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Abstract

MHC class Il molecules are expressed on the surface of antigen presenting cells and are loaded with
peptides processed from the phagosomal compartment of these cells. Such complexes interact with
the CD4 positive T lymphocyte receptor for antigen and a strong interaction is followed by T cell
activation and proliferation. As class Il expression is critical for antigen specific immunity its
expression mostly restricted to a few cell types but can be induced on others in response to interferon
v. This expansion of antigen presenting ability plays a role in increasing the duration and intensity
of the immune response. Nitric oxide and antioxidants attenuate this class Il induction through
negative effects on the induction of class Il transactivator protein expression and on the binding of
transcription factor NF-Y to the class Il promoter.

THE BIOLOGICAL IMPORTANCE OF MHC CLASS I

In vertebrates, the adaptive immune system has evolved to tailor the anti-microbial response
to the challenges posed by particular micro-organisms. This system is highly effective, and
once an infection has been successfully dealt with, re-exposure (even many years later) is met
with a rapid re-activation of the response, leading to eradication of the microbe with no
symptoms of disease. Adaptive immunity is provided by T and B lymphocyte recognition of
non-self peptides (antigens) and the T lymphocytes are the key effector cells. CD8 positive T
cells are cytotoxic to infected host cells, but CD4 T cells (T helper, Th cells) have a wider role,
secreting cytokines that are required for the microbicidal activity of macrophages or
eosinophils, and the maturation and proliferation of immunoglobulin-producing B cells. T cells
cannot recognize antigenic peptides unless these have been cleaved from the organism by
phagocytic antigen-presenting cells (APC) and loaded onto major histocompatibility complex
(MHC) molecules on the APC cell surface [1]. MHC class | molecules present proteins found
in the cytosol of APC to CD8 T cells. Cytosolic antigens are usually viral (viruses gain entry
to the cytosol either by receptor-mediated endocytosis followed by lysosomal escape, or by
direct fusion of their lipid bilayer coat to the cell surface), and lead to a cytotoxic T cell response
to eliminate infected cells. Because all cell types are potential targets for virus infection, class
I is ubiquitously expressed. In contrast, class |1 molecules present antigens derived from
endocytic vesicles in the APC, where they are found after the phagocytosis of the micro-
organism. MHC class Il molecules are heterodimers comprising glycoprotein o (32 kDa) and
B (26 kDa) chains [2]. Each chain has two extracellular domains, the most exterior of which
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interact with eachother to form a peptide binding groove. Recognition of class Il bound peptide
antigens is restricted to CD4 T cells. These CD4 cells are then activated to secrete cytokines
that co-ordinate either a cell mediated or humoral immune response as appropriate for efficient
clearance of the particular microbe in question. Thus, class Il is crucial for immune function,
and patients with a rare genetic deficiency in class Il expression (Bare Lymphocyte Syndrome,
BLYS) exhibit recurrent and severe bacterial, fungal and viral infections [3]. The class Il genes
are highly polymorphic, so most people are heterozygotic at each allele [4]. In addition, many
individuals have two copies of the B chain gene at the DR locus (see below), so an APC can
express as many as sixteen different class 11 heterodimers (although not all o and  chain
combinations are stable). An individual’s combination of MHC encoding genes is known as a
haplotype. This broad class Il repertoire will allow for the efficient loading and presentation
of antigenic peptides of widely differing structures. The MHC haplotype is instrumental in
shaping the individual’s T cell repertoire: the T cell receptor for MHC/antigenic peptide (the
TCR) is highly variable, due to somatic mutation, and developing T cells bearing a TCR that
cannot interact with the MHC available in that individual are deleted in the thymus (positive
selection) [5]. APC load self and non-self peptides onto MHC and thus can present self peptides
to T cells via class 1. However, a strong interaction between TCR and self peptide also leads
to T cell deletion (negative selection) [6]. Nevertheless, potentially auto-reactive T
lymphocytes can be detected in the periphery, and so the predisposition to mount an immune
response against self antigen is determined in large part by MHC. This is illustrated by the
observation that the presence of certain MHC molecules do predispose individuals to the
development of defined auto-immune diseases [7]. Class Il plays an important role in organ
allograft rejection (the origin of the name MHC comes from the observation that matching
donor class | and Il haplotype prevents rejection). Firstly, donor (graft) APC can migrate to
recipient lymph nodes where T cells can be activated by donor mismatched class Il (direct
allorecognition). Secondly, mismatched donor class Il proteins can be processed and presented
to recipient T cells as antigen on class Il by recipient (host) APC (indirect allorecognition).

