999; Ford et al, 1996; Lee
et al, 2000). Although it is still controversial whether
microglia can activate naı̈ve T cells, their antigen-
presenting role is critical in shaping the immune re-
sponse in the CNS.

Microglia support secondary immune responses
Studies using the Theiler’s murine encephalomyeli-
tis virus–induced demyelinating disease model of
MS have shown that CNS resident microglia and
macrophages can process and present endogenous
self-epitopes to autoantigen-specific T cells (Katz-
Levy et al, 1999; Pope et al, 1998). Importantly,
myelin-specific T cells that traffic to the CNS be-
come activated to express Th1 cytokines and the IL-2
receptor only if they recognize antigen presented by
CNS resident APCs (Krakowski and Owens, 2000).
The expression of CD40 and CD154, along with the
proinflammatory cytokines IFN-γ , IL-12, and TNF-α,
correlates with disease severity of EAE (Abromson-
Leeman et al, 2001; Becher et al, 2001; Issazadeh
et al, 1998). Microglia are the major source of
IL-12 in the inflamed CNS, which, in turn, increases
the production of the IFN-γ by T cells (Krakowski
and Owens, 1997). Studies with CD40-deficient mice
demonstrate that the CD40-CD154 interactions be-
tween parenchymal microglia and encephalitogenic
T cells primed in the periphery are critical for the
optimal activation in the CNS of the infiltrating
T cells and the development and progression of EAE
(Becher et al, 2001). Accordingly, our laboratory and
others have sought to understand the molecular reg-
ulation of class II MHC and costimulatory molecules
in microglia and macrophages to better understand
the function of these cells as APCs in the CNS.

Regulation of class II MHC expression

Class II MHC expression and peptide loading dur-
ing antigen presentation is tightly regulated (for re-
view, see Boss, 1999; Collawn and Benveniste, 1999;
Reith et al, 1999). Class II MHC molecules are con-
stitutively expressed at high levels on professional
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APCs such as thymic epithelium, DCs, and B cells.
Class II MHC expression can be induced by IFN-γ
on a number of other cells including macrophages,
astrocytes, and microglia (for review, see Rohn et al,
1996). Regulated control of class II MHC gene expres-
sion is required to ensure that a proper immune re-
sponse can be initiated against pathogens. Indeed, the
hereditary disease bare lymphocyte syndrome (BLS),
caused by the lack of constitutive and inducible class
II MHC expression, leads to a severe combined im-
munodeficiency (for review, see Mach et al, 1996).
However, aberrant expression of class II MHC anti-
gens is thought to be involved in the pathogenesis of
a number of autoimmune disorders including MS (for
review, see Grusby and Glimcher, 1995).

The class II MHC promoter is a compact regula-
tory unit consisting of four conserved cis-elements,
the W, X1, X2, and Y boxes (for review, see Boss,
1999; Ting and Zhu, 1999) (Figure 3). The identifica-
tion of factors that regulate class II MHC transcrip-
tion came in part from studies of BLS patients, who
were found to have normal class II MHC genes, but to
suffer from mutations in transacting regulatory genes
(de Préval et al, 1985). Somatic cell fusion experi-
ments between several different BLS patient cell lines
and between different in vitro generated class II neg-
ative cell lines established four genetic complemen-
tation groups (A, B, C, and D) (Benichou and Stro-
minger, 1991). The three genes mutated in groups B,
C, and D were found to encode the ubiquitously ex-
pressed regulatory factor X (RFX)-ANK, RFX-5, and
RFX-AP, respectively, which together comprise the
trimeric protein complex RFX that binds the X1 box
(Durand et al, 1997; Masternak et al, 1998; Steimle
et al, 1995). The RFX complex assembles in a coop-
erative manner with cyclic-AMP response element
binding (CREB) protein, which binds the X2 box,
and with the trimeric protein complex NF-Y, which
binds the Y box (Maity and de Crombrugghe, 1998;
Moreno et al, 1999). CREB may be responsible for re-
cruitment of the CREB-binding protein (CBP) to the
class II promoter (Kretsovali et al, 1998). The pro-
tein complex binding the W box is unidentified at
present.

CIITA gene expression

Class II MHC promoters in patients from comple-
mentation group A were found to be fully occupied,
indicating that the assembly of these factors is nec-
essary, but not sufficient, for class II MHC gene ex-
pression. It was found that a gene, given the name
class II transactivator (CIITA), could rescue both con-
stitutive and IFN-γ–inducible class II MHC expres-
sion in cells from complementation group A (Steimle
et al, 1993, 1994). CIITA was shown to be a non–DNA-
binding protein recruited to the class II MHC pro-
moter through synergistic, multiple protein-protein

interactions with RFX and NF-Y (Masternak et al,
2000) (see Figure 3). CIITA was soon recognized as a
master regulatory gene whose expression controls the
cell-type specificity, and constitutiveness and IFN-γ
inducibility of class II MHC expression (for review
see Chang et al, 1999a; Fontes et al, 1999, Reith et al,
1999). Indeed, CIITA and class II MHC expression
are correlated both qualitatively and quantitatively
(Otten et al, 1998). Overexpression of CIITA in
IFN-γ–inducible cells results in the expression of
class II MHC mRNA and protein in the absence of
IFN-γ stimulation, illustrating that ectopic expres-
sion of CIITA is able to bypass the requirement of
IFN-γ–induced signaling (Chin et al, 1994; Lee et al,
1997; Steimle et al, 1994). The obligatory role of
CIITA in class II MHC expression was documented
by the generation of CIITA-deficient mice; these mice
lack inducible class II MHC expression, have sparse
constitutive class II expression on subsets of thymic
stromal cells, and have reduced expression of Ia and
human leukocyte antigen (HLA)-DM genes involved
in antigen presentation (Chang et al, 1996). Given
the requirement of class II MHC for development of
CD4+ T cells, CIITA-deficient mice have drastically
reduced numbers of thymic and peripheral single-
positive CD4+ T cells, which proliferated poorly
when challenged with antigen (Chang et al, 1996).
B cells from CIITA-deficient mice do not express class
II MHC, yet develop normally and can produce pro-
tective antibodies (Fikrig et al, 1997).

