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Preface

Cytokines, produced by immune cells, are soluble molecules by
which the immune system communicates with other cell types within or
outside the immune system. Cytokines form a central coordinating net-
work of soluble effector molecules that plays a crucial role at every step
of the development of autoimmune disease: in the generation of patho-
genic or protective effector cells, in the trafficking of pathogenic cells
to the target organ, and in mediating tissue damage or tissue tolerance in
the target organ.

Upon activation, naive autoreactive T cells differentiate into cells
that produce proinflammatory or anti-inflammatory cytokines. Cells pro-
ducing proinflammatory cytokines are pathogenic and induce organ-spe-
cific autoimmune diseases, whereas autoreactive cells producing
anti-inflammatory cytokines may inhibit autoimmune diseases, although
they do not always do so. Thus, interventions targeted to inhibit the
secretion of proinflammatory cytokines or the differentiation of cells to
a proinflammatory phenotype, or alternatively to enhance anti-inflam-
matory cytokines or the differentiation of cells to an anti-inflammatory
phenotype, may inhibit and/or reverse an autoimmune disease. This high-
lights the enormous therapeutic potential of cytokine modulation in the
treatment of autoimmune diseases.

Over 18 different cytokines with both overlapping and distinct func-
tions in the activation, expansion, and differentiation of other cell types
in the immune system have been discovered. In addition there are over
20 different chemokines, molecules that are chemotactic and affect the
accumulation of different types of cells at the sites of inflammation and
tissue injury. In an immune response there is a complex interplay between
these various cytokines and chemokines that determines the outcome of
inflammation and the probability of developing autoimmune disease.

The current literature contains a large amount of primary data on
the role of various cytokines in the induction and regulation of autoimmu-
nity; however, there is no clear consensus. Cytokines and Autoimmune



vi                                                                                                   Preface

Diseases aims to synthesize the available information on this single
topic, the role of cytokines in autoimmunity, to help develop a clear
understanding of how cytokines and chemokines are involved in the patho-
genesis of autoimmune diseases.

Vijay K. Kuchroo, DVM, PhD
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1
Transcriptional Regulation

of Cytokine Gene Expression in Th Subsets

Jyothi Rengarajan and Laurie H. Glimcher

1. INTRODUCTION
Cytokines are produced by a diverse array of cell types in response to

antigenic stimulation and are instrumental in regulating the immune
response. The expression of many key cytokines is controlled at the level of
transcription. Because a considerable part of the experimental data pertain-
ing to cytokine gene expression has been gathered in the context of studying
the transcriptional regulation of CD4+ T helper cells as they differentiate
into cytokine-producing effector cells, this will serve as both an illustrative
model and the focus of this chapter.

2. TH1/TH2 PARADIGM AND CYTOKINE REGULATION
T helper (Th) cells are classified into two distinct subtypes depending on

the cytokines they secrete upon their activation and proliferation. Polarized
Th1 cells produce interleukin-2 (IL-2), interferon- (IFN- ), tumor necrosis
factor (TNF)- , and TNF- while Th2 cells produce IL-4, IL-5, IL-6, IL-10,
and IL-13 (1–3). Th1 and Th2 subsets develop from a common T helper
precursor (Thp). The cytokines themselves are the most potent inducers of
subset development although the dose of antigen, strength of signal through
the T cell receptor (TCR) and costimulation influence Th differentiation (4–6).
Naive Thp cells secrete IL-2 upon antigenic stimulation after which IL-12 is
critical for IFN- production and Th1 differentiation and IL-4 for Th2 dif-
ferentiation (5). Thus, defining the molecular basis of Th-specific expression
of these cytokines serves to elucidate cytokine gene regulation as well as lin-
eage commitment of Th cells. We will summarize what is known about the
transcriptional regulation of the IL-2, IL-4, and IFN-  genes.

Early insights into transcriptional regulation were attained from studying
regulatory DNA sequences in the promoter regions of cytokine genes (cis-
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acting elements) and sequence-specific DNA-binding proteins (trans-acting
factors) such as transcription factors, that interact with these regulatory
regions. More recently, Th subset-specific transcription factors have been
identified that have shed light on the subset-restricted expression of some
cytokines. We will discuss recent advances in the regulation of the IL-2, IL-4,
and IFN- genes within the paradigm of naive Thp differentiation into Th1
and Th2 subsets. It has become increasingly evident that chromatin struc-
ture and chromosomal components greatly influence gene regulation and
may confer stability on gene activity or inactivity. We will highlight what is
known about the role of chromatin and the epigenetic control of cytokine
gene transcription.

3. TRANSCRIPTION FACTORS IN CYTOKINE GENE EXPRESSION
Accurate transcriptional regulation requires the cooperative and syner-

gistic action of multiple ubiquitous and sequence-specific trans-acting fac-
tors bound to multiple regulatory elements in the promoter (7,8).
Transcription factors adopt modular structures that contain various domains
or motifs that represent activation (e.g., acidic residues), multimerization
(e.g., leucine zippers), or DNA-binding domains (e.g., zinc fingers, helix-
loop-helix proteins). Additional cis-elements such as enhancers and silenc-
ers provide further binding sites for such proteins and can function to
enhance or repress transcription at large distances from promoter regions
(9). Furthermore, locus control regions (LCRs) are believed to have a more
global role in keeping regions of the chromosome in an activated or
repressed state (9). The combinatorial effects of these protein-protein, pro-
tein-DNA contacts and their interactions with the basal-transcriptional
machinery confer specificity and precision to the transcriptional process
(7,8). The resulting interaction surfaces, composed of transcription factors,
coactivators/corepressors, architectural proteins and DNA, often assemble
into stereo-specific enhanceosome complexes, the best-characterized
example of which is the IFN- enhanceosome. The activity of the IFN-
enhanceosome is distinct from that of the individual elements (7). The con-
text in which these elements are organized in three-dimensional space and
their relative affinities to DNA thus provide another level of regulation. It is
possible that similar mechanisms will prevail in the regulation of other
cytokine genes.

3.1. IL-2

We will discuss IL-2 first because it is the cytokine produced earliest
during Th differentiation by the naive Thp cell. Regulation of IL-2 expres-
sion is controlled almost completely at the level of transcription, although
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costimulation via signals transmitted through CD28 appears to also control
IL-2 expression post-transcriptionally, by increasing the stability of IL-2
mRNA (10). IL-2 is expressed exclusively in T cells and is rapidly induced
upon activation through the TCR combined with costimulatory signals
through CD28 (11). TCR engagement activates the MAP kinase and Ca2+-
dependent signaling pathways. Both these pathways are essential for IL-2
expression and lead to the activation of several transcription factors includ-
ing members of the Nuclear Factor of Activated T cells (NFAT) and Activa-
tor Protein 1 (AP-1) families (12). In resting T cells, NFAT proteins are
present in the cytoplasm in a phosphorylated state. They are rapidly dephos-
phorylated upon stimulation and translocate into the nucleus where, in com-
bination with AP-1 proteins, they activate the transcription of several
cytokine genes, including IL-2 (12). The sensitivity of cytokine genes to the
immunosuppressants cyclosporin A (CsA) and FK506 reflects the ability of
these drugs to inhibit the phosphatase calcineurin, leading to inhibition of
Ca2+-mediated and hence NFAT-regulated pathways (13).

Extensive studies on IL-2 transcriptional regulation have delineated a 300-bp
minimal promoter/enhancer region that is sufficient for tissue-specific
inducibility of the IL-2 gene in vitro. Multiple sites have been identified that
are bound by distinct transcription factors, some of which are induced on
stimulation, like NFAT, AP-1 (Jun and Fos), and NF- B (p50, p65, c-Rel)
family members and some of which are constitutive factors like Oct proteins
(12,14–16) (Fig. 1). In addition, a CD28 response element has been shown
to be recognized by NF- B proteins, ATF-1, CREB2, and HMG I(Y) (17–19).
Point mutations at each of these sites severely reduce transcriptional activity
(14). In vivo footprinting of the IL-2 locus in T cells demonstrated that each
transcription factor does not bind autonomously but is dependent on the
combinatorial interaction of multiple proteins on the IL-2 promoter/
enhancer, thus stabilizing the transcription complex (11). However, none of
these proteins individually specifies the T cell-restricted expression of IL-2.
Therefore, T cell-specific expression of IL-2 may be mediated by a yet uni-
dentified single factor or by the precise temporal and spatial combination of
proteins at the transcription complex.

Although the 300-bp promoter/enhancer region is sufficient for IL-2 tran-
scription in vitro, evidence for additional regulatory regions is suggested by
the inability to generate transgenic mice without including at least 600 bp of
the IL-2 promoter driving a reporter gene (11). In addition, early DNase I
hypersensitivity (HS) studies defined sites outside of this region (20). DNase
I HS sites are markers for alterations in chromatin structure and generally
uncover important regulatory regions. Additional footprinting and DNase I
HS studies have provided evidence for T cell-specific HS sites between –600
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and –300 bp upstream of the transcriptional start site in resting T cells that
increase in sensitivity on stimulation (11,21). Additional HS sites between –400
and –300 bp are also revealed upon activation (21). It will be important to
determine which proteins bind to these regions in vivo. Thus the T cell lin-
eage specificity of the IL-2 locus may lie outside of the minimal promoter/
enhancer region and influence chromatin accessibility and remodeling. Con-
tact between distal and proximal regions of the promoter may occur to
facilitate these processes.

Recent studies on IL-2 gene regulation have generated interest in the
unexpected possibility that IL-2 transcription from a single cell may be
monoallelic. Hollander et al. have reported that the IL-2 gene appeared to
be transcribed from a single, randomly chosen allele in the Th cell (22). In
contrast, other groups, using transgenic models with green fluorescent protein
(GFP) “knocked in” at the IL-2 locus or bearing a transgene that couples the
murine IL-2 promoter to a GFP reporter and the human CD2 locus control
regions, do not observe this (23,24). These discrepancies may reflect alter-
ations of regulatory regions in the transgenic systems. However, in the
monoallelic studies, individual cells were analyzed early after activation and
in limited numbers (22). Therefore, early activation may lead to monoallelic
expression of IL-2 with biallelic expression occurring at later time points.
This issue thus requires further study to be resolved. Moreover, the signifi-
cance of monoallelic expression of cytokine genes in Th development
remains to be elucidated, as will be discussed with respect to IL-4 in Sub-
heading 4.1.

3.2. IL-4

The production of IL-4 is tightly regulated and expressed in only a subset
of immune cells: T cells, mast cells, natural killer (NK) T cells,  T
cells, basophils, and eosinophils (4). In this section, we describe what is
known about the regulation of IL-4 in Th cells. Naive Thp cells tran-
scribe detectable amounts of IL-4 mRNA by 24 h following stimulation
via the TCR; the levels peak at 48 h before declining (25). In order to
define the molecular basis for the inducible and Th2-specific expression of
IL-4, several groups investigated the promoter region of the IL-4 gene. The

Fig. 1. The IL-2 promoter. Adapted with permission from ref. 14.
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activity of the IL-4 promoter is stimulated by phorbol esters and Ca2+ iono-
phores (mimicking TCR-mediated activation) and inhibited by CsA (26).

Deletions of the murine IL-4 5' sequence in transient transfection assays
delineated sequences within 87 bp of the transcription initiation site as suf-
ficient for cell-specific and activation-dependent transcription in vitro
(27,28). Extensive mutational analyses by many investigators have identi-
fied five sites, P0 through P4, within the proximal promoter, that are critical
for inducible IL-4 expression (reviewed in 29,30) (Fig. 2). NFAT proteins
were shown to bind to these sequences and mutations in each of these sites
severely compromised promoter activity in vitro (26,27,31,32). P1 and P4
comprise composite NFAT/AP-1 sites to which AP-1 proteins such as Fra-1,
Fra-2, JunB, and JunD bind in an NFAT-dependent manner (33,34).
Although NFAT and AP-1 family proteins are important for inducible IL-4
transcription, they are functionally active in both Th1 and Th2 subsets and
do not appear to account for the Th2-restricted expression of IL-4 (32).

The in vivo role for NFAT transcription factors in IL-4 transcription, how-
ever, appears to be more complex than was evident from in vitro experi-
ments, which do not discern the precise physiologic functions of the three
lymphoid-specific family members: NFATc1 (NFATc, NFAT2), NFATc2
(NFATp, NFAT1), and NFATc3 (NFAT4). Mice bearing a targeted disrup-
tion of the NFATc2 gene have increased Th2 cytokines in the later phase of
the immune response, whereas NFATc3-deficient mice do not display
defects in cytokine production (35–37). Mice lacking both NFATc2 and
NFATc3 have extremely high levels of IL-4 and other Th2 cytokines and highly
elevated IgE titers (38). In contrast, RAG 2–/– mice reconstituted with
NFATc1-deficient lymphoid cells, show a decrease in IL-4 levels (39). Thus,
NFATc2 and NFATc3 can exert a negative regulatory role in IL-4 expression
whereas NFATc1 is apparently a positive transactivator of the IL-4 gene.

Fig. 2. The IL-4 promoter. Adapted with permission from ref. 29.
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Whether this is directly at the level of transcription or indirect via the regu-
lation of additional target genes in the IL-4 signaling pathway is still un-
known. Thus, a balance between the different NFAT family members
appears to be crucial in vivo. Specific combinations of NFAT proteins may
control IL-4 expression at multiple stages during Th2 differentiation.

3.2.1. Tissue-Specific Regulation of IL-4: c-maf and GATA3
The identification of transcription factors restricted to the Th2 subset was

a substantial advance towards understanding Th2-specific expression of IL-4.
The first such factor to be described was by Ho et al. who observed that the
proto-oncogene c-maf was selectively upregulated, upon activation via the
TCR, during the course of Th2 but not Th1 differentiation in vitro (40). c-maf
is a b-zip transcription factor belonging to the Maf subfamily of the AP-1
protein family and recognizes a Maf response element (MARE). A half
MARE site is present in the IL-4 promoter, adjacent to the P0 site, to which
recombinant c-maf protein can bind (40). c-maf strongly transactivates the
IL-4 promoter in vitro and synergizes with NFATc2 (40). Enforced expres-
sion of c-maf, NFATc2 and the NFAT-interacting protein 45 (NIP45), can
elicit endogenous IL-4 production in M12 B cell lymphoma cells, which do
not normally produce IL-4 (41). c-maf is specific for IL-4 transcription and
does not transactivate the IL-5 and IL-10 promoters (42). Further, CD4+ T
cells from mice lacking c-maf are deficient in IL-4 production and Th2 dif-
ferentiation and can produce normal levels of IL-5, IL-10, and IL-13 when
provided with exogenous IL-4 (42). Thus, c-maf is critical for the high lev-
els of IL-4 transcription required for Th2 differentiation. Consistent with the
aforementioned results, overexpression of c-maf in vivo resulted in prefer-
ential Th2 responses (43). Th1 cells derived from c-maf transgenic mice
were not, however, able to transcribe IL-4 (43). Therefore, additional Th2-
specific transcription factors are likely required for the initiation of IL-4-
specific transcriptional events. In addition, Th1-specific factors may serve
to repress IL-4 transcription in Th1 cells. Interestingly, a silencer element
has been characterized in transient transfection assays that functions only in
Th1 cells (44). Characterizing the molecular mechanism underlying the Th2-
restricted expression of c-maf will be important in the further elucidation of
tissue-specific IL-4 transcription.

A transcription factor that appears to have a more global role in control-
ling Th2 cytokine transcription is GATA3. GATA3 was isolated as a zinc-
finger protein that binds the TCR- gene enhancer via a WGATAR sequence
(45). Mice deficient for GATA3 are embryonic lethal and the generation of
GATA3-/- chimeras established its essential role in T cell development
(46,47). GATA3 was recently shown to be induced in developing Th2 cells
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and absent from Th1 cells (48,49). Putative binding sites for GATA3 are
present in the proximal promoter of IL-4. The ability of GATA3 to directly
bind and transactivate the IL-4 promoter via these sites, however, is not
firmly established (48,50). Genomic regions in the IL-4/IL-13 locus con-
taining consensus and nonconsensus GATA3 elements have been identified
that significantly increase transactivation of the IL-4 promoter by GATA3
(50). Thus, GATA3 may function as an enhancer binding factor.
Overexpression of GATA3 in vivo was reported to increase IL-4, IL-5, IL-10,
and IL-13 mRNA levels (48). Transgenic mice expressing a dominant-nega-
tive form of GATA3 displayed significantly reduced levels of IL-4, IL-5,
and IL-13, thereby implicating this factor in the regulation of all the Th2
cytokines (51). GATA3 appears to play a more direct role in controlling IL-5
expression. It can activate endogenous IL-5 via a cAMP-dependent pathway
in M12 cells (52). Retroviral transduction of GATA3 into developing Th
cells induced high levels of IL-5 but only low amounts of IL-4 (53). Impor-
tantly, GATA3 transduction into developing Th1, but not effector Th1 cells,
resulted in repression of Th1 development and IFN- production, probably
by repressing IL-12R 2 expression (53). Thus, GATA3 appears to play an
important role in balancing the generation of Th1 vs Th2 cytokines.

3.2.2. Stat6 and Bcl6

The transcription factor Stat6 (Signal Transducer and Activator of Tran-
scription 6) is activated specifically by ligation of the IL-4 receptor by IL-4.
Stat6 activation is required for Th2 differentiation as seen by the inability of
Stat6-deficient lymphocytes to differentiate into Th2 cells (54–56). It is not
clear whether Stat6 has a direct role in IL-4 transcription. Multimerization
of a putative Stat6 site from the IL-4 promoter led to a modest activation of
the reporter construct by Stat6 in vitro (25). The induction of GATA3 in
Th2 cells appears to be dependent on Stat6 activation but this may be indi-
rect (53). Ectopic expression of activated Stat6 into developing Th1 cells
induces c-maf and GATA3 leading to Th2-specific cytokine expression (57).
Bcl6, a transcriptional repressor, has been shown to negatively regulate Stat6
activity by competing for the Stat6 binding sites (58). Consistent with these
in vitro observations, mice lacking Bcl6 have increased levels of Th2
cytokines (58). Mice doubly-deficient in Stat6 and Bcl6, however, continue
to produce increased Th2 cytokines, revealing a Stat6-independent pathway
for Th2 differentiation (59). Supporting this, it was observed that Stat6-defi-
cient mice contained a small number of IL-4-producing cells and that
GATA3 expression was upregulated in these cells. These results suggest
that IL-4 production can be independent of Stat6 (60). In summary, although
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Stat6 and Bcl6 clearly play important roles in Th2 differentiation, their direct
effects on IL-4 transcription remain poorly understood.

To summarize the role of transcription factors in Th2 differentiation, let
us consider the following scenario (Fig. 3). A naive precursor Th cell is
induced to differentiate along a Th2 pathway following signals delivered
through the TCR and the production of IL-4 from extrinsic sources as well

Fig. 3. Model of transcriptional regulation of T helper cell differentiation. A
naive T helper cell precursor (Thp) is activated via the T cell receptor (TCR) when
it encounters antigen (Ag) presented by an antigen-presenting cell (APC). The IL-4
receptor (IL-4R) is expressed on its cell surface at this stage. Upon activation, the Thp
starts to proliferate and secrete IL-2 and and expresses the IL-12 receptor (IL-12R). On
encountering IL-12 secreted by macrophages, a Th1 differentiation program is ini-
tiated. The IL-12R 2 chain is upregulated in the developing Th1 cell and ligation
of the IL-12R by IL-12 leads to the activation of Stat4. Upregulation of T-bet and
downregulation of GATA3 expression, which may be accompanied by chromatin
remodeling of the IFN- locus, leads to IFN- production and Th1 differentiation.
IL-4 produced intrinsically by the Thp and extrinsically by several cell types (see
text) induces differentiation into the Th2 subset and downregulation of IL-12R 2
expression. Ligation of the IL-4R by IL-4 activates Stat6. This leads to the
upregulation of GATA3, which may facilitate the transcription of IL-4 and other
Th2 cytokines by remodeling the IL-4 locus, and perhaps other Th2 cytokine gene
loci. The concomitant decrease in T-bet expression followed by high levels of
c-maf expression lead to increased transcription of IL-4 and Th2 differentiation.
NFAT/AP-1 and other transcription factors can then access their specific binding
sites. Combinatorial interactions between the various factors thus promotes rapid
transcription of Th1/Th2 cytokines upon restimulation.
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as from the Th cell itself. Activation of Stat6 induces GATA3 in the devel-
oping Th2 cell with the concomitant downregulation of the IL-12R 2 chain.
The induction of c-maf by TCR signaling greatly augments the production
of IL-4. The synergy of c-maf with NFAT and proteins like NIP45 leads to
the establishment of the Th2 phenotype. We will further develop this model
in Subheading 4.1. to incorporate the role of chromatin structure in cytokine
regulation.

3.3. IFN-

IFN- expression is restricted to Th1 cells, CD8+ cells, and NK cells and
is upregulated by 24 h after stimulation of naïve cells (25). Much less is
known about the cis- and trans-acting elements required for tissue-specific
regulation of IFN- compared to IL-2 and IL-4. Early studies designated 8.6
kb as conferring T-cell-specific expression (78). The Th1-specific regions
within this sequence have not yet been delineated. Reporter constructs that
contain 3 kb or 500 bp of upstream sequence are active in both Th1 and Th2
subsets (63). The 500-bp promoter is induced by phorbol ester and
ionomycin and is sensitive to CsA in vitro. Two essential regulatory ele-
ments were identified between –108 and –40 bp of the IFN-  promoter that
mirror the expression of the endogenous gene (64) (Fig. 4). Within this
region, the distal element (–96 to 80 bp) contained a consensus GATA motif
and GATA-3 was found to bind to this site in vitro (64). The proximal regu-
latory element (–73 to –48 bp) when dimerized mimics inducibility and CsA
sensitivity of IFN-  in Jurkat T cells and in transgenic mice where it drives
the expression of a luciferase reporter gene. In addition, this element was
capable of binding CREB, ATF-1, ATF-2, c-jun, and Oct-1 proteins (65).
NF- B proteins (c-Rel, p50, and p65) appear to bind to regions in the first
intron of the IFN- gene and may cooperate with NFAT proteins, which
may also recognize those sites (66). Independent NFAT- binding sites have
also been identified outside the proximal regulatory element and NFAT pro-
teins transactivate and interact with these sites in vitro (67,68). Ying-Yang 1
(YY1), can interact with a negative regulatory element and was thus thought
to be a potential inhibitor of IFN- expression (69). YY1 was, however,
subsequently shown to also have a positive transactivating role by binding,
in vitro, to an element between the two NFAT sites (67). The transcription
factors IRF-1 (Interferon Response Factor 1) and Stat4 have been impli-
cated in Th1 differentiation. Mice deficient in each of these proteins fail to
generate Th1 cells (70–72). Recently, it has been demonstrated that IRF-1
may directly regulate transcription of the IL-12 gene (73). Thus these pro-
teins likely function in the context of the IL-12 signaling pathway.
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3.3.1. Th1-Specific Transcription Factors
None of the aforementioned transcription factors explain the tissue-speci-

ficity of IFN- expression. Th1-restricted expression of IFN- may be, in
part, attributable to Th1-restricted expression of transcription factors. The
Ets family member, ERM, was reported to be expressed in Th1 but not in
Th2 subsets. Its expression is induced by IL-12 in a Stat4-dependent manner
but does not directly affect the production of Th1 cytokines (74). Egr3 is an
early growth-response gene that is preferentially expressed in Th1 cells and
controls the expression of FasL; its role in IFN- transcription is unknown
(75). A novel transcription factor, T-bet, has been recently isolated that plays
an important role in IFN-  expression and Th1 lineage commitment (76).

T-bet (T-box expressed in T cells) is a member of the T-box family of
transcription factors that regulate several developmental processes. The
expression of T-bet strongly correlates with IFN- expression in Th1 and
NK cells and when overexpressed in vitro, can significantly transactivate
the IFN- promoter (76). Putative binding sites for T-bet exist within the
IFN- gene, but it is not yet known whether T-bet can bind to these sites.
Thus, whether T-bet acts directly to transactivate the IFN- promoter or
indirectly via the induction of other genes, remains an area of investigation.
Nevertheless, T-bet clearly has a profound role in regulating IFN- produc-
tion. Retroviral transduction of T-bet into primary, developing, and fully
polarized Th2 cells induces IFN- secretion and represses IL-4 and IL-5
production (76). This occurs even in the absence of IFN- receptor signaling
(76). Thus, T-bet appears to both initiate Th1 development as well as repress
Th2 differentiation.

Understanding the molecular basis for T-bet function will be critical for
the elucidation of IFN- transcription and Th1 development. Szabo et al.
have proposed that T-bet may initiate IFN- production and repress the Th2
developmental program by inhibiting the expression of GATA3, while
GATA3 may repress T-bet expression during Th2 development (76). The
relative predominance of T-bet and GATA3 may serve to control the fate of
naive Th-cell commitment to specific subsets.

Fig. 4. The IFN-  promoter.
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4. ROLE OF CHROMATIN AND EPIGENETIC CONTROL
OF CYTOKINE TRANSCRIPTION

Genomic DNA is assembled into nucleosomes, which can form higher-
order chromatin structures. Many cytokine genes including IL-2, IL-4, IL-12,
IL-13, IFN- , and granulocyte-monocyte colony-stimulating factor (GM-CSF)
are known to undergo regulated changes in chromatin structure. It has been
proposed that these structures must be altered before transcription factors
and RNA polymerase can access promoter regions. Distant control regions
(e.g., enhancers, LCRs) may regulate accessibility to gene loci by regulating
chromatin structure (9).

Many such regulatory regions have been identified in cytokine genes
using DNase I hypersensitivity assays, which provide a rough estimate of
gene accessibility. Transcriptionally active chromatin is more accessible to
nucleases like DNase I. Nucleosomal DNA is generally less accessible to to
trans-acting factors. Thus, hypersensitivity to DNase I indicates that the region
of DNA is free of nucleosomes, or that it is assembled into nucleosomes with
remodeled structures (77). DNase I HS assays have provided valuable infor-
mation regarding long-range regulation of several cytokine genes (78,79).

Changes in chromatin architecture can often be attributed to the activities
of modifying enzymes (reviewed in ref. 77). The acetylation of histones by
acetylases is known to facilitate access of trans-acting factors to DNA and
is associated with transcriptionally active chromatin. Inactive genes appear
to be hypoacetylated and the activity of histone deacetylases often corre-
lates with repression. CpG methylation of genetic loci often corresponds to
inactive chromatin regions. Demethylation of DNA during differentiation
can parallel remodeling of chromatin leading to gene activation. The remod-
eling of chromatin is also reflected by changes in nucleosomal positioning.
The regularity of the nucleosomal array can be disrupted by the binding of
transcription factors in a manner that is dependent on the utilization of ATP.

We will summarize what is known about the role of chromatin remodeling
in the regulation of the IL-4 and IFN-  loci, with emphasis on the IL-4 gene.

4.1. Regulation of the IL-4 and IFN-  Loci

IL-4 is tightly regulated during the development of a T helper cell. Mul-
tiple-transcription factors and associated proteins must be assembled in a
cooperative manner leading to high levels of IL-4 expression. Upon differ-
entiating into a Th2 cell, an effector cell expresses IL-4 more rapidly and at
higher levels than a naive Th cell. Thus, the inefficiency of cytokine produc-
tion in naive cells compared to effector cells appears to constitute a rate-
limiting step in transcription (reviewed in ref. 80). Furthermore, activation
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of Th2 cells leads to a greater percentage of cells positive for IL-4, but the
levels of IL-4 per cell appear to be the same (81). These observations
prompted several investigators to analyze the regulation of IL-4 at the level
of chromatin structure. In addition, in vivo transgenic systems expressing
varying lengths of the IL-4 promoter suggested regulation of IL-4 beyond
that of the promoter regions.

Transgenic models where segments of the IL-4 promoter drive a reporter
gene have shown that the proximal 800 bp of the promoter confer signifi-
cant Th2-selective expression (82). However, up to 3 kb of sequence are
insufficient for transcription at levels equivalent to the endogenous IL-4 gene,
suggesting the necessity for additional elements for optimal expression (26).

4.1.1. Evidence for Chromatin Remodeling

Changes in chromatin organization of regions within the IL-4 locus were
assessed by DNase I hypersensitivity assays and were shown to occur by 48 h
following stimulation of naive T helper cells, implicating these regions in
important regulatory functions (83). These changes occurred during Th2 dif-
ferentiation and were dependent on IL-4 and Stat6 (83). Subsquently, it has
been observed that GATA3 may induce the same changes when transduced
into Stat6-deficient cells, indicating that GATA3 can induce remodeling at
the IL-4 locus downstream of Stat6 (60). Decreased CpG methylation at the
IL-4 locus has been observed during Th2 but not Th1 differentiation (84).
Interestingly, when treated with trichostatin A and 5-azacytidine (histone
deacetylase and methylase inhibitors respectively), naive cells display more
rapid kinetics of IL-4 production (84). Thus, alterations in chromatin com-
ponents at the IL-4 locus during T helper differentiation may contribute to
the establishment of the Th2 phenotype.

Why is the chromatin configuration of the IL-4 gene different in Th2 cells
compared to Th1? (see Fig. 3) It has been proposed that Th2-specific tran-
scription factors like c-maf and GATA3 may effect locus accessibility to
TCR-induced factors by directly remodeling chromatin structure or indi-
rectly, by recruiting modifying enzymes and necessary proteins (79,83). Th1
cells do not express c-maf and GATA3 and would thus maintain a nonper-
missive chromatin structure. The accessible chromatin environment created
during Th2 differentiation could function to allow transcription factors like
NFAT, which are induced on restimulation, to access their specific binding
sites in the IL-4 locus and promote rapid transcription of IL-4 (83). Comple-
mentary to this model, NFAT proteins may also alter chromatin configura-
tion. Mice deficient in NFATc2 and NFATc3 show preferential Th2
differentiation and a highly allergic phenotype (38). It is possible that NFAT
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proteins in combination with other proteins, may regulate the balance between
the active/inactive state of the IL-4/IL-5/IL-13 locus during the initiation
of Th2 differentiation (Fig. 3). Controlling the levels of cytokine expres-
sion would be important for avoiding the deleterious effects of overproduc-
tion of Th2 cytokines.

Similar mechanisms may apply to the regulation of the IFN- gene.
Although information regarding the IFN- locus is less detailed than that for
the IL-4 locus, DNase I HS regions have been identified in the first and third
introns of the IFN-  gene (63,83). Several studies have analyzed methylation
patterns of the IFN- locus during differentiation of T cells. Hypomethylation
of the IFN- gene occurs in cells that transcribe IFN- , like Th1 cells and
CD8+ cells (63,85). The same locus is methylated in Th2 cytokine-expressing
cells. The demethylation of the IFN- locus appears to be a stable, long term,
inheritable trait (85). DNase I HS assays have also provided evidence for
alterations of the IFN- locus in naive Th1 cells compared to Th2 cells (83).
Transcription factors may cooperate to transcribe the IFN- gene through com-
binatorial  interactions that affect chromatin structure. The assembly of Th1-
specific transcription factors may maintain the chromatin in a configuration
that allows other transcription factors necessary for IFN- transcription to bind.
It will be interesting to determine whether T-bet is involved in the remodeling
of the IFN-  locus during Th1 differentiation.

4.1.2. DNA Replication and Monoallelic Expression

DNA replication may be necessary for remodeling the IL-4 and IFN-
genes. Naive cells were reported by Bird et al. to require three cell divisions
before producing IL-4 in vitro, while Richter et al. observe in their system
that entry into the S phase is required in order for cells to express IL-4
upon restimulation (84,86). Both results, however, point to a role for cell
division in the initiation and maintenance of IL-4 gene transcription. The
expression of IFN- also appears to be dependent on the cell cycle. CD4+

cells undergoing cell division require entry into the S phase before express-
ing IFN- (84,86). It is important to note that chromatin remodeling can also
occur rapidly, before entry into S phase. Thus, although changes in chroma-
tin structure may be involved in regulating cytokine expression during cell
division, several other mechanisms may also operate. One such possibility
is the availability of appropriate transcription factors at specific stages of
the cell cycle, which are required for the expression of IL-4 and IFN- . What-
ever the process, if the cytokine phenotype is indeed fixed in a differentiated
effector cell, this offers an attractive mechanism for rapid recall of cytokine
production in response to antigenic restimulation.
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Several studies have suggested that in the absence of selective pressure,
cytokine expression is stochastic (87). To examine allelic patterns of IL-4
gene expression, Bix and Locksley analyzed the parental origin of IL-4 tran-
scripts in F1 mice by exploiting the existence of a polymorphism at the IL-4
locus in the two parental strains (87). The clones generated separated into
those that expressed IL-4 biallelically or monoallelically and these states
were maintained over time as an epigenetic heritable trait (87). Riviere et al.
derived CD4+ cell lines from mice that had the human CD2 “knocked in” to
the IL-4 locus and found that a majority of the lines expressed IL-4
monoallelically (88). The frequency of biallelic expression however
increased with increasing strength of signal through the TCR (88). The chro-
mosomal location of IL-4 is adjacent to two other Th2 cytokine genes IL-5
and IL-13. It has been suggested that these genes may be regulated in a
coordinate manner via a common enhancer or LCR (78,83). It will be of
interest to determine whether IL-5 and IL-13 are also regulated by the acti-
vation of a single allele.

The molecular mechanisms for such transcriptional regulation remain to be
defined. Meanwhile, the physiological relevance of independent transcription
of alleles is not evident. Aside from genes that are subject to dosage compen-
sation, very few studies of single chromosomal expression exist. Thus, it is
not clear whether the occurrence of monoallelic expression in cytokine genes
is an important regulatory mechanism. It has been postulated that monoallelic
activation may serve to control the levels of cytokines produced and that
biallelic expression may serve as a marker of terminal differentiation to regu-
late the cessation of cytokine production (87,88). It will be interesting to
uncover whether stochastic regulation of cytokine gene expression and its pro-
posed benefits, will constitute an exception rather than the rule.

4.1.3. Importance of Chromatin Remodeling of Cytokine Genes

Transcriptional regulation of cytokine gene expression by chromatin
remodeling may provide a basis for regulation at the following levels:

1. Accessibility: Tissue-specific activators and repressors can recruit chromatin-
modifying enzymes that alter the methylation state of DNA and/or the acetyla-
tion state of histones and confer specificity to the transcriptional process.

2. Communication: The long-range propagation of active chromatin domains or
chromatin modifying activity between regulatory elements separated by long
distances from the promoter may facilitate complex interactions.

3. Epigenetic imprinting: The chromatin remodeling activities and stability of mul-
tiple cooperative interactions may translate into an imprinting of a genetic locus
leading to an epigenetic memory for maintenance of the differentiated state.
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5. CONCLUSIONS
The identification of promoter elements and transcription factors over the

past few years has greatly enhanced our understanding of cytokine gene
transcription. Combinatorial networks of nonsubset-specific and tissue-
restricted transcription factors harness associated proteins and cofactors in
the context of chromatin structure to regulate the expression of cytokine
genes. Transcriptional control is finely tuned at multiple levels to accom-
modate the stage and immunological context in which cytokines need to be
activated during the course of an immune response. The development of
naive T helper cells into Th1 and Th2 subsets has provided an excellent
basis for studying transcriptional regulation within a biological context. We
are now poised to apply these concepts to other cells of the immune system
and to take advantage of the emerging paradigms and technical advances
from the field of transcriptional regulation to investigate more detailed
molecular processes. The incorporation of positive and negative signals from
the T cell surface into complex signaling pathways leading to cytokine tran-
scription in the nucleus is a dynamic process that offers many challenges for
further experimentation.
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1. INTRODUCTION
The activation of T cells by antigen leads to the expression of a large

number of cytokines that are important for the correct orchestration of an
immune response. The specific array of cytokines produced depends on the
antigen that is encountered and the environment of the T cell at the time of
that encounter. These cytokines range from those required for T cell prolif-
eration (e.g., interleukin-2 [IL-2]), activators of other cells of the immune
system (e.g., IL-4 or granulocyte-macrophage colony-stimulating factor
[GM-CSF]), to negative modulators of cell function (e.g., IL-10 or TGB- ).
The aberrant expression of these cytokines can lead to immune related dis-
ease such as autoimmune disease or chronic inflammation and modulating
the profile of cytokine expression or function has been long touted as a pos-
sible treatment for these diseases.

Cytokine expression is largely controlled at the level of gene transcrip-
tion although there is significant evidence that mRNA stability as well as
translational control also operate to govern the final level of protein pro-
duced. This chapter will focus entirely on the transcriptional control of
cytokine gene expression. Cytokine genes are mostly maintained in a silent
state until cells receive an appropriate activation signal. Then follows a tran-
sient burst of high level transcription followed by a return to baseline. This
pattern of expression of gene transcription means that several control mecha-
nisms have to play a role. First, the cytokine genes, while silent in resting T
cells, are likely to be in a distinct chromatin configuration in the nucleus to
those genes that are either permanently switched on or off in the cells. In
other words, they may be “marked” in some way as genes that are silent but
responsive to cell activation. The chromatin context of these inducible genes
is currently an area of considerable interest. Second, they must be switched
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on in response to the correct set of environment signals, and this appears to
be achieved by the assembly of a precise complex of transcription factors on
promoter/enhancer regions. The requirement for a complex of transcription
factors to switch on gene transcription means that the gene will not respond
to signals that activate only one or two of the required transcription factors
but will only respond when the correct array of factors is present. The third
requirement, that the response be transient, may be a passive depletion of
signaling or transcription factors or may require an active mechanism of
repression but this is not yet well understood.

T cell activation is a complex process that depends on both activation of
the T cell receptor (TCR) and so called costimulatory signals (reviewed in
refs. 1,2). While the TCR interacts with peptide MHC complexes on the
surface of antigen-presenting cells (APCs), other cell surface molecules on
APCs pair up with their counterparts on T cells to enhance the interaction of
the APC with the T cells. The best-described costimulatory signal is the
interaction of B7.1/B7.2 (CD80/CD86) on APCs with the CD28 receptor on
T cells (reviewed in refs. 3,4). CD28 signals serve to augment TCR signals
and are thought to lower the threshold of TCR signal strength that is required
for T cell activation. CD28 activation has been clearly shown to augment
cytokine gene transcription in T cells to higher levels than that seen with
TCR activation alone (1–4). Blocking the interaction of B7 with CD28 alle-
viates the pathogenic response in many mouse models of autoimmunity and
other immune-related diseases (reviewed in ref. 5). The importance of this
costimulatory pathway in regulating T cell activation has led to great inter-
est in determining the mechanism of signal transduction by CD28 and the
resultant mechanism of cytokine gene transcription.

While T cells produce a vast array of cytokines in response to activation,
these cytokines can be divided into several groups depending on their time
of production or their ultimate function (reviewed in refs. 6,7). Activation of
naive T cells leads first to the production of IL-2, GM-CSF, and IL-3 among
others. These cytokines appear to have common patterns of activation
although IL-2 and IL-3 are T cell specific, whereas GM-CSF can be pro-
duced by a variety of cells. The control of IL-2 production is a critical point
in determining the outcome of the T cell response. If T cells are activated
below a specific threshold and the IL-2 gene is not switched on, then the
cells become anergic or unresponsive to further activation (reviewed in ref.
8). On the other hand, too much IL-2 can lead to activation induced cell
death (8). Thus there is a critical range of IL-2 that must be produced to
generate a productive immune response. Understanding the control of IL-2
gene transcription is crucial in understanding the mechanism of naive T cell
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activation. Other cytokines produced in this initial phase of T cell activation
such as GM-CSF and IL-3, while not directly governing the T cell response
can control the activation or production of other immune-related cells such
as APCs.

Depending on the immune stimulus and the environment, the dividing
helper T cells will mature in to either Th1 or Th2 effector cells (reviewed in
refs. 6,7). Th1 cells are associated with inflammatory reactions and delayed-
type hypersensitivity and are characterized by the production of interferon-

(IFN ). These cells are thought to mediate many autoimmune diseases. On the
other hand, cell mediated immunity and allergy are associated with Th2 type
T cells, which produce an array of cytokines (IL-4, IL-5, IL-13, etc.), the
prototype of which is IL-4. The differentiation of Th cells and their ability to
produce different population of cytokines has been well-reviewed and will
not be discussed in detail here. It should be noted, however, that the Th1/
Th2 paradigm is best understood at a population level and that individual
cells appear have a great plasticity to produce both Th1 and Th2 type cytokines
(9). Cytokines produced by the Th subtypes appear to have overlapping but
distinct requirements governing their transcription and differ also from the
cytokines activated immediately following naive T cell activation.

This chapter will focus on the more recent advances in understanding
cytokine gene expression as well as those aspects such as CD28 activation
that are possible therapeutic targets in autoimmune disease.

2. MECHANISMS OF TRANSCRIPTIONAL RESPONSE
TO T CELL ACTIVATION

As described earlier, one step in the induction of cytokine gene transcrip-
tion is the assembly of a transcription-factor complex on the promoter/
enhancer regions of the gene that allows the recruitment of the basal-tran-
scriptional machinery and hence activation of the RNA polymerase activity.
T cell activation leads to either the production or nuclear localization of
several families of transcription factors, the most important of which appear
to be the NFAT, NF- B, and AP-1 families (reviewed in refs. 10,11). A
detailed understanding of the role of individual members of these families is
being obtained from gene-deletion studies in mice and this information has
been recently reviewed (11). These activation-dependent transcription fac-
tors bind to promoter/enhancer regions and together with constitutive fac-
tors and architectural proteins form the transcriptional-activation complex.
There have been many detailed studies documenting the transcription fac-
tors and their binding sites that can play roles in activating cytokine genes
such as IL-2, GM-CSF, IFN- , and IL-4 and these data have been exten-
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sively reviewed (12–15). Several general principles have emerged from this
work that are useful in terms of understanding the mechanisms of inducible
cytokine gene expression.