MHC class Il expression is tightly regulated. Indeed, it is absent on most cell types. Expression
is constitutive on the so-called “professional” APC: dendritic cells (DC), monocytes,
macrophages, B cells and thymic epithelial cells. Class Il is regulated on these cells in a
maturation-dependent manner, so that B lymphocytes lose expression when they mature to
plasma cells, whereas DC expression increases with maturation. In addition to expression on
professional APC, it can also be induced on most cell types, usually in the context of chronic
inflammation, under the influence of the cytokine interferon y (IFNy). Class 11 expression
confers the ability to present antigen and activate antigen-specific T cells. This is thought to
be important in the establishment of chronicity in immune-driven inflammatory responses. For
instance, endothelial cell class 11 expression was one of the earliest defining characteristics of
“endothelial activation.” [8].

NO AND ROS GENERATION WITHIN APC

Generation of reactive oxygen species (ROS) occurs within APC as a by-product of
mitochondrial electron transport, as it does in all cells [9]. In addition, the NADPH oxidase
holoenzyme, first described in phagocytes, is capable on induction of producing high levels of
the superoxide anion. This, and other ROS derived from it after its conversion by superoxide
dismutase (SOD) to hydrogen peroxide, play a vital role in the microbicidal capability of these
cells. There is also some evidence that oxidation contributes to the unfolding of antigenic
proteins, aiding in their processing and presentation on class Il [10]. In bone marrow-derived
APC of macrophage/monocyte lineage and B lymphocytes, the NADPH oxidase is comprised
of five components: gp91, p22, p40, p47 and p67. Semi-professional APC (i.e. cells which do
not normally express class Il but can be induced by IFNy to do so) such as fibroblast-derived
cells and endothelial cells (EC) also express inducible NADPH oxidase. In some cell types the
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gp91 homolog Nox1 is expressed as well as or instead of gp91 phox [11]. In addition to their
role in the lysosomal compartment of the cell, ROS can react with cytosolic and nuclear
proteins, phospholipids and nucleic acid, often with deleterious consequences to the cell when
these reactions are uncontrolled. These damaging effects can be mitigated by cellular
antioxidants, catalase and glutathione peroxidase among them. The healthy cell is thus able to
tightly control redox tone, and an expanding variety of intracellular signaling mechanisms have
been shown to be sensitive to it in terms of signal modulation. In this way, ROS are able to
influence gene transcription programs and well-described examples include the transcription
factor families NFxB and AP-1 [12].

Nitric oxide (NO), like ROS, is a diffusible small molecule capable of covalent modification
of protein and DNA. It is synthesized from arginine by nitric oxide synthase (NOS), the
inducible form of which (iNOS) generates large amounts of NO in activated phagocytes, which
leads to microbial killing by direct nitrosative reactions, and this can also cause damage to host
cellular machinery if uncontrolled [13]. NO reacts rapidly with ROS, which, depending on the
context, can result in successful ROS scavenging, or the formation of even more damaging
oxidative and nitrosative intermediates such as peroxynitrite. Endothelial NOS (eNOS)
tonically elaborates low levels of NO that activate guanyl cyclase in vascular smooth muscle
cells, leading to cGMP-mediated relaxation of blood vessel tone [14]. NO modulates the
function of several transcription factors, including NF«xB and AP-1 [15]. Depending on the
context, NO can synergize with or antagonize the effects of ROS on these pathways. In this
review we address the evidence for an effect of NO and ROS on the level of MHC class |1
expression by APC.