The expression of the CIITA gene is controlled
by the alternative usage of three distinct promot-
ers (Muhlethaler-Mottet et al, 1997). Promoter I
was originally described as controlling constitutive
CIITA and class II MHC expression in DCs, but has
recently been shown, along with promoter IV, to reg-
ulate IFN-γ–inducible expression in DCs and cells
of macrophage lineage (Waldburger et al, 2001). Pro-
moter III is primarily responsible for constitutive
CIITA expression in B lymphocytes; however, it is
also weakly IFN-γ inducible in a number of cell
types such as a fibrosarcoma cell line, endothelial
cells, and a murine macrophage cell line (Nikcevich
et al, 1999; Piskurich et al, 1998, 1999). Although
IFN-γ inducible in a number of cell types capable
of functioning as APCs, promoter IV is not strictly
required for IFN-γ induction of CIITA and class II
MHC expression except in extrahematopoietic cells,
including astrocytes (Muhlethaler-Mottet et al, 1997;
Waldburger et al, 2001). In a melanoma cell line
and in primary rat astrocytes, IFN-γ activation of
the human CIITA promoter IV is controlled by three
cis-acting elements, an IFN-γ activation sequence
(GAS), an E Box, and an interferon regulatory factor
(IRF) element, which bind the transcription factors
signal transducer and activator of transcription
(STAT)-1α, upstream stimulatory factor (USF)-1, and
IRF-1, respectively (Dong et al, 1999; Muhlethaler-
Mottet et al, 1998).
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Figure 3 Molecular basis for IFN-γ–induced CIITA and class II MHC gene expression. The intracellular signaling cascades leading to
IFN-γ–induced CIITA and class II MHC gene involve IFN-γ activation of the transcription factors STAT-1α and IRF-1, and the constitutive
expression of USF-1. These transcription factors act in concert to initiate CIITA transcription, leading to CIITA protein expression. CIITA
then is involved in class II MHC gene transcription (A). Putative mechanisms of the inhibitory action of SOCS-1, and the cytokines TGF-β,
IL-4, and IL-10 (B).

IFN-γ regulation of CIITA in macrophages
and microglia

We recently demonstrated that IFN-γ is a potent in-
ducer of CIITA mRNA expression and subsequent

expression of class II MHC antigens on microglia
(O’Keefe et al, 1999, 2001). We have found that
IFN-γ stimulation leads to CIITA mRNA expression
by 4 h, which peaks at 12 to 16 h (O’Keefe et al, 1999).
Given the dependence of class II MHC expression on
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CIITA expression, class II MHC mRNA expression
lags behind that of CIITA mRNA by ∼4 h, showing
an increase over basal levels at 8 h, and reaching a
peak at 48 h. Class II MHC protein expression on the
cell surface is first detectable at 12 h, reaches a peak
at 48 to 60 h, and is still evident at 72 h (O’Keefe et al,
1999). In these studies, we determined the molecular
mechanism of IFN-γ–induced CIITA promoter IV ac-
tivation in murine microglia and macrophages. Our
results demonstrate that the GAS, E-Box, and IRF el-
ements found within 196 bp of the transcriptional
start site in promoter IV each contribute to IFN-γ in-
ducibility of this promoter in macrophages (O’Keefe
et al, 2001). In both macrophages and microglia,
USF-1, as well as IRF-1 and IRF-2, constitutively oc-
cupied the E Box and IRF elements, respectively.
IFN-γ induced the binding of STAT-1α to the GAS ele-
ment, and markedly augmented the binding of IRF-1,
but not IRF-2, to the IRF element (see Figure 3).

Our results differ from those reports that have
demonstrated a more critical role for the IRF element
in IFN-γ activation of the human CIITA promoter IV
(Dong et al, 1999; Nikcevich et al, 1999; Piskurich
et al, 1999). As noted above, we have observed that
IRF-1 and IRF-2 constitutively bind the IRF element
of the murine CIITA promoter IV in microglial cells
and macrophage cells. In other cell lines, the IRF el-
ement in the human CIITA promoter IV was not con-
stitutively occupied by either IRF-1 or IRF-2 (Dong
et al, 1999; Nikcevich et al, 1999). Thus, in cell types
such as the macrophage that have IRF-1 constitu-
tively bound to promoter IV, full activation of the
promoter by IFN-γ may be dependent on STAT-1α
binding the GAS element, followed by IFN-γ–
induced IRF-1 binding the IRF element.

Suppression of CIITA expression

Exposure to IFN-γ activates resting microglia and
CNS-infiltrating macrophages to become phagocytic
and to express class II MHC and costimulatory
molecules, leading to the restimulation of T cells and
chronic inflammation in the CNS. In MS patients, in-
creased IFN-γ production is detected prior to exac-
erbations, and its levels are higher in patients with
relapses (Beck et al, 1988; Correale et al, 1995). In the
normal CNS, there are mechanisms to suppress class
II MHC expression. The BBB prevents cells and many
soluble factors from entering the CNS (Nathanson,
1989). Electrically active neurons, as well as mi-
croglia and astrocytes, produce the neurotrophins
(NT) NT3 and nerve growth factor (NGF) that inhibit
IFN-γ–induced class II MHC expression in microglia
(Neumann et al, 1998). In the inflamed brain, the im-
munosuppressive cytokines IL-4, IL-13, IL-10, TGF-
β, and IFN-β have been reported to reduce inflam-
mation and mediate disease remission in diseases
such as MS and EAE (Arnason et al, 1996; Bettelli
et al, 1998; Chen et al, 1998; Cua et al, 2001; Yu et al,

1996). One mechanism by which these cytokines may
exert their beneficial effect is by suppressing IFN-
γ–induced class II MHC expression (for review, see
Collawn and Benveniste, 1999).

Although the inhibitory effect of IFN-β on class
II MHC expression occurs downstream of CIITA
(Lu et al, 1995), TGF-β inhibits IFN-γ–induced
class II MHC expression in astrocytes by inhibiting
CIITA mRNA expression (Lee et al, 1997; Piskurich
et al, 1998). IL-10 has also been shown to inhibit
IFN-γ–induced class II MHC expression on microglia
and human monocytes (de Waal Malefyt et al, 1991;
Frei et al, 1994; O’Keefe et al, 1999). In monocytes,
IL-10 inhibits constitutive and IFN-γ–induced class
II MHC expression post-translationally by interfering
with newly synthesized class II MHC molecules traf-
ficking to and recycling from the plasma membrane
(Koppelman et al, 1997). Similarly, inflammatory sig-
nals induce class II MHC surface accumulation on
DCs, while inhibiting CIITA and class II MHC mRNA
expression (Cella et al, 1997; Landmann et al, 2001).