For many of the T cell-expressed cytokine genes the proximal promoter
region (i.e., the first 100–300 bp upstream from the start of transcription) is
crowded with potential transcription factor-binding sites. Cooperation
between the factors binding to many of these sites seems to be critical for
promoter/enhancer activity. Many of the binding sites on these promoters
are low-affinity sites for their cognate transcription factors and so do not
have significant activity when tested in isolation. Furthermore, altering these
low-affinity sites to high-affinity consensus sites not only leads to their abil-
ity to act alone but can disrupt the tissue-specific activity of the promoter.
This has been well-demonstrated in the case of the IL-2 promoter and sug-
gests that this cytokine promoter has been fine-tuned for both tissue speci-
ficity and induction in response to appropriate signals (16,17). The need for
cooperation between a number of transcription factors has been demon-
strated in a number of ways. First, mutation of individual sites leads to a
dramatic reduction in the activity of the promoter. This is illustrated by stud-
ies of the GM-CSF promoter where mutation of any of the known transcrip-
tion factor-binding sites in the proximal promoter has a major effect on
activity (reviewed in ref. 14). Second, loss of a single factor can, in some
cases, greatly reduce activity and this will be discussed in more detail later.
Third, there is evidence from in vivo footprinting experiments that for the
IL-2 promoter there is an all or nothing occupation of the promoter, imply-
ing cooperative promoter occupancy (18). Finally, overexpression of tran-
scription factors can lead to highly synergistic activation of promoter
activity. This is illustrated by studies with the GM-CSF promoter where
overexpression of Ets1, AP-1 (c-fos and c-jun), and NF- B proteins (RelA
and p50) showed highly synergistic activation in transient transfections in
Jurkat T cells (19).

Cooperation between transcription factors can be manifested in several
ways. First, cooperative protein binding has been observed for some of the
T cell transcription factors. A good example of this is the cooperative bind-
ing of NFAT and AP-1 proteins to many sites in the IL-2 and IL-4 promoters
and the GM-CSF enhancer (reviewed in refs. 20,21). For many of these sites,
the individual factors bind very weakly but show strong cooperative bind-
ing. The precise positioning of the sites is essential for this cooperative bind-
ing and this leads to high levels of synergy at the level of function (22).
There are many other sites in cytokine genes that bind NFAT or AP-1 indi-
vidually without any observation of cooperative binding or function,
although it is not clear what the functional implications are.



Chromatin Remodeling 29

Cooperation may also be manifested at the level of function and not DNA
binding. A very good example of this is the activity of the CD28 response
region (CD28RR) of IL-2. Here adjacent NF- B and AP-1 sites are required
for activity but show no cooperative binding of their cognate transcription
factors (23). Cooperative activation in such cases may be related to the abil-
ity of the combination of factors, but not the individual factors, to recruit
coactivators or components of the basal machinery. The function of the
CD28RR will be discussed in detail in Subheading 3.

Not just the presence of the correct set of proteins but the specific
architecture of the complex appears to be important for optimal promoter
activity. Altering the relative position of transcription factor-binding
sites can have dramatic effects on transcription. This presumably dis-
rupts the cooperative activities of the transcription factors either for DNA
binding or recruitment of coactivators. The DNA structure can also alter
transcription-factor interactions and the assembly of a functional com-
plex. Architectural proteins that can alter DNA structure and also modu-
late transcription-factor binding have been implicated in cytokine
expression. One such example is the HMGI(Y) family of architectural
proteins that seem to play a major role in the activity of the IL-2 gene
promoter (24). These proteins are thought to be involved in the assembly
of an active complex. Such an activation complex that forms on the IFN-
promoter in response to virus induction has been dubbed an
enhanceosome (reviewed in ref. 25). The formation of this enhanceosome
allows the recruitment of coactivators such as CBP and also components
of the basal machinery such as TFIIB to the promoter (26,27). This
recruitment appears to be the basis of enhanceosome activity. Such a
complex structure may play an important role in allowing the promoter
to respond only to the set of signals that result in the activation of the
entire set of transcription factors required for enhanceosome assembly;
for example, virus infection probably leads to the activation of an array
of signal-transduction pathways that is interpreted at the IFN- promoter
by the assembly of the enhanceosome. The promoter is, thus, designed
not to respond to the activation of only one of these signaling pathways.
Similarly, T cell activation requires the precise interpretation of several
cooperating signals to lead to the correct level and type of cytokine gene
transcription. Given the examples described earlier of cooperative acti-
vation of cytokine promoters by different families of transcription fac-
tors, it is likely that enhanceosome-like complexes also form on many of
the T cell cytokine promoters and dictate the response of the genes to T
cell activation (see Fig. 1).
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3. TRANSCRIPTIONAL RESPONSES TO COSTIMULATION
IN T CELLS

The CD28 signal is clearly an important one in T cell activation as
described earlier. It has been shown that inhibiting the interaction of CD28
with the B7 molecules has a significant impact on the pathology of experi-
mental models of autoimmune disease. Therefore, a detailed understanding
of the signal-transduction pathways that are activated by CD28 should pro-
vide many new targets for drugs to modify the immune response.

It has clearly been demonstrated that CD28 costimulation of T cells leads
to an increase in transcription from the IL-2 gene as well as many of the
other cytokine genes expressed in T cells (3,4). It is probably this increase in
IL-2 expression and the subsequent T cell proliferation that is responsible
for the ability of CD28 to overcome the anergic response that can be the
result of TCR engagement in the absence of costimulation.

The mechanism of CD28 signal transduction is still a matter of debate but
the end result appears to be an increase in the level or activity of some of the
transcription factors that are known to activate cytokine gene transcription.
The two best-described examples of transcription factor response to CD28
are the increased level of NF- B family members and the increased activity
of the AP-1 family (reviewed in refs. 3,4). On the other hand, the NFAT
family, which is also important in cytokine gene expression, does not appear
to be affected. The ability of CD28 to increase the activity of AP-1 is most
likely mediated by its ability to increase the activity of the JNK signal-trans-

Fig. 1. A hypothetical model of the formation of an enhanceosome on a cytokine
promoter, following T cell activation. Activated transcription factors (A1, A2, A3)
bind to specific sequences on the DNA. This combination of factors serves as a
recruitment “surface” for coactivators that may link the transcription factors to the
basal transcriptional machinery represented by Pol II (RNA polymerase II) and
associated factors. The cofactors may also possess chromatin-modifying activity as
described in the text.
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duction pathway (28). JNK can, in turn, specifically phosphorylate c-jun to
increase its DNA binding activity.

NF- B proteins are located in the cytoplasm prior to activation in a com-
plex with I B inhibitory proteins. Upon cell activation, I B proteins are
phosphorylated by the I B kinase complexes (IKKs), which targets them
for degradation by the S26 proteosome pathway. The NF- B proteins then
translocate to the nucleus where they bind to their cognate recognition sites
(reviewed in ref. 29). CD28 activation appears to lead to both an increase in
the level as well as a prolonged presence of certain NF- B proteins in the
nucleus. The level of RelA but in particular, c-Rel increases in response to
CD28 (30,31). Unlike, RelA there appears to be little c-Rel stored in the
cytoplasm in resting cells. c-Rel appears in the nucleus at late times (>4 h)
following activation and its presence is the result of increased expression
from the c-Rel gene (32). c-Rel gene transcription appears to be controlled
at least in part by RelA or other NF- B proteins and thus may be responding
to the increase in these or other transcription factors following CD28 activa-
tion. A change in the degradation kinetics of I B- has been described in
response to CD28 but there is also evidence for increased and sustained deg-
radation of I B- (33,34). There has been evidence presented recently that
there may be crosstalk between the JNK and the NF- B activation pathways.
It has been shown that the JNK cascade can selectively activate the IKK- but
not the IKK- pathway that leads to I B phosphorylation and degradation
(35). The fact that the same pathways of AP-1 and NF- B activation appear to
be responsible for sensing the CD28 signal as the TCR signal supports the
hypothesis that CD28 simply augments some of the TCR signals.

The region of the IL-2 promoter that is required for and most highly
responsive to CD28 activation has been defined and studied in detail (see
Fig. 2). Not surprisingly, it is a composite site for NF- B and AP-1 tran-
scription factors and will be referred to here as the CD28 responsive region
(CD28RR). The CD28RR contains a nonclassical NF- B binding site called
the CD28RE (or CK-1) as well as an adjacent AP-1 binding site. There have
been many studies of the proteins that bind to and mediate the activity of the
CD28RR. There appears to be a general consensus that the binding of c-Rel
to the CD28RE is important for its activity, although RelA has also been
shown to play a role here (23,31). The binding of c-Rel is highly dependent
on the presence of the small nuclear architectural factor, HMGI(Y) (31).
HMGI(Y) binds to the A/T rich core of the site and although it promotes c-Rel
binding, it appears to have little impact on the binding of RelA (31). The
basis for this difference is unknown. There have been several studies of the
proteins that bind to and activate the AP-1 half of the CD28RR but the results
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are not consistent. It has been shown that combinations of RelA and c-jun as
well as c-Rel and ATF-1/CREB2 could transactivate the CD28RR in tran-
sient transfection assays (36,37). However, an analysis of the protein com-
plexes binding to the CD28RR in Jurkat T cells or peripheral blood
mononuclear cells (PBMCs) has revealed that c-Rel, c-jun, and c-fos are the
dominant proteins present in the inducible complexes (38). Neither of
these sites functions well alone and there is a strong synergy in the context
of the native promoter. The proteins that bind to these sites do not do so
cooperatively, suggesting that the synergy is manifested at the level of
recruitment of coactivators or the basal transcriptional machinery.

The GM-CSF and IL-3 promoters contain a highly related CD28RE/CK-
1 to that found in the IL-2 gene (see Fig. 2). The IL-3 CD28RE-like region
has not been well-studied, but the GM-CSF CD28RE/CK-1 has very similar
properties to that of the IL-2 CD28RE, having a high affinity for the c-Rel
transcription factor, binding HMGI(Y), and requiring adjacent sequences
for activity (31). However, the GM-CSF CD28RE is not flanked by an AP-1
binding site and requires an NF- B/Sp-1 region located just downstream for
its activity. This entire region is referred to as the CD28RR for GM-CSF.
The NF- B/SP-1 site of GM-CSF contains a classical NF- B site that binds
RelA/p50 heterodimers in response to TCR activation and does not appear
to respond directly to CD28 at least in terms of DNA binding. The Sp1 site
located immediately adjacent to the NF- B site also appears to have a func-

Fig. 2. Sequences of the CD28 response regions (CD28RRs) that have been
identified in the promoters of IL-2, GM-CSF, IL-3, and IL-4. The sequences of
the human genes are shown. The boxed areas of the sequence represent regions that
are known transcription factor-binding sites. The names given to the boxes are those
usually used in the literature. The CK-1 element is the conserved region across all
the sequences.
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tional role in this region. Why two genes which appear to be coordinately
regulated by CD28 have developed distinct modules for this response
remains to be determined. Many NF- B sites, or in particular multiple cop-
ies of NF- B sites, can also respond weakly to CD28 signals, e.g., in the
human immunodeficiency virus long terminal repeat (HIV LTR) (39). There
are also examples of NFAT/AP-1 composite sites that are responsive to
CD28 (40). This raises the question of whether there is a specific CD28
responsive element/region or whether any region containing an NF- B or
AP-1 site can respond to CD28. Given the hypothesis outlined earlier, that
the role of CD28 may be simply to augment the TCR signal then the latter
may in fact be true. On the other hand, the IL-2 gene in particular may have
developed a specialized CD28RR that enables the promoter to sense the
CD28 increase in TCR signal, in a very precise manner. Thus combining a
low-affinity, specialized NF- B site with a low-affinity AP-1 site may have
generated an element that requires both cognate transcription factors to reach
a specific functional threshold. This threshold would only be reached in the
appropriate costimulatory environment. It is interesting to note that the G-CSF
gene, which is not expressed in T cells, has utilized a highly related
CD28RE-like sequence to regulate its response to TNF- and IL-1 in fibro-
blasts (41). Here the “CD28RE”/CK-1 operates in synergy with adjacent
C/EBP binding sites. The IL-8 and I-CAM-1 promoters also respond with a
similar combination of sites to inflammatory stimuli, raising the possibility
of a CK-1/C/EBP module as a general mechanism of response to inflamma-
tory stimuli (42,43). Thus, a nonconsensus NF- B site that cannot operate
alone has been usurped by several different responses required for both innate
and adaptive immunity.

The cytokines previously described are those that respond to initial T cell
activation in naïve cells. It is important to ask if the effector cytokines pro-
duced by Th1 and Th2 cells are directly affected by CD28 activation sig-
nals. One could envisage a situation where CD28 is only necessary for the
initial steps of naive T cell activation and once proliferation is established
by the expression of IL-2 and its high-affinity receptor, the CD28 signal
becomes redundant, being superseded by IL-2, IL-4, IL-12, or other
cytokine-signaling events. Indeed, restimulation of memory T cells is gen-
erally thought to be independent of costimulation. There are no clearly
defined CD28RR regions in any of the effector cytokine gene promoters. A
recent report, however, showed that IL-4 did respond to CD28 activation in
Jurkat T cells and that this was manifested at the level of promoter activity
(44). A region of the promoter known as P1 was identified as a CD28RR
and was shown to bind c-Rel and AP-1 proteins (see Fig. 2) (44). Compared
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to the level of CD28 response reported for the IL-2 CD28RR, the P1 region
of IL-4 responded only weakly to the CD28 signal. Rooney et al. (40), have
also described the CD28 activation of an NFAT/AP-1 region in the IL-4
promoter as described earlier. There is no direct evidence on whether CD28
directly affects the activity of other Th2 cytokines such as IL-5, IL-13, or
IFN- in Th1 cells and this area requires further investigation before any
useful conclusion can be drawn. There is, however, experimental evidence
that CD28 signaling is necessary for the development of the Th1/Th2 phe-
notypes in animal models. It has been shown that CD28 is necessary for the
development of Th2-mediated, allergic airway responses in mice and that
blocking B7.2:CD28 interactions reduced allergen-specific responses in T
cells from atopic asthmatics (45–47). The development of autoreactive
effector cells in models of autoimmunity has also been shown to respond to
CD28 blockade or absence (reviewed in ref. 5). These effects, however, may
not be direct and are consistent with the hypothesis that the major role of
CD28 is in the initial production of IL-2 and the priming of T cells for pro-
liferation and differentiation.

4. THE ROLE OF ARCHITECTURAL TRANSCRIPTION
FACTORS IN CYTOKINE GENE TRANSCRIPTION

As discussed previously, the promoter/enhancer regions of cytokine genes
assemble a complex array of transcription factors in a structure referred to
as an enhanceosome. The architecture of this complex depends on DNA
structure, protein:protein as well as protein:DNA interactions. The
HMGI(Y) family of architectural transcription factors appear to play an
important role in the assembly and stability of these complexes (reviewed in
ref. 48). The HMGI(Y) family consists of three members; HMGI, HMGY,
and HMGI-C. HMGI and HMGY are the products of alternately spliced
mRNAs from the same gene, whereas HMGI-C is the product of a separate
gene. All three proteins are approx 100 amino acids in length and are highly
related. Each protein contains three conserved DNA-binding domains
known as A/T hooks. The DNA-binding domains recognize the minor
groove structure of A/T stretches in DNA and can use each A/T hook to bind
to adjacent A/T stretches on DNA. HMGI(Y) proteins have been shown to
have many possible modes of action. They can alter DNA structure by modu-
lating the natural bends on DNA. HMGI(Y) proteins have been well-docu-
mented to modulate the binding of many transcription factor families to
DNA. HMGI(Y) has also been shown to interact directly with many tran-
scription factors such as the ATF bZIP proteins. Thus, HMGI(Y) could have
a major role in the assembly of enhanceosome complexes. In addition,
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HMGI(Y) has been shown to bind to nucleosomes assembled on DNA in vitro
and affect the rotational setting of the nucleosome. It has also been shown to
antagonize the repressive effect of histone H1 on transcription in vitro. The
highest level of HMGI(Y) proteins appears to be associated with actively
dividing cells and abnormal levels have also been found in some tumors. The
DNA-binding capacity of HMGI(Y) can be affected by phosphorylation of
the protein by cdc2 kinase or caesin kinase II, thus leading to speculation
about its role in the cell-cycle and signal transduction.

Recent studies have shown that HMGI(Y) may play a major role in the
regulation of T cell cytokines. The IL-2 gene promoter is highly A/T rich
and it was not surprising to find that HMGI(Y) had many binding sites across
the first 300-bp region of the promoter (24). The most important aspect of
this was that the HMGI(Y) binding sites were all located within or close to
known transcription factor-binding sites. Subsequent experiments showed
that HMGI(Y) could modulate the binding of many of the transcription-
factor families that are thought to play an important role in the activity of the
IL-2 promoter (24). This can be illustrated by an analysis of the effects of
HMGI(Y) on the binding of factors to the IL-2 CD28RR (24,31). The
CD28RE/NF- B binding site can bind c-Rel with high efficiency but only
in the presence of HMGI(Y), whereas the binding of RelA to this site is
much less dependent on HMGI(Y). The CD28RE of IL-2 or GM-CSF can
also bind members of the NFAT family of transcription factors and
HMGI(Y) either promotes or inhibits the binding of NFATp depending on
the  relative ratio of the proteins in the in vitro binding assays. Binding of
AP-1 to the adjacent site in IL-2 (which does not have an A/T sequence)
is also affected by HMGI(Y). The relevance of these in vitro binding
studies is borne out by transfection studies in either T cell lines or pri-
mary T cells where depleting the level of HMGI(Y) by antisense expression
greatly inhibits IL-2 promoter activity (24). Of even greater significance is
the fact that reducing HMGI(Y) levels leads to a decrease in the production
of IL-2 from the endogenous gene, which in turn leads to reduced prolifera-
tion of  the primary T cells (24). On the other hand, overexpression of
HMGI(Y) in Jurkat T cells or primary T cells leads to increased expres-
sion of IL-2 and thus increased proliferation in the primary cells. It has
also been shown that the activity of the IL-2 receptor alpha promoter is
dependent on HMGI(Y), leading to the conclusion that HMGI(Y) levels plays
an important role in T cell proliferation (49,50). Indeed, the levels of HMGI(Y)
in Jurkat T cells are increased by stimulation with mitogenic signals (24).

Other cytokines that are coexpressed with IL-2 such as GM-CSF and IL-3
also seem to be positively regulated by HMGI(Y). On the other hand, it has
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been shown that HMGI(Y) plays an inhibitory role in the regulation of IL-4
and this may be owing to the fact that HMGI(Y) can inhibit the binding of
NFAT proteins to certain sites on the IL-4 promoter (51). Intriguingly, IL-4
signaling has been shown to lead to phosphorylation of HMGI(Y) on casein
kinase II consensus sites at the C-terminus (52). This in turn leads to decreased
DNA binding and may, in turn, reduce the inhibitory effect of HMGI(Y) on
the binding of certain transcription factors such as NFAT to DNA. It is pos-
sible to speculate that the phosphorylation of HMGI(Y) by IL-4 is one mecha-
nism by which IL-4 increases its own expression in Th2 type cells. Whether
HMGI(Y) plays a distinct role in Th2 compared to Th1 cells has yet to be
determined. Its positive transcription-activation role may be limited to the
cytokine genes that are activated immediately following T cell activation
becuase increases in HMGI(Y) levels are associated with proliferation.

Another family of architectural transcription factors that may play a role
in the regulation of cytokine gene transcription are the Sry-like HMG box
factors. This family of proteins is very distinct from the HMGI(Y) proteins
discussed earlier. They are a large family of proteins including Sry, the many
related Sox proteins, and TCF/LEF proteins and are related by the presence
of a so-called HMG box that is required for DNA binding. These proteins
can have major effects on DNA structure and generate large bends in DNA,
thus affecting the structure of protein:DNA complexes and hence transcrip-
tion (reviewed in ref. 53). TCF-1 and LEF-1 are highly related proteins that
appear to play a major role in T cell differentiation (53). Their role in differ-
entiation parallels the role of other HMG-box proteins in development of
other tissues. They have been shown to affect the transcription of genes such
as those encoding CD4 and T cell receptor genes whose expression is
important in the differentiation of the T cell repertoire in the thymus.
Because the expression of some of the cytokines discussed in this chapter is
restricted to T cells, it is possible that factors such as TCF/LEF are involved
in their T cell-specific expression rather than inducible expression per se. A
recent detailed accessibility mapping of a region 600 bp upstream of the IL-2
transcription start site has revealed a region between –350 and –600 that is
constitutively accessible to DNase I cleavage in unstimulated as well as
activated EL-4 T cells (54). In contrast, the more proximal region between
–1 and –350 is only accessible in activated cells. It is possible that the
upstream region in some way marks the gene for expression in T cells,
whereas the proximal region is required for inducible responses. The com-
plexes that bind to a part of the upstream region have been shown to contain
TCF/LEF, Oct proteins, and HMGI(Y) (54). This raises the intriguing possi-
bility that TCF/LEF may be involved in the T cell-specific expression of IL-2.
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Such a “marking” phenomenon may occur during differentiation of T cells
in the thymus. More investigation is, however, required to determine if this
possibility is correct.

5. TRANSCRIPTIONAL REGULATION VIA CHROMATIN
REMODELING AND MODIFICATION

Most of the information and models described previously comes from an
analysis of cytokine promoter/enhancer regions in transient transfection
assays in cell lines in culture. These experiments generally deal with short
DNA  fragments (hundreds of base pairs) linked to reporter genes and trans-
fected into cells in large numbers (hundreds of copies per cell). The chroma-
tin context of these plasmids has not been considered. Cellular genes are
normally incorporated into chromatin and this forms an important level of
regulatory control of gene transcription. In general, inactive genes are found
in condensed chromatin, containing unmodified histones and densely
methylated DNA, whereas acetylated histones and demethylated DNA char-
acterize transcriptionally competent genes.

The structural unit of chromatin is the nucleosome, which is composed of
147 bp of DNA wrapped around a histone octamer (reviewed in ref. 55).
The histone proteins are composed of two domains: a central fold, which
contributes to the histone core of the nucleosome and is constrained by the
DNA; and a flexible amino terminal histone tail extending out of the core,
which contains conserved residues that can be postranscriptionally modi-
fied by either acetylation or phosphorylation. The histones can be consid-
ered general gene repressors, and can regulate gene accessibility by at least
two mechanisms. First, transcription factor-binding sites on DNA positioned
within the nucleosome core may be inaccessible, preventing binding of tran-
scription factors to these sites. A first step in “opening” silent loci may there-
fore involve remodeling of the chromatin so that promoter regions become
accessible to transcription factors (reviewed in refs. 56,57). Multi-subunit
ATP-dependent remodeling complexes have been found in yeast (the yeast
SWI/SNF complex and RSC complex), Drosophila (NURF, CHRAC, and
ACF), and mammalian cells (BRG1 and hBRM-associated complexes),
which are able to remodel chromatin by destabilizing the nucleosome or
repositioning it on the DNA (reviewed in refs. 58–60). Second, acetylation
of the histone tails may also alter the nucleosomal structure. Acetylation of
lysine residues neutrilizes positive charges, decreasing the affinity for DNA,
thus altering the nucleosomal conformation and increasing accessibility of
DNA elements to transcription factors. The histone tails are also proposed
to contribute to the formation of higher order chromatin structures, possibly
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through contacts with adjacent nucleosomes. In vitro at least, acetylation of
nucleosome arrays can disrupt higher-order chromatin structure, which may
increase chromatin accessibility. Recently, a range of proteins have been
found to contain histone acetyltransferase (HAT) activity including GCN5,
p300/CBP, P/CAF, SRC-1, and TAFII250 or histone deacetylase activity
(HDACs), including yeast RPD3 and human HDAC1 (reviewed in ref. 60).
Many of the proteins possessing HAT or HDAC activity are proteins that
have previously been identified as having a role in transcription. For example
several HATS are known transcriptional coactivators (for example, CBP/
p300, ACTR, and SRC-1), whereas HDACs are often components of
multiprotein complexes that contain proteins involved in transcriptional
repression. Epigenetic modification of DNA by methylation is also a hall-
mark of silent genes, and it is becoming clear that the demethylation of CpG
dinucleotides may be an important step in derepressing silent genes.

Chromatin structure may play a role in the regulation of cytokine gene
expression, either in controlling the cell-type-specific expression of certain
cytokines or in the induction of cytokine genes following T cell activation.
Alterations in chromatin structure are frequently detected on the basis of changes
in the accessibility to DNase I. DNase I sites have been mapped for a number of
cytokine genes and changes in these sites observed in response to activation. For
example, DNase I hypersensitivity mapping has identified inducible DNase I
hypersensitive (DH) sites 3-kb upstream of the GM-CSF gene and 14-kb
upstream of the IL-3 gene (61,62). The IL-3 DH site is inducible only in T cells,
suggesting that this site plays a role in T cell-specific expression of IL-3. The
GM-CSF DH site is inducible in all cell types expressing GM-CSF. Both of
these inducible DH sites contain binding sites for activation-dependent tran-
scription factors. The IL-3 site contains 4 NFAT sites, one of which overlaps
with and cooperates with an Oct binding site. The GM-CSF site contains 3
NFAT binding sites linked to AP-1 sites. Similarly, chromatin remodeling of
the IL-2 gene has been detected upon T cell activation (54). In vivo footprinting
with DNaseI or restriction enzyme-accessibility studies have revealed inducible
accessibility in the promoter region upon activation of T cells only. The fact that
in all three genes these inducible hypersensitive sites only occur in cells
expressing the cognate genes suggests a functional role for these regions. DNase
I footprinting of a more distal region of the IL-2 gene revealed constitutive DH
sites between –300 and –600 in resting EL-4 T cells, but not non-T cells (54).
This region has been proposed to play a role in the T cell specificity of IL-2.
Protein-DNA complexes containing the HMG proteins HMGI/Y and LEF-I
were found to bind in this region. The presence of LEF-1 is particularly interest-
ing because, LEF-1 is thought to be important in T cell development.



Chromatin Remodeling 39

Comparison of the chromatin structure of the Th1 cytokine IFN- and the
Th2 cytokine IL-4 in naive T cells and differentiated Th1 and Th2 cells
revealed tissue-specific chromatin remodeling (63). Terminally differenti-
ated Th1 or Th2 cell clones showed marked differences in their chromatin
configuration on the IL-4 and INF- loci as assessed by DNase I
accessibilitiy. In Th2 clones, which express IL-4, the IL-4 locus was found
to be accessible, whereas the IFN-  locus displayed a closed configuration.
The converse was true in Th1 clones. In agreement with this, naive T cells
did not display accessible configurations of either gene, but upon differen-
tiation to either Th1 or Th2 acquired IFN- or IL-4 accessible patterns,
respectively. Therefore, the differentiation of T cells was associated with
the remodeling of genes that confer the effector phenotype of the differenti-
ated cells. In support of this, a second study has shown that three DH sites,
occur in the intergenic region between IL-4 and IL-13 and although one of
these sites appears in both Th1 and Th2 cells, as well as CD4+ naive T cells,
the other two sites appear exclusively in differentiated Th2 cells (64).

These studies then demonstrate that chromatin is disrupted upon activation of
T cells, and that the chromatin configuration of a cytokine locus may be involved
in regulation of cell-type specificity. These chromatin-remodeling studies sug-
gest that nucleosomes positioned across the cytokine genes in naive cells are
remodeled upon activation (e.g., IL-2, GM-CSF, and IL-3) or Th-cell differen-
tiation (e.g., IFN- and IL-4). There have been as yet no direct studies of nucleo-
some positioning on T cell cytokines. A recent study of the IL-12 p40 promoter
in macrophages, however, presents a model that may be applicable to many
inducible cytokine genes. High-resolution micrococcal-nuclease analysis
showed that a positioned nucleosome spans the IL-12 p40 promoter, followed
by a linker region and three nucleosomes positioned further upstream (65). Upon
activation of macrophages with lipopolysaccharide (LPS) or heat-killed Listeria
monocytogenes (HKLM) the promoter positioned nucleosome was selectively
remodeled, but the upstream nucleosomes remained in position. Although such
studies have not been done in T cells, this study supports the notion that chroma-
tin remodelling contributes to the rapid induction of cytokine genes, by increas-
ing promoter accessibility. Other studies also support the idea that nucleosome
remodeling is important in inducible gene transcription. For example, a link
between T cell activation and chromatin remodeling has been indicated by stud-
ies showing that upon activation, the chromatin-remodeling Swi/Snf complex
becomes stably associated with chromatin (66). Similarly a link between chro-
matin modification and inducible gene expression has been shown by studies of
the IFN- gene in which the histones associated with the gene become
hyperacetylated upon viral induction in HeLa cells (67).



40 Shannon and Holloway

A link between CpG methylation of mammalian DNA and transcriptional
silencing of genes has been proposed for many years, although the methods
by which methylation represses transcription are not completely understood.
Methylation of CpG dinucleotides may act directly to inhibit binding of tran-
scription factors or the transcription machinery to DNA. Alternatively,
methylation may influence the chromatin structure (reviewed in refs. 68–70).
There is now evidence that CpG methylation stimulates histone deacetylation,
because complexes have been found that contain methyl-binding proteins
and histone deactylases. The model suggested is that the methyl-binding
protein MeCP2 recruits the corepressor mSin3A and the deacetylases
HDAC1 and HDAC2 forming a repressor complex on methylated DNA that
mediates histone deacetylation. Although control of cytokine gene transcrip-
tion by methylation has not been widely studied, there is growing evidence
that it is an important control mechanism in the generation and maintainence
of Th1 and Th2 specific gene expression. Demethylation has been corre-
lated with the activity of IL-3, IL-4, IL-5, and IFN-  genes.

The most studied cytokine in this respect is INF- . The 108 base pair
IFN- proximal promoter contains two important regulatory control ele-
ments, and the most proximal of these sites is able to reproduce the PMA/
ionophore inducible, cyclosporin-sensitive expression of IFN- and also
appears critical for the Th1-specific expression profile of IFN- (71). A CpG
dinucleotide within this element is methylated in naive T cells and Th2
clones, but becomes demethylated during Th1 differentiation. Methylation
at this site correlates with the inability of naive T cells and Th2 clones to
express IFN- (72). A further study extended this finding, showing that thy-
mocytes, neonatal T cells, and naive T cells are hypermethylated at this
proximal site, whereas adult CD8+ T cells and Th2 cells are hypomethylated
(73). This regulatory element has been shown to bind the transcription fac-
tors CREB, ATF-2, Jun, and electrophoretic mobility shift assay (EMSA)
using oligonucleotides incorporating a methylated CpG dinucleotide at the
critical position demonstrated reduced binding of all these factors, although
the effect was more pronounced for CREB (71). Although the above data
was generated using methyl-sensitive restriction enzyme, bisulfite genomic
sequencing of CpG dinucleotides across the IFN-  promoter has confirmed
the link between demethylation of the IFN- promoter and gene expres-
sion (74). This study also showed that the ability of cells to produce IL-3
can similarly be linked to demethylation of the gene. CpG dinucleotides
within the IL-3 promoter are mostly associated with transcription factor-
binding sites, and therefore methylation may also affect transcription factor
binding to this promoter. A further study has shown that in Th2 cells the IL-4
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and IL-13 genes are demethylated. Although in naive T cells, the IL-4 and
IL-13 genes are hypermethylated, the differentiation to Th2 cells is character-
ized by both chromatin remodeling and demethylation of the IL-4/IL-13
locus (63). Therefore, the derepression of silent cytokine genes probably
involves the coordinate demethylation and remodeling of the chromatin. This
supports the model referred to earlier in which methylation and histone
deacetylation are linked through the action of multiprotein complexes.

Recently a link between deregulation of cytokine gene transcription and
gene methylation has been demonstrated in T cells. It is well-established
that HIV or human T leukemia virus (HTLV) infection of T cells results in
disregulated production of cytokines. Mikovits et al. (75) have shown that
acute infection of T cells with HIV results in upregulation of DNA
methyltransferase mRNA expression and activity. They established that this
correlated with a general increase in genome methylation, but in particular it
resulted in altered methylation of the IFN- gene in Th1 cells, via de novo
methylation at the site that was shown in the aforementioned studies to be
critical for transcriptional regulation of this gene. This correlated with
decreased IFN-  mRNA and protein expression.

Finally, it is well-established that differentiated effector Th cells respond
far more rapidly and with much higher cytokine production than naive T
cells. Although cytokine expression is only transient following initial stimu-
lation, the cells can essentially remember this expression pattern, which is
reflected later by the same and more rapid cytokine production following
restimulation. This may well be explained in large part by the fact that the
chromatin is remodeled and demethylated upon differentiation and that this
state is then maintained stably. For example, analysis of the IFN- promoter
through eight generations has shown that the methylation patterns, once
established, can be faithfully inherited in the absence of stimuli (74).

There is now also evidence appearing that links the differentiation of Th
cells with the cell cycle. Bird et al. (76) have demonstrated that although IL-2
expression is independent of cell cycle, cells must enter S-phase of the first
cell cycle after activation before they are able to express IFN- and must
undergo at least three cell cycles before they express IL-4. Two further stud-
ies support this idea, demonstrating that, like IL-4 and IFN- , the expression
of IL-3, IL-5, and IL-10 are also linked to the cell cycle (77,78). DNA syn-
thesis has long been proposed as an opportunity for remodeling of a gene
from an inactive to an active state. DNA synthesis during S phase may then
correlate with epigenetic modification of the DNA. Modifications such as
acetylation or demethylation may occur following new DNA synthesis,
which is carried through to the next cell generation. These studies speculate
that one mechanism by which cytokine expression is repressed in naive T
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cells is owing to methylation of the genes, and that progression through the
cell cycle provides an opportunity for demethylation of these genes to occur.

It is clear that chromatin remodeling and modification is important in the
regulation of cytokine genes. It has been shown that the inability of naive T
cells to express certain cytokines may be owing to repressive chromatin
effects. The differentiation to Th1 or Th2 subtypes involves chromatin
remodeling and demethylation of, for example, the IFN- and IL-4 genes,

Fig. 3. A hypothetical model of the steps involved in the activation of a cytokine
gene in T cells. In a non-T cell or precursor T cell, a cytokine gene may be in
inactive chromatin characterized by unacetylated histones and DNA methylation at
CpG dinucleotides. The development of a T cell may involve acetylation and/or
demethylation of the genes that will respond to T cell activation generating an
“available” chromatin configuration in a naive T cell. Similar modifications may
occur for Th1 and Th2 expressed cytokines during Th-cell differentiation. Upon T
cell activation, transcription factors bind to the promoter/enhancer regions of the
gene, recruit chromatin remodeling complexes, and, in turn, allow the formation of
an active enhanceosome.
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respectively, and once differentiated the open or active chromatin states are
stably maintained and inherited, providing a cellular memory. Upon T cell
activation, chromatin remodeling occurs, increasing promoter accessibility
and allowing rapid induction of cytokine genes. A possible model for these
events is described in Fig. 3.

6. CONCLUSION
We have previously described many of the important principles underly-

ing inducible cytokine gene transcription in T cells. It is now necessary to
integrate this information into a model that considers the chromatin context
of the genes. It will be important to map precisely the nucleosome positions
across the control regions of the cytokine genes and to monitor the changes
that occur in response to activation. It will also be necessary to reproduce
this chromatin structure in vitro in order to understand the molecular mecha-
nisms that govern chromatin remodeling at the cytokine loci. Finally,
transgenic-mouse models in which transcription can be analyzed in the con-
text of chromatin in normal T cells will be important. Given the enormous
recent development in regard to chromatin remodeling and its relationship
to gene transcription, these goals should be achievable.
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3
Variant Ligands, Altered T Cell Receptor

Signaling, Hierarchical Response Thresholds,
and CD4+ Effector Responses

Yasushi Itoh and Ronald N. Germain

1. INTRODUCTION
T-lymphocytes expressing receptors for antigen (T cell receptors

[TCR]) play a central role in adaptive immune responses. The mature T cell
repertoire is produced by selection in the thymus of precursor T cells bear-
ing clonally distributed TCR, based on the nature of signals generated by
receptor interaction with ligands comprised of self-peptides bound to major
histocompatibility complex (MHC) class I or class II molecules (1). In the
periphery, the mature CD4+ and CD8+ T cells develop effector activity in
response to the combination of intracellular signals generated by TCR rec-
ognition of ligands composed of foreign peptide bound to the same set of
MHC molecules (p/MHC) and by binding of other surface receptors to cell-
associated counterreceptors or cytokines. T cells show a complex array of
activation-related responses following such ligand recognition and the ini-
tiation of TCR signaling, including but not limited to proliferation, produc-
tion of a diverse set of cytokines, expression of new surface proteins,
cytotoxicity, and altered migratory behavior. For CD8+ T cells recognizing
p/MHC class I ligands, most studies have been largely confined to measure-
ments of cell killing or production of a limited set of cytokines, most nota-
bly interferon- (IFN- ). A much wider range of responses has been
characterized for CD4+ T cells. Particular attention has been paid in the past
decade to the notion of polarized CD4+ T cell phenotypes, typically referred
to as Th1 and Th2. Th1 cells produce several characteristic cytokines,
including IL-2, IFN- , tumor necrocis factor- (TNF- ), and FasL, whereas
Th2 cells typically produce IL-4, IL-5, IL-9, IL-10, and IL-13, although the
bulk of published reports focus on analysis of Th1 and Th2 defined by the
signature cytokines IFN-  and IL-4, respectively (2).
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Many factors in addition to those directly involving the TCR have been
shown to influence Th1 vs Th2 differentiation, including cytokines such as
IL-12, IFN- , or IL-4 (3,4), costimulation by CD80 and CD86 via CD28 (5–7),
the physical form of the antigen (8), signals arising from pattern recognition
receptors interacting with microbial components (9,10), and the route of
antigen administration (11,12). Despite the importance of nonantigen spe-
cific factors in controlling CD4+ T cell differentiation, however, an impor-
tant question in this area of research remains how the nature (quantity/
quality) of TCR signaling in response to either self-ligands (autoantigens)
or foreign ligands influences Th polarization. This brief chapter will focus
on what is currently known about how the extent and nature of signaling via
the TCR in response to alternations in ligand quality participate in regulat-
ing the effector properties of T cells. These findings will be related to the
quantitative issues discussed in depth in the preceding chapter.

2. VARIANT TCR LIGANDS AND FUNCTIONAL PARTIAL
ACTIVATION OR ANTAGONISM
2.1. The Occupancy Model of T Cell Activation

For many years, it was generally assumed that antigens (more specifi-
cally, peptides) that did not activate T cells as measured by proliferation,
cytokine release, or cell killing were not antigenic. In the case of a failure to
prime T cells in the intact animal, this lack of antigenicity was attributed to
a failure of effective presentation by available MHC molecules (that is, the
analyzed peptides were unable to bind to available MHC molecules and cre-
ate a TCR ligand) rather than to holes in the repertoire (the absence of T
cells able to respond to those peptide/MHC molecule combinations that
could be formed) (13–15). In the case of already primed T cells, peptides
that could bind to the relevant MHC molecule but not elicit one of these
commonly measured responses were considered to produce ligands
unable to interact with the TCR of the T cells in question, at least to the
degree necessary for effective intracellular signal generation (16). The basis
for this view was the notion that all occupancy events involving the TCR
were equivalent in their signaling outcomes and hence, their effect on the T
cell. If p/MHC complexes were created at sufficient density, but the T cell
did not produce IL-2 or proliferate, then the simple view was that the TCR
had such a low affinity for the complexes that no substantial occupancy
occurred, no signals were generated, and hence, no responses ensued.

2.2. Partial Agonists

Two sets of data obtained in the early 1990s involving the biological
effects of sequence analogs of known stimulatory peptides changed this view
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of TCR signaling and T cell responses. The first observation involved a study
of mouse Th2 cells (17). The Th2 cells in question responded to an antigenic
peptide derived from hemoglobin when bound to the MHC class II I-Ek

molecule by proliferating and secreting IL-4. Presentation to these T cells
by the same I-Ek molecules of a variant peptide antigen that had a single
amino acid substitution resulted instead in secretion of nearly the same
amount of IL-4, but no measurable proliferation. It was proposed that the small
change in ligand structure resulting from the amino acid substitution in the
hemoglobin sequence modified affinity of the p/MHC ligand for the TCR,
resulting in a change in intracellular signaling that affected the proliferative
responses differently from transcription of the IL-4 gene.

One complicating feature of this study was the ability of IL-1, which is
not a T cell product, to rescue the proliferative response. Production of IL-1
by antigen-presenting cells (APC) can be modified by ligation of their MHC
class II molecules (18,19). Thus, an alternative interpretation of these data
was that the change in affinity of the TCR for the variant peptide/I-Ek ligand
altered signals received by the APC via class II engagement by the TCR,
limiting IL-1 production and hence, IL-4 dependent induction of prolifera-
tion that can require IL-1 (20,21). If this were the case in the hemoglobin
model, then altered TCR signaling might not account for the differential
responses to the original and altered ligands. This caveat aside, ligands with
the characteristics of the variant hemoglobin/I-Ek combination that elicit
only a subset of biological responses have been referred to as “partial ago-
nists” and the existence of such ligands has now been reported in many other
experimental systems (reviewed in refs. 22–24).