EFFECT OF NO AND ROS ON CLASS Il EXPRESSION

Studies on elicited mouse macrophages and the murine macrophage cell line RAW?264.7 have
shown that the NO donor SNAP inhibits IFNy-induced class Il expression at the protein and
message level [16]. Since NO exerts various anti-inflammatory effects including the
attenuation of endothelial-leukocyte adhesion, it appears likely that NO could also regulate
class Il expression [17]. Indeed, in our studies on human saphenous vein EC, we found
inhibition of class Il upregulation after IFNy by the NO donor GSNO, which inhibited rate of
gene transcription as well as activity of a promoter-reporter construct comprising the proximal
300 bp of the class Il promoter [18]. These observations reproduced the effect of another NO
donor, SNP, on IFNy-stimulated rat astrocyte cultures [19]. In contrast, an opposite effect was
seen in T67 astrocytoma cells, where IFNy-induced class 11 expression was inhibited by the
NOS inhibitor L-NAME [20]. In a further study, on stimulated bovine mononuclear cells, there
was no effect on class 11 expression by either an NO donor, GSNO, or a NOS inhibitor, NMLA
[21]. This variability may be explained in terms of diversity in species, cell type and treatment
conditions studied. Evidence for downregulation of class Il by NO in vivo came in a study on
the effect of the NO donor SIN-1 in experimental allergic encephalitis (EAE) [22]. Clinical
outcome in rats with this immune mediated demyel-inating inflammatory model was improved
by SIN-1 and this correlated with a four-fold downregulation of class 11 expression on
peripheral blood mononuclear cells 14 days after disease induction. Studies from our laboratory
showed that ROS have the opposite effect to NO on class 11 [18]. Treatment of HSVEC by
H,0, or IFNy generated ROS as shown by DCF immunofluorescence, and IFNy induction of
class Il was inhibited by the antioxidants PEG SOD, PEG catalase, n-acetyl cytseine (NAC)
and pyrrolidine dithiocar-bamate (PDTC). These treatments reduced class 11 message
transcription and class Il promoter activity. Animal studies have recapitulated these findings.
In a renal allograft model in rats, treatment with the antioxidant 21-aminosteroid attenuated
histological markers of rejection as well as class 11 expression [23]. Finally, a study on human
monocyte/macrophages showed that incubation with the antioxidant drug Celastrol, a plant-
derived triterpene, inhibited the induced level of class Il expression [24].
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TRANSCRIPTIONAL CONTROL OF MHC I

The class Il region is on chromosome 6 in humans and chromosome 17 in mice [25]. There
are separate genes for the a and B chains of the class Il heterodimer and these are adjacent
except in HLA-DO. Humans have three classical class Il genes, HLA-DP, DQ and DR, the
latter two being analogous to the mouse genes H-2A and E [4]. In addition, situated between
the HLA-DP region and the region for DQ and DR, are genes for the non-classical molecules
HLA-DO and DM (H-20 and M in mice). DM facilitates peptide loading of MHC class Il. The
role of DO is less clear, possibly it acts to inhibit the action of DM in B lymphocytes. Between
the DM region and the gene for DO lies the gene for the TAP peptide transporter and the
genes for some proteosome components. These proteins have a role in antigen processing and
peptide loading. The class Il region is highly polymorphic and subject to considerable linkage
dysequilibrium, with some haplotypes occurring at much greater frequency in the population
than others.

Our current understanding of class Il transcriptional control comes mainly from investigation
into the Bare Lymphocyte Syndrome (BLS) [26]. APC from BLS patients lack the expression
of class Il and also of HLA-DM. Expression of the invariant chain (li), which stabilizes the
class Il heterodimer prior to peptide loading, is reduced. However, familial genetic studies in
BLS revealed that the disease locus does not co-segregate with the class 11 region itself.
Furthermore, when intact class Il promoter region-reporter constructs were transfected into
cells from BLS patients they produced no reporter activity. At this point it was hypothesized
that a trans-acting factor may be necessary for class Il expression, and that the gene encoding
it was defective in BLS. With the establishment of cell lines from each BLS lineage, and also
the identification of class I deficient lines, it became possible to undertake somatic cell fusions
between these lines. Some fusions resulted in the restoration of class Il expression, while others
did not. This lead to the understanding that BLS was a heterogenous disorder, and on this basis
the cell lines were classified into four complementation groups, A to D. DNA-protein
interaction studies using the class Il promoter region had identified a DNA-binding factor that
binds to the X-box region of the promoter. This factor could not be detected in complementation
groups B, C and D, and was termed regulatory factor X (RFX). When purified it was found to
comprise 3 subunits, of size 75, 36 and 33 kDa. Peptide sequences from within the latter two
sub-units lead to EST searches for the genes, and the genes for both were successfully identified
and termed rfxap (for RFX associated protein) and rfxank (so called because the protein
contains ankyrin repeats, also known as RFXB), respectively [27,28]. Mutations in these genes
were found to explain BLS in complementation groups D and B. The 75 kDa protein was
identified by screening of a cDNA library for the ability to restore class Il expression in cell
lines from group C. It was termed RFX5 as it was the fifth protein discovered in a family of
X-box binding proteins [29]. Using a similar complementation approach, the defect in group
A was found to be located in the mhciita gene on chromosome 16 (16p13) [30]. The protein it
encodes, CIITA (class Il trans-activating factor) is the master-regulator of MHC class Il but
it does not bind directly to DNA. Its transfection into many cell types leads to inducible class
Il expression [31]. Unlike RFX, which is ubiquitous, its expression is closely correlated with
class Il expression on both a cell-specific and IFNy-inducible basis, and the mhciita -/- mouse
lacks that expression (except for a low level on lymph node and thymic dendritic cells) as well
as expression of H2-M and reduced li expression [32].