We have examined how IFN-γ–induced class II
MHC expression can be inhibited on microglia.
We show that IFN-γ–induced surface expression
of class II MHC molecules can be down-regulated
by the cytokines TGF-β, IL-4, and IL-10. TGF-β,
IL-4, and IL-10 act by inhibiting the expression of
IFN-γ–induced CIITA mRNA and in turn class II
MHC mRNA (O’Keefe et al, 1999). IL-4, IL-10, and
TGF-β inhibition of IFN-γ–induced CIITA mRNA ac-
cumulation was not due to destabilization of CIITA
mRNA, suggesting the inhibitory effects of the cy-
tokines is at the level of CIITA transcription (see
Figure 3B). Our preliminary results indicate that
TGF-β, IL-4, and IL-10 do not affect the binding of
USF-1, STAT-1α, or IRF-1 to their respective elements
in CIITA promoter IV. The inhibitory cytokines did
not enhance the binding of IRF-2 (shown to inhibit
IRF-1 transactivation of some genes) to the promoter’s
IRF element. Although we have not examined the ef-
fects of the inhibitory cytokines on class II MHC traf-
ficking in microglia, our data indicate their effect is
primarily transcriptional, which may be due to the
highly differentiated state of microglia in contrast to
circulating monocytes. Thus, in myeloid cells, class
II MHC expression is regulated at multiple levels and
appears to depend on their state of differentiation.

Given that promoter I is also inducible by IFN-γ
in macrophages, future experiments will be directed
at determining whether the inhibition we observed of
IFN-γ–induced CIITA mRNA expression in microglia
is directed at promoter I, promoter IV, or both. We will
also be attempting to localize elements within the
CIITA promoters that mediate the inhibitory effects
of TGF-β, IL-4, and IL-10. It is possible, however,
that these cytokines globally inhibit the entire CIITA
regulatory region through a mechanism such as his-
tone deacetylation, recently described for silencing
of CIITA mRNA expression during DC maturation
(Landmann et al, 2001).
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In addition, we examined the effects of the newly
discovered Suppressor of Cytokine Signaling (SOCS)
proteins on IFN-γ–induced CIITA and class II MHC
expression in microglia and macrophages (O’Keefe
et al, 2001). SOCS proteins are distinguished by a
novel carboxy-terminal domain called the “SOCS”
box and a centrally located SH2 domain that is re-
quired for their inhibitory effect (for review, see
Yasukawa et al, 2000). The SH2 domain binds the ty-
rosine phosphorylated JH1 domain of Janus kinase
(JAK2) and inhibits IFN-γ–induced phosphoryla-
tion of STAT-1α in numerous cell types. Although
the SOCS-1 promoter contains STAT-3 response ele-
ments, it is only weakly induced by IL-6 and other cy-
tokines activating STAT-3 (Naka et al, 1997). IFN-γ is
the most potent inducer of SOCS-1 expression, which
is mediated through three IRF-binding elements in
the SOCS-1 promoter (Saito et al, 2000). Evidence
from SOCS-1–deficient mice indicates that SOCS-1
has an important role in IFN-γ responsiveness. Stud-
ies of SOCS-1–deficient mice describe a perinatal
lethality that leads to death within 3 weeks (Naka
et al, 1998; Starr et al, 1998). Lethality was specu-
lated to be due to an increased sensitivity to IFN-γ . A
more recent study of SOCS-1–deficient mice has pro-
vided evidence for deregulation of IFN-γ signal trans-
duction pathways, including constitutive binding of
STAT-1α to an oligonucleotide containing a GAS el-
ement, elevated expression of IRF-1 mRNA in the
brain, and elevated expression of class I MHC on bone
marrow cells (Alexander et al, 1999). The defects
were eliminated in mice deficient in both SOCS-1
and IFN-γ , or in SOCS-1–deficient mice treated with
antibodies to IFN-γ (Alexander et al, 1999; Marine
et al, 1999). These results clearly implicate SOCS-1
as a specific inhibitor of the IFN-γ–mediated signal-
ing pathway.

The results of our studies on the effects of
SOCS-1 on IFN-γ activation of the JAK/STAT path-
way in macrophages demonstrate that ectopic ex-
pression of SOCS-1 can attenuate IFN-γ signaling
in macrophages by inhibiting tyrosine phosphory-
lation of STAT-1α (O’Keefe et al, 2001) (Figure 3B).
Ectopic expression of SOCS-1 led to the inhibition of
STAT-1α and IRF-1 binding to the GAS and IRF el-
ements of CIITA promoter IV, respectively, and sub-
sequent inhibition of class II MHC protein expres-
sion in macrophages. It will be of interest to examine
CIITA and class II MHC expression in SOCS-1–
deficient mice, which would help determine the
physiological function of SOCS-1 in regulating
IFN-γ–induced CIITA and class II MHC expression.

CD40 expression and function

CD40 is a 50-kDa type I phosphoprotein member of
the TNF receptor (TNFR) superfamily (for review,
see Grewal and Flavell, 1998; Schönbeck and Libby,
2001). CD40 is expressed by a wide variety of cells

Table 2 CD40 functions

Induction of cytokines and chemokines
IL-1, IL-6, IL-8, IL-10, IL-12, TNF-α, RANTES, MCP-1

Induction of adhesion molecules
ICAM-1, VCAM-1, LFA-1, E-selectin

Induction of antigen presentation and costimulatory molecules
Class II MHC, CD80, CD86, CD40

B-cell proliferation, differentiation, and isotype switching
Rescue monocytes and B cells from apoptosis

such as B cells, macrophages, DCs, microglia, ker-
atinocytes, endothelial cells, thymic epithelial cells,
fibroblasts, and tumor cells (for review, see van
Kooten and Banchereau, 1997). The ligand for CD40
is CD154 (gp39, CD40L), which is expressed mainly
and transiently on activated CD4+ T cells; how-
ever, this molecule is also expressed on macrophages,
natural killer (NK) cells, eosinophils, basophils, mast
cells, and CD8+ T cells. Ligation of CD40 and CD154
initiates a number of signaling pathways, including
activation of nuclear factor kappa B (NF-κB) tran-
scription factors, mitogen activated protein (MAP)
kinases, extracellular response kinase ([ERK], JNK,
and p38), TNFR-associated factor (TRAF) proteins,
PI3K, and the JAK/STAT pathway (for review, see
van Kooten and Banchereau, 2000), which medi-
ate the production of an array of products. The in-
teraction between CD40 and CD154 is critical for
a productive immune response (Table 2). CD154-
CD40 interactions promote B-cell growth, differen-
tiation, and immunoglobulin class switching (Foy
et al, 1996). Up-regulation of various adhesion,
antigen-presenting, and costimulatory molecules oc-
curs upon CD40-CD154 contact, as does production
of numerous cytokines and chemokines. CD40 also
plays a modulatory role in apoptosis. In hepato-
cytes, CD40 signaling amplifies Fas-mediated apop-
tosis by up-regulating Fas ligand expression (Afford
et al, 1999). In contrast, ligation of CD40 inhibits
Fas-mediated apoptosis in dendritic cells, mono-
cytes/macrophages, and B cells (Björck et al, 1997;
Koppi et al, 1997).