It is important to note the distinction between “partial agonists” and “weak
agonists.” The latter can induce all the responses that can be elicited by
strong agonists in the same relative proportion, whereas the former fail to
induce one or more responses that the T cell is potentially able to make, or
induces them with a substantial alteration in their relative proportions at any
given ligand concentration (25) (Fig. 1). This distinction is of significance
in considering whether such variant ligands merely induce less signaling or
alter the nature of the signals transmitted through the TCR in what is opera-
tionally a qualitatively distinct manner. Another issue of some confusion is
the difference between a primary defect in TCR-induced responsiveness and
a secondary effect of the limited TCR-dependent response. In the hemoglo-
bin model, it was reported that anergy (defined as defective IL-2 production
in response to an otherwise stimulatory ligand/APC combination by T cells
previously exposed to antigen) resulted directly from altered signaling
experienced during partial agonist pretreatment (26,27). However, other
studies suggest that this is a secondary consequence of the failure of the
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cells to produce IL-2, rather than a direct intracellular disturbance resulting
from altered TCR signaling itself (28) (Fig. 1).

2.3. Antagonists

The second novel category of TCR ligands was discovered in studies of
variant peptides like those used in the Evavold experiment with Th2, but in
which both a stimulatory peptide and a variant peptide were bound to the
same APC membrane. The variant p/MHC ligands in question did not evoke
any measurable T cell responses when presented by themselves, which
would conventionally define them as nonantigenic or nonagonist in nature.
However, these nonstimulatory ligands were not “null” in terms of effects
on the TCR, because when copresented they inhibited the response to a
stimulatory ligand, i.e., they acted as antagonists. In the first report on this
phenomenon, human T cell proliferation and IL-2 responses were inhibited
by p/MHC ligands formed using peptides that were single amino acid vari-

Fig. 1. Types of T cell receptor ligands. Agonist ligands induce full phosphory-
lation (stars) of ITAMs within the TCR complex followed by elicitation of the entire
set of effector responses. Partial agonists induce incomplete phosphorylation of
TCR -chain ITAMs and induce a limited subset of effector responses. Antagonists
also induce partial phosphorylation and inhibit the responses to simultaneously
offered agonist ligand.
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ants of the antigenic peptide, but these responses were not inhibited by unre-
lated peptides even if they bound to MHC molecules on the same cell sur-
face (29). In combination with the fact that the stimulatory peptides were
allowed to form complexes with MHC molecules before addition of the
inhibitory variant peptide, these data argued strongly against the possibility
that the nonstimulatory peptide simply competed with the stimulatory pep-
tide for binding to MHC presenting molecules.

In the second independent description of TCR antagonism, a mouse T
cell clone responsive to pigeon cytochrome c peptide bound to wild-type I-Ek

MHC class II molecules or to a mutant form of I-Ek in the absence of cyto-
chrome peptide was studied (30). The response to the mutant MHC class II
molecule was inhibited rather than augmented by addition of pigeon cyto-
chrome c and as in the human clone results, unrelated peptides that bound to
I-Ek, or even cytochrome peptides altered in the major epitopic contact resi-
due that bound equally well to I-Ek, failed to cause such inhibition. This
again argued in favor of a TCR-mediated negative effect and not interfer-
ence with stimulatory ligand formation. This study also provided several
other additional insights into the activity of altered ligands for the TCR. In
this case, the peptide was not changed (it remained wild-type pigeon cyto-
chrome c in sequence), but the ligand formed was altered because of the
mutation in the MHC molecule. This emphasizes that it is the complete p/MHC
ligand that is relevant and points out that the term “altered peptide ligand”
applies only to a subset of all possible “variant TCR ligands” with distinct
functional properties (partial agonist, antagonist). Perhaps of greater sig-
nificance, tests involving a hybridoma expressing the identical TCR showed
an IL-3 but not IL-2 response to the combination of mutant MHC class II
plus cytochrome peptide, rather than antagonism. This made clear the
capacity of this ligand to engage and apparently signal actively through the
TCR, implying that the inhibitory function of antagonists was not likely to
lie solely with the ability to compete for TCR engagement with agonist
ligand without generating any signals, as was originally proposed (31). The
contribution of active signaling by TCR antagonists to their inhibitory func-
tion has been recently confirmed in two different studies (32,33), although
some contribution of passive TCR competition cannot be ruled out at present
(34,35). A final new point made in this study was that increased
costimulation through the CD28 pathway could not overcome the action of
the antagonist, in contrast to the IL-1 data in the Th2/hemoglobin model,
implying that the defect truly resided within the T cell and not the APC. A
third early study then extended these observations to mouse CD8+ T cells
(36). Both partial agonists and antagonists were identified for cytotoxic T
cells specific for the ovalbumin peptide SIINFEKL bound to the MHC class
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I molecule H-2Kb, helping to generalize the concept of pharmacologically
distinct TCR ligand subclasses beyond the CD4+ subset.

3. VARIANT LIGANDS AND ALTERED TCR SIGNALING
3.1. Effects of Variant Ligand Recognition on  Chain and ZAP-70
Phosphorylation

The recognition that TCR ligands existed with partial agonist and antago-
nist properties raised the question of whether the distinct functional charac-
teristics of these ligands arose owing to differences in the nature of
intracellular signals generated upon their binding to the TCR. The data in
the cytochrome system in particular suggested that this might be the case
(30). The earliest known biochemical events induced by TCR ligation
involve activation/recruitment of src family kinases, particularly Lck, and
the tyrosine phosphorylation of specific residues in the intracellular domains
of the CD3 ( , , and ) and TCR chains physically associated with TCR

on the cell surface (37). These tyrosine residues are located within a
unique consensus amino acid sequence called immune receptor tyrosine-
based activation motif (ITAM = YxxL [..6–8 residues..] YxxL) (38).
Each of the CD3 subunits has one ITAM, whereas the TCR chain has
three ITAMs in each of the subunits that comprised this disulfide-bonded
dimeric protein. Early studies of phosphorylation showed that all six
tyrosines on each chain could be modified in response to strong ligation
of the TCR (39,40). This raised the possibility that only some and not
other of these sites might undergo effective modification when the TCR
was engaged with a less effective ligand. Because the mobility of the
TCR chain in sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) depends on the extent of its phosphorylation, analysis
of phospho- chains by SDS-PAGE and blotting with anti-
phosphotyrosine antibodies seemed a reasonable approach to testing
whether variant TCR ligands affected the earliest stages of intracellular
signal generation. Such studies in both the hemoglobin and cytochrome
models showed congruent data, revealing the generation of similar pro-
portions of two isoforms of phosphorylated chain monomers migrating
with apparent molecular masses of 23 and 21 kD (p23 and p21) when
strong stimulatory ligands were used, and an excess of p21 with little
p23 when either partial agonist or even nonstimulatory antagonists
were employed (27,41). Strikingly, using lower amounts of the strong
ligands did not result in the p21 dominant pattern seen with partial
agonists or antagonists, indicating that the difference between agonists
and antagonists was not simply the result of less TCR occupancy.
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These two early studies reached different conclusions about whether or
not ZAP-70 kinase was recruited to the partially phosphorylated chains,
with the data in the hemoglobin system taken to indicate a lack of such
recruitment and the results in the cytochrome model indicating binding but
not tyrosine phosphorylation nor activation of ZAP-70. More recent results
have confirmed that in the hemoglobin model (42), as in the cytochrome
(41) and other systems analyzed more recently using both mouse and human
lymphocytes (33,43–46), ZAP-70 is bound to the partially phosphorylated 
chains, but it typically remains nonphosphorylated and inactive. This is in
contrast to the ZAP-70 bound to the ITAMs present in TCR complexes
stimulated with agonist ligands, in which case the ZAP-70 becomes tyrosine
phosphorylated and acquires kinase activity.

These same later studies have confirmed and extended the initial obser-
vations of differential chain phosphorylation as well using mouse and also
human CD4+ cells (in the latter case, nonreduced conditions are frequently
employed, producing dimeric with apparent mobilities of p32 = p21 mono-
mer, and p38 = p23 monomer). Furthermore, similar results are seen using
CD8+ cells (47). Analysis with phosphopeptide specific antibodies con-
firmed, as expected from the earlier two-dimensional gel analysis, that p23
corresponds to chains with all six tyrosines phosphorylated (42). Unex-
pectedly, however, this same analysis indicated that p21 is actually a mix-
ture of several phosphorylated species, and most significantly, that the
ITAMs in these p21 isoforms are singly phosphorylated, that is, rather
than having one or two ITAMs each dually phosphorylated, p21 consists
of chains initially having only one of two tyrosines in up to three ITAMs
modified. Because of the effect of dual ZAP-70 SH2 domain engagement of
phosphotyrosines within an ITAM on the structure of this kinase, its modifi-
cation by src kinases, and its catalytic activity (48–50), these data provide a
possible explanation for how ZAP-70 can be recruited to partially phospho-
rylated chains within a TCR complex and fail to be efficiently phosphory-
lated and activated.

3.2. Relationship Between the Kinetics of TCR:Ligand Interactions
and Altered Signaling

Although a full molecular explanation for the altered phosphorylation
patterns seen with partial agonists and antagonists has not been achieved,
several important advances have been made in this area in the past several
years. Measurements of the kinetics and affinity of soluble TCR for various
soluble forms of p/MHC combinations using surface plasmon resonance
(51–54) have indicated a general correlation between affinity and more spe-
cifically, TCR-ligand dissociation-rate, partial agonist/antagonists functional
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properties, and altered signaling (53–58). These findings indicate that the life-time
of engagement between the TCR and its ligand plays a crucial role in establishing
the altered intracellular events that are ultimately translated into distinct biological
outcomes. How the dissociation rate leads to incomplete chain phosphorylation
is not yet resolved. One model proposes that initiation of signaling involves
sequestration of Lck-associated TCR away from CD45 (59,60); once ligand bind-
ing is terminated, CD45 would gain access to the activated receptor complex and
interrupt signaling by dephosphorylating Lck at the activating tyrosine 394 and by
removing phosphates from (61,62). Very recent data indicate that the initial
burst of kinase function produces tyrosine phosphorylated SHP-1 phosphatase
(63) that then binds to Lck. Activation of this bound SHP-1 by other phospho-
proteins within the activated TCR complex could the result in dephosphorylation
of Lck, ZAP-70, and possibly , resulting in a similar picture of bound inactive
ZAP-70 and partially phosphorylated  (24; Stefanova et al., submitted). Unex-
pectedly, it was recently discovered that inhibition of such SHP-1 recruitment can
be mediated by ERK-1 modification of Lck and that stimulatory ligands produce
a more rapid rise in ERK-1 activity that inhibits TCR desensitization by this phos-
phatase (24; Stefanova et al., submitted). Thus, the very early limitation of signal
duration by CD45 action on TCR disengaged from weakly binding ligands may
be translated into inefficient downstream signaling for ERK activity, further
depressing effective TCR signals owing to the unopposed action of a second phos-
phatase, SHP-1.

3.3. Coreceptor Function and Altered Signaling in Response
to Variant TCR Ligands

The stability of TCR-ligand interaction depends not only on the intrinsic
affinity of these interacting proteins, but also the additional avidity contrib-
uted by coassociation of the CD4 or CD8 coreceptors. These coreceptors are
also bound to Lck, which contributes to the development of intracellular
signals through tyrosine phosphorylation of various substrates (64,65). Thus,
it is not surprising that the effective recruitment of CD4 or CD8 plays an
important role in the generation of fully phosphorylated TCR-associated
chains, and that interference with coreceptor function through use of block-
ing antibodies or the use of mutant MHC molecules unable to bind these
coreceptors (66–68) interferes with full activation, as analyzed by the state of
phosphorylation of TCR and ZAP-70. One attractive model is that the rapid-
ity of TCR-ligand dissociation determines in large measure whether CD4 or
CD8 has time to enter into a trimeric association with the TCR-ligand pair or
not, based on the rate of diffusion of the respective complexes in the mem-
brane. Rapidly dissociating TCR-ligand complexes would not have a high
likelihood of remaining intact during the time it takes for a coreceptor to come
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into close association. This would prevent such ligands from enhancing their
time of association with the TCR through the action of the coreceptor,
accentuating the difference in lifetime of the two types of complexes (68,69).
These considerations of coreceptor action may be of significance in under-
standing the contributions of CD4 to T cell functional polarization, as dis-
cussed later (Fig. 2).

Fig. 2. Model for the origin of altered TCR signaling by partial agonists/antago-
nists. When TCR encounter agonist ligands on an APC membrane (upper panel A),
receptor-associated kinase (?Lck) is activated and begins to phosphorylate tyrosines
in ITAMs in proteins such as TCR as well as on SHP-1 (B). Because the agonist-
MHC:TCR interaction is relatively stable, i.e., the half-life of agonist-MHC:TCR
contact is long enough (B C), CD4-Lck can be recruited to the agonist:TCR pair
(C). By both preventing ligand dissociation and also providing an additional source
of kinase, this leads to further phosphorylation of ITAMs and ZAP-70 recruitment/
activation, followed by the subsequent modification of adapter proteins such as
LAT and translation of the TCR-ligand interaction into a cascade of second mes-
senger activities. Among these in ERK-1, which modifies the Lck and prevents
recruitment of phosphorylated SHP-1, helping to extend the duration of signaling
and fostering proper synapse formation. In contrast, when partial agonists/antago-
nists engage TCR (lower panel D), the initial events are similar, involving initiation
of ITAM phosphorylation along with phosphorylation of SHP-1 (E). Dissociation
of ligand prior to coreceptor recruitment interferes with activation of ZAP-70 even
when bound to the partially phosphorylated ITAMs of TCR-associated chains (E F),
which in turn prevents efficient production of downstream messengers such as ac-
tivate ERK-1 (F). This leaves the TCR complex susceptible to binding and activa-
tion of SHP-1, which in turn inactivates Lck and aborts the signaling process.
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4. MEMBRANE PROTEIN DYNAMICS AND T CELL ACTIVATION
Analyses involving sequential or real-time analysis of the distribution of

proteins in the interface between a T cell and an antigen-bearing APC have
revealed a remarkably precise organization of various receptors and their
ligands on the two cell membranes. Rather than a random clustering, zones
in which the concentration of certain molecules is substantially increased or
diminished regularly form with a particular pattern. When T cells recognize
agonist antigens on the APC, ICAM-1 molecules (LFA-1 is the
counterreceptor on the T cells) cluster in the central area of T cell-APC
contact and p/MHC complexes that are engaged by the TCR on the oppos-
ing cell membrane surround the ICAM-1 zone at a very early time-point (30
s after engagement). By 10 min, MHC-peptide complexes move to center of
the contact area and ICAM-1 is now concentrated in a surrounding ring
(70,71). Protein kinase C (PKC)- is also included in the center of contact
area (70). This organized structure is called the SMAC (supramolecular
activation complex) or immunological synapse. The efficiency of this clus-
ter formation and the final density of TCR in the cluster is determined by the
affinity of the offered ligand for the TCR, in other words, weak ligands like
partial agonists or antagonists do not concentrate TCR on the central contact
area (71) (Fig. 3).

A key point is understanding the significance of the cluster. As clearly
pointed out by Grakoui et al. (71), the apparent function of this structure is
to provide for the sustained signaling over many hours that is necessary for
the gene activation involved in effector-cell differentiation and function.
The synapse is only fully formed well after the initial burst of high-level
tyrosine phosphorylation or rise in intracellular Ca++ characteristic of effec-
tive TCR signal transduction, which occurs in less than a minute or two
(24,38,72). Thus, the correlation between synapse organization and ligand
quality reflects the requirement for effective TCR signaling to actively form
the synapse, not the need for synapse formation to achieve an agonist qual-
ity of proximal TCR signaling. Seen in this way, one can consider three time
scales involved in TCR signaling: a “micro” scale involving the very rapid
(less than a second to a few seconds) association/dissociation of individual
receptors and p/MHC that determine the level of initial downstream second
messenger production. This in turn influences the balance of the negative
(SHP-1) and positive (ERK-1) feedback pathways that control the duration
and quality of the early phosphorylation response (1 to 20–40 min) (24).
This “meso” scale signaling in turn contributes to the efficiency of synapse
formation (Délon et al., unpublished observations), which then dictates the
time scale over which chronic, presumably low intensity signaling occurs
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(30 min—several hours). The magnitude and duration of early signaling
events may determine the number of responding cells that reach the thresh-
old necessarily for stable synapse formation and any functional response
(73), whereas the duration of these late signaling events may determine
which gene products are produced (74).

The synapse is not a static structure. Rather, TCR and possibly
coreceptors appear to enter and exit the central zone over time, with TCR
complexes being targeted for endocytic uptake and degradation, resulting in
net TCR and CD4 or CD8 downmodulation (75–78). This sequential bind-
ing of TCR by a fixed pool of p/MHC ligands has been termed serial
engagement (79,80) (Fig. 3). The resulting TCR downmodulation is well
correlated with the quality and quantity of the ligands recognized (44,79–82)
because TCR downregulation is antigen dose-dependent and strong agonists
induce more effective modulation, consistent with a requirement for full
phosphorylation to induce internalization of receptors (44,80,83,84). This
process may amplify the effect of small number of ligands by allowing sig-
nals to be generated from a greater number of TCR. The partial phosphory-
lation events characteristic of antagonists are not adequate to modulate TCR

Fig. 3. Immunological synapse formation. When a migrating T cell encounters
an APC bearing specific antigens, it stops its movement and adheres to APC using
high-affinity LFA-1 binding (144). At this point LFA-1:ICAM-1 complexes are
located in the center of the contact area surrounded by TCR-ligand complexes.
Soon thereafter, TCR-ligand complexes gather into the center of the T cell:APC
attachment zone and LFA-1:ICAM-1 complexes are excluded from the center,
forming a ring around the concentrated TCR-ligand pairs. This patch keeps the
local density of TCRs high, perhaps allowing ligand rebinding to augment effective
occupancy (145). Fully activated TCR complexes are internalized (downmodulated)
and degraded, replaced by new TCR from outside the synaptic zone. This permits
serial engagement of multiple TCRs by the same pool of ligands, amplifying the
effective signal intensity (79,80).
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expression, although the kinase activation leading to these partial phospho-
rylation events does induce SHP-1 phosphatase recruitment and inhibition
of TCR function upon engagement of agonist ligands (24,33) and correlates
with inhibitory activity (85).

5. RESPONSE THRESHOLDS, RESPONSE HIERARCHY,
AND EFFECTOR POLARIZATION
5.1. Intraclonal Heterogeneity in CD4+ Cytokine Responses

In trying to relate these emerging concepts of pharmacologically distinct
ligand classes and patterns of TCR signaling to effector polarization and
function of T cells, it is important to also consider another key idea to emerge
from studies over the past few years. Early analyses of T cell responses
made the simplifying assumption that once “triggered,” a T cell would play
out a fixed-response program, that is, produce the entire set of effector func-
tions of which it is capable. The major debate was whether the magnitude
(not the quality) of the response of each cell differed with the strength of
stimulus (analog response), or whether variations in response within cell
populations reflected only a difference in the number of cells passing the
triggering threshold (digital response). It now appears that both can occur,
with a rise in the number of responding cells (73,86) and in the amount of
cytokine made per cell also scaling to some extent with signal intensity
(87,88). However, these studies did not address the question of whether the
quality or set of effector functions elicited from a cell was unchanging over
a dose-response of stimulation. CD4+ T cells in particular have many effec-
tor functions. Th1 cells make IL-2, IFN- , and TNF- as soluble factors and
upregulate FasL and CD40L to interact with other cells. Th2 cells make IL-4,
IL-5, IL-9, IL-13, and help B cell responses (2). The advent of single-cell
analysis using either in situ hybridization or more commonly, intracellular
cytokine staining, has now made it clear that individual Th1 or Th2 cells do
not make all of these cytokines simultaneously (87–95). Some of this het-
erogeneity comes from individual cells gaining competence to transcribe one
but not another cytokine gene (96–99), but even among cells that are poten-
tially able to transcribe multiple cytokine genes, whether a product is made
can vary with the extent of TCR signaling, all others things being equal.

5.2. Hierarchical Organization of Individual Effector Response
Thresholds

We and other groups have formulated these series of observations into a
“hierarchical” model of T cell effector functions, which proposes that each
effector function has a different triggering threshold (Fig. 4). For example,
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with CD8+ CTL cytolytic activity is seen at very low densities of p/MHC
ligand (100), but cytokine production of the same T cells needs much greater
levels of ligand than cytotoxicity (47,101). This may reflect the difference
between a transcription-independent and transcript-dependent response,
such that formation of a synapse resulting in prolonged signaling is not nec-
essary for killing by granule release, but is required for maintaining the
proper set of activated transcription factors for synthesis of cytokine mRNA.
A hierarchy of T cell effector responses has also been seen with CD4+ T
cells. Typically, IFN- production is observed at a lower concentration of
antigen than that of IL-2 (88,101–104). Using Th0 cells, IL-4 production is
often obtained at a lower ligand density than IFN- (44,105). Because of
such differences in the triggering thresholds for distinct effector functions,
responses induced by a low concentration of agonist ligand often look phe-
notypically like the responses to partial agonists (44). This may arise because
the cells primarily respond to the number of fully signaling TCR complexes,
which may be similar with both ligands types when each is used at a suitable
concentration. In this manner, quantitative variations in receptor triggering
can be translated to qualitative difference in immune responses owing to the

Fig. 4. Hierarchical response threshold model. (A), (B), (C), and (D) are differ-
ent effector responses. They have different signal-intensity thresholds that must be
reached for their elicitation. With a very weak signal (1), only response (A) is pro-
duced. (B) needs a stronger signal than A and so an appreciable response is not seen
until signal strength 2 is reached. (C) is less easily elicited than (B) and requires
signal strength 3, whereas (D) requires signal strength 4. This gives rise to very
different ratios of effector products at distinct points in the dose-response curve and
can account for very distinct biological behaviors of the T cell immune system at
low and high antigen density.
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distinct mix of cytokines produced at different points in a dose-response
curve (Fig. 4).

The hierarchical nature of cytokine response thresholds is likely to play a
major role in dictating the functional responses of populations of CD4+ T
cells. Because achieving the magnitude and/or duration of signaling neces-
sary to exceed a particular response threshold in turn depends strongly on
not just the quantity, but also the quality of the ligand, it is thus not surpris-
ing that these parameters have been found to have a strong impact on the
quality of immune responses. Regulation of Th polarization by antigen dose
has been repeatedly documented in experiments analyzing the induction of
Th1 or Th2 cells from naive T cells. IL-4 production is seen using T cells
from TCR transgenic mice primed in vitro with a low concentration of pep-
tide. On the other hand, IFN- production is seen with cells primed at a
relatively high concentration of antigen (106,107). The initial interpretation
of these data involved a simple version of the hierarchy model, in which the
threshold for eliciting IL-4 was lower than that for IFN- , hence a low den-
sity of ligand promoted Th2 development, which is self-reinforcing (2). High
concentrations of ligand presumably allowed the cells to reach the threshold
necessary for IFN- production, which is reinforced by a combination of posi-
tive and negative regulatory effects of this cytokine when it is at adequate
concentrations (108,109). Similar data were obtained using partial agonist ligands
(110), which favored Th2 development just as seen at low agonist ligand den-
sity, arguing again that limited signaling is adequate for Th2 but not Th1 dif-
ferentiation owing to threshold differences (Fig. 5).

It was thus unexpected that limiting dilution studies in a transgenic model
did not show a bias in IL-4 vs IFN- producing cells when either ligand
density or ligand quality was varied (111). Rather, the requirement for a
high dose of antigen for Th1 polarization was explained by effects of the
cytokines themselves acting in trans on populations of cells. At low antigen
concentrations or with partial agonist ligands, too little IFN- was produced
to outweigh the self-amplifying effects of IL-4 on its own production, hence
the predominance of Th2 polarization. As ligand density/efficacy increased,
a greater absolute amount of IFN- was generated that eventually reached a
sufficient concentration to override the effect of IL-4 and move the popula-
tion in the Th1 direction. These data emphasize the complexity of the final
response patterns of T cell populations and the indirect relationship between
altered ligand function and these outcomes. At the same time, it is probable
that populations effects such as these are relevant during the generation of in
vivo immune responses, a view consistent with the tendency of partial ago-
nist ligands to promote Th2 polarization in in vivo model systems (103,112).
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They also support a key importance of the hierarchical model when consid-
ered on the cell-population level with respect to the relative levels of polar-
izing cytokines made during an early phase of an immune response at various
ligand densities or with varying quality of ligand-TCR relationship.

6. CALCIUM SIGNALS AND TRANSCRIPTION-FACTOR
ACTIVATION

Whether affecting an individual cell’s response by operating in a quanti-
tative manner with respect to the hierarchy of triggering thresholds, affect-
ing the response by changing the pattern of intracellular signaling in a
qualitative manner, or influencing population behavior by modifying the
overall strength of response among individual cells, it is clear that changing
the quality of a TCR ligand influences the biology of the responding system.
How the altered proximal signaling and the downstream effects on synapse
formation and signal duration that result from TCR binding to variant ligands
operates at a molecular level remains to be deciphered, but several clues
have emerged and some models can be proposed. The obvious place to seek
connections is in the downstream signaling pathways that connect the proxi-
mal phosphorylation events described earlier to the activation of transcrip-
tion factors that regulate gene expression.

Fig. 5. Hierarchical order of Th1 and Th2 responses. During the induction of
effector Th cells from naive T cells, a low quantity and/or low affinity of ligand for
the TCR preferentially elicits IL-4 and polarization to the Th2 phenotype (A). In
contrast, high concentrations of antigen or agonists with high affinity induce Th1
responses (B), presumably because as IL-4 production plateaus, increasing IFN-
production can override the IL-4 drive to Th2 and produce Th1 polarization.



64 Itoh and Germain

One second messenger whose pattern and extent of modification has been
well-studied in T cells is intracellular Ca++, which is both released from
intracellular stores via the action of IP3 and admitted into the cell through
the action of Ca++ channels (113,114). Using microscopic methods to trace
single cells and indicators to detect cytosolic calcium, calcium responses
have been characterized according to the frequency of responding cells, the
onset of responses, the frequency of oscillations and the shape of peak (full,
reduced, partial, and transient signals) (23,115,116). Full agonists induced a
singular rapid increase or a transient and small sinusoidal peak with a sus-
tained level of calcium elevation lasting for more than 10 min. This sus-
tained rise in Ca++ correlates with induction of proliferation (117). Partial
agonists, in contrast, induce only a transient elevation of intracellular cal-
cium levels, with a rapid return to resting levels, whereas no initial peak and
only a series of oscillations (3–5 times/min) are seen with antagonists.

These different patterns of intracellular Ca++ modulation in cells exposed
to ligands of distinct quality are likely to have major influence on gene
activity. A study using B cells showed a clear relationship between calcium
signaling patterns and activation of transcription factors (118). Activation
of NF- B and JNK (c-Jun N-terminal kinase)-1 required a large transient
calcium increase, whereas NF-ATp/c (NF-AT 1/2) were translocated to the
nucleus in the face of only a low sustained calcium rise. Therefore, stimula-
tion of a low calcium rise can lead to NF-ATp/c translocation without
accompany activation of NF- B or JNK1, with obvious implications for
activation of genes with differential dependence on these two sets of tran-
scription factors. The frequency of oscillations in cytosolic calcium concen-
tration, as well as the peak or mean levels of Ca++ rise, have been documented
to control gene expression in T cells (119,120). NF-AT, NF- B, and Oct/
OAP activities are dependent on intracellular calcium concentration and
reach plateau activation at a high mean intracellular Ca++ concentration.
Oscillation of [Ca++]i, however, has different effects on these factors
depending on the frequency of the changes. NF- B activation can be sus-
tained with an oscillation period as long as 1800 s, in contrast to NF-AT and
Oct/OAP, whose activity vanishes at a period longer than 400 s. Based on
these observations and the measurements of Ca++ changes induced by
ligands of different quality, it appears that full agonist ligands capable of
inducing sustained high-amplitude calcium influx would likely activate NF-AT,
NF-kB, and Oct/OAP, whereas partial agonists and antagonists producing a
low-amplitude response with but high-frequency oscillations might prefer-
entially activate the NF- B pathway. Such differential activation of key tran-
scription factors presumably plays a major role in the capacity of variant
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ligands to elicit only some of the full range of potential effector responses
from a given T cell.

7. VARIANT LIGANDS AND THE DEVELOPMENT OF TH1/
TH2 EFFECTOR PHENOTYPES: RELATING SIGNALING TO
FUNCTION
7.1. Variant Ligands and Polarization of Naive T Cells

Altered ligands can have dramatic effects on the differentiation of naive
T cells (121). In several model systems in which the original p/MHC combi-
nation typical induces a strong Th1 type response (collagen IV [112] or
proteolipid protein (PLP) [103]), altered peptides produce ligands favoring
Th2 generation, as evidenced by production of IL-4 and/or IL-10. In the
study with collagen, the wild-type collagen peptide had a different affinity
for MHC molecules compared to the variant peptides tested; whether this
feature of the peptides, or different binding of the smaller number of ligands
generated to the available TCR, contributed to this effect has not been
resolved. PLP antigen induces experimental autoimmune encephalomyelitis
(EAE) owing to generation of Th1-type autoreactive T cells in response to
wild type PLP antigen (122). Immunization with an altered PLP peptide
induces not only IFN- production but also IL-4 and IL-10 production that
appears to modulate the pathology induced by a Th1 response to the wild-
type PLP (123). Similarly, T cells expressing the same transgenic TCR dif-
ferentiate into Th1 or Th2 cells with strong agonists or weak ligands,
respectively (110). In the context of the data presented in preceding sections,
it is likely that these variant ligands produce only incomplete signals whose
effect on transcription factor activity favors IL-4 secretion without production
of an amount of IFN- sufficient to overcome the feedback amplification of
the former cytokine, leading to a dominant Th2 response (Fig. 5).

7.2. Altered TCR Signaling to Agonist Ligands in Polarized Th2 Cells

Using a TCR transgenic system, biochemical signals induced by agonists
and altered ligands were analyzed in already polarized Th1 and Th2 cells
(124). Partial phosphorylation pattern of the  chain was seen when T cells
encountering altered ligands during a first stimulation and developing into
Th2 cells were restimulated with an agonist ligand that could elicit a full
phosphorylation pattern with naive or Th1 cells bearing the same TCR. Other
reports also suggest that TCR signaling in established Th2 cells more closely
resembles the partial agonist pattern described for Th1 and Tc1 cells in many
systems, including little or no detectable TCR-associated protein phosphory-
lation and limited activation/phosphorylation of Fyn, Lck, ZAP-70, PLC- 1,
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or Lnk (124–126). In addition, Th2 cells without Lck activity still have an
ability to make Th2 cytokines (126,127), suggesting that Lck is not the pri-
mary src family kinase mediating even the limited signaling seen in such
cells. In a like manner, calcium elevations in Th2 cells are transient and of
lower amplitude than those seen with Th1 cells with the same TCR and
using the same ligand (23,124,128). Thus, not only does an initial partial
pattern of signaling favor generation of Th2 cells, but these Th2 cells then
show signaling of this constrained type even when exposed to what for their
TCR would be considered a full agonist ligand, one that with Th1 cells bear-
ing identical TCR elicits full phosphorylation and downstream second-mes-
senger production.

Although it is perhaps simple to imagine why weak signals might favor
Th2 generation, if IL-4 can be produced with less robust signaling than can
IFN- , it is more surprising that once differentiated, Th2 should need to
continue to signal in this manner even when exposed to a ligand with (rela-
tively) high affinity for the TCR. This raises two questions: First, what
changes in coupling of the TCR to the signaling apparatus result in a differ-
ent translation of the same affinity of ligand binding in Th2 cells as com-
pared to naive cells or Th1 cells, and second, why is this important to the
proper functioning of Th2 cells?  With respect to the first issue, recent data
from this laboratory suggest that one possible difference between Th1 and
Th2 may be in the level of CD4 expression, with the level being lower in
Th2 (Itoh, Y., et al., in preparation). This would fit with our previous pro-
posal that the rate of recruitment of CD4 to engaged TCR complexes, which
is determined by the surface density of CD4, sets a threshold for effective
signal generation (68) (Fig. 2). In terms of the second issue, one possible
rationale is based on the hierarchical threshold model (Fig. 5). If IFN-
requires more robust signaling that IL-4 for production, then constraining
the extent of signaling in Th2 helps enforce the selective production of Th2
cytokines, IL-4 in particular. In Th1 cells, extensive signaling would be nec-
essary to evoke IFN- and signal transduction would need to be optimal.
Although such strong signaling would exceed the theoretic threshold for IL-4
production, the changes in transcription-factor activity in Th1 cells prevents
IL-4 gene activation even when a high level of TCR signaling occurs, avoid-
ing inappropriate Th2 cytokine production. Thus, Th1 and Th2 may use
somewhat different mechanisms to maintain their polarized production of
cytokines.

This model is not without its flaws. In particular, it does not explain sev-
eral observations suggesting that Th2 development requires more potent sig-
naling that production of Th1. Using CD4 deficient mice or APC with mutant
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MHC class II molecules unable to engage CD4, it was observed that Th2
differentiation was severely impaired though Th1 responses were normal
(129,130). Further, dominant-negative Lck transgenic mice develop very
weak Th2 responses (131) and the Ras/MAPK pathway is required for Th2
differentiation (132). These data seem to imply that differentiation and
polarization for Th2 cells need better/greater signals than for Th1 in contrast
to the findings of preferential Th2 generation using low concentrations of ago-
nist or partial agonist ligands (106,107,111,124). It is not obvious at the present
time how to reconcile these two sets of apparently divergent observations.

8. CONCLUSION
8.1. Self-Ligands as Partial Agonists

Given the crucial role of specific cytokines in the pathology of autoim-
mune diseases, it is clear that the effects of variant TCR ligands on Th polar-
ization and effector function is of significance both for understanding disease
and potentially also for use in treatment. One issue that has not been raised
here is whether the self-ligands that are involved in autoimmunity fall into
the agonist or partial agonist categories in any predictable manner. In a study
of human T cell TCR signaling using variant p/MHC combinations, it was
found that the pattern of phosphorylation seen using the nominal “agonist”
antigen for myelin basic protein (MBP)-specific T cells was suboptimal in
terms of the p32/p38 phospho- ratio, and that the proportion of p38 
increased when a variant ligand selected based on enhanced functional
potency (superagonist) was identified and tested (44). These data have been
interpreted to imply that the MBP specific T cell clones analyzed see this
self-antigen as a partial agonist, rather than a fully potent agonist (24). Trim-
ming of the repertoire in the thymus and periphery by various tolerance-
inducing mechanisms that primarily affect the highest affinity T cells in the
repertoire can account for this finding and would be consistent with the gen-
eral notion that most self-specific T cells eluding these tolerance mecha-
nisms see their ligands with less than an optimal affinity.

Nevertheless, these cells are clearly capable of effector responses to such
ligands. One way in which this can occur relates to the widely held “mim-
icry” model of autoimmunity (133). Pathogen-derived peptides might
resemble the “superagonist” peptides identified for the human MBP specific
clones by artificial means (134). In the context of signals from the innate
immune responses to the pathogen itself, such effective TCR signaling can
generate polarized effector memory cells. Some evidence exists to suggest
that such primed cells are more sensitive to ligand than their naive precur-
sors (135–138), in which case a partial agonist ligand that might not activate
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the corresponding naive cell or that would induce a nonpathogenic set of
effector responses might now have the capacity to elicit damaging cytokines
from these primed cells. This is an issue deserving of additional investigation.

8.2. Variant Ligands in Disease Prophylaxis and Therapy

On the therapeutic side, variant ligands have been used successfully in pro-
phylaxis (but less so for therapy) (139) of autoimmune disease models in ani-
mals, especially experimental allergic encephalomyelitis (123). The mechanism
of disease prevention has not been fully determined, but some data suggest that
induction of Th2 cells that suppress Th1 pathogenic cell priming in trans is a
key factor in the efficacy of such treatments (123,140–142). Other models
include the induction of anergy in the potentially pathogenic precursor T cells
(26), or even deletion through selective induction of cell death pathways with-
out effector cytokine generation (143).

These latter therapeutic considerations apply primarily to disease based
on Th1-induced pathology. Antibody-mediated autoimmunity, especially if
the Ig isotypes involved are those dependent on Th2 cytokine for switching,
would presumably have a distinct relationship to variant ligand function.
One could imagine that the altered signaling by a low level of a self-ligand
seen as a partial agonist would induce polarization of cells to the Th2 pheno-
type, and that such cells under the right circumstances could support patho-
genic autoantibody production. In this case, the use of variant ligands for
therapy is questionable, as they would either augment the production of the
disease-causing antibodies, or if used as “superagonists” to try to generate
Th1 counterregulatory cells, result in a different form of immune damage.

Considerations such as these imply that expanding our knowledge of how
variant TCR ligands induce intracellular signals, how such altered signals
control T cell behavior, and how T cells responding to variant ligands con-
tribute to and modify autoimmune disease is an area of research with spe-
cific importance in relating cytokines to immune pathology. Knowledge of
the intracellular pathways that are affected by variant TCR signaling may
also provide helpful clues in designing pharmacologic agents to modify
cytokine production for patient benefit, beyond its relevance to our basic
understanding of the biology of T cells.
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The Role of Costimulation

in T Cell Differentiation

Janet E. Buhlmann and Arlene H. Sharpe

1. WHAT IS COSTIMULATION?
The last 15 years has seen great advances in our understanding of the

events necessary for the activation of T cells. From this work, what has
come to be accepted as the “two-signal hypothesis of T cell activation” has
evolved. This hypothesis was adapted from studies orginally done by
Bretscher and Cohn investigating the activation of B cells (1). According to
this hypothesis, the first required activation signal for T cells is received
after recognition of specific peptide antigens complexed to class I or class II
major histocompatibility molecules (MHC) by the T cells receptor (TCR). If
this is the only signal received by the T cells a state of unresponsiveness or
anergy may be induced (2). The second signal, which can prevent the induc-
tion of anergy, comes from an antigen-nonspecific receptor, the
costimulatory molecule. This costimulatory signal can have multiple effects
on the responding T cells including enhanced proliferation, cytokine pro-
duction, T cell-effector differentiation and survival (3). Although there are
many receptor-ligand pairs that have been implicated in costimulation, this
chapter will focus on two major pathways, the B7-CD28/CTLA-4 pathway
and the CD40-CD154 pathway, and their effects on T helper (Th) differen-
tiation. These pathways utilize important regulatory molecules that affect
both the T cell and the antigen presenting cell (APC). The B7-CD28/CTLA-4
pathway provides critical costimulatory signals directly to T cells via mem-
bers of the CD28 family. In contrast, the CD40-CD154 pathway has a more
indirect affect on Th differentiation by altering the functional capacity of
the APC via CD40.
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2. T CELL COSTIMULATORY PLAYERS: RECEPTORS ,
LIGANDS AND THEIR EFFECTS ON TH DIFFERENTIATION
2.1. T Cell Costimulatory Receptors: CD28, CTLA-4, and ICOS

The CD28 and CTLA-4 receptors share many features: both are members
of the Ig superfamily, are expressed on T cells, and interact with the B7-1
and B7-2 ligands. Although there is ~30% conservation at the amino acid
level, including the MYPPPY sequence essential for B7 binding, these
receptors also have distinct properties. CD28 and CTLA-4 have distinct
expression kinetics. CD28 is constitutively expressed on the surface of naive
T cells, whereas CTLA-4 is upregulated following T cell activation, with
peak expression ~48–72 h after activation (4,5). The subcellular distribu-
tions also differ: Although CTLA-4 is expressed on the surface of activated
T cells, the majority of CTLA-4 remains intracellular within endocytic com-
partments, whereas CD28 is on the cell surface.

Another difference is the distinct roles that CD28 and CTLA-4 have in
regulating T cell responses. The CD28 costimulatory receptor transmits a
signal that synergizes with the TCR signal to promote T cell activation. Stud-
ies using CD28 deficient mice and CD28 blockade have revealed that CD28
signaling has multiple functional consequences. CD28 costimulation results
in sustained T cell proliferation, stimulation of anti-apoptotic molecules (bcl-xl),
increased expression of cell cycle proteins, upregulation of CD154 expres-
sion, the stimulation of multiple cytokine production, and regulation of
cytokine receptors, which will be discussed in greater detail later within this
chapter. In addition, CD28 signaling regulates the threshold for T cell acti-
vation: CD28 costimulation significantly decreases the degree of TCR
engagement needed for effective T cell activation (6).

While the costimulatory function of CD28 is well established, the func-
tion of CTLA-4 has been more controversial. Some studies have suggested
that CTLA-4 functions similarly to CD28 as a positive costimulator, but the
majority of the data support a role for CTLA-4 as a negative regulator of T
cell activation. The lymphoproliferative disease with massive lymphaden-
opathy, splenomegaly, and multi-organ lymphocytic infiltrates that devel-
ops in mice lacking CTLA-4 provides compelling evidence of a critical role
for CTLA-4 in downregulating T cell activation and regulating lymphocyte
homeostasis (7–9). As will be discussed later, antibodies to CTLA-4 admin-
istered in vivo exacerbate autoimmune diseases.

The newly discovered CD28 homolog, ICOS (inducible costimulatory
molecule), is a T cell costimulatory molecule, first reported on activated
human T cells (10). Whereas CD28 is constitutively expressed, ICOS is not
detectable on unstimulated human peripheral blood CD4+ or CD8+ T cells,
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but is induced upon TCR engagement. The mouse homolog of ICOS also
has been identified recently with expression detected on activated T cells
and resting memory cells (11).