MHC class Il promoter elements contain three motifs (see Fig. 1): the W (or S) box, the X box
(X1 and X2) and the Y box nearest to the start site. RFX binds both to the X1 and the W/S
motifs, possibly as a dimer [33,34]. RFX5 has a DNA binding domain and also interacts with
NF-Y (see below) through its C-terminal. RFXANK is able to sustain protein-protein
interaction that assembles RFX and mediates its interaction with CIITA through its ankyrin
repeats. The C-terminal of RFXAP is the only essential domain for class 11 expression, although
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the exact requirement differs for HLA-DQ, DR and DP [35]. Three proteins have been
described as X2 box binding factors, AP1, X2BP and CREB [36-38]. The Y box binds the NF-
Y heterotrimer that consists of A, B and C sub-units [39]. The interaction of RFX with NF-Y
may stabilize the DNA binding of one or both factors. CIITA interacts with all of these proteins,
via its N-terminal region that contains an acidic domain, a PST domain (rich in proline, serine
and threonine) and a GTP binding domain [31]. It is binds to the MHC Il transcriptosome via
its interaction with RFX and NF-Y. It recruits histone acetyl transferases CBP and pCAF, as
well as TFIID components and it is required for gene transcription. Control of class Il
expression is in the main mediated through regulation of CIITA transcription. The mhciita
promoter region is unusual in that there are three alternative functional start sites, giving rise
to transcripts of different lengths for the first exon and thus different N-termini for the protein
[40]. P1 is the most upstream of exon 2 and is constitutively active in immature DC and gives
rise to a high surface expression of class Il on these cells [41]. The second promoter, P3, is
constitutively active in B cells, this function mapping to two proximal elements, ARE-1 and
-2 [42]. The distal P3 region is responsible for IFNy induced upregulation in monocytes and
macrophages. P4 promoter drives class Il expression in thymic epithelial cells and is required
for the IFNy-responsive expression in all APC of non-hematopoietic lineage, such as EC and
fibroblasts. It contains three transcription factor binding elements, GAS (y activated sequence),
E-box (binds upstream stimulatory factor 1, USF-1) and IRF-1 (binds IFN regulatory factor 1)
[43].

MECHANISMS OF NO AND ROS MODULATION OF CLASS I TRANSCRIPTION

Due to the close correlation of class Il and CIITA expression it is likely that most factors that
regulate class Il do so via control of CIITA transcription. This is in fact the case for LPS, IL-1
and IL-4 (upregulation) and IFNB, IL-10 and TGFB (downregulation) (3). However, this is not
the only level of regulation. For instance, PGE, increases cCAMP level, which causes a PKA-
induced phosphorylation of CHITA protein that reduces transcription of class 11 [44]. In murine
macrophages, the NO-induced inhibition in class Il transcription seems to be correlated with
a reduction in steady state level of CIITA mRNA [16]. What are the possible mechanisms for
the modulation of IFNy induction of CIITA transcription by NO? IFNy binds to a membrane
bound heterodimeric receptor, IFNGR, which then oligomerizes and transphosphorylation
takes place between the receptor and the Janus kinases Jak1 and 2. This leads to the recruitment
and activation by phosphorylation of the transcription factor Statl, which dimerizes and
translocates to the nucleus where it binds to GAS elements in gene promoters including the
CIITAP3 promoter [45]. This pathway is modulated by downregulatory proteins, such as PIAS
(protein inactivator of Statl), which represses trans-activation, and SOCS family proteins
(suppressor of cytokine signaling), which bind to and inactivate Jak [46-49]. Jak proteins are
also dephosphorylated and inactivated by SHP1 and 2 (SH2 containing phosphatases), and
there is evidence that at least in rat smooth muscle cells, NO activates SHP2 [50,51]. The
IFNy/Jak/Stat cascade interacts with other signaling networks, such as the Src family kinase
Fyn, Rapl (Ras GTPase activating protein 1) and the MAPK family members ERK1/2 [52].
Downstream, both Ras and ERK can activate Statl and these pathways might potentially be
modulated by NO [53]. We have found that NO does inhibit Statl DNA binding in HSVEC
(unpublished data) but we have also found that GSNO and L-NAME have no discernible effect
on CIITA mRNA accumulation [18].