CD40 has been implicated in many human dis-
eases, particularly inflammatory autoimmune dis-
eases. Interaction of CD40-CD154 is necessary for
the initiation of insulitis and diabetes in non-obese
diabetic (NOD) mice. Aberrant expression of CD40,
CD154, or both has been described in rheuma-
toid arthritis (MacDonald et al, 1997), MS (Gerritse
et al, 1996), Alzheimer’s disease (AD) (Calingasan
et al, 2002; Togo et al, 2000), and human im-
munodeficiency virus (HIV)-1–associated dementia
(D’Aversa et al, 2002). Macrophages/microglia in
the MS brain have been shown to express CD40;
these CD40-positive macrophages/microglia colocal-
ize with CD154-positive Th cells in the MS brain,
suggesting a functional interaction between these
two cell types (Gerritse et al, 1996). CD40-positive
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microglia were observed in the CNS of marmoset
monkeys with accute EAE, a newly described non-
human model for MS (Laman et al, 1998). Mice that
are deficient for either CD154 or CD40 fail to develop
EAE (Becher et al, 2001; Grewal et al, 1996). Inter-
estingly, recent studies of EAE induction in CD40-
deficient mice demonstrate that CD40 is not required
for activation of encephalitogenic T cells in the pe-
riphery, but that CD40-CD154 interactions are critical
for activation of T cells in the CNS. In the absence of
CD40, infiltrating T cells had dramatically lower pro-
duction of inflammatory cytokines and chemokines,
in particular IL-12 (Abromson-Leeman et al, 2001;
Becher et al, 2001). These studies demonstrate that
CD40-CD154 interactions amplify organ-specific im-
mune responses, and explain the beneficial effects of
blocking the interaction between CD40-CD154 with
anti-CD154 or CD40 Ig in murine and marmoset mod-
els of CNS autoimmune diseases (Boon et al, 2001;
Howard et al, 1999, 2002; Samoilova et al, 1997).
Based on these promising results, humanized anti-
human CD154 antibody is in phase II clinical trials
in MS patients.

There is also provocative in vivo data to implicate
CD40-positive microglia in AD, which includes en-
hanced CD40 expression on microglia derived from
TgAPPsw mice (a transgenic murine model of AD)
that correlates with increased levels of soluble Aβ
1–40, and neurotoxin production by CD40-positive
microglia upon ligation with CD154 (Tan et al, 1999).
CD40 expression has been demonstrated in AD brain
(Togo et al, 2000). CD40 expression was detected
in microglial aggregates, and colocalized with Aβ-
positive senile plaques. An unanswered question is
what the cellular sources for CD154 in AD brain are,
given the paucity of T-cell infiltration in this disease.
An intriguing possibility is that astrocytes may be
a source of CD154 in AD. A very recent publication
demonstrated abundant CD154-positive astrocytes
in AD brains in close apposition to reactive mi-
croglia (Calingasan et al, 2002). This suggests that
interaction between CD40-positive microglia and
CD154-positive astrocytes may promote the produc-
tion of neurotoxins that mediate neuronal damage
in AD.

CD40 also appears to be critical for neuronal de-
velopment, maintenance, and protection (Tan et al,
2002). Recently, studies have shown that neurons
from adult mouse and human brain constitutively
express CD40. CD40 is functional on these neuronal
cells as ligation induces a time-dependent increase
in ERK-1/2 activation. Most striking was the observa-
tion that adult mice deficient for CD40 demonstrated
neuronal dysfunction manifested by decreased neu-
rofilament isoforms, reduced Bcl-XL:Bax ratio, neu-
ronal morphological changes, increased DNA frag-
mentation, and gross brain abnormality. These novel
results expand the repertoire of cells in the CNS ca-
pable of expressing CD40, and suggest a critical role
for CD40 in neuronal function.

IFN-γ induction of CD40

Microglia express CD40 in response to IFN-γ (Aloisi
et al, 1998; Nguyen et al, 1998), and this response
is enhanced by Aβ peptide (Aβ 1–42) (Tan et al,
1999). We have recently described the molecular ba-
sis of IFN-γ–induced CD40 gene expression in mi-
croglia and macrophages (Nguyen and Benveniste,
2000b). Sequence analysis of the 5′ flanking region
of the CD40 gene reveals that it is a TATA-less pro-
moter with three IFN-γ activation sequences (GAS)
designated as the distal (d)GAS, medial (m)GAS, and
the proximal (p)GAS, respectively. Adjacent to each
of these GAS element is a NF-κB element. In ad-
dition, several Ets binding sites are located in the
CD40 promoter (Figure 4). Using a combination of
site-directed mutagenesis and electrophoretic mo-
bility shift assay (EMSA) studies, we have found
that IFN-γ induction of the CD40 gene involves the
constitutively expressed transcription factors PU.1
and Spi-B of the Ets family and IFN-γ–activated
STAT-1α (Nguyen and Benveniste, 2000b). STAT-1α
binding to the dGAS and mGAS elements is impor-
tant for IFN-γ induction of the CD40 promoter. In
particular, the mGAS element is critical for IFN-γ ac-
tivation of the promoter, because mutation of this ele-
ment completely abrogates IFN-γ–induced promoter
activity. Furthermore, the binding of PU.1/Spi-B and
Spi-B to EtsA and EtsB, respectively, may confer cell-
specific expression of IFN-γ–induced CD40, because
their binding is only observed in CD40-positive cells,
including microglia and macrophages (Nguyen and
Benveniste, 2000b).

Recently, we have demonstrated that IFN-γ in-
duces TNF-α production in macrophages and mi-
croglia, and this autocrine production of TNF-α
is critical for IFN-γ–induced CD40 expression
(Nguyen and Benveniste, 2002). The inclusion of
anti–TNF-α neutralizing antibody significantly in-
hibits IFN-γ–induced CD40 mRNA and CD40 pro-
moter activity. Furthermore, IFN-γ–induced CD40
protein expression is attenuated in TNF-α–deficient
microglia, and can be restored with exogenous
TNF-α. Site-directed mutagenesis studies demon-
strate that the NF-κB elements adjacent to the dGAS
and mGAS elements in the CD40 promoter are re-
quired for IFN-γ–induced CD40 promoter activity.
IFN-γ treatment leads to the activation of NF-κB in
a time-dependent manner, which is inhibited in the
presence of anti–TNF-α neutralizing antibody. Taken
together, we have put forth a model for how IFN-γ
induces CD40 gene expression in macrophages and
microglia, and the important role of TNF-α/NF-κB in
this response (see Figure 4A).