2.2. T Cell Costimulatory Receptor Ligands: B7-1, B7-2, B7h/B7RP-1,
and B7-H1

Until recently, B7-1 and B7-2 were the only members of the B7 family. B7-1
was the first molecule identified on B cells that could bind CD28 and provide
costimulation (12). Later studies identified a second molecule, B7-2, which
could also bind CD28 and CTLA-4 (13,14). Although B7-1 and B7-2 share
approx 25% amino acid identity (15), there are many differences between
these molecules.

The kinetics of B7-1 and B7-2 expression are distinct: B7-2 is constitu-
tively expressed at low levels on dendritic cells, macrophages, and B cells
and is rapidly upregulated on APCs in response to many stimuli, including
cytokines, activation signals, and infection (reviewed in ref. 16) (15,17).
Significantly, B7-1 expression is upregulated later than B7-2. This distinct
temporal expression pattern has suggested that B7-2 may be important for
the initiation of responses whereas B7-1 may regulate or amplify responses.
Indeed, as discussed later, studies using B7 antagonists and B7–/– mice indi-
cate that this is true in many situations. MHC class II molecules and CD40
crosslinking upregulate both B7-1 and B7-2. Cytokines also regulate B7-1
and B7-2 expression, which will be discussed in depth later within this chap-
ter. Additionally, B7-1 and B7-2 are expressed on T cells, but the functional
role of these molecules on T cells is not clear. The B7-1 and B7-2
costimulators have dual specificity for CD28 and CTLA-4. CTLA-4 is the
high-affinity receptor for both B7 costimulators, but the fine specificities of
B7-1 and B7-2 interactions with CTLA-4 are distinct. B7-1 has a slower
“off” rate than B7-2 from both CD28 and CTLA-4 (18), which may account
for distinct functional roles of these molecules in different types of in vivo
immune responses.

B7h, a newly isolated member of the B7 family, was identified while
screening genes which were tumor necrosis factor- (TNF- ) inducible and
RelA-dependent (19). B7h is a surface protein, with homology to B7-1 and
B7-2, which is expressed on splenocytes, purified B cells, and within the
lung, thymus, lymph nodes, and spleen. Inducible expression can be seen on
3T3 cells and embryonic fibroblasts after treatment with TNF- . Treatment
of mice with LPS, which stimulates TNF- production, elicits increased
B7h mRNA expression in the testes, kidneys, and the peritoneum. Recent
work by two groups has discovered that B7h is the counter-receptor for ICOS
(11,20). Studies done by Yoshinaga et al. also identified B7h, however, they
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termed the protein B7RP-1 (11). Using ICOS-Ig to visualize expression,
B7RP-1 (B7h) was detected on B cells and macrophages but B7RP-1/B7h
was not identified on dendritc cells (DC) derived from cultured PBMCs.
Further expression analysis awaits the generation of antibodies directed
against B7h/B7RP-1.

Yet another family member, termed B7-H1 (21), is constitutively
expressed on human monocytes and is upregulated on the majority of acti-
vated monocytes. B7-H1 also is found on activated T cells and B cells. This
fourth member of the B7 family is reported to bind an undefined receptor as
studies with all three known counter-receptors, CD28, CTLA-4, and ICOS,
did not demonstrate binding. However, B7-H1 interactions share some simi-
larities with the reported effects of ICOS stimulation. Ligation of B7-H1
costimulated T cell responses and produced high levels of interleukin-10
(IL-10), which was dependent upon the presence of IL-2.

2.3. B7-CD28 Costimulatory Family in Th Cell Differentiation

Following initial activation, CD4+ T cells (Th) differentiate into two sub-
populations that produce distinct patterns of cytokines (22). Th1
differentation results in production of IL-2 and/or interferon- (IFN- ) and
TNF- , which elicit delayed type hypersensitivity (DTH) responses and
activate macrophages. Th2 differentiation results in production of IL-4, IL-5,
IL-10, and IL-13, and are especially important for IgE production, eosino-
philic inflammation, and also may suppress cell mediated immunity. These
two Th cell populations cross regulate each other because their respective
cytokines act antagonistically. IL-4 and IFN- show reciprocal inhibition
(23). The differentiation of CD4 Th cells into Th1 or Th2 subsets has pro-
found effects on the outcome of autoimmune diseases, infectious diseases,
and graft rejection. CD4+ T cell differentiation is influenced by three key
factors: antigen dose, cytokine milieu at the time of T cell priming, and
costimulation.

2.4. Role of B7-1 vs B7-2

The roles for B7-1 and B7-2 in Th differentiation have been an area of
intense investigation. In vitro and in vivo studies using MAbs against B7-1
and B7-2 and in vitro studies with B7-1 or B7-2 transfected Chinese ham-
ster ovary (CHO) cells indicated that B7-1 and B7-2 may be distinct in their
capacity to induce T cell differentiation. Early studies suggested that B7-1
directed Th1 responses, whereas B7-2 directed Th2 responses. However,
this has not been seen in all systems.

Initial studies done with B7 transfectants demonstrated that B7-1 and B7-2
costimulation induced comparable levels of IL-2 and IFN- production along
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with IL-2R subunit expression. However, B7-2 was able to induce higher
levels of IL-4 than was seen with B7-1 costimulation, especially from naive
T cells (24). Repetitive stimulation with B7-2 resulted in modest levels of
IL-2 and IL-4, whereas B7-1 induced high levels of IL-2 and low levels of
IL-4. Together, these results suggested that B7-1 and B7-2 may have spe-
cific roles in Th differentiation. However, subsequent studies found B7-1
and B7-2 could have similar effects when used to costimulate T cells and
argued against distinct roles for B7-1 and B7-2 in controlling Th differentia-
tion (25,26). Adding to the controversy were studies in which antibodies to
either B7-1 or B7-2 were added to an in vitro culture during the primary
stimulation of naive TCR transgenic T cells with specific peptide (27). Cells
were harvested and then restimulated to determine how the responding T cells
differentiated. Anti-B7-2 during the primary resulted in decreased IL-4 after
restimulation without a similar decrease in IL-2 and IFN- . However, anti-
B7-1 during the primary caused an increase in IL-4 and a decrease in both
IL-2 and IFN- . Again, these results suggested that B7-1 engagement sup-
ports Th1 differentiation, whereas B7-2 favors Th2 development.

Later studies done by Schweitzer et al. evaluated the contributions of
individual B7 molecules during the priming and differentiation of naive T
cells by using APCs deficient for either B7-1 or B7-2 during primary stimu-
lation of TCR transgenic T cells (28). Similar to the studies of Ranger et al.,
B7-deficient APC presented specific peptide during the primary stimulation
after which T cells were restimulated with wild-type APC. These studies
indicated: (1) B7-1 and B7-2 both contribute to Th1 and Th2 cytokine pro-
duction, with a greater role for B7-2 than B7-1 and (2) IL-4 production is
more sensitive to a decrease in the level of B7 costimulation than is IFN- .
Thus, these studies concluded that B7-1 and B7-2 costimulation provide
similar signals to T cells and that apparent differences result from quantita-
tive (temporal and/or spatial) differences in expression of these molecules.

Although in vitro studies suggest overlapping roles for B7-1 and B7-2
costimulation in Th differentiation, several in vivo studies suggest that B7s
can have differential effects. Using a mouse model of experimental allergic
encephalomyelitis (EAE), a Th1-mediated autoimmune disease, Kuchroo et al.
found that anti-B7-1 treatment prevented disease and resulted in a predomi-
nantly Th2 response. Conversely, anti-B7-2 antibody exacerbated disease
suggesting that engagement of B7-1 by CD28 or CTLA-4 leads to the devel-
opment of Th1 cells (29), whereas B7-2 engagement leads to Th2 differen-
tiation. Additional studies using the Th2 biased model of leishmaniasis,
found that treatment with anti-B7-2 antibodies was able to downregulate the
deleterious Th2 response in susceptible mice and allow clearance of
infection (30). Another autoimmune model that showed differential effects
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of B7-1 and B7-2 is the development of diabetes in nonobese mice (NOD)
(31). Lenschow and coworkers found distinct effects of anti-B7-1 and anti-
B7-2, which depended upon when the antibodies were administered. If anti-
bodies were given early (prior to the onset of insulitis), anti-B7-2 inhibited
diabetes but not insulitis, whereas anti-B7-1 or the two antibodies together
exacerbated disease. Neither anti-B7 antibody affected diabetes if given late
(once insulitis had developed). A later study by these investigators showed
that NOD-backcrossed CD28 deficient mice or NOD mice expressing a
CTLA-4Ig gene systemically had more frequent or rapid diabetes than lit-
termate controls. This difference was attributed to reduced IL-4 production
and Th2 differentiation. Likewise, administration of anti-CD28 antibodies
into NOD mice beginning at 2 wk of age prevented diabetes and insulitis,
which could be reversed by coinjection of anti-IL-4 antibody (32). These in
vivo studies suggest that B7-1 and B7-2 may in fact have differential func-
tions and highlight the complex nature of interactions that occur within an
immune response that may not be reproduced in vitro. Some of the differ-
ences may involve the level and kinetics of antigen exposure, strength of
stimulus, and costimulatory molecule expression that is distinct to the in
vivo microenvironment.

Another potential means by which B7 may regulate cytokine production
is through B7 expressed on T cells. Although the role of B7 on T cells is not
well understood, a recent study indicates that B7-1 on T cells may regulate
the production of IL-4 (33). In vitro studies using TCR transgenic T cells
cocultured with peptide and wild-type APC found that B7-1 deficient (B7-1–/–)
T cells produced more IL-4 and less IFN- than wild-type T cells under the
same conditions. These results suggest that B7-1 on T cells plays a role in
regulating IL-4 production. In addition, IL-4 affected the expression of
B7-1 on wild-type T cells. Wild-type cells cultured in the presence of IL-4
express less B7-1 whereas neutralization of IL-4 leads to enhanced B7-1
expression. The function of B7-1 on T cells seems to oppose the function of
B7s on APCs: B7-1 on T cells downregulates cytokine production whereas
B7-1 on APCs enhances cytokine production. Further studies to elucidate
the function of B7-1 on T cells are needed, however, the initial work sug-
gests that B7-1 may have an important role in the fine tuning of Th differen-
tiation during an immune response. During the course of an immune
response, under Th1 biased conditions, B7-1 expression on T cells would be
high, thus downregulating IL-4 production helping to drive further Th1 dif-
ferentiation. Conversely, under Th2 conditions, B7-1 expression on T cells
would be low, enhancing IL-4 production and Th2 deviation. A functional
role for B7-1 on T cells in regulating Th differentiation has potential impli-
cations for autoimmune diseases. For example, because B7-1 expression on
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T cells is markedly upregulated in EAE and multiple sclerosis (MS) patients,
B7-1 on T cells may have a role in regulating the pathogenicity of self-
reactive T cells (34–36). Additionally, administration of intact anti-B7-1
antibodies and anti-B7-1 Fab fragments in a relapsing EAE model have
opposing effects. It is possible that these opposing outcomes may reflect the
effects of B7-1 crosslinking vs B7-1 blockade on the T cell.

2.5. Role of B7-CD28 Interactions

In addition to providing proliferative and survival signals to T cells
(37,38), CD28 has a critical role in regulating cytokine production. Early
studies investigating the effects of crosslinking CD28 on activated T cells
found CD28 profoundly enhanced IL-2 production. In addition to IL-2,
increases in TNF- , lymphotoxin, IFN- , IL-4, IL-5, IL-6, IL-13, and granu-
locyte-macrophage colony stimulating factor (GM-CSF) were detected
(15,39–41). In synergy with CD28 costimulation, IL-1 augments IL-6 pro-
duction and IL-4 responsiveness (40,42). Another synergistic interaction
occurs between IL-12 and CD28. IL-12 in combination with CD28
costimulation enhances IFN- and IL-10 production along with a slight inhi-
bition of IL-4 and IL-5 production (43). The effects on cytokine production
result from both increased gene transcription as well as increased mRNA
stability of cytokine transcripts (44,45). Another property of CD28
costimulation is to lower the threshold of TCR engagement necessary for a
functional response to be generated (6). In a study using altered peptide
ligands, Ding and Shevach demonstrated that a weak agonist peptide was
unable to induce any measure of T cell activation. However, when the pep-
tide was augmented with CD28 costimulation T cells produced both IL-2
and IL-3 (46).

CD28 also has a critical role regulating Th differentiation. In the absence
of CD28 costimulation, the differentiation of naive T cells is skewed toward
a Th1 response owing to impaired IL-4 production (47). CD28 deficient
TCR transgenic T cells were not capable of producing IL-4 after antigenic
stimulation, however, IL-4 could be recovered if rIL-4 was present during
stimulation. Studies done by Schweitzer et al. using B7-1/B7-2-deficient
APCs demonstrated that IL-4 was severely compromised in the absence of
B7-mediated signals, even after restimulation with wild-type APCs (48).
Production of IL-4 could be restored either by CD28 crosslinking or addi-
tion of rIL-4 to the in vitro cultures. Whereas a lack of CD28 stimulation
inhibits IL-4 production, increasing amounts of CD28 costimulation pro-
motes Th2 differentiation by enhancing IL-4 and IL-5 production (47).
Taken together, these studies suggest that CD28 provides signals critical for
IL-4 production and thus Th2 differentiation. However, there are situations
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where IL-4 production does not have such a strong dependence on CD28
costimulation. For example, repeated immunization of mice expressing a
CTLA-4-Ig transgene that blocks the B7:CD28 interaction resulted in
detectable IL-4 production following in vitro restimulation (49). In addi-
tion, when CD28–/– BALB/c mice were infected with Leishmania major,
which causes a progressive Th2-mediated disease in wild-type BALB/c
mice, the CD28–/– mice were susceptible to disease. Cytokine analysis
showed that although IL-4 production was reduced following in vitro
restimulation, ELISA enzyme linked immunosorbant assay (ELISPOT)
analysis directly ex vivo revealed that wild-type and CD28–/– mice had the
same number of IL-4-producing cells (50).

Other cytokines seem to have variable dependence upon CD28
costimulation. For example, TCR transgenic CD4+ T cells from CD28–/–

mice were able to produce IL-2 at high concentrations of antigenic peptide,
although high levels of IL-2 production, and sustained proliferation,
appeared to be CD28-dependent (49). These results were consistent with
other studies that had demonstrated a quantitative effect of B7-mediated
costimulation on a T cell clone (6). Additionally, studies with B7-deficient
APC found that, with high-dose peptide stimulation, IL-2 production was
detectable but severely inhibited compared to wild-type APC (48). Upon
restimulation with wild-type APCs, IL-2 production was still decreased after
priming in the absence of CD28 stimulation. Together these data suggest
that while CD28 stimulation is important for maximal sustained production
of IL-2, the need for CD28 costimulation can be overcome by strong stimu-
lation through TCR engagement.

Studies of the role of B7 costimulation on IFN- production by CD4+ T
cells have yielded conflicting results. Early studies using T cell clones
reported that IFN- production is only partially dependent on costimulation
(51). Parallel results were found with TCR transgenic cells by some investi-
gators, who found that primary or secondary stimulation elicited IFN- that
was relatively B7-independent (52). In contrast, a different study using TCR
transgenic T cells found that production of IFN- following priming in the
absence of B7 costimulation was ablated (41). Like IL-4 production, IFN-
production was dependent on the presence of IL-2 during priming. Because
IL-2 production was absent without costimulation under the conditions used,
IFN- production was also ablated. Studies using CD28–/– TCR transgenic T
cells indicated that whereas IFN- production was reduced in the absence of
CD28 expression, crosslinking CD28 on wild-type T cells did not signifi-
cantly influence the ability to produce IFN- upon subsequent stimulation
(47). In studies using B7-deficient APCs, with intentionally high levels of
peptide stimulation where IL-2 production was detectable during priming,
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naive TCR transgenic T cells primed with B7-1/B7-2–/– APCs were able to
produce near wild type levels of IFN- upon restimulation with wild-type
APCs (48). Likewise, T cells primed with wild type APCs, which were
capable of producing high levels of IFN- , continued to produce high levels
of IFN-  upon restimulation with B7-1/B7-2–/– APCs.

Taken together, the data indicate that B7-CD28-mediated costimulation
mainly affects IL-4 and IL-2 production by naive T cells. From this work,
some general rules describing direct and downstream effects of B7-CD28
costimulation on cytokine production by CD4+ cells have emerged. First,
there is the distinct hierarchy in costimulation-dependence of cytokines pro-
duced by naive vs primed T cells. For naive T cells, the dependence on
B7-CD28 decreases from IL-4 > IL-2 > IFN- ; for previously activated T
cells, IL-2 > IL-4 = IFN- . The costimulation dependence of IL-2 is rela-
tively great for both naive and previously activated T cells, whereas that of
IFN- is relatively small for both naive and previously activated T cells. The
main difference in B7 dependence between naive and previously activated T
cells is for IL-4 production, which is highly B7 dependent in naive T cells
and relatively independent in previously activated T cells. Second, there is
interdependence in the production of certain cytokines. During T cell differ-
entiation, the Th2-promoting effects of IL-4 dominate over Th1-promoting
effects of IL-12 (53). Thus, during the development of an immune response,
the amount of B7-CD28 costimulation can play a pivotal role in determining
the level of IL-4 production, which then drives Th1 vs Th2 differentiation.
However, once differentiation is achieved, there seems to be little depen-
dence upon costimulation to maintain the response.

2.6. Role of B7-CTLA-4 Interactions

Whereas B7-CD28 interacts to promote T cell activation, B7-CTLA-4
interactions inhibit or downregulate T cell activation. CTLA-4 blockade in
vitro increases T cell proliferation and cytokine production. However,
CTLA-4 engagement inhibits proliferation and cytokine secretion, most
notably decreasing IL-2 production (54,55). Additionally, studies utilizing
T cells lacking CTLA-4 indicate that CTLA-4 regulates Th-cell differentia-
tion. The short lifespan of CTLA-4–/– mice, death within 3-4 wk of birth,
and the extensive in vivo activation of T cells has made the study of naive
CTLA-4–/– T cells difficult. This problem has resulted in the generation of
several mouse strains that enable isolation of unactivated T cells that are
CTLA-4 deficient. One strategy was to cross TCR trangsenes onto the
CTLA-4–/– background to decrease the frequency of spontaneous activation
in vivo. The second approach was to generate a triple knockout (TKO)
mouse by breeding the CTLA-4–/– mice with B7-1/B7-2–/– mice, which pre-
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vented in vivo activation of normal T cells. In studies using TCR transgenic
CTLA-4–/– cells or T cells from TKO mice, T cells without CTLA-4 demon-
strated skewing toward Th2 differentiation by secreting large quantities of
IL-4, IL-5, and IL-10 (56,57). Paralleling the in vitro studies, injection of
TKO mice with anti-CD28 antibodies lead to Th2 differentiation in vivo.
CD4+ T cells from TKO mice produced high levels of IL-4 (56). A similar
result was seen when anti-CTLA-4 antibodies were used to inhibit staphylo-
coccal enterotoxin B (SEB)-induced T cell responses in vivo (58). Addition-
ally, a role for CTLA-4 in regulating TGF- production has been described
recently (59), suggesting another means by which CTLA-4 may influence T
cell differentiation and self-reactive T cells.

2.7. Potential Role of the Newest Family Members: ICOS and B7-H1

Like CD28, ICOS has positive costimulatory activity, enhancing prolif-
eration and  cytokine production (IL-4, IL-5, IFN- , and GM-CSF) (10).
However, it has several properties that are distinct from CD28 and make it
particularly intriguing. In contrast to CD28, ICOS is rapidly induced after T
cell activation and does not stimulate IL-2 production, but superinduces IL-10
production. Murine studies investigating the effects of ICOS engagement
showed enhanced proliferation and increased secretion of IFN- with no
effect on IL-2 production, but IL-10 was not tested (11). Similar to ICOS
stimulation, ligation of B7-H1 costimulated T cell responses and produced
high levels of IL-10, which was dependent upon the presence of IL-2. The
function of B7RP-1/B7h-ICOS and B7-H1 interactions on Th differentia-
tion is currently an active area of reseach. Given the inducible expression of
B7h/B7-RP1 and B7H-1 receptors on activated T cells, these pathways may
influence T cell function and differentiation. Because of the effects of B7h/
B7-RP1 and B7-H1 on IL-10 secretion, these new receptor/ligand pairs may
be another important regulatory control in the development of immune
responses and may play a role in the development of autoimmunity.

3. APC COSTIMULATORY PLAYERS: RECEPTORS, LIGANDS,
AND THEIR EFFECTS ON TH DIFFERENTIATION
3.1. APC Costimulatory Receptor: CD40

Another costimulatory pathway that may function independently or
synergize with the B7-CD28 pathway is the CD40-CD154 pathway. This
pathway has a key role in regulating lymphocyte activation with more pro-
found direct effects on the antigen presenting cell which, in turn, affects T
cell differentiation. Although early studies demonstrated a critical role of
the CD40-CD154 pathway in B cell biology, more recent studies have shown
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that this pathway is important for both cell-mediated and humoral immune
responses. CD40, a member of the tumor necrosis factor receptor (TNF-R)
family is expressed on a wide variety of cell types. CD40 is constitutively
expressed on B cells from very early in development, and is upregulated
slightly on B cells upon activation with polyclonal activators or cytokines
(60). Additionally, CD40 is expressed on monocytes (61), dendritic cells (DC)
(62), microglia (63), follicular dendritic cells, hematopoetic progenitors
(CD34+), fibroblasts (64), thymic epithelial cells (65), endothelial cells
(66,67), keratinocytes (68), and human vascular smooth muscle cells (69).

3.2. Ligand: CD154 (gp39, CD40L)

CD154, the ligand for CD40, is a TNF family member that is expressed
on mature activated CD4+ T cells, some CD8+ T cells, monocytes/macroph-
ages, natural killer (NK) cells, human mast cells, basophils, eosinophils,
platelets (as reviewed in ref. 64), germinal center B cells (70), vascular
endothelial cells, and smooth-muscle cells (69). The expression of CD154 is
highly regulated; CD154 is rapidly induced on CD4+ T cells, a subset of
CD8+ T cells and is found expressed on Th0, Th1, and Th2 cells (71). In
vitro CD154 expression is induced within 4–6 h after activation, peaks by
24 h, and then decreases. In vivo injection of antigen leads to a somewhat
slower kinetics of expression, with maximal frequency of CD154+ T cells
by 3–4 d after T-dependent antigen administration.

3.3. Role of the CD40-CD154 Pathway

Initially, studies on CD40 function focused on B cell activation and anti-
body production. Hyper-IgM syndrome demonstrates the critical role of
CD40 signaling in B cell function. Hyper-IgM syndrome in humans or mice
results from mutations in or the loss of either CD40 or it’s cognate ligand,
CD154 (72). Loss of the CD40-CD154 pathway function causes defects in
germinal center formation, isotype switching, and B cell memory develop-
ment (60). Recent work also has demonstrated that CD40 stimulation leads
to enhanced cytokine production by a variety of cell types. When B cells are
stimulated via engagement of both surface IgM and CD40, there is enhanced
production of IL-1 , IL-6, IL-10, GM-CSF, and TNF- (73,74). However,
CD40 stimulation alone can enhance B cell production of IL-10. Addition of
IL-4 during CD40 stimulation can have differential effects on B cell cytokine
production. IL-4 plus anti-CD40 enhances the production of IL-6 (75,76)
whereas, IL-10 production is inhibited (77). Although murine B cells have not
been shown to secrete IL-12, human B cells have been shown to produce IL-12
in response to CD40 stimulation (76). IL-12 production can be enhanced fur-
ther by the addition of IFN- , however, IL-4 severely inhibits IL-12 and IL-10
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completely abrogates IL-12 production in response to CD40 engagement.
Late during B cell activation, IL-2, and IL-13 mRNA can be detected after
stimulation first with anti-CD40 and then PMA plus ionomycin (78).

CD40 is also an important signaling molecule for many other cell types.
CD40 signals to DC increase secretion of IL-1 , IL-1 , IL-6, IL-8, IL-10,
IL-12, IL-15, TNF- , and MIP-1 (79–82). The cytokine profile produced
by DC after CD40 stimulation also can be modulated if cytokines are present
during stimulation. Peripheral blood mononuclear cells (PBMCs) can be
cultured in the presence of GM-CSF and IL-4 to generate DC. When IFN-
is added to the DC differentiation culture, IL-12 production is selectively
inhibited after CD40 engagement with no alterations seen in IL-8 or TNF-
production (83) while IL-6 can be augmented (84). Similar to B cells, addi-
tion of IL-4 impairs DC IL-12 secretion, IL-10 dramatically inhibits IL-12
production and the cytokines together have additive effects (80,81). In con-
trast to the effects on IL-12, IL-10 synergizes with CD40 to upregulate IL-8
and TNF- production (85). Although IL-12 can be produced by DC, it also
modulates the production of other cytokines. DCs produce IFN- in response
to IL-12, which can be enhanced by the addition of IL-4 (86).

Monocytes, macrophages, and microglia cells are related to the myeloid
lineage of DCs. Thus, it is not surprising that CD40 engagement on these
cells leads to production of a similar profile of cytokines. CD40 signals
stimulate monocytes/macrophages to produce IL-1, IL-6, IL-8, IL-10, IL-12,
TNF- , and MIP-1 (79,87–89). Addition of GM-CSF, IL-3, or IFN- to
monocytes stimulated with CD40 enhances the production of IL-6, IL-8,
and TNF- (61). Microglia cells produce TNF- and IL-12, which is IFN- -
dependent, in response to CD40 ligation (90,91). Like other APC popula-
tions, IL-10 as well as TGF 1 can inhibit CD40 induced TNF- production
by microglia cells (92).

Even some nonprofessional APCs produce cytokines in response to CD40
stimulation. Engagement of CD40 on human vascular smooth muscle cells
induces the expression of proinflammatory cytokines (69). Additionally,
CD40 ligation of keratinocytes leads to IL-8 production (68). Finally, CD40
stimulation of thymic epithelial cells in the presence of IFN- and IL-1
induces GM-CSF secretion (65). In summary, CD40 critically regulates the
expression of proinflammatory cytokines by many APCs, which then influ-
ences the Th1-Th2 differentiation of responding T cells.

3.4. A Direct Role of CD154 on T Cells

Although the work regarding direct signaling into T cells via CD154 has
been limited, some studies suggest that CD154 modulates T cell cytokine
production. In a system utilizing antibodies to CD3, CD28, and CD154 for



Role of Costimulation 91

T cell stimulation in the absence of APCs, low doses of anti-CD3 plus anti-
CD28 produced very low levels of IL-4. Addition of anti-CD154 greatly
enhanced the production of IL-4, however, IL-4 synthesis was inhibited with
maximal CD3 stimulation (93). Another study that implicated direct signal-
ing into T cells via CD154 demonstrated that CD154 engagement in the
presence of CD3 or phytohemagglutinin (PHA) stimulation augmented pro-
duction of a number of cytokines including IL-2, IFN- TNF- , IL-4, IL-5,
and IL-10 (94,95). Addition of IL-12 to cultures caused even greater pro-
duction of IFN- . Although these studies do not implicate CD154 as a modu-
lator of Th differentiation, they suggest that this molecule may have a more
general role in enhancing T cell cytokine production.

4. CYTOKINE REGULATION OF COSTIMULATORY
MOLECULE EXPRESSION
4.1. Regulation of Costimulatory Ligands: B7 Family and CD154

Costimulatory molecules provide signals that are critical for the proper
development of an immune reponse. One key determinant of costimulation
is the proper regulated expression of both costimulatory receptors and ligands.
Owing to the importance of costimulation, it is possible that aberrant expres-
sion of costimulatory molecules can result in inappropriate immune responses.
In fact, altered expression of costimulatory molecules has been seen in many
autoimmune disorders (96–99). Often the expression of costimulatory mol-
ecules is controlled by stimulatory signals to the responding cell, whether a T
cell or an APC. However, another key regulatory determinant is the effect of
cytokines on the expression of costimulatory molecules.

Multiple cytokines can have distinct effects on the expression of B7 mol-
ecules depending upon the type of cell along with the activation status of the
cells (see Table 1). For B cells, initial studies demonstrated that IL-4 could
dramatically upregulate B7-1 and B7-2 expression (100,101). Additionally,
Valle et al. showed that IL-2 could also enhance B7 expression on activated
B cells. In a study investigating the T cell-dependent induction of B7-1 on B
cells, Ranheim and Kipps demonstrated that TNF- and TNF- also aug-
mented the expression of B7-1 on B cells (102). TNF- mediated B7-1
expression was dependent on CD120 (p75 TNFR ) and could be inhibited
by antibodies to TNF- . IL-10 was also found to have differential effects on
B7-1 depending upon the stimulation conditions. In combination with CD40
stimulation, IL-10 enhanced B7-1 expression, however, IL-10 was able to
inhibit B7-1 expression induced by crosslinking of CD120.

DC also exhibit a complex pattern of cytokine-regulated B7 expression,
which is dependent on the source of DC analyzed. Both IFN- and IL-10 can
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Table 1
Cytokine Regulation of B7-1 and B7-2 Expression
Cell type/cytokine B7-1 B7-2 Refs.

B cells

IL-4 (100,101)
IL-2 (101)
TNF- , TNF- NR (102)

-TNFR + IL-10 NR
-CD40 + IL-10 NR

Dendritic cells

Langerhans cells
IL-10 NC (103)
IFN- NC
GM-CSF + IFN- NR
GM-CSF + IL-10 NR

Blood-derived DC
IL-10 NC (104)

Dermal DC
IL-10 NC (105)

-GM-CSF NC

Monocytes

GM-CSF NC or (105–107)
IFN- (106,107)
IL-10 (107)
IL-4, TNF- NC

Macrophages

IFN- (108)
IFN-  + IL-10

Microglia

GM-CSF (109)
GM-CSF + IL-4 NC
GM-CSF + IL-11 NC
GM-CSF + TGF- NC
GM-CSF + NGF NC
IFN- NC
IFN-  + IL-10 NC

NC, no change; NR, not reported. Upward arrows indicate there was an increased B7
expression as a result of the listed treatment and downward arrows indicate that B7 expres-
sion decreased from this treatment.
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inhibit B7-1 expression on Langerhans cells (LC) without affecting the
expression of B7-2 (103). GM-CSF can partially restore B7-1 expression in
the presence of IFN- but not IL-10. In contrast to LC, blood-derived DC
downregulate B7-2 but not B7-1 in response to IL-10 (104). Like blood DC,
dermal DC downregulate only B7-2 in response to IL-10 (105). Addition-
ally, treatment with anti-GM-CSF caused the downregulation of B7-2 only
on dermal DC.

Similar to DC, monocytes demonstrate preferential upregulation of B7-2
in response to GM-CSF (105), however, in some studies, both B7-1 and B7-2
are upregulated in response to either GM-CSF or IFN- (106,107). IL-10
was shown to downregulate B7-2 expression on monocytes, while slightly
enhancing B7-1 (107). Selective B7-2 downregulation on monocytes can
also be mediated by IL-4 or TNF- (107). Macrophages selectively
downregulate B7-1 while upregulating B7-2 in response to IFN- . Addition
of IL-10 and IFN- will lead to decreased expression of both B7-1 and B7-2
(as reviewed in ref. 108). Similar to monocytes, GM-CSF will upregulate
both B7s on microglia, while IFN- will selectively enhance B7-2 expres-
sion (109). Similar to macrophages, addition of IL-10 will inhibit IFN- -
mediated microglial expression. GM-CSF induced upregulation of B7-2 also
can be inhibited by the addition of IL-4, TGF- , IL-11, or nerve growth fac-
tor (NGF) while B7-1 upregulation is unaffected. Finally, although not gener-
ally considered a professional APC, fibroblasts that constitutively express
B7-1 upregulate B7-1 in response to IFN-  and TNF-  stimulation (110).

Although B7h/B7RP-1 has only recently been identified, initial studies
have indicated that TNF- induces B7h/B7RP-1 mRNA expression on
fibroblasts (19). IFN- or IL-1 alone was unable to induce B7h/B7RP-1
mRNA expression, but addition of TNF- , alone or in combination with
IFN- or IL-1 , dramatically upregulated B7h/B7RP-1 mRNA in cultured
fibroblasts. Additionally, in vivo administration of lipopolysaccharide
(LPS), a potent stimulus for TNF- production, led to increased B7h/B7RP-1
mRNA expression in several nonlymphoid tissues including the testes, kid-
neys, and peritoneum with modest downregulation in the spleen. Much work
still needs to be done to elucidate the expression pattern of B7h/B7RP-1 and
to determine what are the key regulators of B7h/B7RP-1 expression. Unlike
B7h/B7RP-1, no information is currently available regarding the cytokine
regulation of B7-H1 expression, however, future studies will undoubtedly
investigate this question.

In addition to modulating B7 expression, some cytokines alter the
expression of CD154, which triggers signals through CD40. In studies using
murine Th clones as well as purified CD4 T cells, Roy et al. found that IFN-
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was a potent inhibitor of CD154 expression for either CD4+ T cells or both
Th1 and Th2 clones (71). Additionally, the authors found that TGF- inhib-
ited CD154 expression on Th2 clones. Studies examining CD154 expres-
sion in human T cells also found IFN- to be inhibitory while IL-4 was able
to upregulate CD154 mRNA (111). In contrast to the effects of IFN- , IL-12
has been shown to upregulate CD154, both at the mRNA and protein level,
on human peripheral-blood T cells (112). Optimal induction was seen in the
presence of multiple stimuli including IL-2, IL-12, and B7/CD28
costimulation. Additionally, Hirohata et al. found that IL-12 along with anti-
CD3 upregulated CD154 expression on human T cells (113). However, this
in study the presence of either IL-4 or IL-10 during anti-CD3 stimulation
decreased surface levels of CD154, but IFN- had no effect. Recently,
CD154 has been identified on human macrophages, vascular endothelial
cells, and smooth-muscle cells. Stimulation with IL-1 , TNF- , or IFN-
increased both surface expression and synthesis of CD154 on all three cell
types (69).

4.2. Regulation of Costimulatory Receptors: CD28 Family and CD40

Despite the critical role of CD28 and CTLA-4 in costimulating cytokine
production there appears to be little information on the regulation of these
receptors by cytokines. Shindo et al. have demonstrated that CD28 expres-
sion is downregulated in response to IL-2 and this is dependent on expres-
sion of the IL-2R subunit (114). IL-2 also has been shown to enhance
expression of CTLA-4 on anti-CD3-stimulated T cells (115). CTLA-4 was
modestly enhanced by the addition of IL-4, IL-6, IL-7, or IL-12. Another
study suggests that IL-12 may enhance CTLA-4 expression, while IL-10
downregulates CTLA-4. Patients infected with Mycobacterium tuberculosis
have depressed CTLA-4 expression on PBMCs (116). Treatment of these
cells with either anti-IL-10 or exogenous IL-12 upregulated expression of
CTLA-4, suggesting that IL-10 inhibits CTLA-4, whereas IL12 enhances
expression. How IL-12 modulates CTLA-4 expression was not addressed
and may result from either direct effects of IL-12 or indirect effects via regu-
lation of other cytokines, such as IFN- . At this point, studies have yet to
investigate the effects of cytokines on the expression of ICOS; however,
future studies will likely address this question.

Similar to the regulation of B7s, CD28, CTLA-4, and CD154, cytokines
differentially regulate the expression of CD40 on various cells types. When
CD40 was initially identified, IFN- was shown to increase CD40 mRNA in
both B cells and epithelial neoplasms (117). Since then, IL-4 alone has been
shown to upregulate CD40 expression on human B cells. When combined
with stimulation through surface IgM, either IL-2 or IL-4 can augment
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expression (118). Monocytes have been shown to upregulate CD40 expres-
sion of both mRNA and surface protein in response to GM-CSF, IL-3, or
IFN- (61,88). CD40 on microglia has a complicated regulatory pattern.
GM-CSF or IFN- alone will enhance the expression of CD40 (109,119).
However, TGF can repress IFN- inducible expression (119) and IL-4,
TGF 1, or NGF can repress GM-CSF inducible CD40 expression (109).
For thymic epithelial cells, CD40 expression is augmented by IL-1 , TNF- ,
and IFN- but not by IL-4 (65). Although keratinocytes and endothelial cells
are not considered professional APCs, they also show cytokine regulated
expression of CD40. Keratinocytes demonstrate upregulated expression after
exposure to IFN- but not TNF- or IL-1 (68) whereas endothelial cells
show augmented expression after treatment with TNF- , IL-1, IFN- , and
IFN- (67). Additionally, the interferons show synergistic enhancement
when combined with either TNF- or IL-1. Thus, while these receptor-
ligand interactions serve to regulate cytokine expression, cytokines act as
part of a feedback loop to either limit or sustain signals that will alter
costimulatory molecule expression, ultimately determining the duration of
cytokine production.

5. REGULATION OF COSTIMULATORY MOLECULES
AND CYTOKINE RECEPTORS BY COSTIMULATION

One of the most important aspects of CD40-CD154 function is its func-
tional relationship with the B7-CD28 costimulatory pathway. As stated ear-
lier, CD40 stimulation leads to upregulation of B7-1 and B7-2, which greatly
enhances the costimulatory capacity of B cells, macrophages, and DC
(79,120–122). Although CD154 can be upregulated in the absence of
costimulation (122–124), B7-CD28 interactions can lead to upregulation of
CD154 (124,125). One in vivo study using the injection of anti-CD28 saw a
dramatic increase in the number of peripheral B cells (126). The authors
found that the B cell expansion was owing to the upregulation of CD154
after CD28 engagement. There is an important synergy between the CD40-
CD154 and B7-CD28 pathways to initiate and amplify T cell-dependent
immune responses. Although the effects of ICOS signaling are not yet fully
understood, stimulation via ICOS also results in upregulation of CD154 (10).
This could be yet another level of control that is critical to the careful bal-
ance between protective immunity and autoimmunity. The biological sig-
nificance of this synergy has been demonstrated in a variety of studies
showing the synergistic ability of CD154 and B7 antagonists in vivo to block
autoimmune diseases, graft rejection, and antibody production in murine
model systems (127,128). Elegant studies have shown that the injection of
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B7-1 expressing B cells into CD154-deficient mice can restore Th1
responses in a model of autoimmunity (129). Thus, the B7-CD28 and CD40-
CD154 pathways are inter-related and synergistic.

Cytokines must bind their cognate receptor on the cell surface to mediate
their biological effects. This is yet another level where costimulation can
modulate cytokine responses. Studies by Armitage et al. demonstrate that
CD154 ligation leads to increased CD25 expression on human T cells (94).
Additionally, studies have shown that CD28 ligation can lead to the
upregulation of the IL-2R (130,131). More recent studies have indicated
that CD28 costimulation also enhances IL-12R expression (132). In addi-
tion to the direct effects of CD28 signaling, IL-2 and IL-12, which are pro-
duced in response to CD28 engagement, enhance IL-12R subunit
expression (133). Thus, B7-CD28 interactions play an important regulatory
role in the expression of the IL-12 receptor subunit, which is a key deter-
minant of IL-12 responsiveness and Th1 lineage commitment. In contrast to
the effects of CD28, CTLA-4 has been shown to downregulate both the IL-2R
(54,134) and the IL-12R (133), further emphasizing the opposing roles that
CD28 and CTLA-4 have during an immune response.

6. ROLE OF COSTIMULATION IN AUTOIMMUNITY
6.1. Manipulation of the B7-CD28/CTLA-4 and CD40-CD154
Pathways in Animal Models of Autoimmunity

The identification of the B7-CD28/CTLA-4 and CD40-CD154 pathways
as key immunoregulatory pathways has prompted investigation of the roles
of these pathways in the pathogenesis of autoimmune diseases and their
therapeutic potential for controlling autoimmune diseases. Numerous stud-
ies have indicated that these pathways have key roles in both the initiation
and effector phases of autoimmune diseases. The roles of the receptors and
ligands in these pathways have been probed using monoclonal antibodies
(MAbs) that recognize these receptors or ligands, chimeric fusion proteins,
and mice deficient in receptors or ligands. Each of these approaches has its
advantages and disadvantages. For example, studies using antibodies may
be misleading owing to artifacts resulting from crosslinking events, Fc-receptor-
mediated effects, or incomplete penetration. In studies using knockout mice,
developmental effects (e.g., affecting TCR repertoire or activation thresh-
old) need to be considered in the interpretation of results.

6.2. Blockade or Elimination of B7 Costimulation

Manipulation of the B7-CD28/CTLA-4 costimulatory pathway can pre-
vent the initiation of an autoimmune disease, as well as suppress an ongoing
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autoimmune process. Initial studies of the role of the B7-CD28/CTLA-4
pathway used CTLA-4Ig, a chimeric fusion protein of the extracellular
domain of CTLA-4 fused to an Ig tail that binds to both B7 molecules, to
block the natural interaction of B7s with both CD28 and CTLA-4 receptors.
Studies in the NOD model of diabetes demonstrated that CTLA-4Ig treat-
ment early (at 2–3 wk of age) for 2 wk markedly reduced the incidence of
diabetes (31). NOD mice treated with CTLA-4Ig after the onset of insulitis
also had a reduced incidence of diabetes. Likewise, in the systemic lupus
erythematosus (SLE)-like disease model using New Zealand black/New
Zealand white mice, administration of CTLA-4Ig blocked autoantibody pro-
duction and prolonged the survival of lupus-prone mice (135). Beneficial
effects of CTLA-4Ig were still seen in this lupus model even if treatment
was started after the development of advanced clinical signs of disease.
CTLA-4Ig also prevented Collagen-induced arthritis (CIA) (136). Similarly,
in the murine model for MS of EAE, CTLA-4Ig treatment protected against
EAE induced by either active immunization or adoptive transfer. This pro-
found inhibition of the clinical and histological manifestations of EAE con-
tinued after CTLA-4Ig treatment was ended (137–141). However,
CTLA-4Ig treatment after the priming of encephalitogenic T cells has had
limited or no effects in many cases. Administration of CTLA-4Ig following
the adoptive transfer of encephalitogenic T cells delayed disease onset or
reduced severity of disease in some murine studies, but did not ameliorate
EAE in other studies. One potential explanation for the inability of CTLA-4Ig
treatment to inhibit EAE after induction of the disease is that the CTLA-4Ig
does not efficiently enter the central nervous system (CNS) to block the
B7:CD28 interactions at the site of effector T cell activation. Recent studies
indicate that this is the case. Local CNS delivery of CTLA-4Ig using a
nonreplicating adenoviral vector was able to ameliorate ongoing EAE, while
systemic administration of CTLA-4Ig had a minimal effect on disease (142).