Isthere an effect of ROS on the IFNy induced transcription of CIITA that underlies the observed
increase in class Il expression? ROS have been shown to activate the Jak/Stat pathway: in Rat-1
fibroblasts, H,O, stimulated Statl DNA binding and this was inhibited by NAC, PDTC and
glutathione [54]. ROS have also been shown to modulate the accessory pathways affecting
Statl activation, SHP1/2, Ras and ERK1/2, in a manner converse to that described for NO
[55,56]. In our hands, antioxidants inhibited IFNy-induced Statl DNA binding in HSVEC
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(unpublished data). However, we could detect no effect of antioxidants downstream of this, on
the accumulation of CHITA mRNA. In summary, while there is every reason to believe that in
certain cell-specific contexts, both NO and antioxidants could reduce IFNy mediated CIITA
transcription, our findings lead us to conclude that in EC at least, class Il transcription is being
modified at another level. This might be the binding of AP-1 to the X2 box sequence of the
class 1l promoter - AP-1 is a redox- and NO-sensitive transcription factor [57,58]. Our studies
have focused on the binding of the NF-Y heterotrimer to the Y box in the class Il promoter.
Binding of transcription factors to the Y box can be induced by H,O, and inhibited by NO
[18,59]. This can be postulated to be an important part of the general redox-sensitive
transcriptional response, as analyses of the human and mouse catalase gene promoter showed
that transcription was critically dependent on NF-Y, and catalase is clearly an important part
of the homeostatic response to oxidative stress [60,61]. The way in which ROS and NO regulate
NF-Y is unknown, and certainly there are no cysteine residues in NF-Y proteins for ROS or
NO to react with directly. We have found that NO inhibits the nuclear localization of NF-Y,
but the mechanism for this remains unknown.

SUMMARY

MHC class Il molecules present self and non-self peptides to T cells and thereby shape the T
cell repertoire. Oxidative stress is often an accompaniment of cellular activation, and this is
certainly the case for antigen presenting cells. From the limited amount of data available to
date, ROS appear to enhance class Il expression on activated APC by increasing the DNA
binding of the transcription factor NF-Y. A resultant increase in class 1l expression may help
amplify the T cell response to infection and bring about successful clearance of the microbe.
On the other hand, an oxidative milieu might lower the threshold for APC to activate auto-
reactive T cells and trigger an auto-immune response. Oxidative stress might also facilitate
class Il expression on cells that do not normally function as APC, increasing T cell-APC
interaction and perpetuating immune-mediated inflammatory responses to the detriment of host
tissue. NO seems to reduce class 11 expression, either by downregulating IFNy-induced
expression of class Il transactivator (CIITA), or by inhibiting DNA binding of NF-Y at the
class Il promoter Y box. This effect can be viewed as counteracting that of ROS, and thereby
limiting the propensity to develop chronic or self-directed immune responses.
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Fig. (1).

Transcription factor binding to MHC class Il promoter. MHC class Il promoter elements
contain three motifs: the W/S box, the X box (X1 and X2) and the Y box nearest to the start
site. The RFX heterotrimer binds both to the X1 and the W/S motifs, possibly as a dimer. X2
box binding factors include AP1 (c-jun and c-fos) and X2BP. The Y box binds the NF-Y
heterotrimer that consists of A, B and C subunits. CIITA interacts with all of these proteins
but does not bind DNA directly. It is necessary for the deacetylation of histone and the
recruitment of TFIID components
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