Inhibition of IFN-γ–induced CD40 expression

Given that CD40/CD154 interaction has been demon-
strated by blocking studies to be important in the
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Figure 4 Molecular basis of IFN-γ–induced CD40 expression in microglia/macrophages. Under basal conditions, PU-1 and Spi-B are
bound to the etsA and etsB elements in the CD40 promoter. Upon IFN-γ binding to its receptor, STAT-1α is phosphorylated, dimerizes,
translocates into the nucleus and binds to dGAS and mGAS. IFN-γ induces the production of TNF-α, which signals in an autocrine fashion
to activate NF-κB, which binds to NF-κB elements in the CD40 promoter. Signaling through the IFN-γ–activated JAK/STAT pathway
and the TNF-α–activated pathway is essential for optimal expression of CD40 (A). TGF-β inhibits IFN-γ–induced CD40 expression by
destabilizing CD40 mRNA. IL-4, through activation of STAT-6, inhibits IFN-γ–induced CD40 expression at the level of transcription.
SOCS-1 inhibits IFN-γ–induced CD40 expression by preventing the phosphorylation of STAT-1α, the induction of TNF-α and the TNF
receptor, and subsequent activation of NF-κB (B).
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pathogenesis of CNS diseases such as EAE (Gerritse
et al, 1996; Grewal et al, 1996; Howard et al, 1999;
Samoilova et al, 1997), it is important to understand
how CD40 expression is down-regulated. There are
compelling in vivo data that implicate both TGF-β
and IL-4 in contributing to suppression and/or re-
covery in EAE (Chen et al, 1998; Falcone et al, 1998;
Santambrogio et al, 1993; Shaw et al, 1997). Indeed,
targeted delivery of IL-4 and TGF-β by autoreactive
T cells to the CNS reduces the severity of EAE (Chen
et al, 1998; Shaw et al, 1997). Thus, immunosuppres-
sive cytokines such as IL-4 and TGF-β may serve as
potent inhibitors of CD40 expression.

We and others have recently demonstrated that IL-
4 and TGF-β inhibit IFN-γ–induced CD40 expres-
sion in macrophages and microglia (Nguyen and
Benveniste, 2000a; Nguyen et al, 1998; Wei and
Jonakait, 1999). Nuclear run-on and promoter trans-
fection studies indicate that IL-4–mediated repres-
sion is at the transcriptional level, and such inhi-
bition is dependent on the activation of STAT-6.
Furthermore, IL-4 inhibition of IFN-γ–induced CD40
expression is specific, because IL-4 does not inhibit
IFN-γ–induced IRF-1 gene expression. Site-directed
mutagenesis studies demonstrate that the pGAS
and dGAS elements within the CD40 promoter are
important for IL-4 inhibition of IFN-γ–induced CD40
promoter activity. Moreover, EMSAs indicate that IL-
4–activated STAT-6 binds to these elements. These
results suggest that IL-4 inhibition of IFN-γ–induced
CD40 expression is mediated by direct STAT-6 bind-
ing to the CD40 promoter (Nguyen and Benveniste,
2000a) (see Figure 4B). Because IL-12 production oc-
curs upon ligation of CD40 on microglia, inhibition
of IFN-γ–induced CD40 expression may be an indi-
rect mechanism that IL-4 utilizes to attenuate Th1
responses.

In contrast, we have found that inhibition of
IFN-γ–induced CD40 mRNA levels by TGF-β in
microglia is not due to inhibition of CD40 transcrip-
tion; rather, inhibition is due to enhanced degra-
dation of CD40 mRNA (Nguyen et al, 1998) (see
Figure 4B). Although the mechanisms involved in
post-transcriptional mRNA regulation are complex,
there are sequences within the mRNA itself that
affect half-lives (AU-rich elements or AURE). Murine
CD40 mRNA has four AU-rich elements within its 3′
UTR, suggesting that CD40 mRNA should be quite
unstable (Torres and Clark, 1992). Studies underway
to examine the binding of proteins to the AU-rich do-
mains of CD40 mRNA should provide information
about the molecular mechanism(s) used by TGF-β to
inhibit IFN-γ–induced CD40 protein expression in
microglia.

We have recently determined that SOCS-1 ab-
rogates IFN-γ–mediated CD40 upregulation in
macrophages (Wesemann et al, 2002). SOCS-1 in-
hibits IFN-γ–induced STAT-1α phosphorylation and
binding to the CD40 promoter, as well as IFN-γ–

mediated NF-κB activation and binding to the CD40
promoter. This inhibitory effect is due to the inhibi-
tion by SOCS-1 of IFN-γ induction of TNF-α and the
receptor TNFR1 (see Figure 4B).

These studies collectively indicate that there are
multiple mechanisms by which CD40 expression is
inhibited, which may be of benefit for therapeutic
intervention.

Regulation of B7 expression

In addition to CD40, the B7 family of costimula-
tory molecules, which include B7-1 (CD80) and B7-2
(CD86), also have an important role in the initiation
and regulation of T-cell activation and differentiation
(for review, see Anderson et al, 1999; Bluestone,
1995; Lenschow et al, 1996). Although both B7-1
and B7-2 can interact with their receptors CD28 and
CTLA-4 on T cells, there is evidence that B7-1 and
B7-2 have differential effects on T-cell cytokine pro-
duction and on T cell–mediated autoimmune re-
sponses. B7-1 signaling by APCs induces produc-
tion of Th1-type cytokines (e.g., IFN-γ , TNF-α, and
IL-2) and initiation of disease in the EAE model,
whereas B7-2 signaling induces a Th2-cytokine phe-
notype, decreasing disease severity (Freeman et al,
1995; Kuchroo et al, 1995; Racke et al, 1995). Fur-
thermore, signaling through CD28 is a positive regula-
tor of T-cell activation, whereas cytotoxic T lympho-
cyte associated (CTLA) protein-4 ligation can deliver
a negative signal and terminate immune responses
(Karandikar et al, 1996; Lee et al, 1998). Thus, B7 ex-
pression is a critical determinant of the nature and
duration of immune responses.

B7-1 and B7-2 are expressed or are inducible
on APCs, including DCs, B cells, monocytes,
macrophages, and microglia (for review, see Coyle
and Gutierrez-Ramos, 2001). IFN-γ induces the
expression of B7-1 in human microglia in vitro, but
not on murine microglia (De Simone et al, 1995; Igle-
sias et al, 1997). B7-2 expression on murine microglia
requires the combined treatment of IFN-γ and LPS
(Iglesias et al, 1997). Like class II MHC and CD40,
IL-10 and TGF-β can inhibit IFN-γ /LPS upregula-
tion of B7 molecules on macrophages and microglia
(Ding et al, 1993; Iglesias et al, 1997; Wei and
Jonakait, 1999). B7-1 and B7-2 have been detected in
acute MS plaques (De Simone et al, 1995; Winghagen
et al, 1995). In a study of costimulatory molecule ex-
pression during the course of EAE disease progres-
sion, levels of CD40, B7-2, and CD28 expression in
the CNS correlated with clinical signs, whereas ex-
pression of B7-1 and CTLA-4 peaked during remis-
sion (Issazadeh et al, 1998). Studies of the role of B7
in EAE have shown that blocking B7-1 increased T
cells’ production of IL-4 and reduced the incidence
of disease, whereas blocking B7-2 increased T cells’
secretion of IFN-γ and increased disease severity
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(Kuchroo et al, 1995). The requirement for B7 cos-
timulation in the effector phase of T-cell activation in
EAE was conclusively demonstrated in B7-deficient
mice (Chang et al, 1999b).