Certain CTLA-4Ig treatment protocols exacerbated rather than amelio-
rated disease. The timing of CTLA-4Ig administration appears to influence
the outcome of disease. These results may reflect the complex interactions
among receptors and ligands in this pathway and the opposing effects on the
outcome of an immune response may depend on whether positive or nega-
tive signaling through this pathway is disrupted. The mechanism by which
CTLA-4Ig exerts its protective effects is not clear and is an active area of
investigation. Splenocytes derived from CTLA-4Ig-treated mice prolifer-
ated in response to PLP in vitro, indicating that EAE prevention was not
owing to tolerance to antigen.

The role of B7 costimulation also has been examined in murine models of
autoimmunity using mice lacking both B7-1and B7-2 (B7-1/B7-2–/– mice)
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and anti-B7-1 plus anti-B7-2 MAb treatment (143,144). Webb and cowork-
ers found that anti-B7-1 or anti-B7-2 alone could not inhibit CIA but com-
bined administration effectively blocked CIA, even if treatment was delayed
until after onset of clinical disease (145). The importance of the B7:CD28
costimulatory pathway was examined during the initiation of the autoim-
mune response in EAE, by directly immunizing C57BL/6 B7-1/B7-2-defi-
cient mice with the myelin oligodendrocyte glycoprotein (MOG) epitope
35-55. Mice lacking both B7-1 and B7-2 were highly resistant to EAE
induction. T cells in the B7-1/B7-2–/– mice were primed to MOG 35-55,
although their proliferative responses were impaired. Resistance to EAE was
not owing to a lack of induction of Th1 cytokines, because T cells from B7-1/
B7-2–/– mice produced more IFN- , as compared to T cells from wild-type
mice. The role of B7 costimulation during the effector phase of the EAE was
examined by adoptively transferring wild-type MOG 35-55 activated T cell
lines into B7-1/B7-2–/– vs wild-type mice (143). EAE was markedly reduced
in B7-1/B7-2–/– recipients following adoptive transfer of MOG-specific
wild-type T cells, demonstrating that B7 costimulatory molecules have a
critical role in the effector phase of EAE. Thus, B7 costimulators have key
roles in both the initial activation and/or expansion of MOG-reactive T cells
in the periphery and in their activation within the target organ.

Although B7-1/B7-2–/– mice are highly resistant to the development of
clinical EAE, they do develop some inflammatory foci, but these lesions are
limited almost exclusively to the meninges (143). These histological find-
ings suggest previously unappreciated roles for B7-mediated costimulation
in the target organ: B7 costimulation may be needed: (1) to stimulate the
production of chemokines and adhesion molecules that enable T cell entry
into the CNS parenchyma and/or prevent trafficking of activated T cells out
of the CNS parenchyma; (2) to stimulate the production of growth and sur-
vival factors that sustain activation of T cells that enter the CNS parenchyma;
and/or (3) to enable activated T cells in the CNS parenchyma to recruit other
lymphocytes and leukocytes to the CNS. Further studies are needed to dis-
tinguish among these possibilities.

6.3. Comparison of the Roles of B7-1 and B7-2

Many in vivo studies investigating the roles of B7-1 vs B7-2 costimulation
in the expansion of T cells and the induction of Th1 vs Th2 cytokines have
suggested that B7-1 and B7-2 are fairly comparable. At times B7-2 plays a
more dominant costimulatory role, primarily because it is the costimulatory
molecule present during initial T cell priming. However, there is a consider-
able amount of data that indicate that B7-1 and B7-2 costimulation may
have different roles in the initiation or regulation of autoimmune diseases.
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Although these studies clearly show a key role for B7 costimulation in the
initiation and/or progression of Th1-mediated autoimmune diseases, the
individual roles of B7-1 and B7-2 have not been clear.

B7-1 and B7-2 expression during autoimmune diseases has been exam-
ined, because manipulation of this pathway to block an immune response
must take into account B7 expression patterns. For example, in EAE, there
is selective upregulation of B7-1 in the spleen and CNS in actively induced
or adoptively transferred EAE. Similar observations have been made in MS
correlating preferential B7-1 expression with disease activity. Immunohis-
tochemical staining of MS plaques and inflammatory stroke lesions from the
same brains demonstrated that while B7-2 expression was found in both
types of lesions, B7-1 was uniquely associated with the MS plaques (146–148).
Interestingly, after treatment with IFN -1b, one of the three FDA-approved
treatments for the relapsing-remitting form of MS, the frequency of B7-1
expressing B cells decreased, while the number of B7-2+ B cells remained
unchanged. These findings suggest that distinct kinetics of B7-1 and B7-2
expression at different locations could lead to distinct roles for these
costimulators in different diseases and immune settings.

Studies addressing the individual role of B7-1 and B7-2 in the induction
and effector phases of autoimmune diseases using anti-B7 MAbs have
yielded conflicting and confusing results. In the NOD mouse diabetes model,
early treatment with anti-B7-2 (like CTLA-4Ig treatment) prevented clini-
cal disease, whereas later treatment had no effect on the incidence of overt
diabetes. However, both anti-B7-1 administration and a combination of anti-
B7-1 plus anti-B7-2 led to accelerated and more severe diabetes. In contrast,
treatment of mice with anti-B7-1 MAb in vivo during the induction of EAE
protected mice from disease, whereas anti-B7-2 MAb exacerbated disease
severity. The effectiveness of the anti-B7-1 MAb required continuous
therapy for 30 d postimmunization (149,150). Administration of
anti-B7-l MAbs in vivo at the time of immunization did not inhibit the
induction of antigen-specific T cells, but did alter the cytokine profile of the
responding cells and resulted in predominant generation of Th2 clones
whose transfer prevented EAE induction and abrogated established disease.
Treatment with anti-B7-2 MAb was correlated with skewing towards a Th1
phenotype. Consistent with these observations, administration of
noncrosslinking anti-B7-1 Fab fragments, but not anti-B7-2 MAbs, after the
first clinical remission of EAE significantly decreased the incidence of
relapses in these mice (151). There was a reduction in the number of T cells
generated that react with a second epitope, suggesting that anti-B7-1 MAb
treatment prevents epitope spreading. In a follow-up study, the authors dem-
onstrated that APCs isolated from the spinal cords of mice with acute EAE
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preferentially utilized B7-1 costimulation, as anti-B7-1 MAb but not anti-
B7-2 MAb significantly inhibited T cell activation when these cells were
used as a source of APCs (152). Together, these results support separate
functional roles for B7-1 and B7-2 during EAE induction and progression.

However, the interpretation of these data are complicated because the
efficacy of MAb therapy will depend on the effectiveness of the block-
ade based on the type or the dose of MAb used and may be influenced by
the potential signaling capacity of the MAbs. The latter is perhaps best
exemplified by the observation that treatment of SJL mice with intact anti-
B7-1 MAbs during EAE disease remission results in accelerated relapses,
pathology, and epitope spreading. Because T cells are the major cell type
expressing B7-1 and B7-2 in the CNS during acute, relapsing, and chronic
EAE, the potential effects of MAbs signaling into the T cell need to be con-
sidered in interpreting the results of experiments using anti-B7 MAbs. As
discussed earlier, a role for B7-1 on T cells in limiting IL-4 production has
been described recently (33). It may be that B7-1 on T cells inhibits IL-4
production by these T cells, and promotes autopathogenic T cell responses
Thus, anti-B7-1 Fab fragments may protect against EAE by enhancing IL-4
production and protective Th2 responses.

More recently, studies have used mice lacking either B7-1 or B7-2 as
another means to examine the individual roles of these B7 costimulators in
autoimmune disease. Although studies with anti-B7 MAbs have demon-
strated a primary role for B7-1 costimulation in the pathogenesis of EAE
using SJL/PLP 139-151 model of EAE, studies with mice lacking either B7-
1 or B7-2 alone have found that B7-1 and B7-2 have overlapping roles in
PLP-induced EAE, and that B7-1 did not have a preferential role in the
pathogenesis of PLP-induced EAE. The induction of EAE also has been
examined in NOD mice lacking expression of B7-1 or B7-2. Disease sever-
ity was significantly more reduced in B7-2–/– NOD mice than in B7-1, and
absent in CD28–/– NOD mice as compared with wild type NOD animals. It
should be noted that neither anti-B7-1 nor anti-B7-2 MAb inhibited EAE in
NOD mice, but together these anti-B7 MAbs delayed NOD onset and sever-
ity, and anti-B7-1 MAb treatment of B7-2–/– mice further reduced disease
severity. Differences in efficacy of MAb blockade in different tissues, espe-
cially the periphery lymphoid organs vs the CNS, may explain the differ-
ences between the use of anti-B7 MAbs and costimulator deficient mice.
Because the timing and level of B7-1 expression are unchanged in B7-2–/–

mice and likewise, B7-2 expression is unaffected in B7-1–/– mice, the differ-
ence in conclusions drawn from the two systems is not likely to be attribut-
able to alterations of B7 expression in B7-1- or B7-2-deficient mice. The
relative importance of B7-1 and B7-2 may differ between MOG-induced
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EAE in C57BL/6 mice and PLP (proteolipid protein) or MBP (myelin basic
protein) induced EAE in SJL mice or NOD mice. Differences in myelin
antigens and/or genetic background may influence the respective roles of
B7-1 and B7-2 in the induction of EAE. Additionally, there may be differ-
ences in the T cell repertoires between different strains of mice. Background,
non-MHC-linked genes that differ among inbred strains of mice may also
influence the avidity of interactions between T cells and APCs. Induction
and level of B7-1 and B7-2 expression may differ on various genetic back-
grounds. As will be discussed later, genetic analyses have identified chro-
mosomal regions containing the CD28/CTLA-4 and B7-1/B7-2 loci as
important for the development of EAE. Such differences in the B7-CD28/
CTLA-4 costimulatory pathway on different genetic backgrounds may con-
tribute to the relative role of B7-1 vs B7-2 or CD28 in the pathogenesis of
EAE and human autoimmune diseases.

How may differences in B7-1 and B7-2 costimulation in autoimmune dis-
eases be explained? At least two factors may play critical roles in determin-
ing the relative effects of B7-1 vs B7-2 costimulation on the activation of T
cells: the strength of signal delivered through the TCR and the activation
and/or differentiation state of the T cell during activation. One study has
found that human CD4 T cell clones responded to B7-1 and B7-2
costimulation equivalently when activated with their cognate ligand, MBP
p85-99 (153). However, when a weak agonist peptide with lower affinity for
the TCR was used to activate the T cell clones, B7-1 costimulation clearly
provided a more potent costimulatory signal than did B7-2. A similar quan-
titative difference between B7-1 and B7-2 costimulation was observed when
B7-1 or B7-2 cell transfectants were used to stimulate naive CD8 TCR-
transgenic T cells (154). However, the responses of primed CD8 TCR-
transgenic T cells to costimulation by B7-1 and B7-2 were quantitatively
similar.

6.4. Effects of CD28 Manipulation

Recent studies have more specifically assessed the role of CD28 in EAE
using anti-CD28 Fabs and CD28–/– mice. Anti-CD28 Fab administered either
during priming or later, before disease onset, significantly ameliorated EAE
and suppressed TNF- production by lymph node cells. CD28 blockade
during the first disease episode attenuated established EAE and treated mice
did not undergo subsequent relapses, suggesting that short-term CD28 block-
ade may provide a means to ameliorate an established autoimmune response.
Whereas MBP TCR+ RAG–/– mice spontaneously develop EAE, MBP TCR+

RAG–/– CD28–/– mice do not develop EAE, indicating a critical role for
CD28 costimulation. MBP TCR+ RAG–/– CD28–/– T cells proliferate and
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produce IL-2 in response to MBP peptide, demonstrating that these T cells
are not anergized. The proliferation of encephalitogenic T cells depended on
the concentration of MBP peptide, as did the development of MBP-induced
EAE in CD28–/– PL/J mice. CD28–/– NOD mice were completely resistant to
the induction of EAE with PLP 56-70 (144). CD28–/– C57BL/6 mice do not
develop MOG-induced EAE, but develop meningeal inflammation. Taken
together, these studies suggest that CD28 is required to lower the threshold
for effective TCR activation of autoaggressive CD4+ T cells, which trigger
the autoimmune response in EAE.

The role of CD28 also has been examined in the NOD diabetes model.
NOD mice lacking CD28 exhibited more rapid and increased incidence of
diabetes, as compared to littermate controls (155). Exacerbated diabetes was
attributed to reduced IL-4 production and Th2 cell functions. Administra-
tion of intact anti-CD28 MAb (presumably acting as an agonist) into wild-
type NOD mice beginning at 2 wk of age inhibited insulitis and diabetes
(32) and these striking effects could be reversed by coinjection of anti-CD28
and anti-IL-4 MAb. In contrast, when anti-CD28 was given later, it had no
significant effect on diabetes. These studies point to a role for CD28
costimulation early in this autoimmune disease, but it is not yet clear whether
CD28 exerts its effects prior to the onset of insulitis and/or following the
development of insulitis.

6.5. Effects of CTLA-4 Manipulation

In contrast to CD28, CTLA-4 inhibits T cell activation. The phenotype of
the CTLA-4–/– mouse suggested a key role for CTLA-4 in inducing and/or
maintaining peripheral tolerance and provided impetus for studying the role
of CTLA-4 in autoimmunity and peripheral tolerance. A number of studies
have examined whether signaling via CTLA-4 on self antigen-specific T
cells is critical for downregulating activated self-reactive T cells. For
example, anti-CTLA-4 antibodies can promote expansion of antigen-spe-
cific T cells in vivo and exacerbate autoimmune T cell responses. CTLA-4
appears to have an important role in downregulating T cell responses
throughout the course of EAE (156–158). Addition of anti-CTLA-4 MAb to
in vitro restimulation cultures of primed PLP 139-151-specific T cells
potentiated the capacity of these cells to transfer EAE. Anti-CTLA-4 treat-
ment also exacerbated EAE when administered following adoptive transfer
of primed T cells. When given at the peak of disease, anti-CTLA-4 blunted
disease remission and worsened relapses. Additionally, anti-CTLA-4 led to
greater incidence and severity of relapses when administered during the first
disease remission. These effects were correlated with elevated production
of IFN- , TNF- , and IL-2 (156–158). Similarly, anti-CTLA-4 MAb injec-
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tion greatly accelerated the onset of diabetes in a TCR transgenic model of
diabetes and enhanced its penetrance, but only when given before the onset
of insulitis (159). This was not owing to global activation of T lymphocytes,
but reflected a markedly more aggressive T cell infiltrate in the pancreatic
islets. When administered after the onset of insulitis, anti-CTLA-4 had no
detectable effect on the development of diabetes. Thus, CTLA-4 appears to
have a key role in the initiation of diabetes. Recent studies also support an
important role for B7-CTLA-4 interactions during the induction of anergy.
Adoptive transfer of TCR transgenic T cells and administration of
anti-CTLA-4 MAbs to mice given antigen by a tolerizing regimen resulted
in the development of antigen-reactive T cells and cytokine production, sug-
gesting that tolerance induction may require productive B7-CTLA-4 inter-
actions (160). Whether CTLA-4 signals can be manipulated to induce/
sustain tolerance to self-antigens is an area of active investigation.

6.6. CD40 Blockade

CIA was one of the first model systems in which disruption of
costimulatory interactions was shown to have therapeutic value. Durie et al.
found that disruption of CD40-CD154 interactions prevented the onset of
CIA (161). Treatment of NOD mice with anti-CD154 also prevented insulitis
and diabetes if antibody was administered at 3–4 wk of age (162). Cytokine
analysis of treated mice revealed a decrease in IL-2 and IFN- production
without an increase in IL-4. However, if anti-CD154 treatment was started
later than 9 wk of age, insulitis and diabetes developed, suggesting a limited
period of time when CD40-CD154 are required.

Like the B7/CD28 pathway, the role of CD40-CD154 interactions also
has been evaluated in EAE. Initial studies focused on the expression of CD40
and CD154 within the brain of MS patients. Activated T cells expressing
CD154 were found in MS brains but not control brains (97). Additionally,
these T cells were colocalized with CD40 positive monocytes and microglia
cells in active lesions. Gerritse et al. also treated mice with an antibody to
CD154, which disrupted the interaction with CD40. Treatment with anti-
CD154 either at the time of induction or after initial onset resulted in dra-
matic disease reduction. Work done by Samoilova et al. demonstrated that
anti-CD154 treatment did not cause anergy or deletion of autoreactive T
cells, but instead caused a Th2 skewing (163). IFN- was markedly sup-
pressed while IL-4 was elevated in anti-CD154 treated mice. However,
another study suggests that inhibition of Th1 responses and not Th2 skew-
ing may mediate the beneficial effects of CD40-CD154 blockade. In a model
of relapsing EAE, anti-CD154 administration at either the peak of disease or
during remission did not affect T cell proliferation, IL-2, IL-4, IL-5, or IL-10
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production (164). However, IFN- production was dramatically decreased
along with peptide specific delayed-type hypersensitivity responses and gen-
eration of encephalitogenic effector cells. Adding support to the importance
of CD40 for Th1 differentiation in EAE is a study indicating that the protec-
tive effects of anti-CD154 blockade can be overcome by coadministration
of IL-12 (165).

Similar protective effects were seen with CD40 blockade (166,167) and
long-term disease inhibition was generated after combined treatment block-
ing both CD40 and CD28 pathways (168) in lupus models. Several studies
have investigated the expression of costimulatory molecules in SLE patients
and have found elevated levels of CD154 (169,170) and dysregulated
expression of B7-1 and B7-2 (171).

In summary, many studies indicate the CD40-CD154 and B7-CD28 path-
ways have a key role in the pathogenesis of autoimmunity and that blockade
of these costimulatory interactions has therapeutic potential during the ini-
tiation and/or progression of autoimmune disease. B7-CTLA-4 interactions,
in contrast play a critical role in preventing the activation of self-reactive T
cells and blockade of B7-CTLA-4 interactions can exacerbate autoimmu-
nity. However, the need for B7-CD28 costimulation differs among naive,
recently activated, and memory T cells, but CD28 and CTLA-4 appear to
have opposing effects on T cells with various activation histories. CD28
lowers the threshold for effective TCR activation, and may enhance lower
avidity interactions during autoreactive T cell responses. In contrast, CTLA-4
may increase the threshold for T cell activation and thereby prevent
undesired activation by low-strength TCR signals, which may be needed for
survival of naive and memory T cells and protect against autoimmune
responses.

6.7. Genetics of Autoimmune Disease and Costimulation

Mutations in genes encoding critical immunoregulatory molecules can
lead to immunodeficiency or lymphoproliferative syndromes in mice and
humans. The importance of the B7-CD28/CTLA-4 pathway for T cell acti-
vation, tolerance, and autoimmunity has suggested that dysregulated expres-
sion or mutations in the genes encoding ligands and/or receptors could play
a significant role in the pathogenesis of human disease. Rodent models for
the major human autoimmune diseases are under intense genetic analysis.
Genome-wide linkage studies have indicated that in each model, multiple
genetic loci are involved. Candidate genes are being identified. Strikingly,
in a number of animal models of autoimmune diseases including diabetes,
lupus, autoimmune ovarian dysgenesis, and EAE models, there is a linkage
to a genetic interval on chromosome 1 that encompasses the CD28/CTLA-4
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locus. The significance of this linkage is further highlighted by reports that
in human type I diabetes, there is linkage in a syntenic region containing the
CD28/CTLA-4 locus (172,173). There are numerous reports of polymor-
phisms in the CTLA-4 gene in autoimmune diseases including type I diabe-
tes, Grave’s disease, Addison’s Disease, and MS (174). Further studies are
needed to determine if the etiological mutation is within or in close proxim-
ity to the CTLA-4 gene and whether these polymorphisms lead to altered
expression of genes or altered protein function. The locus encompassing
B7-1 and B7-2 also has been identified as an important susceptibility locus.
For example, in a genetic analysis of susceptibility to EAE , two of seven loci
showing evidence of significant linkage mapped to mouse chromosome 16
(p < 0.05), but the two loci with strongest linkage to EAE mapped to other
chromosomes (175). Autoimmune ovarian dysgenesis maps to a single major
immunoregulatory locus on mouse chromosome 16, but further studies are
needed to determine its proximity to the B7 locus on chromosome 16.

7. CONCLUSION
Although there are many factors that regulate the differentiation and

response of a naive T cell, one critical interaction is that of costimulatory
molecules. Engagement of CD28 on T cells provides key secondary activa-
tion signals that can prevent the induction of anergy, upregulate additional
costimulatory molecules and cytokine receptors, and promote T cell sur-
vival. These same signals enhance the production of cytokines by increasing
both transcription and mRNA stability, which can influence T cell differen-
tiation. In contrast to the effects of CD28, CTLA-4 functions to
downregulate T cell responses by limiting proliferation and downregulating
cytokine receptors. Additionally, recent studies indicate that CTLA-4 has
an important role in regulating the differentiation of Th cells because in the
absence of CTLA-4, T cells are skewed toward Th2 production. CTLA-4
also may stimulate TGF- production. Engagement of CD40 on APC paral-
lels the effects of CD28 on T cells. CD40 functions to activate the APC to
express B7-1 and B-2, along with upregulating cytokine production and pro-
moting survival. The cytokines produced by the APC act as part of a critical
regulatory loop that controls the differentiation of naive T cells. Cytokines
can regulate the expression of both costimulatory receptors and ligands. The
dramatic effects of disruption of the B7-CD28/CTLA-4 and CD40-CD154
pathways in a number of models of autoimmunity demonstrate the critical
role of these pathways in the pathogenesis of autoimmunity. Therefore, these
pathways represent important therapeutic targets for controlling human
autoimmune diseases. Further studies are needed to learn how to most effec-
tively manipulate these pathways to control autoimmune disease.
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and Autoimmunity

Mark Exley and S. Brian Wilson

1. INTRODUCTION
Autoimmune diseases are disorders of complex etiology, involving envi-

ronmental triggers interacting with a polygenic susceptibility background.
Genetic studies demonstrate that a combinatorial admixture of susceptibil-
ity and protective genes influences development of disease (1). Longitudi-
nal studies on twins or large cohorts of at-risk individuals indicate that many
high-risk subjects do not develop overt disease (2,3). In fact, once the
nefarious event initiating these disorders occurs, the subsequent autoimmune
diseases are typically characterized by a chronic smoldering inflammation.
This is in marked contrast to the tempo of most host-immune responses to
infectious agents. Although epigenetic events may explain incomplete pen-
etrance of genetic risk, it is less clear why autoreactive T cells and antibod-
ies are often detectable in the circulation of at-risk relatives as well as in
healthy human leukocyte antigen (HLA)-matched controls that never go on
to develop disease (4). The same is true in animal models of autoimmunity,
where a significant fraction of the animals in a homogeneous colony remain
disease-free despite prominent evidence of autorecognition (5–7). These
observations suggest that the presence of autoreactive T cells and antibodies
are not sufficient to confer disease but that additional immune abnormalities
must occur to result in disease.

The definition of a spectrum of Th phenotypes, with extremes of T helper 1
(Th1) and Th2 subsets of CD4+ T cells has provided a framework to explain
the cellular basis for the diversity of T and B cell responses seen in normal
immune responses and autoimmunity (8). For example, Type 1 diabetes is T
cell-mediated disorder with a strong and requisite Th1 bias (9–11). Th1 cells
are biased toward secretion of interferon- (IFN- ), tumor necrosis factor-
(TNF- ), and interleukin-2 (IL-2) and promote inflammatory cellular
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immune responses (12,13). Th2 cells are biased toward secretion of IL-4,
IL-5, IL-6, IL-10, and IL-13, induce strong humoral immunity dominated
by distinct antibody isotypes, and reciprocally inhibit Th1 responses. The
cellular mechanisms integrating the drive to Th1 or Th2 effector-cell differ-
entiation are poorly understood.

Over the past 10 years, several studies identified a unique family of CD1d-
reactive T cells with many of the functional characteristics expected of a
regulatory cell important for integrating Th-balance and peripheral toler-
ance (14). The original subset of CD1d-reactive T cells were historically
called natural killer (NK) T cells because they were found to express cell
surface markers for both TCR+ T cells and NK cells (15). Although the
role of CD1d-reactive T cells in the immune system is not yet fully under-
stood, it is now clear that their dysfunction correlates with the pathogenesis
of T cell-mediated autoimmune diseases (16–20). This chapter will discuss
mechanisms of CD1d-reactive T cell function and the relationship of this lin-
eage to the development of disease.

2. CELL SURFACE PHENOTYPE AND TISSUE DISTRIBUTION
OF CD1d-RESTRICTED T CELLS
2.1. CD1d-Restricted T Cell Receptor Repertoire

CD1d-restricted T cells are a family of T cells originally identified
through the convergence of many lines of investigation associating canoni-
cal T cell receptor (TCR) rearrangements with a regulatory function.
Taniguchi and associates reported the first hint of this function. When these
investigators sequenced the TCRs of several hybridoma clones made from
KLH-specific suppressor cells, the presence of an invariant TCR- chain
(TCRAV14) was noted (21). The sequence detected had a TCR- chain
rearrangement where AV14-AJ281 recombination occurred in the germline
configuration. This means that there were no N/P additions found at the V-J
junction, whereas random additions are a characteristic feature of most TCR
rearrangements. The same workers went on to demonstrate that the invariant
rearrangement was present at a relatively high frequency, 0.5–1% in the thy-
mus and spleen, respectively. In later work, the thymus was noted to have a
similar population of mature thymocytes that did not express CD4 or CD8,
i.e., double-negative (DN) T cells. The invariant V 14J 281+ population was
found to preferentially express TCR V 8 chains and the NK marker CD161
(14,22). The TCR chains pairing with the invariant V 14J 281 chains
were, in decreasing order of frequency, V 8.2, V 7, V 8.3, V 2, and V 8.1.

In a seminal series of experiments, Bendelac and coworkers noted that
thymic and other CD4+, CD161+ T cells were able to secrete burst amounts
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of IL-4, as well as IFN- in response to mitogen stimulation in vivo without
requiring prior IL-4 priming (15,23,24). This is in marked contrast to the
majority of naive peripheral T cells, which require IL-4 priming to
acquire the capacity to secrete this cytokine. The capacity of unprimed
IL-4 secretion made NK T cells a candidate source for early IL-4 required
for the initiation of Th2 responses. Furthermore, unlike most CD4+ and
CD8+ TCR+ T cells, which recognize major histocompatibility complex
(MHC) class II and class I proteins, respectively, invariant V 14J 281 and
other NK T cells are restricted by the nonpolymorphic MHC Class Ib mol-
ecule, CD1d. The development of these T cells was subsequently defini-
tively shown to be dependent on expression of CD1d by the observation that
they did not develop in mice with targeted gene disruptions of the CD1
locus (25,26).

In parallel studies, it was noted that humans had a strikingly
homologousV 24J Q invariant rearrangement whose frequency was also
enriched in the CD4/CD8 DN compartment (27). The murine and human

-chain sequences are highly conserved. Through the coding region of the
CDR3 loop, the two TCR -chains share 90% amino acid identity and the
two amino acids that differ are conservative substitutions (28). Consistent
with the hypothesis of conserved function suggested by the high degree of
sequence homology, murine CD1d-restricted NK T cell clones are cross-
restricted with human CD1d and human V 24J Q clones can recognize
murine CD1d (29). The V 24J Q TCR also pairs with a restricted set of
TCR chains, with V 11 (the human homolog of V 8), V 13, V 8, V 9,
and V 6 found in decreasing order of prevalence (30,31).

The invariant TCR -chain was for many years considered a hallmark
feature of NK T cells. For human V 24J Q+ T cells the requirement for an
invariant rearrangement is not absolute. Both asp and thr were found as natu-
rally occuring functional substitutions for the ser residue encoded as the
terminal amino acid of AV24 exon (32). Subsequent experiments done in
mice defined other noninvariant clones and hybridomas, both with and with-
out the CD161 marker, that are restricted by CD1d (33–36). Despite the use
of other noninvariant V chains in these murine clones, V 8 was still the
preferential TCR -chain partner (33). Both human and murine peripheral
NK T cells were reported to have a nominal three to five amino acid motif in
the CDR3 loop of the TCR chain (33,37). In contrast, most of the CD1d-
restricted T cells in the bone marrow of mice are not invariant, and they
seem to preferentially use V 2 TCR chains (38). While in human bone mar-
row, invariant V 24J Q T cells are detectable, a much larger set of random
rearrangements is found (39). In summary, the cross-species conservation
of CD1d function and the significant homology of invariant TCR sequences
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strongly suggests that a restricted set of antigens/ligands is presented by
CD1d (40,41).

2.2. Surface Phenotype of CD1d-Restricted T Cells

Several cell-surface proteins or combinations of markers have been used
to define the CD1d-restricted T cell population. To date, no single set of
markers definitively identifies this subset of T cells. For example, the com-
bination of V 24 with V 11 is markedly enriched for CD1d reactive T cells
in humans (30). However, the use of this TCR pair to define CD1d-restricted
T cells would exclude from analysis the large family of CD1d-restricted T
cells that use other TCR and/or chains such as the bone-marrow popula-
tion, and would include irrelevant V 24+ V 11+ T cells using other J ele-
ments. Moreover, reports of function based solely on surface phenotyping
should be interpreted with caution. Total NK T cell frequency can expand or
remain stable while the invariant T cells are specifically lost during the
development of disease (19,42,43). In addition, many CD1a-c restricted lines
and clones from human donors are CD161+ (40,44,45). For these and other
reasons, it is best to functionally define “these” cells as CD1d-restricted, as
opposed to the more general term of NK T cell.

Other than the TCR, the sine qua non of cell-surface proteins originally
used to identify NK T cells was CD161 (15). Prior to its CD designation,
this protein was known as NKR-P1A in humans, the only known human
homolog to the murine NKR-P1A-C proteins. In the mouse, the NK 1.1
allele refers to a form of the NKR-P1C protein recognized by monoclonal
antibody (MAb) PK136 (46). This allele is expressed in C57BL, FVB/N,
NZB, and SJL strains of mice.

CD161 is a C-type lectin encoded in the NK locus. This protein is also
expressed by NK cells and up to 10% of T cells. In the mouse, many T cells
expressing CD161 do not recognize CD1d, as significant populations of
CD161+ T cells remain after targeted deletion of the CD1 locus, whereas
there is no residual CD1d reactivity in these knockout mice (25,26,35,41).
Moreover, there are substantial numbers of CD1d-restricted T cells that are
CD161–. The cognate ligand for CD161 on APC and the function of this
protein remain to be defined. Murine NK T cells apparently secreted IFN-
directly in response to ligation of CD161 by MAbs (47). CD161 functions
as a coactivator for CD1d recognition by human invariant clones and liga-
tion of this molecule alone does not activate IFN- secretion (48). An expla-
nation for the discrepancy may be species-specific association of CD161
with lck. Rodent CD161 constitutively associates with lck whereas the
human does not (48,49).
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In rodents, other surface markers have been identified on CD1d-restricted
T cells, which vary according to the strain used. In thymic NK T cells from
C57Bl/6 mice, ratios of 3:2 CD4+ to CD4–, and 4:1 NK lectins Ly49C+ and
Ly49A+

, respectively were found (14). The cells are also Thy1hi, CD5hi,
CD44hi, CD45RBhi, CD161int (NK1.1), CD122int(IL2Rb), CD69int, CD16lo,
HAS–, and CD62L– (14). In the NOD mouse, a murine model for Type 1
diabetes, NK T cells were enriched for by sorting TCR+, CD4/CD8– (DN)
thymocytes, or CD3+, CD112+, Ly49A+ cells from spleen (16,17). Rats also
have a subset of TCR+ cells that express CD161 (50). Unlike the mouse,
this group of cells is largely CD8+. In addition, many of these cells express
RT6, and it this subset that is present in markedly reduced frequency in the
diabetes-prone BB rat (50,51).

The surface phenotyping of CD1d-restricted T cells in humans has been
done using invariant CD1d-restricted clones (19,45,52). Individual donors
vary considerably in the frequency CD4+ to CD4– CD1d-restricted T cells.
Human clones derived from peripheral blood have all been CD69+,
CD161var, CD94var, CD16–, CD57–, and CD158– (Ig-domain NK cell killer
inhibitory receptors, KIRs) (19,32,45). The CD8 molecule appears to have
activation-dependent expression with upregulation of only the CD8
isoform after stimulation (19,32). There is some uncertainty about CD56
expression (53). Ex vivo, at least some invariant clones expressed CD56
that may be lost in culture (54,55). Another large set of clones derived from
peripheral blood of multiple donors were all CD56–, suggesting the possi-
bility of donor variability or differential regulation of cell-surface markers
in vivo compared to in vitro (19,32,45). V 24J Q lines and clones derived
from liver biopsies variably expressed CD56+ (53). The CD56 marker was
associated with enhanced cytolytic activity. Recently we have developed a
MAb, 6B11, specific for the invariant CDR3 loop of the AV24AJ18 rear-
rangement. In the peripheral blood of healthy donors, the cell population
that was both Vb11+ and 6B11+ were found to be 60–70% CD161+, 20–30%
CD56+, 60–80% CD8 +, 20–60% CD4+, and <5% CD158+. In contrast,
the bone marrow contains a high percentage of CD161+ CD1d-restricted T
cells, which do not use the invariant V 24J Q TCR chain (39). There-
fore, CD1d-restricted T cells includes invariant “NK T cells” and other more
heterogeneous and ill-defined populations.

2.3. Tissue Distribution of CD1d-Restricted T Cells

CD1d-restricted T cells can be detected in most sites where T cells are
found, but show preferential enrichment in certain tissues. They account for
10–30% of liver and bone-marrow T cells, 10–20% of mature thymocytes,
and 0.5–1% of splenocytes (14,56). In the gut, the lamina propia appears to
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be enriched for these cells, whereas they are excluded from the intra-epithe-
lial lymphocyte (IEL) fraction (57). The frequency of CD1d-restricted T
cells in peripheral lymph nodes is quite variable. It is unclear at this time
whether there is specific tissue recruitment during an inflammatory
response. Conversely, there is only minimal published data on total NK
T cell frequency indicating specific loss at sites of autoimmune destruc-
tion. We have found that the invariant V 14J 281 population is specifi-
cally lost from the Islets of NOD (diabetes-prone) during the transition to
the destructive phase of insulitis.

In general, the tissue distribution of invariant CD1d-restricted cells
appears to parallel antigen-presenting cells (APC) expressing CD1d, but
comprehensive histologic analysis of the cellular architecture in different
species is lacking. A limited number of histologic studies in the mouse sug-
gest that CD1d-restricted T cells segregate to areas of immunologic interest
(58). In the MHC class II null mouse, where NK T cells make up 30% of
CD4+ T cells (notably not all NK T cells were CD1d-reactive), they were
found clustered in B cell follicles and in the marginal zone of the spleen
(59–61). Moreover, during the development of anterior-chamber immune
deviation (ACAID), which requires CD1d-reactive T cells, TCR+, CD161+

T cells were found in apposition to the F4/80+ APC (62). These clusters
were located in marginal zone of the spleen and not in B cell follicles. The
data suggests that these cells segregate to areas of intense sampling of anti-
gen and apoptotic cells (e.g., thymus and gut) by APCs.

3. CD1d RECOGNITION AND LIPID LIGAND RECOGNITION
3.1. CD1 Expression

Five nonpolymorphic genes on chromosome 1 encode the human CD1
family. The intron-exon structures are similar to those for MHC class I genes
from the MHC locus on chromosome 6. The encoded proteins have homol-
ogy to both MHC class I and Class II proteins. Of the five genes, only CD1
a-d have been shown to be expressed as proteins. Calabi and Milstein desig-
nated the CD1a-c genes as group I, and CD1d (and e) as group II on
the basis of sequence homology (63). Rats and mice appear to have
lost the group I genes and mice have a duplication of the CD1d locus
giving the CD1D1 and CD1D2 genes (14,40). In the C57/BL6 background
there is a nonsense mutation in the CD1D2 coding sequence that ablates
expression. This point mutation is not present in BALB/c, AKR, NOD, or
129 strains of mice (14). The group I proteins, CD1a-c, appear to function
by sampling various intracellular compartments for presenting microbial
glycolipid antigens to cytotoxic T lymphocyte (CTL) (40,64,65). Current
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evidence suggests that CD1d-based activation primarily subserves an
immunoregulatory function, although this axis may also be involved in the
presentation of lipid antigens after infection by malarial or trypanasomal
parasites (66).

Many predictions based on sequence- and antigen-recognition studies
were verified with the solution of the crystal structure of murine CD1d.
CD1d forms a complex with 2 microglobulin and the overall architecture
of the protein is strikingly similar to MHC Class I, although the nature of the
antigen-binding groove is quite distinct (67). The groove is narrower, deeper,
and is very hydrophobic. In addition, both ends of the antigen-binding
groove appear to be roofed over leaving a smaller central opening to two
large hydrophobic “pockets,” termed A’ and F’, respectively. Although the
exact structure of the antigen could not be determined, the electron-density
pattern of bound ligand was that of an unbranched chain. This structure is
incompatible with the presence of a peptide. Confirmation that CD1d pre-
sents lipid was verified by: (1) the identification of -galactosylceramide
( -GalCer) purified from marine sponges as a potent agonist for both murine
V 14J 281 and human V 24J Q invariant T cells (68–70); (2) elution of
glycophosphatidylinositol from purified CD1d1 (which was not an activating
ligand) (71); and (3) direct demonstration that CD1d binds promiscuously to
the lipid portion of the antigen (72). This binding occurs in a fashion analo-
gous to the presentation of lipids by the CD1a-c molecules (40,64,65) with the
exquisite specificity of T cell recognition dictated by the polar head groups.

It has been shown that CD1d proteins are widely expressed on cells of
hematopoetic origin in both humans and mice, although in humans its
expression appears to be more tightly regulated. In the mouse CD1d expres-
sion is particularly strong on marginal-zone B cells and CD8 + dendritic
cell (DC) populations (58,73). The function of CD1d on marginal-zone B
cells is unclear because it is not required for their development. In contrast,
CD1d on the surface of DC may be of particular importance. DC appear to
be necessary for the functional activation of invariant NK T cells in vivo by
the administration of -GalCer (74–76).

In the peripheral blood of humans, CD1d is found at low levels on B cells
and monocytes, but was not found on resting T cells (40,77). Conversely,
activated T cells can express low levels of CD1d. It does not appear that
human T cells or B cells expressing CD1d are able to activate V 24J Q+ T
cells, while in the mouse CD1d-restricted hybridomas clearly have a spec-
trum of APC preferences (34,78). Monocytes promptly lose CD1d on cul-
ture in vitro but regain expression when differentiated into myeloid DC) by
culturing with granulocyte-macrophage colony stimulating factor (GM-CSF)
and IL-4 plus various maturation agents (79–81). Immunohistochemical
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analysis confirmed that this molecule was preferentially expressed on DC in
the paracortical T cell zones of the lymph node in vivo (81). In lymph node
biopsies demonstrating granulomatous inflammatory response, striking
CD1d staining was also found on epithelioid histiocytes in both caseating
granulomas of Mycobacterium tuberculosis infections and nonmycobacterial
granulomas. Whereas in the mouse, the major form of CD1d found in the
mouse is complexed with 2-microglobulin, structural variants lacking this
association and of unclear function are expressed on human thymocytes and
enterocytes (77,82). Thus, the parallel patterns of CD1d expression by APC
and CD1d-restricted T cell localization suggests that their regulatory func-
tion is effected by interaction with these APC, resulting in the subsequent
functional activation of CD1d-restricted T cells.

3.2. Specificity of Lipid Antigen-Recognition
by CD1d-Restricted T Cells

The identity and spectrum of endogenous lipid antigens recognized by
CD1d-restricted T cells remains largely unknown. Inroads into the identifi-
cation of the endogenous ligands have recently been made by the develop-
ment of in vitro CD1d antigen-presentation systems. This approach was used
to purify phosphatidylinositol from RMAS cell extracts and demonstrate
that this was the cell-derived antigen for a single hybridoma expressing an
invariant V 14J 281 TCR (83). Additional unidentified lipids appear to be
capable of activating other invariant as well as noninvariant hybridomas
(34,83). Murine CD1d-restricted hybridomas were also shown to have dif-
ferential preference for APC reactivity (78). Discriminatory recognition of
APC did not appear to correlate with the presence of invariant TCR V
chain (34). Further analysis of CD1d restriction demonstrated that intracel-
lular trafficking of the CD1d molecule appeared to dictate recognition.
Invariant V 14+ hybridomas were strongly biased towards recognition of
wild-type CD1d. The noninvariant hybridomas were activated with equiva-
lent efficiency by wild-type CD1d, or a truncated molecule lacking the cyto-
plasmic tail that encodes an endosomal trafficking signal (34). Activation
by -GalCer also appears to be relatively specific for invariant V 14+ and
V 24+ cells (39,68,84). Moreover, agents that interfere with endosome
acidification abrogated recognition of this ligand by invariant NK T cells
(68). In contrast, most noninvariant NK T cells are relatively indifferent to
the addition of -GalCer.