Recently, regulatory elements controlling B7-1 and
B7-2 gene expression in B cells have been identi-
fied (Fong et al, 1996; Li et al, 1999, 2000; Zhao
et al, 1996). A cell type–specific and LPS/cAMP-
responsive enhancer element has been identified
∼3 kb upstream of the transcriptional start site of
the B7-1 gene. The B7-1 enhancer element contains
a consensus NF-κB element that is bound by the NF-
κB family members p50, p65, c-Rel, and RelB, in a
B7-1–positive B-cell line (Zhao et al, 1996). Simi-
larly, the promoter for the B7-2 gene contains an NF-
κB element that mediates CD40-induced activation
of a B7-2 promoter construct in a B-cell line (Li et al,
1999). Thus, both B7-1 and B7-2 expression is regu-
lated by NF-κB, which is activated by CD40 ligation
and LPS treatment in several cell types (Berberich
et al, 1994; Kuprash et al, 1995; Vincenti et al, 1992).
In addition, the B7-2 promoter contains two GAS el-
ements that bind IFN-γ–induced STAT-1α, leading
to B7-2 expression in the U937 monocytic cell line
(Li et al, 2000). These data, together with our studies
that show functional GAS and NF-κB elements in the
CD40 promoter, suggests that expression of costimu-
latory molecules by APCs is controlled by NF-κB and
STAT-1α activation. Further studies will be needed
to determine if CD40 and B7 gene expression is co-
ordinately regulated through the shared use of these
transcription factors and perhaps any transcriptional
coactivators that they may recruit to their respective
promoters.
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Léveillé C, Chandad F, Al-Daccak R, Mourad W (1999).
CD40 associated with the MHC class II molecules on
human B cells. Eur J Immunol 29: 3516–3526.

Li J, Colovai AI, Cortesini R, Suciu-Foca N (2000). Cloning
and functional characterization of the 5′-regulatory re-
gion of the human CD86 gene. Hum Immunol 61: 486–
498.

Li J, Liu Z, Jiang S, Cortesini R, Lederman S, Suciu-Foca
N (1999). T suppressor lymphocytes inhibit NF-κB-
mediated transcription of CD86 gene in APC. J Immunol
163: 6386–6392.

Lu H-T, Riley JL, Babcock GT, Huston M, Stark GR, Boss
JM, Ransohoff RM (1995). Interferon (IFN) β acts down-
stream of IFN-γ -induced class II transactivator messen-
ger RNA accumulation to block major histocompatibil-
ity complex class II gene expression and requires the
48-kD DNA-binding protein, ISGF3-γ . J Exp Med 182:
1517–1525.

MacDonald KPA, Nishioka Y, Lipsky PE, Thomas R (1997).
Functional CD40 ligand is expressed by T cells in
rheumatoid arthritis. J Clin Invest 100: 2404–2414.

Mach B, Steimle V, Martinez-Soria E, Reith W (1996). Reg-
ulation of MHC class II genes: lessons from a disease.
Annu Rev Immunol 14: 301–331.

Maity SN, de Crombrugghe B (1998). Role of the CCAAT-
binding protein CBF/NF-Y in transcription. Trends
Biochem Sci 23: 174–178.

Marine J-C, Topham DJ, McKay C, Wang D, Parganas E,
Stravopodis D, Yoshimura A, Ihle JN (1999). SOCS1 defi-
ciency causes a lymphocyte-dependent perinatal lethal-
ity. Cell 98: 609–616.

Masternak K, Barras E, Zufferey M, Conrad B, Corthals G,
Aebersold R, Sanchez J-C, Hochstrasser DF, Mach B,
Reith W (1998). A gene encoding a novel RFX-
associated transactivator is mutated in the majority of
MHC class II deficiency patients. Nat Genet 20: 273–
277.

Masternak K, Muhlethaler-Mottet A, Villard J, Zufferey M,
Steimle V, Reith W (2000). CIITA is a transcriptional
coactivator that is recruited to MHC class II promoters
by multiple synergistic interactions with an enhanceo-
some complex. Genes Dev 14: 1156–1166.

McDyer JF, Goletz TJ, Thomas E, June CH, Seder RA (1998).
CD40 ligand/CD40 stimulation regulates the production



Class II MHC, CD40, B7 expression in neurological diseases
GM O’Keefe et al 511

of IFN-γ from human peripheral blood mononuclear
cells in an IL-12-and/or CD28-dependent manner. J Im-
munol 160: 1701–1707.

Merrill JE, Benveniste EN (1996). Cytokines in inflamma-
tory brain lesions: helpful and harmful. Trends Neurosci
19: 331–338.

Mezey E, Chandross KJ, Harta G, Maki RA, McKercher SR
(2000). Turning blood into brain: cells bearing neuronal
antigens generated in vivo from bone marrow. Science
290: 1779–1782.

Monks CRF, Freiberg BA, Kupfer H, Sclaky N, Kupfer A
(1998). Three-dimensional segregation of supramolecu-
lar activation clusters in T cells. Nature 395: 82–86.

Moreno CS, Beresford GW, Louis-Plence P, Morris AC, Boss
JM (1999). CREB regulates MHC class II expression in a
CIITA-dependent manner. Immunity 10: 143–151.

Muhlethaler-Mottet A, Di Berardino W, Otten LA, Mach
B (1998). Activation of the MHC class II transactivator
CIITA by interferon-γ requires cooperative interaction
between Stat1 and USF-1. Immunity 8: 157–166.

Muhlethaler-Mottet A, Otten LA, Steimle V, Mach B (1997).
Expression of MHC class II molecules in different cellu-
lar and functional compartments is controlled by differ-
ential usage of multiple promoters of the transactivator
CIITA. EMBO J 16: 2851–2860.

Naka T, Matsumoto T, Narazaki M, Fujimoto M, Morita Y,
Ohsawa Y, Saito H, Nagasawa T, Uchiyama Y, Kishimoto
T (1998). Accelerated apoptosis of lymphocytes by aug-
mented induction of Bax in SSI-1 (STAT-induced STAT
inhibitor-1) deficient mice. Proc Natl Acad Sci USA 95:
15577–15582.

Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto
S, Aono A, Nishimoto N, Kajita T, Taga T, Yoshizaki K,
Akira S, Kishimoto T (1997). Structure and function of
a new STAT-induced STAT inhibitor. Nature 387: 924–
929.

Nathanson JA (1989). The blood-cerebrospinal fluid bar-
rier as an immune surveillance system: functions of the
choroid plexus. PNEI 2: 96–101.

Neumann H, Misgeld T, Matsumuro K, Wekerle H (1998).
Neurotrophins inhibit major histocompatibility class II
inducibility of microglia: involvement of the p75 neu-
rotrophin receptor. Proc Natl Acad Sci USA 95: 5779–
5784.

Nguyen V, Benveniste EN (2000a). Interleukin-4 activated
STAT-6 inhibits IFN-γ induced CD40 gene expression in
macrophages/microglia. J Immunol 165: 6235–6243.

Nguyen VT, Benveniste EN (2000b). Involvement of STAT-
1α and ets family members in interferon-γ induction
of CD40 transcription in macrophages/microglia. J Biol
Chem 271: 23674–23684.

Nguyen VT, Benveniste EN (2002). Critical role of TNF-α
and NF-κB in IFN-γ -induced CD40 expression in
microglia/macrophages. J Biol Chem 277: 13796–
13803.

Nguyen V, Walker WS, Benveniste EN (1998). Post-
transcriptional inhibition of CD40 gene expression in
microglia by transforming growth factor-β. Eur J Im-
munol 28: 2537–2548.

Nikcevich KM, Piskurich JF, Hellendall RP, Wang Y,
Ting JP-Y (1999). Differential selectivity of CIITA pro-
moter activation by IFN-γ and IRF-1 in astrocytes and
macrophages: CIITA promoter activation is not affected
by TNF-α. J Neuroimmunol 99: 195–204.

O’Keefe GM, Nguyen VT, Benveniste EN (1999). Class II
transactivator and class II MHC gene expression in mi-

croglia: modulation by the cytokines TGF-β, IL-4, IL-13,
and IL-10. Eur J Immunol 29: 1275–1285.

O’Keefe GM, Nguyen VT, Tang LP, Benveniste EN (2001).
IFN-γ regulation of class II transactivator promoter IV
in macrophages and microglia: involvement of the sup-
pressors of cytokine signaling-1 protein. J Immunol 166:
2260–2269.

Otten LA, Steimle V, Bontron S, Mach B (1998). Quantita-
tive control of MHC class II expression by the transacti-
vator CIITA. Eur J Immunol 28: 473–478.

Owens T, Renno T, Taupin V, Krakowski M (1994). Inflam-
matory cytokines in the brain: does the CNS shape im-
mune responses? Immunol Today 15: 566–571.

Owens T, Wekerle H, Antel J (2001). Genetic models for
CNS inflammation. Nat Med 7: 161–166.

Paludan SR (1998). Interleukin-4 and Interferon-γ : the
quintessence of a mutual antagonistic relationship.
Scand J Immunol 48: 459–468.

Perry VH (1998). A revised view of the central nervous
system microenvironment and major histocompatibility
complex class II antigen presentation. J Neuroimmunol
90: 113–121.

Pieters J (1997). MHC class II restricted antigen presenta-
tion. Curr Opin Immunol 9: 89–96.

Piskurich JF, Linhoff MW, Wang Y, Ting JP-Y (1999). Two
distinct gamma interferon-inducible promoters of the
major histocompatibility complex class II transactivator
gene are differentially regulated by STAT1, interferon
regulatory factor 1, and transforming growth factor β.
Mol Cell Biol 19: 431–440.

Piskurich JF, Wang Y, Linhoff MW, White LC, Ting
JP-Y (1998). Identification of distinct regions of 5′ flank-
ing DNA that mediate constitutive, IFN-γ , STAT1, and
TGF-β-regulated expression of the class II transactivator
gene. J Immunol 160: 233–240.

Pope JG, Vanderlugt CL, Rahbe SM, Lipton HL, Miller
SD (1998). Characterization of and functional antigen
presentation by central nervous system mononuclear
cells from mice infected with Theiler’s murine en-
cephalomyelitis virus. J Virol 72: 7762–7771.

Racke MK, Scott DE, Quigley L, Gray GS, Abe R, June CH,
Perrin PJ (1995). Distinct roles for B7-1 (CD-80) and
B7-2 (CD-86) in the initiation of experimental allergic
encephalomyelitis. J Clin Invest 96: 2195–2203.

Reiss Y, Hoch G, Deutsch U, Engelhardt B (1998). T cell in-
teraction with ICAM-1-deficient endothelium in vitro:
essential role for ICAM-1 and ICAM-2 in transendothe-
lial migration of T cells. Eur J Immunol 28: 3086–3099.

Reith W, Muhlethaler-Mottet A, Masternak K, Villard J,
Mach B (1999). The molecular basis of MHC class II de-
ficiency and transcriptional control of MHC class II gene
expression. Microbes Infect 1: 839–846.

Rohn WM, Lee Y-J, Benveniste EN (1996). Regulation of
class II MHC expression. Crit Rev Immunol 16: 311–
330.

Romagnani S (1997). The Th1/Th2 paradigm. Immunol
Today 18: 263–266.

Saito H, Morita Y, Fujimoto M, Narazaki M, Naka T,
Kishmoto T (2000). IFN regulatory factor-1-mediated
transcriptional activation of mouse STAT-induced STAT
inhibitor-1 gene promoter by IFN-γ . J Immunol 164:
5833–5843.

Samoilova EB, Horton JL, Zhang H, Chen Y (1997). CD40L
blockade prevents autoimmune encephalomyelitis and
hampers TH1 but not TH2 pathway of T cell differenti-
ation. J Mol Med 75: 603–608.



Class II MHC, CD40, B7 expression in neurological diseases
512 GM O’Keefe et al

Santambrogio L, Hochwald GM, Saxena B, Leu C-H, Martz
JE, Carlino JA, Ruddle NH, Palladino MA, Gold LI,
Thorbecke GJ (1993). Studies on the mechanisms by
which transforming growth factor-β (TGF-β) protects
against allergic encephalomyelitis: antagonism between
TGF-β and tumor necrosis factor. J Immunol 151: 1116–
1127.

Schönbeck U, Libby P (2001). The CD40/CD154 recep-
tor/ligand dyad. Cell Mol Life Sci 58: 4–43.

Schwartz RH (1996). Models of T cell anergy: is there a
common molecular mechanism? J Exp Med 184: 1–8.