Direct binding studies demonstrate that CD1d acts as a lipid sink without
strict restriction on the di-acyl chain length for presentation (72). Thereby
sampling a variety of lipids available in APC in much the same way as MHC
Class II proteins functions with peptides. However, CD1d-restricted T cells
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are exquisitely sensitive to structural variations in the glyscosyl head and are
selectively activated only by those stereoisomers of the appropriate confor-
mation (68,70,84). Thus, the data suggests that the nature of the APC and
subcellular source of the antigen regulate activation of CD1d-restricted T cells.

4. FUNCTION OF CD1D-RESTRICTED T CELLS
The early studies demonstrating that CD1d-restricted T cells were capable

of burst secretion of IL-4 in an unprimed fashion made this family of T cells
a primary candidate for initiating Th2 immune responses. The large body of
data collected since this observation suggests a more complex role for these
cells. CD1d-restricted T cells have been shown to be critical for tumor sur-
veillance, control of viral infections, initiation of antigen-specific tolerance,
maintenance of the gravid state, and in the control of autoimmune disorders
(16,19,62,85–87). Data from these various model systems will be discussed
in order to help build an integrated model for the regulatory function of
CD1d-restricted T cells.

4.1. Regulation of T Cell Th Phenotype

CD1d-restricted T cells were thought to effect a Th2 bias of immune
responses through their capacity to secrete IL-4, but the direct cellular tar-
gets for their immunomodulatory function(s) have remained enigmatic. The
early observation of burst IL-4 secretion initiating a Th2 response was in
part supported by the generation of a V 14J 281 transgenic mouse (23). In
this animal, CD4+ T cells exhibited a 10- to 100-fold increase in the capacity
to secrete IL-4 on stimulation and had elevated levels of IgE. However, mice
lacking 2-microglobulin as well as those whose CD1d locus was ablated
by gene targeting retained the capacity to generate antigen-specific Th2
responses at both the cellular and antibody level (25,26,88). An absolute
requirement for IL-4 priming of Th2 responses by CD1d-restricted T cell
population was also called into question when it was found that these T cells
can support Th2 differentiation in an IL-4 receptor-deficient mouse (89). In
addition, CD1d-restricted T cells were the source of T cell help and IFN-
required for functional CD8+ CTL activation in murine leshmania infection
(90). Moreover, administration of -GalCer to pregnant mice resulted in
abortion, which was dependent on IFN- and perforin and not IL-4 (86).
Clearly, the context in which the activation of CD1d-restricted T cells occurs
can have major and disparate effects on the function of these cells.

To investigate the consequences of TCR activation in human invariant T
cells, clones were examined by transcriptional profiling using high-density
oligonucleotide arrays. Significantly, this family of T cells was capable of
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expressing an unusually broad panel of cytokine, chemokines, and costimu-
latory proteins (Fig. 1). Activation of V 24J Q T cell clones resulted in
transcriptional upregulation and secretion of cytokines important for the
recruitment and differentiation of myeloid dendritic cells (DC1) including
IL-4, GM-CSF, TNF- , CD40L, and 4-1BB (91). Peripheral-blood mono-
cytes cultured in the presence of IL-4 and GM-CSF differentiated into DC1
DC and expressed CD1d (81). Moreover, V 24J Q T cell clones efficiently
lysed these cultured DC in a CD1d-restricted fashion. Because human DC1
DC are integral to the genesis of Th1 immune responses, their susceptibility
to lysis by V 24J Q T cells may be part of a negative-feedback loop in cell-
mediated immune responses (Fig. 2).

4.2. Tumor Surveillance

Several studies demonstrated that V 14J 281 T cells play a critical role
in tumor surveillance and in control of metastasis. In the J 281 knockout
mice, which are incapable of generating the V 14J 281 TCR- chain, these
cells were shown to be required for IL-12-mediated rejection of tumors (85).
V 14J 281 T cells were shown to have NK-like activity, and be necessary
and sufficient for the control of metastases of several types of sarcomas and
carcinomas (85,92). This function was markedly augmented by the addition

Fig. 1. Transcriptional induction of genes for cytokines and cytolytic enzymes
in activated human V 24J Q T cells. V 24J Q T cell clones were activated with
soluble anti-CD3 or IgG1 control, and specific mRNA levels were quantitated on a
DNA microarray genechip (Affymetrix, San Jose, CA). The values for the number
of copies of specific mRNA per million after treatment with IgG1 control are repre-
sented by open circles, and their corresponding copy numbers after activation with
anti-CD3 treatment by closed circles.
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of -GalCer, and the immunopotentiating effect was the result of direct
interaction with DCand necessitated the secretion of IL-12 by DC (74–76).
Importantly, V 14J 281 T cells were also required for endogenous IL-12-
mediated protection from spontaneous tumors initiated by chemical carcino-
gens (92). In another model, C57/Bl6 mice were protected from challenge
with melanomas if they had first been vaccinated with an irradiated nonviable
melanoma genetically engineered to secrete GM-CSF (93). This protection was
completely abrogated in the CD1d knock out mouse (94). Furthermore, this loss
of protection was demonstrated to be in part the result of a failure to functionally
mature the myeloid DC lineage in the knockout mice.

Human patients with melanoma, like Type 1 diabetics, had fewer circu-
lating CD161+ V 24J Q+ T cells (95). These findings have been verified in
patients with prostate cancer (Exley, M., unpublished results). Furthermore,
and in complete contrast to the patients with Type 1 diabetes, the residual
population of CD161+ V 24J Q+ T cells in the cancer patients had a strik-
ing Th2 polarization. This Th2 polarization was lost on recovery from dis-
ease as this profile was not found in prostate-cancer patients in remission
(Exley, M., unpublished results).

Fig. 2. A model demonstrating the interaction of CD1d-restricted T cells with
myeloid dendritic cells (DC). Activation of invariant V 24J Q T cells results in
the secretion of cytokines and chemokines important for myeloid DC recruitment
and activation. In addition, important cell surface costimulatory molecules are also
expressed. During myeloid DC maturation, CD1d is upregulated and activates CD1d-
restricted T cells. In addition to the secretion of cytokines and chemokines, activated
V 24J Q T cells upregulate perforin, granzyme B, and Granulysin. The CD1d-
dependent secretion of these molecules then results in the lysis of myeloid DC.
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There is also compelling evidence that tumor immunity and some forms
of autoimmunity are closely related. The development of genetic and bio-
chemical methods for the identification of tumor antigens has revealed that
normal differentiation proteins, much like autoantigens, can serve as targets
for T lymphocyte and antibody responses in patients with autoimmune dis-
orders or cancer (96–99). The most convincing example of immune
surveilance as important for containing or rejecting tumors occurs in malig-
nant melanoma (93). Vaccination and adoptive T cell immunotherapies have
induced both tumor destruction and the death of normal melanocytes in both
murine models and in clinical trials of melanoma therapy. These connec-
tions between tumor immunity and autoimmunity suggest that common
mechanisms may underly the development of both responses.

4.3. Autoimmunity

Several lines of evidence clearly show that dysfunction and/or dimin-
ished frequency of CD1d-restricted T cells correlates with the development
of autoimmunity in both rodents and humans (19,16,42,100). In several
murine models of autoimmunity, V 14J 281+ T cells were shown to be
present in diminished numbers and to decrease in frequency prior to the
onset of disease (16,43,101). Autoimmunity in these rodents was tempo-
rally accelerated by depletion of CD161+ T cells and delayed by generating
mice transgenic for the V 14J 281 TCR (43,87,102). Although the selec-
tive loss of CD1d-restricted T cells has been associated with several autoim-
mune disorders, qualitative changes in function of these cells are likely to be
more important. The SJL mouse, a mouse strain highly susceptible to
experimental allergic encephalomyelitis, has in addition to a decreased num-
ber of NK T cells, a striking functional defect in these cells on activation
(100). In this mouse there is a mutation in the promoter for CD161 resulting
in diminished expression of this protein (14). Whether this defect in expres-
sion relates to the noted functional defect and the development of disease
has not yet been determined. Notably, the loss of invariant V 24J Q T cells
is also an immunologic hallmark of multiple sclerosis (MS) (20).

The nonobese diabetic mouse (NOD) and the diabetes-prone BB rat are
also severely deficient in CD1d-restricted T cells, and the quantitative
defects are associated with a reduced ability to secrete IL-4, IL-10, and IFN-
in response to stimulation (16,50,103). Development of diabetes in both
these rodent models was prevented by adoptive transfer of CD1d-restricted
T cells (16,50). In the NOD mouse, the protective effect of adoptive transfer
was dependent on IL-4 and IL-10 (104). The concomitant administration of
anti-IL-4 or anti-IL-10 cytokine-specific antibodies ablated the protective
effect of the adoptively transferred V 14J 281 T cells. As indicated by
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experiments using anti-cytokine antibodies or transgenic overexpression of
the V 14J 281 TCR chain, protection was not dependent just on
increased numbers of CD1d-restricted T cells. A direct demonstration of the
importance of function was demonstrated by the generation of NOD mice
with markedly elevated frequencies of CD1d-restricted T cells resulting
from the transgenic overexpression of the V 14J 281 TCR chain (87).
Despite the resultant large population of CD1d-restricted T cells, these
transgenic mice were only partially protected from developing diabetes.
Maximal protection was specifically associated with lines of transgenic mice
whose CD1d-restricted T cells had the highest levels of cytokine production
after activation. CD1d-restricted T cells lines derived from the spleens of
NOD mice were also found to be markedly defective in cytokine secretion
after activation. In fact, this family of cells responded particularly poorly to
IL-12 coactivation of IFN- secretion (17). In subsequent cell transfer
experiments, protection from diabetes was associated with IL-12 treated
lines which demonstrated an enhanced ability to secrete IFN- relative to
IL-4. The apparent contradictory observations between the anti-IL-4 MAb
treatment in vivo and the IL-12-matured transfer experiments is likely owing
to different tissue sources of donor lines (16,17,104), and that -GalCer
activation requires IL-12 and autocrine IL-4 in vivo (105). Treatment of
NOD mice with -GalCer protects them from the subsequent development
of diabetes (Wilson, S. B., unpublished results) Administration of the lipid
results in the specific recruitment of V 14J 281 T cells to the Islets of
Langerhans. Perhaps more importantly, -GalCer administration specifi-
cally alters DC subsets in the pancreatic lymph nodes draining this organ.
Treatment with -GalCer results in a specific loss of CD11c+ CD8 + DCs
and accumulation of CD11c+ CD8 - DCs. The CD11c+ CD8 + subset of
DCs are thought to be a major source of IL-12 and promote Th1-biased
responses and CD11c+ CD8 - DCs transfer protection from diabetes
(73,106–108). In the spontaneously diabetic NOD mouse, and in TCR
transgenic models of diabetes, activation of insulitis occurs first through DC
recruitment to the pancreatic Islets and lymph nodes (LNs) (109–112).
Therefore, changes in the CD1d-restricted T cell/DC axis is associated with
the development of diabetes in the NOD mouse.

Defective function is also seen in CD1d-restricted T cells cloned from
human patients with type 1 diabetes (19). We recently demonstrated that in
a set of monozygotic twins discordant for insulin-dependet diabetes melli-
tus (IDDM), invariant V 24J Q+ T cells were found to be present at sig-
nificantly higher frequencies in the nonprogressing sibling as compared
to their diabetic twin (19). Reduced circulating and tissue-specific frequen-
cies of V 24J Q+ T cells have also been seen in rheumatoid arthritis (RA),
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systemic sclerosis, and MS (20,40,42). Moreover, V 24J Q+ T cell clones
from autoimmune diabetics exhibited an extreme Th1 bias, secreting only
IFN- while those from IDDM nonprogressors and normals secreted both
IL-4 and IFN- (19). When examined by DNA microarrays, activation of
V 24J Q T cell clones demonstrated markedly discordant expression pat-
terns for gene families representing cytokine/chemokines, anti-apoptotic
genes, Ca2+ signaling molecules, and Th-specific transcription factors (91).
Therefore, the clones derived from diabetic patients were dysfunctional with
regards to the expression of cytokine and costimulatory molecules impor-
tant for regulating the immune deviation for which CD1d-restricted T cells
are responsible. In addition, DC function has been noted to be defective in
individuals at high risk for the development of type 1 diabetes and in patients
with the disease (113). The parallels in quantitative and qualitative dysfunc-

Fig. 3. Activation of CD1d-restricted T cells regulates immune responses by
changing the balance of dendritic cell (DC) subsets. Because human myeloid-
derived DC (DC1) and lymphoid-derived DC (DC2) regulate CD4+ Th cell
responses, the specific lysis of DC1 cells by V 24J Q T cells suggests that their
immunomodulatory function is not limited to Th2 bias induced by IL-4 secretion.
When cocultured with T cells, DC1 cells secreted high levels of IL-12 and induced T
cells with a Th1 phenotype. Coculture of T cells with DC2 cells induced a marked Th2
response. Thus, the specific lysis of myeloid dendritic (DC1) cells by V 24J Q T
cells may serve as a negative feedback mechanism for limiting Th1 T cell responses.
Although there is strong evidence in the mouse that different DC subsets recipro-
cally regulate T cell phenotypes, there is no data available on the direct interaction
between murine invariant V 14J 281 T cells.
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tion of CD1d-restricted T cells seen between the rodent models and human
type 1 diabetes are therefore striking.

5. SUMMARY
CD1d-restricted T cells are important regulators of several different

immune responses. Appropriate or inappropriate activation of this family of
T cells has a profound impact on the course of the subsequent immune
response. Although the spectrum of CD1d-restricted T cell populations and
the functional consequences of CD1d expression on various APC remains to
be defined, a critical two-way interaction of these T cells with DC subsets
provides a unifying hypothesis for many of their reported functions (Fig. 3).
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Role of T Cell Death and Cytokines

in Autoimmunity

Luk Van Parijs and Abul K. Abbas

1. INTRODUCTION: CELL DEATH IN THE IMMUNE SYSTEM
The immune system is effective at fighting a vast diversity of microbes

and eliminating toxic substances. In contrast to most other organ systems,
the total number of immune cells can increase by a factor of two or more in
a few days following an infection. This increase is often attributable to a
1000- to 50,000-fold expansion of the lymphocytes specific for the antigens
of the microbe. At the same time, the immune system continuously gener-
ates new lymphocytes, each specific for a different antigen, in the hope that
one or more of these will prove useful against future infections. In the face
of this massive production of cells, the immune system has developed
mechanisms to eliminate lymphocytes, so that it can maintain an optimal
size and a balanced representation of cells. These mechanisms rely on an event
called programmed cell death, or apoptosis.

The immune system also faces the challenge of preventing lymphocytes
that express receptors specific for self-antigens from becoming activated
and causing autoimmunity. Many of these harmful cells are eliminated by
apoptotic cell death, either as they mature in the bone marrow or thymus, or
when they respond to autoantigens in the body.

To balance the opposing needs of the immune system to eliminate harm-
ful and excess cells while maintaining and amplifying protective ones,
apoptosis has to be tightly regulated. As we shall discuss in this chapter,
many of the signals that control lymphocyte cell death are regulated by
cytokines. These soluble proteins provide a mechanism whereby useful cells
can be identified and protected from apoptosis, while those that are defec-
tive or that respond to self-antigens can be targeted for elimination. As a
consequence, defects in cytokine production or their signaling pathways are
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frequently associated with defects in cell death, and often have pathologic
consequences.

2. MOLECULAR BASIS OF PROGRAMMED CELL DEATH
Lymphocytes and other cells can die as a result of a number of insults,

including infection with microbes, trauma, and exposure to toxic substances.
In many cases, these insults disrupt cellular metabolism or the integrity of
the plasma membrane to an extent that they cause the cell to take up water
and swell, and, ultimately, burst, spilling the cellular contents into the extra-
cellular milieu. This disorganized, unprogrammed, and pathologic  form of
cell death is known as necrosis (see Table 1).

Cells also die in a more orderly manner by apoptosis (see Table 1). This
form of death is characterized by several morphological phases. After
apoptosis has been initiated, a cell releases contacts with its neighbors and
starts to shrink by condensing its nucleus and cytoplasm. At the same time
the plasma membrane starts to involute, and, ultimately, the whole cell
breaks down into smaller apoptotic bodies. During this process, the nuclear
envelope and nucleolus dissolve, and the cell condenses its chromatin, which
is then cleaved into characteristic fragments of about 180 bp by specific
endonucleases. The cell signals that it is undergoing apoptosis by allowing
certain phospholipids, such as phosphatidyl serine, to flip from the cytoplas-
mic to the extracellular face of the plama membrane. These molecules serve
as receptors for phagocytic cells that eliminate the apoptotic bodies. In con-
trast to necrosis, cell death by apoptosis does not result in the release of
cellular contents, and therefore prevents the spread of intracellular patho-
gens and limits the inflammation caused by the dying cell. Apoptosis is not
entirely immunologically silent, however, because antigen-presenting cells
such as dendritic cells (DC), may acquire self- and foreign-antigens from
apoptotic bodies and present these to T lymphocytes.

The genetic program that underlies apoptosis was first elucidated in the
nematode, Caenhorhabditis elegans (1). Eleven genes have been identified
that are required for programmed cell death in this organism, but most of the
principles of this process can be illustrated by considering how three key
genes, ced-3, ced-4, and ced-9 function. Importantly, these genes all have
functional homologs in mammalian cells, and the basic mechanisms of
apoptosis appear to have been conserved throughout evolution (see Fig. 1).

The product of the ced-3 gene is an aspartate-specific cysteine protease.
Mammalian cells have a number of similar molecules, which are collec-
tively called caspases (2). These molecules exist in an inactive form in cells
until apoptosis is initiated, at which time they are cleaved and become acti-
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vated. The apoptosis signal is propagated and amplified by a caspase cas-
cade where each activated casapse in turn cleaves and activates a down-
stream component of the cascade. Finally, the terminal members of the
caspase cascade activate a variety of effector molecules that are responsible
for the cellular changes associated with apoptosis.

Table 1
Different Forms of Cell Death: Apoptosis vs Necrosis

Apoptosis Necrosis

Physiological role Regulated elimination of cells Pathological death of cells
Energy dependent Yes No
Key proteins Caspases (cysteine proteases) None
Condensation of Yes, chromatin cleaved into No, degradation can occur

nuclei and approx 180 bp but yields random-sized
DNA
degradation fragments fragments

Disruption of No, cell dissolves into Yes
 plasma multiple apoptotic bodies
membrane

Phagocytosis of Yes No
 dead cells

Release of intra- Limited Yes
cellular
pathogens

Processing of pro- Yes, especially IL-1 and IL-18 No, but release of cytoplasmic
inflammatory contents results in
cytokines inflammation

Immunological Limited inflammation and T Inflammation
consequence cell responses to antigens

in apoptotic bodies?
Involved in tolerance
induction?

Fig. 1. Molecular basis of apoptosis. Only representative mammalian pro- and
anti-apoptotic molecules are shown.
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The activity of Ced-3, and caspases more generally, is largely regulated
by Ced-9 and related molecules, such as Bcl-2 (3). These block the activa-
tion of caspases and the apoptotic pathway by mechanisms that remain
incompletely understood. Certain homologs of Ced-9 and Bcl-2, such as the
C. elegans protein, Egl-1, and the mammalian proteins, Bad and Bax, have
the opposite function. They promote apoptosis by binding to and inactivat-
ing Bcl-2. Therefore, whether a cell undergoes apoptotis or not is often
dependent on the relative levels of the antiapoptotic and proapoptotic mem-
bers of the Bcl-2 protein family.

Ced-4 and its mammalian homolog, APAF-1, function to initiate
apoptosis by binding to caspases and bringing them together to form oligo-
mers (4). In these complexes, their low-level basal activity results in recip-
rocal cleavage and activation. Antiapoptotic molecules, like Ced-9 and
Bcl-2, may function in part to block the formation of these caspase oligo-
mers by binding to Ced-4. In mammalian cells, apoptosis can be initiated by
a number of other molecules that bind caspases, most notably the death
receptor proteins of the tumor necrosis factor receptor (TNF-R) family that
are discussed later.

3. PASSIVE CELL DEATH AND ACTIVATION INDUCED CELL
DEATH IN T CELLS

The ability to undergo programmed cell death is intrinsic to all cells of
the immune system because they constitutively express the necessary effec-
tor molecules. However, the conditions and signals that cause lymphocytes to
die vary greatly (see Fig. 2). After an infection has been cleared most of the
protective lymphocytes die because the antigen to which they were
responding has been eliminated and they no longer receive growth signals.
Similarly, lymphocytes that do not develop normally die because they can
not respond to extracellular signals that help keep healthy cells alive. This
pathway of cell death is called passive cell death (or “death by neglect”)
because it occurs when lymphocytes are deprived of essential survival
stimuli. However, lymphocytes can also be induced to undergo programmed
cell death by chronic, or repetitive, antigen stimulation. This pathway of cell
death is called activation-induced cell death (AICD) and serves to eliminate
autoreactive cells.

Passive cell death and AICD are distinct not only in terms of their physi-
ological roles, but also in how they are initiated and regulated (see Table 2).
Lymphocytes are protected from passive cell death by antigen recognition,
costimulation, and many cytokines, all of which promote cell survival by
stimulating expression of anti-apoptotic proteins. Therefore, T cells undergo
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Fig. 2. Passive- and activation-induced cell death of T cells.

Table 2
Different Pathways of Apoptosis in T Cells: Passive- vs
Activation-Induced Cell Death

Passive cell death
(“death by neglect”) Activation-induced cell death

Physiological role Homeostatic control of Elimination of mature self-
lymphocyte pool: loss of reactive lymphocytes
T cells that do not
encounter antigen;
elimination of activated
T cells after infection
has been cleared

Induction Absence of antigen and/or Repeated antigenic
growth factors stimulation

Sensitivity of naive Both sensitive Only activated cells sensitive
and activated
T cells

Role of antigen Blocks Induces
Role of IL-2 Blocks Enhances
Role of other Blocks None

growth factors
Role of Fas None Required to induce
Role of Bcl-2, Bcl-x Blocks None

147
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passive cell death when the level and activity of these antiapoptotic mol-
ecules, especially Bcl-2 and its related family members, drops below the
threshold required to inhibit caspase activation. AICD, in contrast, is initi-
ated by a specialized set of proteins that belong to the TNF-R family and are
known as death receptors (5). The best known of these, called Fas, is
expressed on many cell types, including lymphocytes. Death receptors share
a common feature, the presence in their cytoplasmic tails of a conserved
motif called a death domain (see Fig. 3). These domains function as homo-
typic interaction modules that recruit intracellular adaptor molecules called
FADD and TRADD to the crosslinked receptors upon ligation. These adap-
tor proteins in turn bind caspases via a distinct interaction motif called a
death-effector domain. The types of caspases that are recruited to death
receptors are called initiator caspases. By providing a direct link to casapse
activation, death receptors can bypass the inhibition of cell death imposed by
Bcl-2 in most cells. In fact, AICD can be induced in lymphocytes that express
high levels of Bcl-2 and other proteins that block passive cell death (6).

Although Fas is expressed constitutively on T cells, its ligand, FasL, is only
induced on activated T cells that are responding to antigen (see Fig. 4) (7).

Fig. 3. Apoptosis signaling by Fas.
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Therefore, only activated T cells engage Fas and undergo AICD after expo-
sure to antigen. Many autoreactive T cells are chronically stimulated by self-
antigens, which is why they undergo AICD. FasL-expressing T cells are
also responsible for eliminating other harmful cells, including autoreactive
B cells and virally infected cells, by triggering Fas-mediated apoptosis (see
Fig. 4) (8,9). Because activated T cells express FasL during a protective
immune response, the immune system has developed mechanisms to block
AICD in useful cells. One molecule that can perform this function is called
flice inhibitory protein (FLIP) (10). FLIP is highly homologous to caspase
8, the first caspase that is recruited to death receptors and is responsible for
initiating AICD. But FLIP is not catalytically active, and therefore functions
as a competitive inhibitor of this caspase (Fig. 3). Importantly, FLIP is
expressed at high levels in naive lymphocytes, as well as in activated lym-
phocytes that are resistant to AICD. Lymphocytes that lose FLIP expression
following activation become sensitive to Fas-mediated AICD (11). There-
fore this molecule may serve as a switch between immunity and tolerance,
protecting useful lymphocytes from apoptosis while allowing harmful cells
to be eliminated. A number of viruses code for FLIP molecules, possibly to
prevent the cells that they infect from being killed by AICD (10).

Fig. 4. Elimination of autoreactive B and T cells by Fas-mediated cell death.
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4. CONSEQUENCES OF DISREGULATED CELL DEATH
IN THE IMMUNE SYSTEM

The pathophysiologic importance of passive cell death and AICD in the
immune system has largely been defined using animal models with isolated
defects in apoptosis. In transgenic mouse strains that overexpress the
antiapoptotic molecules Bcl-2 or Bcl-x in B or T cells, the lymphocytes are
resistant to passive cell death. These mice have increased numbers of lympho-
cytes and show prolonged responses to antigens (3,6). In contrast, mice that lack
these molecules or that carry transgenes for proapoptotic members of the Bcl-2
family, such as Bad, are more sensitive to passive cell death, and have decreased
numbers of cells (3,6,12). These experimental systems illustrate the role of pas-
sive cell death in maintaining homeostasis in the immune system, as well as
regulating the magnitude and duration of immune responses to foreign antigens.
In most cases, however, disrupting passive cell death does not affect immuno-
logical tolerance or cause autoimmunity by itself. Overexpression of Bcl-2 in B
cells promotes the development of lupus-like autoimmunity in strains that are
prone to autoimmune disease, probably because it increases B cell number and
life-span rather than disrupting a mechanism for maintaining self-tolerance (13).

The importance of AICD in maintaining tolerance to self antigens was
established by studies of the autoimmune prone lpr (for lymphoproliferation)
and gld (for generalized lymphoproliferation disease) mouse models. These
strains develop a systemic autoimmune disease characterized by lymphaden-
opathy, the production of multiple autoantibodies, and nephritis, reminiscent of
human systemic lupus erythematosus (SLE) (14). The discovery that the au-
toimmunity in lpr mice resulted from a defect in the Fas gene, and, later, that gld
mice carried a mutant FasL gene, provided the first molecular link between cell
death and autoimmunity (15). By breeding T or B cell receptor transgenic mice
onto an lpr background, it became possible to follow Fas-deficient T  and B cells
as they responded to antigen. These systems showed that AICD was responsible
for eliminating mature autoreactive lymphocytes as they responded to self-anti-
gen (16,17). More recently, AICD has been implicated in a human disease called
autoimmune lymphoproliferative syndrome (ALPS), which is similar to the dis-
ease seen in lpr and gld mice. Many patients with this syndrome carry mutations
in Fas, FasL, and at least one of the initiator caspases (18,19).

5. REGULATION OF PASSIVE T CELL DEATH BY CYTOKINES

During an immune response, T cells, as well as other cell types, make
cytokines that serve as growth and survival factors. Some of the most important
of these are members of the interleukin-2 (IL-2) family, which includes IL-4,
IL-7, IL-9, and IL-15, as well as IL-2. This group of cytokines share a com-
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mon receptor component, called the common chain, but can also induce
specific signals through unique receptor components (20). The expression of
these receptor components varies during T cell maturation and activation, so
that immature T cells respond to IL-7, mature cells to IL-15, and activated
cells to IL-2 and IL-4. Importantly, all cytokines of this family are able to
protect T cells from passive cell death by inducing signaling pathways that
increase the expression and activity of Bcl-2 and other antiapoptotic mol-
ecules, like AKT/protein kinase B (see Fig. 5) (21,22). Mice that lack the
common chain or IL-7 have greatly reduced numbers of immature T cells.
The lack of IL-7 can be compensated by Bcl-2, suggesting that a major role of
this cytokine is to protect immature lymphocytes from apoptosis (23,24). In
contrast, mice that are deficient in the unique chain of the IL-15 receptor
show decreased survival of mature T cells, implicating this cytokine in main-
taining lymphocyte numbers (25).

Naive and activated T cells are also protected from passive cell death by
inflammatory cytokines, most notably IL-6, and interferon- and - (26).
These cytokines are secreted as part of the innate immune response to an
infection and may function to promote T cell survival in inflammatory tissues.
The mechanisms by which IL-6 and the interferons block passive cell death
are not yet clear, but they appear to stimulate expression of Bcl-2 in T cells.
Certain members of the TNF-R family, especially OX40 and 4-1BB, also can
promote T cell survival. Because these molecules and their ligands are mem-
brane-bound, they are traditionally thought of as costimulatory molecules (27).

6. REGULATION OF AICD AND SELF-TOLERANCE
BY CYTOKINES

In apparent contradiction to its role as an important T cell growth and
survival factor, IL-2 also potentiates AICD. This is most noticeable in T
cells from IL-2-deficient mice or mice that lack the or chain of the IL-2
receptor (IL-2R). These cells do not respond strongly to antigen stimulation
in vitro, but do become activated. Activated IL-2-deficient cells, however,
fail to upregulate FasL or downregulate FLIP, and do not undergo AICD
when repeatedly stimulated (see Fig. 5) (8). Both these molecular defects
result from the failure to activate the IL-2-dependent transcription factor,
Stat5 (28). Stat5 is required to get high-level FasL expression on T cells and
functions to inhibit the transcription of FLIP (see Fig. 5).

Most importantly, mice that are deficient in IL-2 accumulate activated T
cells and develop autoimmunity (8). This proves that IL-2 plays a nonredun-
dant role in terminating T cell responses to self-antigens, whereas its role in
promoting T cell growth and survival can be compensated by other cytokines.
Superficially the autoimmune disease of IL-2-deficient mice appears similar to
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that of lpr and gld mice. All these mice accumulate mature lymphocytes in the
peripheral lymphoid tissues and develop multiple autoantibodies including anti-
double-stranded DNA antibodies. However, in contrast to lpr and gld mice, the
most important autoantibodies in IL-2 knockout mice are directed against red
blood cells and cause a fatal hemolytic anemia. Furthermore, the accumulating
lymphocytes in IL-2-deficient animals are predominantly activated CD4+ T
cells, as opposed to the characteristic double negative (DN) (CD4-CD8-CD3+)
T cells that are responsible for the lymphadenopathy of lpr and gld mice. One

Fig. 5. Dual roles of IL-2 in T cell apoptosis and responses.
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reason for these differences may be that IL-2 is most important for regu-
lating AICD of T cells, whereas in lpr and gld mice Fas-mediated elimina-
tion of both autoreactive T and B cells is defective. IL-2 may also serve
other roles in addition to potentiating AICD that are important in the main-
tenance of self-tolerance. For instance, IL-2 may promote the develop-
ment of regulatory T cells. IL-2-deficient T cells show defects in Th2
differentiation and IL-2 knockout mice also develop inflammatory bowel
disease, a syndrome that is initiated by gut flora and occurs when regula-
tory T cells are absent (29,30).

IL-2 has recently been implicated in the development of induced and
spontaneous autoimmune diseases in mice, such as diabetes and experi-
mental allergic encephalomyelitis (a mouse model for MS) (31,32). In
these disease models, a polymorphism of the IL-2 gene that decreases the
stability of this cytokine appears to increase susceptibility to autoimmu-
nity. It remains to be determined whether this less-stable variant of IL-2 is
defective in promoting AICD or regulatory cell differentiation. The cell
death-regulatory functions of IL-2 also are relevant in human T cells.
Because a number of the autoimmune susceptibility loci identified in mice
also appear to be involved in human disease, IL-2 may turn out to be involved
more generally in self-tolerance and autoimmunity.

A second cytokine that can regulate AICD is IFN- . By activating the
transcription factor Stat1, this cytokine increases the expression of caspase
molecules, particularly those involved in Fas signaling (caspase 3 and 8)
(33). It is likely that this higher level of caspases makes T cells more sen-
sitive to Fas crosslinking. In contrast to IL-2, IFN- deficiency does not
lead to autoimmunity, but it does result in an accumulation of activated T
cells following infection with viruses or mycobacteria (34). Thus, IL-2 is
produced rapidly following antigen recognition, and functions to stimu-
late T cell growth early in immune responses and to potentiate AICD if the
responses persist, as with self-antigens. IFN- , on the other hand, is an
effector cytokine that is secreted only after T cells have become activated.
Therefore, IFN- may act to downregulate protective immune responses
and prevent immune-mediated damage by promoting the elimination of
activated T cells.

Certain Th2 cytokines, most notably IL-10 and transforming growth fac-
tor- (TGF- ), have also been shown to modulate the sensitivity of T cells
to AICD, usually decreasing it (35,36). Interestingly, mice deficient in
these cytokines show defects in immunological tolerance, although it is
unclear that this is owing to a defect in cell death (37,38). These observa-
tions suggest that the same factors that control T cell differentiation may
also play a role in regulating the elimination of T cells by AICD.
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7. CONCLUSION: DEFECTS IN CYTOKINE SIGNALING
AND CELL DEATH THAT PREDISPOSE TO AUTOIMMUNITY

In this chapter, we have presented a summary of our current understand-
ing of cell death regulation in T cells and how this relates to immunity and
autoimmunity. A key concept is the existence of two distinct pathways of
cell death in T cells: passive cell death and AICD. These different pathways
of apoptosis play a central role in regulating distinct aspects of T cell
responses. Passive cell death is important in regulating the number of T
cells in the body, both before and after immune responses. When this form
of apoptosis is defective, the consequence is either an accumulation of excess
cells, which may lead to cancer, or a lack of cells, which may lead to immu-
nodeficiencies. Defects in the cytokines that protect T cells from passive
cell death or the receptors and signaling molecules that they use underlie a
number of immunodeficiency syndromes in humans.

AICD, in contrast, functions to eliminate autoreactive lymphocytes and
defects in this pathway of apoptosis lead to an increased susceptibility to
autoimmune disease. IL-2, a cytokine that plays an important role in prim-
ing T cells for AICD, has been implicated as a susceptibility factor in a
number of autoimmune diseases. Future research will further our under-
standing of how cytokines control T cell responses and tolerance by regulat-
ing their sensitivity to cell death.
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7
Role of Chemokines and Their Receptors

in the Induction and Regulation
of Autoimmune Disease

Richard M. Ransohoff and William J. Karpus

1. CHEMOKINES AND CHEMOKINE RECEPTORS
1.1. Chemokines: Families and Nomenclature

Chemokines are a large superfamily of approximately 50 peptides.
Although they are involved in diverse processes, their central and defining
role in mammals appears to be action toward subpopulations of leukocytes
(1). This specificity is mediated by selective expression of chemokine
receptors, heptahelical G-protein coupled membrane molecules. With time
and further study, chemokines have now been implicated in developmental
organogenesis, angiogenesis, neoplasia, differentiation, and a host of other
physiological and pathological processes (2,3). Considerable interest has
been sparked by the discovery that several chemokine receptors are essen-
tial invasion coreceptors for human immunodeficiency virus (HIV)-1 and
HIV-2 infection of human cells (4,5).

Given the size and complexity of the chemokine family, organizing prin-
ciples are essential for initiating focused meaningful study of their biology
in both health and disease. Fortunately, some such principles are readily
apparent. All elements with chemokine activity are small (10–15 kDa) and
exhibit a conserved structure, which features a core globular barrel estab-
lished by three anti-parallel -strands. This core is flanked by a highly basic
C-terminal helix and a short, relatively disordered N-terminal segment
(6). The N-terminal segment contains most or all of the structural informa-
tion required for receptor specificity (7). Therefore, naturally occurring pro-
teolytic modifications of the N-terminal segments of chemokine peptides
can dramatically change receptor affinity or specificity (8–10). Furthermore,
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engineered modifications of the chemokine N-terminus can give rise to pep-
tides with potent receptor-blocking activity (11).

The core structures of chemokines are maintained in part by disulfide
bonds between cysteine resides that are positionally conserved (6). For the
great majority of chemokine peptides, a recognizable structural character-
istic is the distribution of four cysteines within the molecule. A conve-
nient informal terminology for the chemokines has been derived from the
observation that subfamilies of chemokine peptides are distinguished by
the organization of the cysteines near the N-terminus of the molecule.
Using this algorithm, four chemokine peptide families have been
described. In the first, or -chemokine family, the initial two cysteines are
separated by a single residue. Thus, the -chemokines are also known as
“CXC chemokines.” In the -chemokine family, the first two cysteines are
adjacent, giving rise to the term “CC chemokines.” Lymphotactin, a pep-
tide with all the characteristic features of a chemokine, has a single C resi-
due near the N-terminus and defines the family of or “C chemokines.”
The fourth family of chemokine elements is defined by a molecule termed
fractalkine, which is a unique component of the chemokine superfamily.
Fractalkine is expressed as a typical chemokine motif, tethered to the cell
membrane by a transmembrane anchor, and “presented” by a long mucin-
like stalk. The N-terminal cysteines of fractalkine are separated by three
residues and fractalkine defines the family of or “CX3C chemokines.”
Beyond their structural similarities, the chemokine subfamilies exhibit
genetic association as well. Many CXC chemokines are encoded in a
multigene array on human chromosome four. Most, but not all, CC
chemokines are encoded in a similar large array on human chromosome
17. Lymphotactin and fractalkine are encoded elsewhere in the genome. A
substantial, current and practical chemokine website is maintained at:
http://cytokine.medic.kumamoto-u.jp/CFC/CK/chemokine.html.

A simplifying nomenclature for the chemokines and receptors has been
proposed and a current version is shown in Table 1 (modified from ref. 12).
This scheme takes the chemokine subfamily name (e.g., CC or CX3C), adds
the designator “L” for ligand or “R” for receptor, and appends a unique
number. For ligands, the number indicates chronological order of character-
ization by molecular cloning. The ligand designations will be provided in
this review, for illustrative purposes, although the nomenclature is not
widely employed at present. The receptor nomenclature is more firmly
established. For the receptors, the order of numeration includes demonstra-
tion of molecular uniqueness; characterizing specific binding of ligand(s);
and documenting biological function (either calcium flux, chemotactic
response, or other signaling).
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The Chemokine Superfamily
Systematic name Ligand (human) Ligand (mouse) Receptor(s)

C Family
XCL1;2 Lymphotactin, Lymphotactin XCR1

SCM-1
ATAC;
SCM-1

CC Family
CCL1 I309 TCA-3, P500 CCR8
CCL2 MCP-1, MCAF JE, MCP-1 CCR2
CCL3 MIP-1 , MIP-1 CCR1, CCR5

LD78 / ,
AT 464.1/2,
GOS19-1/2

CCL4 MIP-1 , MIP-1 CCR5
AT744.1,
AT744.2,
Act-2, G-26,
HC21, H400,
LAG-1

CCL5 RANTES RANTES CCR1, 3, 5
CCL6 ? C10, MRP-1 ?
CCL7 MCP-3 NC28, FIC, CCR1, 2, 3

MARC
CCL8 MCP-2, HC14 MCP-2 CCR2, 3
CCL9, 10 MRP-2,CCF18, ? ?

    MIP-1
CCL11 Eotaxin Eotaxin CCR3
CCL12 ? MCP-5 CCR2
CCL13 MCP-4, NCC-1, ? CCR2, 3

CK -10
CCL14 HCC-1, HCC-3, ? CCR1

NCC-2
CCL15 HCC-2, MIP-1 , ? CCR1, 3

NCC-3,
MIP-5, Lkn-1

CCL16 HHC-4, NCC-4, LCC-1 CCR1
LEC, LMC

CCL17 TARC, TARC CCR4
dendrokine

CCL18 DC-CK1, PARC, ? ?
MIP-4, AMAC-1

159
(continued)
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Systematic name Ligand (human) Ligand (mouse) Receptor(s)

CCL19 MIP-3 , ELC, MIP-3 CCR7
exodus-3,
CK -11

CCL20 MIP-3 , LARC, MIP-3 CCR6
exodus-1

CCL21 TCA4, exodus-2, 6Ckine CCR7
SLC,

CCL22 MDC, STCP-1, ABCD-1 CCR4
DCactin-

CCL23 MPIF-1, MIP-3, ? CCR1
CK -8,
CK -8-1

CCL24 Eotaxin-2, ? CCR3
MPIF-2,
CK -6

CCL25 TECK TECK CCR9a,b
CCL26 Eotaxin-3 ? CCR3
CCL27 CTACK/ALP CTAK, ALP CCR10

CCL28 MEC ? ?
CXC Family
CXCL1 GRO-1, GRO- , GRO (KC) CXCR2, 1

MGSA-
CXCL2 GRO-2, GRO- , GRO (KC) CXCR2

MIP-2 ,
MGSA-

CXCL3 GRO-3, GRO- , GRO (KC) CXCR2
MIP-2

CXCL4 PF4 PF4var1, PF4alt ?
CXCL5 ENA-78 LIX CXCR2
CXCL6 GCP-2 Ck -3 CXCR1, 2
CXCL7 NAP-2 ? CXCR2
CXCL8 IL-8, MDNCF, ? CXCR1, 2

NAP-1, NCF
CXCL9 Mig, HuMig Mig CXCR3
CXCL10 IP-10 crg-2, mob-1 CXCR3
CXCL11 -R1, I-TAC, mI-TAC CXCR3

H174
CXCL12 SDF-1 , SDF-1 , SDF-1 / CXCR4

PBSF
CXCL13 BLC, BCA01 BLR1L, Angie CXCR5
CXCL14 BRAK, bolekine BRAK ?
CXCL15 ? Lungkine ?
CXCL16 ? ? CXCR6

CX3C Family
CX3Cl1 Fractalkine Fractalkine CX3CR-1
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1.2. Chemokines
1.2.1. CXC Chemokines

The CXC chemokines are a relatively diverse family with significant func-
tional differences among subfamilies. Division into subfamilies is based on
structural and functional characteristics. The prototype human CXC chemokine
is CXCL8/interleukin 8 (IL-8) (13). IL-8 is a neutrophil chemoattractant;
structural analysis of several neutrophil-specific chemokines disclosed the
presence of a conserved glutamate-leucine-arginine (ELR) motif near the
N-terminus of the molecule. Subsequently, it was determined that all neu-
trophil-specific chemokines contained this motif and that CXC chemokines
that failed to act toward neutrophils lacked it (6,14,15). Therefore, the CXC
chemokines are divided further into “ELR-positive” and “ELR-negative”
subfamilies.