Seder RA, Marth T, Sieve MC, Strober W, Letterio JJ, Roberts
AB, Kelsall B (1998). Factors involved in the differentia-
tion of TGF-β-producing cells from naive CD4+ T cells:
IL-4 and IFN-γ have opposing effects, while TGF-β pos-
itively regulates its own production. J Immunol 160:
5719–5728.

Seder RA, Paul WE (1994). Acquisition of lymphokine-
producing phenotype by CD4+ T cells. Ann Rev Im-
munol 12: 635–673.

Shaw AS, Dustin ML (1997). Making the T cell receptor
go the distance: a topological view of T cell activation.
Immunity 6: 361–369.

Shaw MK, Lorens JB, Dhawan A, DalCanto R, Tse HY,
Tran AB, Bonpane C, Eswaran SL, Brocke S, Sarvetnick
N, Steinman L, Nolan GP, Fathman CG (1997). Local
delivery of interleukin 4 by retrovirus-transduced T
lymphocytes ameliorates experimental autoimmune en-
cephalomyelitis. J Exp Med 185: 1711–1714.

Shrikant P, Benveniste EN (1996). The central nervous sys-
tem as an immunocompetent organ: role of glial cells in
antigen presentation. J Immunol 157: 1819–1822.

Starr R, Metcalf D, Elefanty AG, Brysha M, Willson TA,
Nicola NA, Hilton DJ, Alexander WS (1998). Liver de-
generation and lymphoid deficiencies in mice lacking
suppressor of cytokine signaling-1. Proc Natl Acad Sci
USA 95: 14395–14399.

Steimle V, Durand B, Barras E, Zufferey M, Hadam MR,
Mach B, Reith W (1995). A novel DNA-binding regula-
tory factor is mutated in primary MHC class II deficiency
(bare lymphocyte syndrome). Genes Dev 9: 1021–1032.

Steimle V, Otten LA, Zufferey M, Mach B (1993). Comple-
mentation cloning of an MHC class II transactivator mu-
tated in hereditary MHC class II deficiency (or bare lym-
phocyte syndrome). Cell 75: 135–146.

Steimle V, Siegrist C-A, Mottet A, Lisowska-Grospierre B,
Mach B (1994). Regulation of MHC class II expression by
interferon-γ mediated by the transactivator gene CIITA.
Science 265: 106–109.

Steinman L (1996). Multiple sclerosis: a coordinated im-
munological attack against myelin in the central nervous
system. Cell 85: 299–302.

Swanborg RH (1995). Experimental autoimmune en-
cephalomyelitis in rodents as a model for human de-
myelinating disease. Clin Immunol Immunopathol 77:
4–13.

Tan J, Town T, Mori T, Obregon D, Wu Y, DelleDonne A,
Rojiani A, Crawford F, Flavell RA, Mullan M (2002).
CD40 is expressed and functional on neuronal cells.
EMBO J 21: 643–652.

Tan J, Town T, Paris D, Mori T, Suo Z, Crawford F, Mattson
MP, Flavell RA, Mullan M (1999). Microglial activation

resulting from CD40-CD40L interaction after β-amyloid
stimulation. Science 286: 2352–2355.

Taniguchi T, Minami Y (1993). The IL-2/IL-2 receptor sys-
tem: a current overview. Cell 73: 5–8.

Ting JP-Y, Zhu X-S (1999). Class II MHC genes: a model gene
regulatory system with great biologic consequences.
Microbes Infect 1: 855–861.

Togo T, Akiyama H, Kondo H, Ikeda K, Kato M, Iseki E,
Kosaka K (2000). Expression of CD40 in the brain of
Alzheimer’s disease and other neurological diseases.
Brain Res 885: 117–121.

Torres RM, Clark EA (1992). Differential increase of an alter-
natively polyadenylated mRNA species of murine CD40
upon B lymphocyte activation. J Immunol 148: 620–626.

van Kooten C, Banchereau J (1997). Functions of CD40 on
B cells, dendritic cells and other cells. Curr Opin Cell
Biol 9: 330–337.

van Kooten C, Banchereau J (2000). CD40-CD40 ligand.
J Leukoc Biol 67: 2–17.

Vincenti MP, Burrell TA, Taffet SM (1992). Regulation of
NF-κB activity in murine macrophages: effect of bacte-
rial lipopolysaccharide and phorbol ester. J Cell Physiol
150: 204–213.

Waldburger JM, Suter T, Fontana A, Acha-Orbea H, Reith W
(2001). Selective abrogation of major histocompatibility
complex class II expression on extrahematopoietic cells
in mice lacking promoter IV of the class II transactivator
gene. J Exp Med 194: 393–406.

Wei R, Jonakait GM (1999). Neurotrophins and the anti-
inflammatory agents interleukin-4 (IL-4), IL-10, IL-11
and transforming growth factor-β1 (TGF-β1) down-
regulate T cell costimulatory molecules B7 and CD40
on cultured rat microglia. J Neuroimmunol 95: 8–18.

Wesemann D, Dong Y, O’Keefe GM, Nguyen VT, Benveniste
EN (2002). Suppressor of cytokine signaling 1 (SOCS-
1) inhibits cytokine induction CD40 expression in
macrophages. J Immunol 169: 2354–2360.

Williams K, Ulvestad E, Antel JP (1994). B7/BB-1 antigen
expression on adult human microglia studied in vitro
and in situ. Eur J Immunol 24: 3031–3037.

Winghagen A, Newcombe J, Dangond F, Strand C,
Woodroofe MN, Cuzner ML, Hafler DA (1995). Ex-
pression of costimulatory molecules B7-1 (CD80), B7-2
(CD86), and interleukin 12 cytokine in multiple sclero-
sis lesions. J Exp Med 182: 1985–1996.

Windhagen A, Nicholson LB, Weiner HL, Kuchroo VK,
Hafler DA (1996). Role of Th1 and Th2 cells in neuro-
logic disorders. Chem Immunol 63: 171–186.

Yasukawa H, Saski A, Yoshimura A (2000). Negative regula-
tion of cytokine signaling pathways. Annu Rev Immunol
18: 143–164.

Yu M, Nishiyama A, Trapp BD, Tuohy VK (1996).
Interferon-β inhibits progression of relapsing-remitting
experimental autoimmune encephalomyelitis. J Neuro-
immunol 64: 91–100.

Zhao B, Schwartz JP (1998). Involvement of cytokines
in normal CNS development and neurological diseases:
recent progress and perspectives. J Neurosci Res 52:
7–16.

Zhao J, Freeman GJ, Gray GS, Nadler LM, Glimcher LH
(1996). A cell type-specific enhancer in the human B7.1
gene regulated by NF-κB. J Exp Med 183: 777–789.