1.2.1.1. ELR-POSITIVE CXC CHEMOKINES

As noted earlier, these chemokines function toward neutrophils. There
are seven ELR-positive CXC chemokines in the human system (CXCL1-
CXCL3, CXCL5-CXCL8) and rodent orthologs have been described. The
ELR motif defines the ability to bind to neutrophil-specific chemokine
receptors (14). In the human system, these receptors include CXCR1 and
CXCR2. Mice lack both IL-8 and CXCR1.

A particularly interesting member of the ELR-positives CXC chemokine
family is termed growth-regulated oncogene- (GRO- )/CXCL1. This
chemokine has been discovered and studied in two completely different con-
texts: as a product related to the transformed state of cells; and as a typical
neutrophil-specific ELR-positive CXC chemokine. KC, the mouse ortholog
of GRO- was initially cloned in 1982 in a differential hybridization experi-
ment that was designed to identify platlet-derived growth factor (PDGF)-
inducible genes in quiescent NIH 3T3 fibroblasts (16). Several years
thereafter, human GRO- was identified, in studies that began with subtrac-
tive hybridization experiments to characterize genes that were highly
expressed in tumorigenic Chinese hamster ovary (CHO) cell derivatives.
The human homolog of one gene identified by this screen was termed
“growth-regulated oncogene,” after demonstrations that its transcription was
stringently governed by growth conditions in non-neoplastic cells but loos-
ened in tumor cell lines (17). Subsequently, investigators studying a mela-
noma-cell autocrine growth factor (termed melanocyte growth stimulatory
activity; MGSA) purified and cloned its cDNA and showed identity to
human GRO- (18). Additionally, workers studying sarcomas induced in
avian species by Rous sarcoma virus (RSV) identified a gene called CEF4 that
was highly expressed in transformed chick fibroblasts (19). With detailed
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sequence comparison, it was discovered that human GRO- /MGSA was
orthologous to murine KC and homologous to avian CEF4 (20). More
recently, it was determined that GRO- provides a powerful proliferative
signal for PDGF-stimulated oligodendrocyte progenitors (21,22). At the
same time, ELR-positive CXC chemokines have been implicated in many
forms of neutrophilic inflammation and are considered potent mediators of
angiogenesis (23). These varied attributes have led to the suggestion that the
principal physiological function of the three GRO peptides (CXCL1-
CXCL3) is to promote wound-healing (24).

1.2.1.2. ELR-NEGATIVE CXC CHEMOKINES

The ELR-negative CXC chemokines are a more diverse group. They
include the first described chemokine peptide, platelet factor 4 (PF4)/
CXCL4 (25). Despite its relative antiquity in this field, PF4 lacks a defined
receptor (26). In the context of immune-mediated inflammation, more salient
roles are played by other non-ELR CXC chemokines including IP-10/
CXCL10, mig/CXCL9 and, possibly, -R1/I-TAC/CXCL11 (27). All these
chemokines are ligands for a receptor termed CXCR3 (28) that is highly
expressed on activated T cells (29,30). To date, non-ELR CXC chemokines
appear to be inert towards neutrophils (31).

Another non-ELR CXC chemokine of considerable biological importance
is stromal cell derived factor (SDF)-1 / /CXCL12. SDF-1, as its name
implies, is expressed highly in bone marrow by stromal cells. However,
SDF-1 is also expressed in a surprisingly large variety of other cells and
tissues. Mutant mice that were rendered deficient for this chemokine (or for
its receptor, CXCR4) accordingly showed a complex phenotype of impaired
B cell lymphopoiesis, abnormal myelopoiesis, fatal ventricular septal defect,
abnormal cerebellar organogenesis, and defective gastrointestinal vascular-
ization (32–40). SDF-1 and CXCR4 are considered representative of an
ancestral chemokine/receptor pair that was initially committed to directing
cell migration during embryonic organogenesis and subsequently was
adapted for use by the migrating cells of the adult hematopoietic/immune
system. It is of interest that a CXCR4 homolog described in the rainbow
trout exhibits more than 80% similarity with the human protein (41), consis-
tent with a highly conserved functional role for this receptor.

A non-ELR CXC chemokine also plays an important role in B cell devel-
opment by establishing lymph-node follicles. This chemokine, termed BLC/
CXCL13, is a ligand for CXCR5. Mice that were rendered deficient for
CXCR5 failed to form appropriate architecture in secondary lymphoid
organs because of loss of signaling by BLC through its receptor (42).
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1.2.2. CC Chemokines

CC chemokines constitute a large and diverse family (currently 28 human
ligands) that signal to 11 defined receptors. For the most part, CC
chemokines act towards cells that are implicated in adaptive and innate
immune responses. These cells include the lymphocytes, monocytes, dendritric
cells (DC), basophils, eosinophils, and mast T cells. Recent and elegant stud-
ies using gene-targeting strategies have implicated the CC chemokines in
both organogenesis and function of the secondary lymphoid organs. At
present, these experiments constitute the best indicators of the means by
which chemokines direct T cell migration within an intact organism.

The CC chemokines can loosely be organized into functional subfami-
lies, as described later. However, because of complex, subtle biology and
promiscuous ligand-receptor relationships, one cannot group the CC
chemokines into functional subgroups as easily as one can do for the CXC
chemokines.

1.2.2.1. MCPS

One group of CC chemokines sharing a certain degree of functional and
structural similarity is represented by the monocyte chemoattractant pro-
teins or MCPs. The first cloned MCP was the murine JE gene product, iso-
lated in the same differential hybridization protocol that resulted in the
identification of KC (16). JE was later shown to exhibit identity with murine
MCP-1 and high homology with human MCP-1/CCL2 (43,44). The various
MCPs were isolated in parallel in differential hybridization cloning experi-
ments and by biochemical purification from cell-culture supernatants in
studies designed to characterize monocyte chemoattractrants (45). Bio-
chemical studies resulted in the isolation of activities in culture supernatants
that were later shown to be MCP-1, MCP-2/CCL8, and MCP-3/CCL7
(46,47). Cultures of human glioma cells were a particularly fertile source of
MCPs (48).

All MCPs exhibit potent chemoattractant activity toward monocytes. Sev-
eral of the MCPs also act in vitro toward T cells (49). The precise biological
roles of the various MCPs remains to be defined fully. However, experi-
ments using mice that were deleted for MCP-1 revealed a startling degree of
biologically specific non-redundancy for this particular chemokine. In
detailed studies, it was shown that MCP-1-deficient mice failed to accumu-
late monocytes in the peritoneal infiltrate that results from thioglycollate
installation (50,51). Furthermore, MCP-1-null mice exhibited impaired gen-
eration of T helper 2 (Th2) responses and tremendously retarded atheroscle-
rosis (1–4). Uncertain (but important) is the determination whether the
phenotype of MCP-1-null mice results from the characteristics of regulation



164 Ransohoff and Karpus

of expression of this chemokine or from structure-function attributes that
were not evident in cell-culture studies. Significantly, the activities of all
MCPs in vitro appear virtually identical (47). Therefore, in vivo studies are
essential for establishing function.

1.2.2.2. MIP–1

MIP-1 /CCL3 and MIP-1 /CCL4were initially identified biochemically
as an activity termed macrophage inflammatory protein (MIP)-1 and later
shown to contain two distinct components, as named earlier (26). MIP-1 is
a potent ligand for CCR1, while MIP-1 acts predominantly towards CCR5.
MIP-1 also engages CCR3 and to a lesser extent CCR5. Both chemokines
act toward monocytes and T cells. It is likely that MIP-1 also acts towards
neutrophils in certain instances of inflammation in mice as suggested by in
vitro studies and elegantly shown through the study of pulmonary inflam-
mation in CCR1-deficient mice (52). MIP-1 -deficient mice exhibited strik-
ing inability to clear a pulmonary challenge with influenza virus.
Furthermore, such mice did not develop inflammatory myocarditis after
infection with coxsackie B virus (53,54).

MIP-1 is a potent and selective regulator of TH1 commitment by T cells
in vitro as described below. Furthermore, antibodies to MIP-1  were used in
the first demonstration that chemokines could function to regulate neuro-
inflammatory disease such as experimental autoimmune encephalomyelitis
(EAE) (55).

1.2.2.3. RANTES

RANTES/CCL5 (regulated upon activation, normal T cell, expressed, and
secreted) is a -chemokine implicated in a wide variety of T cell-mediated
inflammatory processes.  This chemokine engages varied receptors, includ-
ing CCR1, CCR3, and CCR5. Interestingly, CCR3 is expressed by Th2-
committed T cells, while CCR5 is associated with Th1 responses (56–61).
Thus, RANTES may be involved in both Th1- and Th2-biased patterns of T
cell-dependent inflammation, although its major function appears to involve
promotion of Th1 and suppression of Th2 reactions (62). In common with
all chemokines, RANTES delivers chemotactic signals for directional
migration and activating stimuli for integrin-mediated adhesion to cell-
adhesion molecules (CAMs). Atypically, RANTES also mediates T cell-
receptor independent proliferative events for T cells, at high concentrations
(63). Additionally, RANTES was shown to guide directional migration by
dorsal root ganglion (DRG) neurons in vitro (64). The receptor that trans-
duces this effect is undefined, as neither MIP-1 (CCR1, CCR5 ligand) nor
MIP-1  (CCR5 ligand) was functional in this assay (64).
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1.2.2.4. ELC, SLC
ELC/CCL19 and SLC/CCL21, in contrast to other CC chemokines

described earlier, are expressed constitutively, primarily in secondary lym-
phoid organs. The specific means by which secondary lymphoid tissue
chemokine (SLC) and ELC and their receptor, CCR7, participate in estab-
lishing secondary lymphoid organs have been recently reviewed in detail
(65,66) and will be described briefly here and below. SLC was detected on
high endothelial venules (HEV), by which naive T cells enter lymph nodes
(LN). ELC was expressed within the T cell zones of LN, along with SLC.
Several lines of genetic research led to the assignment of functional signifi-
cance to these expression patterns. First, it was discovered that mice in which
SLC and/or ELC expression patterns were disrupted also lacked appropriate
organization of secondary lymphoid organs. Such mice included the paucity
of LN T cell (plt) naturally occurring phenotype, that lacked expression of
SLC, resulting in deficient formation of T cell zones in LN and spleen (67).
The plt mutation proved to result in deletion of one of two SLC genes, with
the affected gene expressed preferentially in lymphoid tissues (68). Engi-
neered mutations in the lymphotoxin (LT)- or - and tumor necrosis factor
receptor (TNF-R) 1 genes also led to varying patterns of disruption of orga-
nization of both T cell and B-cell zones in LN and spleen (69). These defects
proved to be determined by impaired expression of ELC and SLC (more
prominent in LT- or LT- -deficiency than in TNF-R mutants), as well as
BLC (observed with all mutations in the LT, TNF, or TNF-R genes).
Recently, the alymphoplasia (aly) mutation, which also exhibits disordered
lymphoid architecture, was shown to result from a point mutation in the
nuclear factor- binding (NF B)-inducing kinase (NIK) gene, thereby plac-
ing this element downstream of the TNF receptors in generating the
chemokine expression required for secondary lymphoid organogenesis (70).

1.3. Regulation of Chemokine Gene Expression

Regulation of cytokine gene expression is discussed in Chapter 1 by
Glimcher and Rengarajan. Therefore, comments in this section will be
restricted to chemokines.

As an overview, it is worthwhile to clarify two general patterns of
chemokine expression: “constitutive” and “inflammatory.” Chemokines
such as SDF-1 and SLC are expressed under basal conditions in vivo and are
designated constitutive chemokines. Peptides such as IP-10 and RANTES
are strongly upregulated by inflammatory challenge in vivo and are consid-
ered to be inflammtory chemokines. Supporting these concepts, gene-tar-
geted mice that are deficient for constitutive chemokines exhibit phenotypes
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of impaired organogenesis, as described earlier. However, it has become
clear that constitutive chemokines can be upregulated by inflammatory chal-
lenge, and that inflammatory chemokines can be expressed under basal con-
ditions. One particularly salient example is MCP-1, a typical inflammatory
chemokine, which is expressed in secondary lymphoid organs and regulates
commitment to the Th2 phenotype (4).

The great majority of effort has been directed toward the understanding
of regulation of inflammatory chemokine gene expression. One historical
note: most if not all inflammatory chemokines were isolated at various times
in differential hybridization experiments, using cytokine or growth factor-
stimulated cells of various lineage. From this attribute, chemokines have
been termed the “crab grass in every differential hybridization experiment.”
This historical fact also underscores the remarkably efficient and brisk tran-
scriptional response of chemokine genes to inflammatory stimuli. Indeed, in
many laboratories, chemokine gene promoters are utilized as model systems
for the examination of transcriptional regulation.

The stimuli that regulate chemokine gene expression will readily suggest
the regulatory principles that underlie this dramatic transcriptional response.
It should be noted that most chemokine gene expression appears to be regu-
lated at the transcriptional level and that relatively little information is avail-
able about post-transcriptional regulatory principles.

Returning to the more common theme, that of transcriptional regulation
of chemokine genes, it has repeatedly been observed that individual
inflammatory stimuli (such as interferon- [IFN- ], tumor necrosis factor-

[TNF- ], IL-1, lipopolysaccharide [LPS]) induce such genes modestly
but that combinations of these stimuli exert highly synergistic stimulatory
effects. Examination of chemokine gene promoters reveals almost invari-
ably that the promoters exhibit a large menu of stimulus-response cis-ele-
ments. These elements typically include interferon-stimulated response
elements (ISRE), gamma activated sites (GAS elements), NF B binding
sites, AP-1 binding sites, and several others. In detailed structure-function
analyses of these promoters, it is typically found that elimination of any one
of the responding cis-elements from the promoter eliminates synergy and
markedly reduces inducibility of promoter reporters bearing the mutation.
Investigation of both murine and human IP-10 gene promoters has illus-
trated these concepts (71–78). Interestingly, these two promoters contain
three regulatory elements (one ISRE and two NF B binding sites) whose
sequence content and organization are absolutely conserved, while the
remainder of the 5'-flanking sequence diverges markedly (71).

In common with other cytokines genes chemokine messages frequently
contain AU-rich regions in the 3'-UTR region, conferring instability and
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resulting in extremely rapid message turnover. Therefore, as a general state-
ment, chemokine genes accumulate to high levels extremely rapidly, under
transcriptional control; following dramatic accumulation, brisk decay of
message levels is the rule. One prominent example of post-transcriptional
regulation concerns the murine KC gene. Transcriptional upregulation of
KC mRNA in murine macrophages by lipopolysaccharide (LPS) is sup-
pressed by the cytokine IL-10, through a post-transcriptional mechanism
that operates through a cluster of AU-rich elements (79,80).

Clearly, there is much more information about the regulation of the
inflammatory chemokines than the constitutively expressed chemokines.
Elements that maintain high levels of SDF-1, for example, remain to be char-
acterized. It is of considerable interest to note that maintenance of high levels
of ELC and SLC transcripts in secondary lymphoid organs requires signaling
by the lymphotoxins through TNF receptors and depends on the post-receptor
kinase NIK (69,70). Therefore, constitutive and inflammatory chemokine
expression are regulated in this case by overlapping mechanisms (81).

Translational control of chemokine expression has not been extensively
characterized or described. Interestingly, post-translational regulatory control
for chemokine function has been described in several cases. One particu-
larly well-documented instance concerns the chemokine RANTES and the
dipeptidyl dipeptidase, CD26. Using RANTES as a substrate, CD26 con-
verts full-length RANTES (1–68), a potent ligand for CCR1, into truncated
RANTES (3–68), which preferentially utilizes CCR5 (9). Similar truncation
of the CXC chemokine GCP-2/CXCL6 has no apparent effect on receptor
utilization (82).

A particularly parsimonious use of post-translational peptide-processing
is illustrated by platelet basic protein (PBP), which gives rise to a proteolytic
series including connective tissue activating peptide III (CTAP-III) and upon
further cleavage to neutrophil activating peptide 2 (NAP-2). NAP-2/CXCL7
is a member of the ELR-positive CXC chemokine family and is a potent
neutrophil-specific chemoattractant. However, absent proteolytic process-
ing no neutrophil-directed chemoattractant activity is detected in prepara-
tions of purified CTAP-III (83,84).

1.4. Chemokine Receptors
1.4.1. Common Structure

Chemokine receptors belong to the superfamily of G-protein coupled
receptors (GPCR). The GCPR are a large family of biologically important
receptors with conserved structure and signaling properties. Perhaps the
best-characterized family members are the adrenergic receptors and the reti-
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nal rhodopsins. GPCR exhibit a heptahelical disposition in the plasma mem-
brane, with residues in the intramembrane helices being highly conserved
within families. The N-terminal segments and extracellular loops one, two,
and three constitute the ligand-binding domains of the receptors and vary, to
impart ligand specificity. The intracellular loops and C-terminal tails of GPCR
provide sites of association with signaling components, and vary, consistent
with different signaling outputs of the various receptors. The GPCR are
believed to be the largest superfamily of human genes, and constitute impor-
tant targets for small-molecule therapeutics. Chemokine receptors belong to
the family of group A GPCR, and to the subfamily of peptide-specific GPCR,
thus being closely related to the receptors for C5a anaphylotoxin and the bac-
terial N-formylated peptides, such as N-formylmethionine-leucine-proline
(fMLP). Useful information about GPCR can be obtained at the website:
http://www.gpcr.org/7tm/html.

The juxtamembrane portion of the second intracellular loop of chemokine
receptors contains a conserved DRYLAIV motif, which is found in all sig-
naling chemokine receptors to date, and is a variant of the acidic residue-
arginine-aromatic residue motif found at this position in all GPCR.
Exceptions to this rule are the nonsignaling promiscuous chemokine recep-
tor-like molecules, Duffy antigen receptor for chemokines (DARC) and D6
(85–87). Both D6 and DARC bind many CC and CXC chemokines with
low-nanomolar efficiency, despite their lack of signaling competence. D6
and DARC have provisionally been termed “chemokine-binding molecules”
in preference to “chemokine receptors.” Clearly, these observations strongly
support the functional significance of the conserved DRYLAIV motif.

It is suspected that DARC and D6 exert nonsignaling functions such as
immobilization of chemokines on endothelial surfaces, for “presentation” to
passing leukocytes. DARC is differentially expressed on erythrocytes and
endothelia, probably because of its adventitious function as the invasion
receptor for Plasmodium vivax, a major human pathogen (88,89). Duffy is
accordingly downregulated on erythrocytes of individuals from malaria-
endemic areas, but is expressed on postcapillary venules even in people that
are Duffy-negative on erythrocytes (90,91). Interestingly, DARC is
expressed in the CNS on a population of cerebellar Purkinje cell neurons
and is upregulated at the mRNA level in brain tissue of Multiple Sclerosis
(MS) patients (92–94).

1.4.2. Nomenclature

A useful nomenclature for chemokine receptors has been established, as
noted earlier. Molecular entities are assigned status as chemokine receptors
upon demonstration that they represent a specific molecular species, that
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selective high-affinity ligand binding can be demonstrated and that signal-
ing (preferentially with biological response) can be documented. Using this
approach, there are at present 18 defined chemokine receptors (CCR1-10,
CXCR1-1, XCR1, CX3CR1). Chemokine receptors are assigned to families
by virtue of binding ligands from the structurally defined chemokine fami-
lies. This nomenclature implies (which is indeed the case) that receptors
preferentially bind ligands from individual families. Thus, CXCRs prefer-
entially bind CXC chemokines, CCRs prefer to bind CC chemokines, and so
forth. There are individual reports that CC chemokine bind CXC receptors,
generally with high-nanomolar affinity and occasionally with effects that
suggest antagonist function (95). Despite these exceptions, the chemokine
receptor nomenclature has been highly effective and useful.

1.4.3. Ligand-Receptor Relationships
Ligand-receptor relationships in the chemokine superfamily are complex.

The receptors have been operationally subdivided according to the com-
plexity of their relationships to ligands into various groups (96). Thus, the
private receptors (for example CXCR1) bind only a single ligand, in this
case IL-8 (although it was recently reported that GCP-2/CXCL6 is also a
full ligand at CXCR1). The public receptors (for example, CXCR2) bind
multiple ligands (all seven ELR-positive CXC chemokines: IL-8, three GRO
peptides, NAP-2, GCP-2, and ENA-78). The promiscuous receptors (DARC,
D-6) bind multiple chemokines of several families, but do not signal or
transduce biological effects. There is a substantial population of orphan
receptors to which ligands have not yet been assigned but for which structural
analysis indicates likely membership in the chemokine receptor family.

The fact that most chemokine receptors can respond to a diversity of
ligands in vitro can lead to a confusing impression of redundancy in the
chemokine system. Experiments in gene-targeted animals indicate that func-
tional redundancy in vivo is not the rule. These disparate results of experi-
ments in vitro and in vivo suggest that the apparent overabundance of
chemokines and receptors is a reflection of intricate biological complexity
and specificity (97–99). At present, the most intellectually satisfying inter-
pretation of chemokine ligand-receptor interactions holds that varying com-
binations of ligands and receptors can produce precisely tuned responses to
a wide variety of environmental challenges (100).

1.4.4. Virus-Encoded Chemokine Receptors and Ligands

There is a fascinating group of functionally competent chemokine recep-
tors and chemokines encoded by viruses (primarily the herpesviridae)
(101,102). These virus-encoded chemokines and receptors probably play an
important role in pathogenesis of primary viral infection (103,104). Mecha-
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nisms of action include expression of receptors that bind and sequester
chemokines within cells, limiting inflammatory responses. In some cases,
these molecules may mediate unanticipated consequences of virus infection
such as the development of Kaposi’s sarcoma (KS) in individuals infected
with HHV8, likely resulting from expression of the chemokine receptor
encoded by ORF-74 (105,106). Assignment of ligands for the virus-encoded
chemokine receptors is clearly complicated, as biological readouts are not
always readily available (102,107,108). However, these receptors frequently
bind multiple ligands from various chemokine families.

1.4.5. Regulation of Chemokine Receptor Expression

Target cells respond to chemokines only by virtue of expressing cognate
receptors. Therefore, the regulation of the receptor expression is a critical
checkpoint in defining how cells respond to chemokines in the environment.
Leukocytes express chemokines receptors according to their lineage, their
stage of differentiation, and their state of activation. One example comes
from studies of T cells during activation and differentiation (59,109). Naive,
resting T cells express CXCR4 and CCR7. Upon activation, T cells rapidly
upregulate CCR5 and CXCR3, with the latter receptor exhibiting sustained
expression only in cells that are polarized towards Th1 phenotypic commit-
ment (57,59). T cells exposed to chronic activating stimuli will gradually
upregulate CCR2. T cells that are polarized in a Th2 environment will
express CCR3, CCR4, and CCR8 (57–59).

Perhaps the most intricate and well-defined program of regulated
chemokine expression is exhibited by DC (65,109–112). Immature DC
migrate from blood stream into tissue under the influence of high expression
of CCR1, CCR2, and CCR5: receptors that respond to “inflammatory”
chemokines. Such cells are competent for antigen ingestion and processing
but not presentation. After antigen uptake, immature DC prepare to undergo
reverse transmigration from tissue into blood and eventually to lymphoid
organs. Along with other changes that indicate acquisition of the mature DC
phenotype, these cells downregulate CCR1 and CCR5 to permit egress from
the inflammatory site (where high concentrations of the ligands for these
receptors are found). Mature DC upregulate CCR7, ligands for which are
highly expressed in lymphoid organs. These cells pass from tissue into
bloodstream and advance to afferent vessels from secondary lymphoid
organs. This program of regulated chemokine receptor expression has been
termed “weigh the anchor” (indicating the decrease in CCR1 and CCR5)
followed by “hoist the sail” (alluding to increased CCR7 expression). These
concepts have been elegantly explicated (97).
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1.4.6. Signaling

As might be expected from the diversity of biological responses mediated
by chemokines, postreceptor signaling is complex, and this topic has been
recently and ably reviewed (113). Signals from chemokine receptors gener-
ate outputs that direct two cardinal biological responses: integrin activation
and directional migration (114). Integrin activation is dependent on calcium
flux and MAP kinase activation, through “inside-out” signaling (115).
Cytoskeletal reorganization, uropod formation, and directional migration are
dependent on calcium entry, G protein-coupled events, cytoplasmic GTPases
including RhoA, as well as phospholipases C and D. Other functional
responses (including proliferation and restraint of proliferation ) appear to
be dependent on these events as well but further require a variety of protein
tyrosine kinases and phosphoinositol-3 kinase (PI3K) (116,117).

One outstanding question in the chemokine receptor field is related to the
G-protein-coupling for diverse responses in varied cells. It is clear that such
diversity exists: Although early studies demonstrated that chemokine recep-
tor signaling was virtually always pertusis-toxin sensitive (suggesting
obligatory coupling to Gi), pertusis-toxin-insensitive responses to
chemokine receptor stimulation have been unambiguously described (118).
Differential utiltization of G components by CXC and CC receptors has
also been clearly demonstrated (119). Furthermore, variation in G-protein
coupling for individual receptors in different T cellular backgrounds has
been described.

2. ROLES OF CHEMOKINES IN ORGAN-SPECIFIC
AUTOIMMUNITY

2.1. Chemokines and Receptors in Adaptive Immune Responses

The functions of cytokines in governing immune responses in autoim-
mune diseases are covered in Part II of this book. This section will address
new results and interpretations concerning the roles of chemokines in these
processes. Findings from gene targeted mice, in vitro studies, cell-transfer
studies, and a large variety of descriptive analyses of gene expression have
culminated in a satisfying account of the roles of several chemokines and
chemokine receptors in the generation of adaptive immune responses within
secondary lymphoid organs such as lymph nodes. These concepts and the
data that underlie them have recently been extensively and lucidly reviewed
(65,66,81,97,120,121).

In LN, DC charged with antigen must encounter naive T cells with cog-
nate receptors. Naive T cells arrive in the T cell zones of LN through the
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action of CCR7. CCR7 initially engages SLC, which is highly expressed by
the HEV, the distinctive vascular component of LN. Subsequently, after
extravasation, naive T cells enter T cell zones and are retained there under the
influence of high local concentrations of ELC and SLC again acting on CCR7.

As described earlier, immature DC enter tissue under the direction of CCR1
and CCR5. After uptake of antigen and achievement of the mature DC pheno-
type, these cells rapidly downmodulate all chemokine receptors, in part
through engagement of CD40 (110–112). Elimination of signaling from these
receptors allows reverse transmigration from tissue into blood and is suc-
ceeded by gradual upregulation of CCR7. These DC, which are now fully
competent APCs, migrate either through the blood or through the lymph into
the T cell zones of LN under the influence of local high-level SLC and ELC
concentrations. Therefore, through the action of CCR7 and its ligands, mature
antigen-charged DC and naive T cells are brought into apposition in the T cell
zones of LN. DC promote even closer contact, specifically with activated T
cells by producing MDC, which acts on CCR4, expressed on activated but not
naive T cells (122,123). Upon activation by antigen, T cells downregulate
CCR7 and acutely upregulate CXCR3. However, CXCR3 expression is sus-
tained only on those T cells destined to become committed to the TH1 func-
tional phenotype.

T cells that are activated in T cell zones but destined provide help for immu-
noglobulin synthesis may also upregulate CXCR5, which could render these T
cells able to draw close to the B cell follicles of LN (under the influence of BLC
[124]), there to provide help for B cell immunoglobin synthesis (65). T cells
that are destined to persist as Th2-committed helpers will persistently upregulate
CCR3, CCR4, and CCR8. High levels of IP-10 and mig in sites of Th1-biased
inflammatory responses are driven by the expression of IFN- and will serve to
attract Th1-committed T cells through action on CXCR3 (29,109). Comple-
mentary effects will promote the accumulation of Th2 cells through the action
of eotaxin on CCR3; MDC on CCR4; and I309 on CCR8. Although RANTES
engages both Th1- and Th2-associated receptors, its dominant effects seem to
promote Th1 and inhibit Th2 expression (62). Therefore, through the action of a
limited number of chemokines and receptors, intricate, precise and efficient
adaptive immune responses can be generated.

2.2. Role of Chemokines in Cytokine Expression
and T Cell Differentiation

In addition to their roles as chemoattractants, several investigators have
shown a role for chemokines in regulating T cell activation, cytokine pro-
duction, and differentiation. Subsets of T cells are classified based upon the



Role of Chemokines 173

cytokines that they produce: Th1 cells produce IFN- , IL-2, and TNF- , while
Th2 cells produce IL-4, IL-5, and IL-10 (125,126). Th1, but not Th2, cells
have been shown to produce lymphotactin, MCP-1, and MIP-1 , whereas
both subsets were capable of synthesizing MIP-1 in vitro (127). Schrum et al.
examined the response of human peripheral blood lymphocytes to parasitic
extracts in addition to human Th1 and Th2 T cell clones and demonstrated
that synthesis of MIP-1 , MIP-1 , and RANTES correlated with a Th1
cytokine-production profile (128). In an experimental animal asthma model,
transfer of Th1 and Th2 cells induced different chemokine expression (129).
By performing RNase protection assays, these workers demonstrated that
lungs that received transferred Th2 cells expressed mainly eotaxin, whereas lungs
that received Th1 transferred cells expressed lymphotactin and higher levels
of IP-10, RANTES, and MCP-1. Collectively, these data suggest that differ-
ences exist in both cytokine and chemokine production between Th1 and Th2
cells. However, using IL-2 KO, STAT4 KO, IL-4 KO, and STAT6 KO,
Herold et al. failed to find a relationship between T cell subset and MIP-1
production (130).

The differentiation of Th0 into Th1 cells was shown to require IL-12, whereas
differentiation into Th2 cells required IL-4 (125). MIP-1  was associated with
Th1-type granuloma formation, whereas MCP-1 was associated with Th2 type
granuloma formation in a schistosomiasis model (131,132). Additionally,
although both MIP-1 and MCP-1 were able to increase IFN- production in
mitogen-activated lymphocytes, only MCP-1 upregulated IL-4 production
(131). In antigen specific activation, MCP-1 increased and MIP-1
downregulated Th2 lymphocyte IL-4 production (131). Recently it was shown
that naive T cells from TCR-transgenic, RAG-1-deficient mice showed an
enhanced IFN- production when incubated with MIP-1 and enhanced IL-4
production when incubated with MCP-1 (133). Primary stimulation of T cells
with an anti-TCR clonotypic antibody and chemokine, followed by secondary
and tertiary stimulation with antibody alone, revealed enhanced IFN- produc-
tion after MIP-1 stimulation and enhanced IL-4 production after MCP-1 stimu-
lation in an OVA-specific TCR transgenic model (133). Recently, MCP-1 has
been shown to be important for in vivo T cell differentiation (134). In this study,
MCP-1 knockout mice failed to show antigen-specific Th2 commitment. In
addition to inducing T cell differentiation, chemokines have been shown to regu-
late inflammatory cytokine production. Specifically, MCP-1 has been shown to
downregulate IL-12 expression in the mucosa during oral-tolerance induction,
thereby contributing to the T cell nonresponsive state (135). Thus, chemokines
not only induce differentiation of helper T cells, but can also participate in tis-
sue-specific regulation of inflammatory cytokine expression.
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2.3. Chemokine Receptors in T Cell Differentiation

Using in vitro polarized T cell lines, RNase protection assays, and cal-
cium-mobilization assays, Sallusto et al. have identified a profile of
chemokine receptors expressed on human Th1 and Th2 cells (58,59). CCR3,
originally described as a receptor on eosinophils and basophils for the
chemokines eotaxin, eotaxin-2, RANTES, MCP-2, MCP-3, and MCP-4
(136,137), was found selectively expressed on Th2 cells from human
peripheral blood and also polarized Th2 lines expanded in vitro (136). CCR4
was found on Th2 cells, but was also found on non-IL-4 producing cells
(57,59,138). These data suggest that T cell CCR3 expression correlates with
the Th2 functional phenotype.

CXCR3, which is a receptor for IP-10, MIG, and I-TAC (27,29,139), was
expressed at higher levels on human Th1 cells compared to TH2 cells
(57,59). CCR5 expression has been demonstrated on human Th1, but not,
Th2 clones (56,57). However, Sallusto et al. (59) have found that CCR5
expression is transient and is expressed on T cells that possess an activated
phenotype (CD86+, L-selectin-, CD45RO+, CD45RAlow) and therefore is not
necessarily a TH1 marker. When the regulation of CCR5 and CXCR3
expression was examined, it was noted that upon the removal of IL-2, CCR5
was decreased while CXCR3 expression remained elevated, suggesting that
CCR5 is a marker for activated human T cells while CXCR3 is a marker for
Th1 cells. These phenomena have not been demonstrated for mouse or rat T
cells. However, Siveke and Hamann have shown that mouse Th subsets do
respond preferentially to different chemoattractants (140). Th1 cells selec-
tively migrated towards MIP-1 , MIP-1 , and RANTES while both Th1
and Th2 cells migrated towards MCP-1 and SDF-1 with varying degrees
of efficacy (140).

2.4. Chemokines and EAE

Aspects of EAE are covered in Chapter 10 by Bettelli and Nicholson.
This section will address the functions and expression patterns of
chemokines and chemokine receptors in this important model disease. EAE
is a CD4+ Th1 cell mediated demyelinating disease of the central nervous
system (CNS) used as an animal model for MS (141). Clinically, EAE is
characterized by progressive ascending hind-limb paralysis and periods of
remission and relapses (142). The disease can be actively induced in
genetically-susceptible strains of animals by immunization with whole pro-
teolipid protein (PLP) or with immunodominant peptides, such as PLP139-
151 (for SJL/J mice) emulsified in complete Freund’s adjuvant (143). EAE
can also be induced by the adoptive transfer of antigen-activated PLP139-151
specific T cells into naive susceptible recipients (144), specifically demon-
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strating prototypical autoimmunity. Flow cytometric and immunohistologi-
cal analysis show that EAE is characterized by an initial infiltration of anti-
gen-specific and nonspecific CD4+ and CD8+ cells and an accumulation of
recruited macrophages but not polymorphonuclear cells (145–147).
Recently, several groups have turned their attention to chemokine expres-
sion and function during the course of the disease, to address how these
molecules regulate EAE pathogenesis (see Table 2).

Several different investigators have shown that chemokine mRNA and
protein levels correlated with the onset of EAE symptoms. Hulkower et al.
(148) were the first to demonstrate the correlation between chemokine
expression and EAE. Using the Lewis rat model, they observed that MCP-1
mRNA was expressed in the CNS at disease onset, and also that MCP-1
mRNA was not detectable when the animals entered remission. Ransohoff
et al. (149) described expression of chemokine mRNA in the CNS of SJL/J
mice with EAE. Using semi-quantitative reverse transcription-polymerase
chain reaction (RT-PCR) and in situ hybridization they demonstrated that
IP-10 and MCP-1 were expressed in the spinal cord. Godiska et al. (150)
showed an upregulation of mRNA chemokine expression for RANTES,
MIP-1 , MIP-1 , TCA-3, IP-10, MCP-1, KC, and MARC/MCP-3 just prior
to the first appearance of clinical symptoms in a mouse model of EAE and
that the chemokine levels remained elevated throughout the course of the
disease. CNS expression of chemokine mRNA correlates with histological
signs of inflammation and is not detectable before the earliest evidence of
leukocyte infiltration (151,152). In the early clinical stages of the Lewis rat
model of EAE, Miyagishi et al. (153) found that RANTES and MIP-1
mRNA positive T cells were located in the perivascular and subpial regions.
Glabinski et al. (154) also examined the source of chemokines in the CNS
during EAE. Co-localization experiments using immunohistochemistry and
in situ hybridization showed that MIP-1 and RANTES were expressed by
infiltrating leukocytes, while IP-10 and MCP-1 were expressed only by
astrocytes.

MIP-1 protein levels have been shown to be elevated in the CNS fol-
lowing adoptive transfer of activated neuroantigen specific T cells (155)
and it is also clear that MCP-1 protein levels increase with the development
of the relapsing phase of disease (155). Guided by these results, it has been
possible to demonstrate the biological importance of chemokines in the CNS
during EAE by the ability of in vivo anti-MIP-1 treatment to prevent acute
clinical disease, and by the ability of anti-MCP-1 treatment to prevent
relapsing disease (155). The data demonstrating chemokine expression dur-
ing the course of various EAE is models are summarized in Table 2.



176
R

ansohoff and K
arpus

Table 2
Summary of Chemokine Expression Patterns in Various Models of EAE
Disease induction MCP-1 RANTES MIP-1 IP-10 MCP-1 RANTES MIP-1 IP-10 MCP-1 RANTES MIP-1 IP-10

Straina Antigenb Initial attackc Remission Relapse

SJL PLP139-151/ ++ ++ +++ +++ + + + + ++ ++ +++ ++
CFA

PLP139-151 ± + +++ ND ± + +++ ND +++ + +++ ND
T cells

SWXJ PLP139-151/ +++ ++ +++ +++ – – – – ++ ++ ++ ++
CFA

BALB/GKO MBP/CFA +++ ND ND – ND ND ND ND ND ND ND ND
PL/J PLP43-64/ +++ ND +++ ND ++ ND ++ ND Nonrelapsing disease model

CFA
LEWIS MBP/CFA +++ ND ND ND – ND ND ND Nonrelapsing disease model

MBPT cells +++ + +++ ++ ND ND ND ND Nonrelapsing disease model
S100 T cells + ++ + + ND ND ND ND Nonrelapsing disease model

C57BL/6 MOG35-55 ++ + – +++ ND ND ND ND Nonrelapsing disease model
aSWxJ, (SWR xSJL)F1; BALB/GKO, IFN- –/– mice on BALB/c background.
bPLP139-151/CFA, proteolipid protein 139-151 peptide in CFA; PLP43-64, proteolipid protein 43-64 peptide in CFA; MBP, myelin basic protein;

S100 , astrocyte calcium-binding protein.
cMCP-1, monocyte chemotactic protein-1; RANTES, regulated on activation normal T cell expression and secreted; MIP-1 , macrophage inflamma-

tory protein-1 ; IP-10, IFN- inducible protein 10; –, undetectable; ±, equivocally detectable; + through +++, low-level through high-level expression;
ND, not done.
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We hypothesize that CXCR3+ and CCR5+ T cells as well as CCR2+ mac-
rophages are instrumental in the initiation of EAE. There is relatively little
published information about the expression of chemokine receptors in EAE
tissues; in one study, CCR2, CCR5, CXCR4, and CX3CR1 were increased in
the CNS of Lewis rats displaying clinical symptoms of EAE (156). Further
studies in numerous labs are ongoing to determine the cell-specific expression
of chemokine receptors during the course of clinical disease development and
progression.

2.5. Chemokines and EAE: An Hypothesis

We postulate that differential spatial and temporal chemokine production
by specific cell types serve as an important regulatory mechanism in the
pathogenesis of EAE by directing mononuclear-cell (MNC) infiltration and
trafficking within the target tissue. These concepts are summarized in Fig. 1.
Figure 1A shows a cerebral microvessel, with intact blood-brain barrier
(BBB); solid arrow indicates direction of flow. An activated T cell
extravasates across BBB, and undergoes antigenic restimulation in the
perivascular space. Reactivated T cells persist in CNS tissue compartment.
Figure 1B shows an activated T cell/APC complex in the perivascular space
producing inflammatory cytokines (solid dots) that may stimulate endothe-

Fig. 1. Temporal and spatial chemokine expression governs CNS lymphocyte
and monocyte accumulation. (A) Initial T cell infiltration into the CNS (continued
on next page).
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Fig. 1. (B) (continued) T cell restimulation in the perivascular space provides
inflammatory stimulus for the direct and indirect expression of chemokines. (C)
Chemokine expression in the perivascular space induces accumulation of T cells and
monocytes.
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lial production of cellular adhesion molecules and erode BBB function.
Activated T cells and APC also express chemokines including MIP-1 and
RANTES. Figure 1C demonstrates that the simultaneous presence of
chemoattractants and focal endothelial activation results in accumulation
of mononuclear inflammatory cells within perivascular space. Expression
of MIP-1 and RANTES in the perivascular space serves to focus the
inflammatory infiltrate toward the perivascular rather than parenchymal
area. However, additional cytokine products of these MNCs (including IL-1,
TNF- , and IFN- ) stimulate nearby astrocytes to express chemokines such
as IP-10 and MCP-1. Figure 1D shows consequences of the tissue distribu-
tion of chemokines in EAE lesions. Once a significant inflammatory infil-
trate has accumulated and activated astrocyte production of chemokines,
macrophages begin to laminate at the outer border of the lesion and migrate
into parenchyma along gradients of MCP-1 and related chemokines. Acti-

Fig. 1. (D) (continued) T cells induce CNS astrocytic production of chemokines
resulting in lymphocyte and monocyte margination and invasion of the parenchyma.
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vated T cells invade parenchyma towards higher concentrations of IP-10.
Many T cells remain in the perivascular space near higher levels of RANTES
and MIP-1 . MCP-1 and IP-10 expression by activated astrocytes will sub-
sequently be involved in the induction of further MNC infiltration. These
secondarily recruited cells include antigen-specific T cells responsible for
epitope spreading and episodes of relapsing disease as well as additional
monocytes/macrophages, that mediate tissue injury.
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Cytokines and Resistance to Organ Specific

Autoimmune Disease

Benjamin M. Segal and Ethan M. Shevach

1. INTRODUCTION
Experiments in animals and humans over the past 20 years have demon-

strated that autoreactive CD4+ T cells are normal constituents of the T cell
repertoire in healthy individuals. A diverse range of laboratory animals
mount autoimmune responses following immunization with self proteins,
such as Type II collagen and myelin basic protein (MBP) (1–5). Further-
more, autoantigen-specific CD4+ T cells are routinely detected among
peripheral blood lymphocytes collected from healthy human volunteers. For
example, in a number of studies T cell lines specific for myelin proteins, the
presumed autoantigens targeted in multiple sclerosis (MS), have been propa-
gated from blood samples obtained from asymptomatic controls (6–14).
Surprisingly, several investigators have found the precursor frequency of
myelin-specific T cells to be comparable between healthy individuals and
MS patients (9–14). Collectively, these observations suggest that a signifi-
cant number of autoreactive T cells ordinarily escape both negative selec-
tion in the thymus and clonal deletion in the periphery, and that their survival
in the peripheral pool of mature T cells is not, in and of itself, predictive of
autoimmune disease.

One explanation for the quiescence of autoreactive T cells in healthy
individuals is that they remain “clonally ignorant” or oblivious to the exist-
ence of their target antigen, which is sequestered from immune surveillance
behind an endothelial barrier. However, investigators have recently demon-
strated that a number of candidate autoantigens, implicated in human as well
as experimental autoimmune diseases, are actually expressed in secondary
lymphoid tissues (15–20). Nonetheless, autoimmune diseases are relatively
rare. The solution to this apparent paradox is suggested by a body of research
demonstrating that peripheral autoreactive CD4+ T cells are tightly regu-
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lated by a complex cytokine network. In fact, a series of recent experiments
suggest that “immunosuppressive” cytokines, such as interleukin-10 (IL-10)
and transforming growth factor- (TGF- ), are habitually secreted in naive
animals to keep potential autoimmune-effector cells at bay (21–23). These
immunoregulatory cytokines are proving to be responsible, at least in part,
for the high level of resistance exhibited by the majority of laboratory ani-
mals to experimentally induced autoimmune diseases, many of which
require the administration of potent adjuvants, such as heat killed Mycobac-
teria, pertussis toxin, and/or immunostimulatory DNA sequences.

On the other hand, there is also evidence that a deficiency of
“proinflammatory” cytokines could underlie resistance to autoimmunity in
some circumstances. More and more is being learned about the specific
cytokine requirements of autoreactive T cells for the acquisition and execu-
tion of pathogenic functions. As will be discussed later, the T helper (Th)1
polarizing monokine, IL-12, has emerged as an indispensable and
nonredundant factor in the pathogenesis of organ specific autoimmune diseases
(24–26). In fact, environmental agents that trigger autoimmune exacerba-
tions, including the bacterial products in the adjuvants used to induce
experimental autoimmune diseases, appear to act by stimulating the produc-
tion of IL-12, thereby leading to bystander activation of autoreactive T cells
(27). By logical extension, genetic and environmental factors that suppress
IL-12 production by macrophages or dendritic cells (DC) or that dampen the
IL-12 responsiveness of developing effector T cells, could raise resistance
against organ-specific autoimmunity (28,29).

One conclusion that can be drawn from the previous discussion is that
susceptiblity to autoimmune disease is modulated by the cytokine milieu of
the microenvironment(s) where autoimmune-effector cells are likely to be
activated. Such sites include the target organ itself as well as secondary lym-
phoid tissues where autoreactive T cells could be stimulated by
superantigens, molecular mimics, or ectopically expressed autoantigens. Of
particular importance is the balance between proinflammatory/Th1-polariz-
ing cytokines, such as IL-12, and immunosuppressive cytokines, such as IL-10
and TGF- . In Subheading 2., we will review the data supporting the asser-
tion that T cells must be polarized towards the Th1 lineage in order to medi-
ate organ specific autoimmunity and, consequently, that IL-12 plays a central
role in their development. Next, we will discuss the biological functions of
IL-10 and TGF- that could be used to inhibit Th1 effector cell differentia-
tion and/or suppress autoimmunity at a later stage in pathogenesis. Finally,
we will summarize the data supporting a role of IL-10- and TGF- -depen-
dent immunoregulatory circuits in resistance to “spontaneous” as well as
actively induced organ specific autoimmunity.



Cytokines and Resistance 197

2. ORGAN SPECIFIC AUTOIMMUNE DISEASES
ARE INDUCED BY TH1 CD4+ T CELLS: ESSENTIAL ROLE
OF IL-12 IN PATHOGENESIS

One of the most influential achievements in immunology over the past 30
years was the demonstration that CD4+ T cells can be categorized into func-
tional “Th” subsets based on their cytokine profiles (30,31). In several
experimental systems, immune responses to foreign peptides and even com-
plex antigens (including whole microorganisms) were found to be domi-
nated by CD4+ T cells committed to a particular Th phenotype (32–35).
Subsequent studies revealed that either Th1 or Th2 anti-microbial responses
could be protective depending on the nature of the pathogen (36–41). By
contrast, the autoreactive T cells capable of mediating organ specific
autoimmune diseases exclusively fell into the Th1 subset (42).

In several adoptive transfer models, including experimental autoimmune
encephalomyelitis (EAE) in SJL and B10.PL mice, diabetes in NOD mice
and uveitis in Lewis rats, a high correlation exists between the ability of
autoantigen-specific T cells to mediate disease and their ability to produce
IFN- , TNF- and/or Lymphotoxin upon in vitro challenge (43–50). On the
other hand, lines and clones that recognize the same self-peptide/MHC com-
plexes but are manipulated to produce Th2 rather than Th1 cytokines gener-
ally lose their disease-causing properties, and in some instances can act to
suppress disease (48,51–55). Furthermore, Th1 cytokine expression is
upregulated in inflamed target organs and draining lymph nodes from labo-
ratory animals with experimental autoimmune diseases (including collagen-
induced arthritis [CIA], diabetes, inflammatory bowel disease [IBD], and
encephalomyelitis) (56–63) as well as in biopsy and autopsy specimens from
patients with the corresponding human ailments (such as rheumatoid arthri-
tis [RA], Crohn’s disease, juvenile onset insulin-dependent diabetes melli-
tus [IDDM], and MS) (64–70). Systemic fluctuations in Th1 cytokines
sometimes reflect fluctuations in the target organ and foreshadow disease
activity. For example, MS patients have elevated levels of IL-12 in their
blood as well as CSF (71–74), whereas RA patients have elevated levels in
blood and synovial fluid (75). In the case of MS, elevations of intracellular
IL-12 in circulating monocytes correlate with clinical and radiological
exacerbations (76).

In recent years, a more complex picture of the role of Th1 cytokines in
organ specific autoimmune disease has emerged. It is now widely accepted
that IL-12 signaling is crucial for the development and/or function of com-
petent autoimmune effector cells (particularly in those diseases in which
CD4+ T cells play the predominant role) (24,25). However, the role of indi-
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vidual Th1 effector cytokines has fallen into question. A review of earlier
studies on the effects of neutralizing antibodies against IFN- or TNF- in ani-
mal models of autoimmune diseases reveals frequent inconsistencies. For
example, anti-IFN- was reported to suppress disease activity in some mod-
els of IBD, but to have no effect in others (77,78). In one study blockade of
TNF- and Lymphotoxin- abolished histological EAE, but in another it
simply delayed inflammatory infiltration, and in yet another had no effect
(79–83). Perhaps the most erratic results have been obtained with anti-IFN- in
the EAE model. Depending on the timing, strain, and autoantigen, IFN- neu-
tralization could protect or, paradoxically, exacerbate the clinical course (84–89).

Analyses of IFN- and IFN- receptor-deficient mice have yielded more
consistent, though unexpected, results. In virtually all animal models of
CD4+ T cell-mediated, organ specific autoimmunity thus far tested, IFN-
and/or IFN- receptor knockout mice develop full-blown autoimmune dis-
ease with comparable, or even greater severity, than their wild-type counter-
parts. Specifically, they succumb to EAE, experimental autoimmune uveitis
(EAU), CIA, adjuvant-induced arthritis, anti-glomerular basement mem-
brane glomerulonephritis, experimental autoimmune thyroiditis (EAT), sev-
eral models of inflammatory bowel disease, and diabetes in NOD mice
(90–103). The one exception is experimental autoimmune myasthenia gravis
(EAMG), in which autoantibodies of the IgG2a subclass play the predomi-
nant role during the effector phase (104). With regard to the EAE model,
IFN- deficiency leads to increased susceptibility across a spectrum of dif-
ferent inbred strains, each challenged with a different myelin peptide or pro-
tein (99–102). Similarly, TNF- and/ or Lymphotoxin- -deficient mice
have been found to be at least as EAE-susceptible as their negative litter-
mates, independent of the strain of origin (105–109). Knockout mice with
multiple cytokine deficiencies will have to be constructed to determine
whether one Th1 effector cytokine compensates for the absence of another.
Nonetheless, the collective data suggests that, although in certain animal
models the abrupt blockade of individual Th1 effector cytokines may be
therapeutic, as a general rule neither IFN- , TNF- , or Lymphotoxin- are
indispensable for autoimmune pathogenesis.

The experience with IL-12 has been much more definitive. The literature
has consistently demonstrated that the monokine plays an essential role in
CD4+ T cell-mediated autoimmune pathogenesis (24,25). Hence, the admin-
istration of recombinant IL-12 accelerates and/or intensifies EAE, CIA, dia-
betes in NOD mice, EAMG, and EAT (110–117). Conversely, the
administration of neutralizing antibodies against IL-12 protects otherwise
susceptible inbred strains from the induction of EAE, inflammatory colitis,
CIA, EAU, and EAT (78,101,110,114,116,118–121). In addition, the
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administration of IL-12 antagonists prevents diabetes in NOD mice (122).
Even more impressively, established EAE and CIA are ameliorated by the
administration of neutralizing antibodies against IL-12 during the effector
phase (110,121). Similarly, IL-12-deficient mice are completely resistant to
EAE, EAU, CIA, EAT, and EAMG (101,112,116,123,124). The one excep-
tion is diabetes in IL-12-deficient NOD mice (125). However, this model
differs from the others in that CD8+ T cells and antibodies play more of a
substantive role in the pathogenic process.

Several experiments have directly compared the importance of IL-12 and
IFN- in animal models of autoimmune disease. The results consistently
demonstrate an obligatory role for IL-12, as opposed to IFN- , in pathogen-
esis. For example, neutralization of IL-12 suppresses established colitis in
IL-10 deficient mice, whereas anti-IFN- has no detectable effect (78). In
two other experimental models of IBD, effector T cells from IFN- deficient
mice, but not from STAT-4 deficient mice (which have blunted responses to
IL-12), retain the ability to transfer disease (97,126). Thyroglobulin-stimu-
lated effector T cells from IFN- -deficient mice induce a more severe course
of autoimmune thyroiditis following activation in the presence of recombi-
nant IL-12 (94). Most convincingly, the administration of neutralizing anti-
bodies against IL-12 prevents the development of EAE and CIA in highly
susceptible IFN- and IFN- receptor-deficient mice, respectively (101,127).
Hence, IL-12 can promote organ specific autoimmune disease by IFN-
independent pathways. The overriding implication is that the most effective
immunoregulatory mechanisms will target IL-12-mediated events, as
opposed to effector cytokines further downstream.

3. ANTI-TH1/MACROPHAGE DEACTIVATING CYTOKINES
AND SUPPRESSION OF AUTOIMMUNE PHENOMENA

Based on the previous discussion, it should come as no surprise that IL-10
and TGF- are proving to play critical immunoregulatory roles in suppress-
ing organ specific autoimmune diseases. Both cytokines have specific “anti-
IL-12” effects. Shortly after the discovery of IL-10, a series of articles were
published reporting that it suppressed cytokine production and antigen-spe-
cific proliferation by Th1 clones in vitro (128–130). Conversely, the addi-
tion of anti-IL-10 neutralizing antibodies to primary lymph node cell cultures
biased developing CD4+ T cells towards the Th1 pathway (131). It was real-
ized that most, if not all of these effects, were mediated indirectly through
the modulation of antigen-presenting cells (APCs), because IL-10 was not
as effective in accessory cell-independent systems (132,133). Similarly,
TGF- was found to suppress Th1 differentiation through modulation of
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APCs (134,135). Indeed, it is now recognized that both cytokines directly
suppress IL-12 secretion (135–137), as well as expression of MHC Class II
and costimulatory molecules (132,138–140), by DC and/or macrophages.
With respect to effects on costimulatory molecules, IL-10 downregulates
B7 molecules (141–145) and TGF- suppresses CD40 (135,146). IL-10 and
TGF- each have direct biological effects on T cells as well. Both inhibit
developing T cells from expressing the 2 subunit of the IL-12 receptor,
thereby rendering them unresponsive to IL-12 and derailing Th1 differentia-
tion (147–150). In addition, TGF- blocks IL-12 signal-transduction path-
ways (151). Finally, IL-10 diminishes IL-2 and TNF- secretion, even when
T cells are stimulated under accessory cell-free conditions (152–154), and
TGF- inhibits IL-2-dependent T cell proliferation, in part by downregulating
the IL-2 receptor (155).

IL-10- and TGF- -mediated suppression of autoimmunity may involve
more than the direct or indirect inhibition of effector T cells. Although in
several animal models Th1 CD4+ T cells initiate the inflammatory process,
activated macrophages are believed to inflict the ultimate damage to host
tissues, through production of free oxygen radicals and/ or TNF- . In this
regard, IL-10 and TGF- both limit the production of nitric oxide (NO) and
free oxygen radicals by monocytes-macrophages (156–163). In addition,
TGF-  hinders TNF-  secretion by these cell types (161) and IL-10 modu-
lates the ability of macrophages to turnover the extracellular matrix (ECM)
(164,165).

4. ROLE OF ENDOGENOUS IMMUNOREGULATORY
CYTOKINES IN PREVENTING “SPONTANEOUS”
AUTOIMMUNITY

Much of the data substantiating the regulatory roles of IL-10 and TGF-
in maintaining “immune homeostasis” comes from experimental models of
IBD. One of these models involves the transfer of CD45RBhigh CD4+ T cells
isolated from naive BALB/c splenocytes into immunodeficient CB.17 SCID
or RAG2 –/– mice. Inflammatory colitis invariably ensues within 3–5 wk of
the transfer, but is prevented by cotransfer of the reciprocal CD45RBlow

subpopulation (166). This finding suggests that, in immunocompetent mice,
CD45RBlow regulatory cells are continually engaged in the active suppres-
sion of CD45RBhigh effector cells, thereby preventing the “spontaneous”
development of colitis. The mechanism of suppression is dependent on the
secretion of IL-10 and TGF- , as supported by a wealth of circumstantial as
well as direct evidence. First, the systemic administration of recombinant
IL-10 (but not IL-4) inhibits CD45RBhigh CD4+ T effector cells from induc-
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ing colitis (77), while the administration of neutralizing antibodies against
TGF- or blocking antibodies against the IL-10 receptor abrogates protection
by CD45RBlow regulatory T cells (22,167). Furthermore, the biological func-
tions of the CD4+ T cell subsets can be reversed by genetically manipulating
their IL-10 production patterns. For example, CD45RBlow T cells from IL-10
deficient mice not only fail to suppress colitis, but actually induce the disease
when transferred alone into SCID recipients (22). Conversely, CD45RBhigh

cells from transgenic mice expressing IL-10 under the IL-2 promoter not only
fail to induce colitis in SCID recipients, but prevent the disease when
coinjected with CD45RBhigh T cells from control mice (168). Hence, “forced”
expression of IL-10 converts effector cells into regulatory cells, whereas defi-
cient IL-10 expression converts regulatory cells into effectors.

Further evidence for the roles of endogenous IL-10 and TGF- in sup-
pressing spontaneous autoimmune phenomena comes from studies of
cytokine-deficient mice. As one might predict, IL-10-deficient mice inevi-
tably develop enterocolitis as they mature (21). As in the reconstituted SCID
model, the colitis appears to be mediated by a subset of Th1 CD4+ effector
cells. (The disease is transferred into Rag2–/– recipients by Th1-polarized
CD4+ cells harvested from the inflamed colons of adult IL-10 knockout mice
and it is inhibited by neutralizing antibodies against IL-12 [78,169–171].)
The enterocolitis is not secondary to a developmental artifact because it is
prevented by administration of recombinant IL-10 from birth (172). Presum-
ably, the autoimmune disease arises as a result of the functional absence of IL-10
producing regulatory T cells, analogous to the CD45RBlow subset that has
been isolated from wild-type BALB/c splenocytes, as discussed previously.

Despite their pervasive developmental abnormalities, TGF 1 knockout
mice have also been informative with regard to endogenous immunoregulatory
cytokine networks. At a young age (generally 2–3 wk), they develop multi-
organ inflammatory infiltrates (173). Concomitantly, autoantibodies appear
in their sera and immune complexes appear in kidney glomeruli. This sponta-
neous autoimmune syndrome is driven by MHC Class II-restricted antigen
presentation, because double knockout mice, that are deficient in MHC Class
II as well as TGF 1, are protected from autoimmune pathology (174). Hence,
autoreactive CD4+ T cells play a key role in initiating the inflammatory pro-
cess in the TGF 1 single knockouts. By contrast, 2-microglobulin deficiency
ameliorates, but does not abrogate, the autoimmune syndrome (175). This sug-
gests that CD8+ T cells contribute to the autoimmune pathology, though in a
less essential way than their CD4+ counterparts.

In order to more accurately define the role of TGF-  in immune homeo-
stasis, Gorelick and Flavell recently developed a transgenic approach to
abrogate the TGF- response exclusively in immune cells (23). Specifically,
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they expressed a dominant-negative TGF- receptor type II under the con-
trol of the CD4 promoter (which is expressed at some point in CD8+ as
well as CD4+ T cells) thereby creating a mouse model whereby TGF-
signaling is blocked specifically in T cells. The phenotype of these
transgenic mice is characterized by a wasting illness and diarrhea starting
at 3–4 mo of age. Histological examination reveals marked-to-severe IBD,
pulmonitis, and mild infiltration of the pancreas and kidneys. As in the
TGF 1 knockout, autoantibodies are found in the sera and immune com-
plex deposits are found in the kidney glomeruli.  Peripheral T cells in adult
transgenic mice appear to have been activated by endogenous antigens.
Lymph nodes are expanded to three times their normal size, and a high
percentage of CD4+ as well as CD8+ cells express memory markers. Fur-
thermore, unlike T cells harvested from naive wild-type mice, those from
the transgenic produce effector cytokines (IFN- and IL-4) immediately
upon in vitro activation, commensurate with a memory phenotype. These
findings indicate that, if not for TGF- -mediated suppression, a signifi-
cant number of peripheral T cells in wild-type mice would inevitably enter
an activated state without overt provocation. The development of multi-
organ infiltrates in the transgenic mice implies that at least some of these
TGF- -inhibited T cells are autoreactive and would otherwise initiate
spontaneous autoimmune disease.

In addition to IL-10 and TGF-  deficiency, a congenital absence of IL-2
results in the development of “spontaneous” enterocolitis (176). This dis-
ease also appears to be IL-12 driven since Th1 CD4+ T cells comprise the
majority of the inflammatory infiltrate and IL-12 neutralizing antibodies are
protective (177,178). At first glance, the phenotype of the IL-2 knockout is
somewhat surprising. IL-2 is the quintessential T cell growth factor. Hence
one might expect widespread T cell anergy and, consequently, deficient
autoreactive as well as foreign antigen-specific adaptive responses. The phe-
notype of IL-2 knockout mice may result from differences in the depen-
dence of effector cells and regulatory cells on IL-2 for clonal expansion and/
or survival. IL-12 can act as a growth factor for Th1 cells and in several
systems has been shown to have anti-apoptotic effects (179). It is possible
that, in the absence of IL-2, the colitis-inducing cells are rescued by IL-12
signaling, whereas endogenous regulatory cells (which most likely do not
express IL-12 receptors) do not have this recourse. In addition, IL-2 defi-
cient mice have an absolute deficiency in the number of regulatory T cells
that express the CD4+ CD25+ phenotype (180). The selective advantage
thereby gained by the effector cells results in their dominance and autoim-
mune pathology.
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5. ROLE OF ENDOGENOUS IMMUNOREGULATORY
CYTOKINES IN RESISTANCE TO ACTIVELY INDUCED
AUTOIMMUNE DISEASES

In the last section we discussed the role of immunoregulatory cytokines
in the prevention of “spontaneous” immune events in naive animals, not
otherwise provoked. In this section, we will address their role in promoting
resistance to organ specific autoimmune syndromes that are deliberately
induced by active immunization with selected autoantigens combined with
adjuvants. These models may simulate the physiological situation in humans
when infectious illness triggers autoimmune exacerbations. The pathogen
introduces a foreign antigen that mimics an autoantigen along with nonspe-
cific immunomodulatory molecules that act as adjuvants (such as IL-12-stimu-
lating bacterial DNA).

As in the case of “spontaneous” autoimmunity, the literature indicates
that IL-10 and TGF- are the predominant mediators used to control actively
induced autoimmune syndromes. Hence, IL-10 deficient mice experience
EAE and EAU at a greater incidence and severity than their wild-type coun-
terparts (101,181–183). This increased susceptibility does not represent a
developmental artifact; adult wild-type mice treated with neutralizing anti-
bodies against IL-10 experience an exacerbated clinical course similar to
the knockouts (101,183–185). IL-10 neutralization also increases suscepti-
bility to experimental arthritis and diabetes (186–189). By contrast,
transgenic mice in which the IL-10 gene is under the control of the IL-2
promoter (targeting expression to T cells) or the MHC Class II promoter
(targeting expression to APCs) are resistant to the induction of EAE and
CD45RBlow CD4+ T cell-mediated colitis, respectively (168,190). We have
previously stated that an IL-10/IL-12 immunoregulatory circuit controls sus-
ceptibility to autoimmune disease (101). This was based on experiments
that used neutralizing antibodies against IL-12 to prevent EAE. The protec-
tive effect of the antibodies was at least in part attributable to the emergence
of IL-10 producing regulatory CD4+ T cells. Our results suggest that during
homeostasis a constant struggle exists between IL-12-mediated autoimmune
processes and IL-10-mediated immunosuppression.

An extensive body of data demonstrates a similar role of TGF- in
immunoregulation. It is not practical to use TGF 1-deficient mice in the
study of actively induced autoimmune diseases because, as discussed ear-
lier, they spontaneously develop rampant multi-organ inflammation at a
young age and have relatively short life-spans. However, the neutralization
of endogenous TGF- in wild-type mice leads to an increase in the inci-
dence and severity of EAE, CIA, and diabetes (191–195).
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The realization that organ specific autoimmune syndromes are Th1
mediated, leads many to speculate that endogenous IL-4 would also play an
important immunoregulatory role in conferring resistance. IL-4 directly sup-
presses IL-12 production by DC (136). It downregulates IL-12 receptor 2
expression (and therefore IL-12 responsiveness) by developing T cells under
certain conditions (196,197). Indeed, the administration of exogenous IL-4
(either as a recombinant cytokine or in an expression vector) has been shown
to suppress EAE, several models of autoimmune arthritis, and diabetes in
NOD mice (186,188,198–204). IL-4 dependent pathways have also been
implicated in the therapeutic effects of altered peptide ligands and oral tol-
erance (54,55). Nonetheless, there is little convincing evidence that endog-
enous IL-4 participates in physiological immunoregulatory pathways. IL-4
deficient mice do not develop spontaneous colitis or any other autoimmune
syndrome, for that matter. Furthermore, they resemble their wild-type coun-
terparts with respect to incidence and severity of EAE and experimental
diabetes (101,182,205,206). CD4+ CD45RBlow regulatory cells from IL-4
deficient, but not IL-10 deficient, donors are fully capable of suppressing
IBD (22,167). Neutralizing antibodies against IL-4 do not exacerbate diabe-
tes in NOD mice (207). Although some investigators found that anti-IL-4
treatment increases susceptibility to adjuvant induced arthritis and CIA
(208,209), others found it to be ineffective or to actually inhibit the
development of disease (188,210,211).

Endogenous IL-4 probably does not play as predominant a role in the
regulation autoimmunity as IL-10 or TGF-  because of the conditions nec-
essary for its production in vivo. The strongest promoter of Th2 differentia-
tion is IL-4 itself and Th2-polarized CD4+ T cells are the primary source of
IL-4 (33). Hence, this raises the quandry of how to induce IL-4 production
de novo in the settings where autoimmune effector cells are activated. No
such predicament arises when considering IL-10 and activated TGF- as
regulatory factors. Both are secreted by macrophage-monocytes and DC (as
well as by regulatory T cells) in response to a broad range of nonspecific
stimuli, including microbial products such as lipopolysaccharide (LPS)
(128,212–214). As noted earlier, infectious diseases often trigger autoim-
mune exacerbations, so such stimuli are likely to be present in the local
microenvironment during effector-cell differentiation. In this way, regula-
tory pathways are set into motion at the inception of an autoimmune
response. Furthermore, recent studies demonstrate that IL-10 production by
APCs promotes the development of IL-10 and TGF- -producing regulatory
“Tr1” cells that can, in turn, perpetuate immunosuppression (215). No such
scenario can be painted using IL-4-dependent regulatory circuits.
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6. QUALITATIVE DIFFERENCES IN CYTOKINE RESPONSES
TO AUTOANTIGENS UNDERLIE GENETIC DIFFERENCES
IN SUSCEPTIBILITY TO AUTOIMMUNE DISEASE

It has long been recognized that the relative susceptibility of inbred rodent
strains to experimental autoimmune diseases generally correlates with their
major histocompatibility complex (MHC) haplotype. This led to the prac-
tice of classifying MHC molecules as “permissive” or “nonpermissive” for
the development of particular autoimmune syndromes. It was widely
assumed that resistance resulted from a deficiency of MHC molecule/
autoantigen complexes that could positively select autoimmune-effector
cells in the thymus and activate them in the periphery. However, this does
not appear to always be the case. There are exceptional animals that bear a
“permissive” MHC haplotype but are, nonetheless, resistant to autoimmune-
disease induction. Moreover, lymphoproliferative and precursor-frequency
analyses demonstrate that many of these resistant strains harbor a peripheral
pool of autoantigen specific T cells that is comparable in size to that present
in MHC-matched susceptible animals (115,216,217).

In some instances, investigators have found a qualitative, as opposed to
quantitative, difference in the autoimmune response mounted by resistant
and susceptible strains, characterized by divergent patterns of cytokine pro-
duction. Several generalities have emerged from such studies. First and fore-
most, autoimmune effector T cells from susceptible strains consistently
express a Th1 phenotype, while innocuous T cells from resistant strains,
with the same self peptide/MHC specificities, do not (115,217–222). Th1
cytokines are upregulated within the target organs and draining lymph nodes
of susceptible animals at peak disease. (This includes IFN- routinely and
TNF- frequently) [59,60,223,224].) Moreover, T cells harvested from
symptomatic donors produce the same proinflammatory Th1 cytokines upon
challenge with the autoantigen ex vivo (59,60,221,223–226). These Th1
effector cells are dependent on IL-12 for differentiation and/or biological
functions; injection of susceptible animals with neutralizing antibodies
against the monokine abrogates IFN- production and protects against the
autoimmune disease (101). Autoantigen-specific lymphoproliferation is pre-
served, suggesting that IL-12 neutralization acts by altering, rather than
eliminating, the autoimmune response.

Conversely, the innocuous autoreactive T cells harvested from resistant
animals generally produce significantly less IFN- and TNF- than the
effector cells from congenic susceptible mice, if any at all. Furthermore,
Th1 cytokine expression is not upregulated in their target organs or draining
lymph nodes following priming with autoantigen combined with adjuvants.
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These observations are consistent across a spectrum of experimental autoim-
mune syndromes, including encephalomyelitis, uveitis, arthritis, neuritis,
and myasthenia gravis (115,217–221,223,225–227). In the EAE and EAU
models, investigators have found that autoantigen-specific T cells from
resistant animals with a permissive MHC haplotype differentiate along an
autoimmune-effector lineage and acquire pathogenic properties following
reactivation in the presence of exogenous IL-12 (115,217). Hence, it can be
confidently stated that non-MHC related genetic factors that influence the
ability of autoreactive T cells to embark upon a Th1-differentation pathway
modulate susceptiblity to autoimmune disease.

However, the literature is less exact in defining the cellular and molecular
basis of resistance. For example, do resistant animals simply lack the
“machinery” to mount an autoimmune Th1 response or is such a response
actively suppressed by immunoregulatory pathways? In other words, does
resistance represent a passive or an active immunological state? There is
evidence supporting both sides and it may be that resistance is achieved by
different means depending on the strain and even on the autoantigen.

Most of the evidence that genetically determined resistance to autoim-
mune disease results from active suppression is circumstantial. It is based
on experiments where “immunosuppressive” cytokines (IL-10, TGF- , and
IL-4, either alone or in various combinations) have been detected in the tar-
get organ and/or draining lymph nodes of resistant rodents or in the superna-
tants of autoantigen-stimulated T cell lines ex vivo. For example, Maron
and colleagues found that TGF- and IL-10 are upregulated in the lymph
nodes and CNS of EAE-resistant, I-As positive B10.S mice following
immunization with a potentially encephalitogenic myelin peptide (223). By
contrast, only IFN- and IL-2 were detected in lymph nodes and CNS speci-
mens from susceptible I-As positive SJL mice treated in the same manner. In
parallel experiments they detected IL-4 and IL-10 in the lymph nodes and
CNS of EAE-resistant, I-Ag7-positive strain III mice, but not in susceptible
congenic NOD mice. Similarly, several investigators have detected TGF-
in T cells and in CNS specimens harvested from EAE-resistant, but not EAE-
susceptible, rats sensitized against myelin antigens (59,224,228). TGF-
expression has also been associated with strain-related resistance in experi-
mental models of autoimmune neuritis and myasthenia gravis (225,226).
Finally, investigators have measured IL-4 production by autoantigen-primed
splenocytes exclusively from mice that are resistant to arthritis (221) and
IL-10 production by lymph-node cells exclusively from rats that are resis-
tant to neuritis (225). The skewing of autoimmune responses towards a Th1
or Th2 pathway may underlie gender-based, as well as strain-based, differ-
ences in susceptibility to organ-specific autoimmune diseases. Cua and col-
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leagues found that EAE-resistant male SJL mice mount a Th2-polarized
response against MBP (characterized by antigen-specific IL-4 production),
while their EAE-susceptible female cohorts mount a polarized Th1 response
(characterized by antigen-specific IFN-  production) (229).

However, these studies, while suggestive, prove nothing with regard to
cause and effect. It is unclear if the “immunosuppressive” cytokines that
were measured in the above studies are physiologically significant or sim-
ply represent an epiphenomenon. The importance of this distinction is per-
haps best illustrated in the study reported by Maron and colleagues (223).
Despite the fact that TGF- was detected in lymph nodes and brains of B10.S
mice following sensitization with myelin peptides, neutralization of TGF-
in vivo did not overcome their resistance to EAE. On the other hand, in
another study, EAE was induced in a normally resistant strain of rats by the
injection of neutralizing antibodies against TGF- at the time of sensitiza-
tion (228). To the authors’ knowledge, a resistant strain has never been con-
verted into a susceptible one by neutralization of IL-4 and/or IL-10 at the
time of priming or at any point thereafter.

In contrast to the studies cited previously, others have not detected the
production of immunosuppressive cytokines in autoantigen-sensitized
“MHC permissive” animals that are resistant to autoimmune disease. In
many of these experiments, the resistant animals were found to harbor sig-
nificant numbers of autoreactive T cells based on autoantigen-specific
lymphoproliferation and/or IL-2 or IL-3 production. However, they fail to
mount a Th2, as well as a Th1, response. For example, Caspi and colleagues
analyzed a panel of inbred rodent strains with varying degrees of suscepti-
bility to autoimmune uveitis and found no consistent relationship between
autoantigen-induced IL-4 production and resistance (217,218,220). Simi-
larly, we found that draining lymph nodes from EAE-resistant B10.S mice,
immunized with an immunodominant MBP peptide, failed to secrete detect-
able IL-4 or IL-10 upon in vitro challenge (115). Subsequent studies dem-
onstrated that the MBP-reactive T cells from the B10.S mice, as opposed to
those from susceptible SJL mice, have an antigen-specific defect in their
capacity to upregulate CD40 ligand, induce the production of IL-12, and
express functional IL-12 receptors. IL-12 receptor expression as well as
encephalitogenicity of these cells could be restored by the addition of exoge-
nous IL-12, but not by neutralization of either IL-4, IL-10, or TGF- (150).
Hence, in this case resistance appears to result from a primary “Th1 defect”
as opposed to active suppression. It should be noted that the different results
obtained by ourselves and Maron et al. regarding the expression of TGF-
and IL-10 in B10.S mice could be owing to the fact that different myelin pep-
tides were used as the targeted autoantigen. (We used the immunodominant
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peptide of MBP peptide; Maron used a peptide fragment of myelin oligo-
dendroglial glycoprotein.) Nonetheless, as mentioned earlier, in neither case
did neutralization of immunosuppressive cytokines reverse disease resis-
tance. Finally, Kim and colleagues reported that the EAE-resistance of male
SJL mice results from a gender-based defect in IL-12 production by acces-
sory cells (230). As opposed to Cua et al. (229), they concluded that Th1
differentiation was blocked without immune deviation to a Th2 pathway.

It is possible that in some of the aforementioned studies active suppres-
sion is indeed responsible for disease resistance, but the investigators did
not measure the pertinent immunoregulatory factors and/or analyze the per-
tinent subset of regulatory cells. Hence, Conboy et al. found that the resis-
tance exhibited by B10.A mice to EAE is secondary to the production of a
Th1 inhibitory soluble factor by splenic APCs (219). Furthermore, this
soluble factor is able to suppress the Th1 phenotype and encephaliogenicity
of myelin-reactive T cell lines derived from B10.BR mice, which ordinarily
are highly susceptible to disease induction. The immunosuppression is not
inactivated by neutralization of either IL-10, IL-4, TGF- , IFN- , TNF- ,
or the natural IL-12 heterodimer antagonist, IL-12 p40 homodimer. As of
now, the identity of the inhibitory molecule(s) remains unclarified. That is
not to say that every case of resistance to autoimmune disease is mediated
by accessory cell-derived suppressive factors. In our experiments, the
innocuous phenotype of B10.S MBP-reactive T cells and the pathogenic
phenotype of congenic SJL MBP-reactive T cells could not be reversed by
mixing and matching APCs (115).

7. CONCLUSION

Despite earlier assumptions to the contrary, it is now firmly established
that autoreactive T cells are normal constituents of the peripheral repertoire
in healthy individuals. Studies from several laboratories have demonstrated
that, under certain circumstances, they have the potential to be transformed
into autoimmune-effector cells following stimulation with IL-12. Conse-
quently, during the course of evolution the immune system developed an
intricate immunoregulatory network, largely dependent on the production
of the “suppressive” cytokines, IL-10 and TGF- , to block their pathogenic
conversion. Genetic and environmental factors that upset the homeostatic
balance maintained between the production of IL-12, on the one hand, and IL-
10 and TGF- on the other, modulate susceptibility to autoimmune disease.
The challenge facing clincians and scientists in the future will be to tip the
balance in favor of immunosuppression in an autoantigen-specific manner that
does not compromise protective anti-microbial and anti-tumor Th1 responses.
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The Role of Cytokines in Induction

and Regulation of Autoimmune Uveitis

Rachel R. Caspi

1. INTRODUCTION
Uveitis is a generic term that encompasses a variety of intraocular

inflammations. Noninfectious uveitis, affecting an otherwise intact eye, is
believed to have an autoimmune or immune-mediated origin. It can affect
the front, middle, or back part of the eye, and is then termed anterior, inter-
mediate, and posterior uveitis, respectively. A schematic drawing of a human
eye is shown in Fig. 1. The uveitic conditions that affect the back of the eye
where the photoreceptor cells are located are particularly likely to adversely
affect vision. These sight-threatening diseases can be mostly confined to the
eye, such as sympathetic ophthalmia or birdshot retinochoroidopathy, or
they can be part of a more generalized systemic syndrome where the eye is
one of a number of organs involved, such as Behçet’s disease, sarcoidosis,
or Vogt-Koyanagi-Harada syndrome (1). It is estimated that collectively pos-
terior uveitic diseases are responsible for about 10% of the severe visual
handicap in the United States.

Experimental autoimmune uveoretinitis (EAU) is a cell-mediated autoim-
mune disease model that targets the neural retina and serves as an experi-
mental equivalent to posterior uveitic diseases in the human. EAU can be
induced in susceptible animal species by immunization with retinal antigens
or their fragments, and in mice and rats also by infusion of retinal antigen-
specific T cell lines and clones. A number of proteins derived from the pho-
toreceptor cell layer, among them the interphotoreceptor retinoid-binding
protein (IRBP), the retinal soluble antigen (S-Ag), recoverin, rhodopsin, and
its illuminated form opsin were found to be pathogenic and to cause essen-
tially identical pathology (2). Typically, these are evolutionarily highly con-
served proteins involved in the visual cycle. The microanatomy of normal
and uveitic retina of a mouse immunized with IRBP is shown in Fig. 2.
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Susceptible animal species include rodents as well as primates, which makes
this model useful not only for basic studies of immune mechanisms but also
for preclinical testing of therapeutic modalities. Although the antigens driv-
ing human uveitis are still unknown, uveitis patients frequently display
strong cellular responses to retinal antigens that are uveitogenic in animals,
and it is therefore believed that the findings in animal models can be
extrapolated to the human (1–4). A recently described autoimmune model
of mostly anterior uveitis, reminiscent of Vogt-Koyanagi-Harada disease,
can be induced with ocular melanin (reviewed in ref. 5). Although cytokine-
related mechanisms have not been studied extensively, they appear similar
to those of EAU.

The healthy eye represents a unique, immunologically privileged envi-
ronment. Immune privilege is manifested as lack of “normal” immune rec-
ognition of antigens placed in the eye. Foreign tissues placed in the eye are
not rejected and foreign antigens injected into the eye elicit a deviant
immune response that is characterized by suppressed cellular immunity of
the delayed hypersensitivity type, and humoral immunity primarily of
noncomplement-binding antibody isotypes, a phenomenon known as
ACAID (anterior chamber-associated immune deviation). The processes that
lead to the establishment and preservation of the immunologically privi-
leged status of the eye are multilayered and complex. The eye becomes
closed off from the immune system early in ontogeny. Like the brain, the
eye resides behind blood-tissue barrier. Tight junctions between adjacent
vascular endothelial cells and epithelial cells of the various ocular structures
limit entry not only of cells but even of small protein molecules into the eye.
Ocular fluids drain directly into the blood through a structure at the angle of

Fig. 1. Schematic of a cross-section of a human eye.
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the iris and the cornea known as trabecular meshwork (see Fig. 1 for sche-
matic), thus bypassing the lymphatic system and the elicitation of conven-
tional immunity. In addition, the interior of the eye represents a profoundly
immunosuppressive environment that among other things prevents Tcell
activation, proliferation, and interferon- (IFN- ) production, as well as the
release of NO by macrophages. This is a result of the combined action of

Fig. 2. Normal and uveitic eye—mouse. (A) Normal retina. VIT, vitreous; GC,
ganglion cell layer; PNR, photoreceptor nuclear layer; POS, photoreceptor outer
segments; RPE, retinal pigment epithelium; CH, choroid; SCL, sclera. Note retinal
vessel (empty arrow). (B) Uveitic retina. Note 1, vitritis; 2, vasculitis; 3, retinal
hemorrhage; 4, photoreceptor folding; 5, retinal detachment. Hematoxylin and
eosin. Original magnification, ×400.
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suppressive cytokines and soluble factors, as well as contact-dependent
mechanisms, that will be discussed ahead (reviewed in refs. 6–8).

The eye is exquisitely sensitive to presence of inflammatory cytokines:
inoculation of either tumor necrosis factor- (TNF- ), interleukin-1 (IL-1),
IL-6, IL-8, granulocyte-macrophage colony-stimulating facotr (GM-CSF),
or IFN- into the eye induces uveitis within hours (9). It has been proposed
that an ocular environment nonpermissive to the induction and expression
of cellular immunity has developed during evolution in response to the need
to preserve vision in the face of a variety of proinflammatory physical and
microbial insults. Vision is dependent probably more than any other func-
tion of the body on the absolute integrity of the anatomical structures
involved, and good vision is a most powerful selective pressure. Evolution
has, therefore, favored mechanisms that preserve the integrity of the tissue
by inhibiting and/or channeling destructive inflammatory processes into
pathways less damaging to vision (7,8).

The relative isolation of the eye from the immune system raises the ques-
tion whether, and how, does the immune system “see” the ocular antigens
themselves? Are they sufficiently available intrathymically during ontog-
eny and peripherally during postnatal life to eliminate or control autoreactive
repertoires? Egwuagu et al. (10) presented evidence for expression of the
retinal S-Ag and IRBP in the thymus of mice and rats, and correlated it to
susceptibility of these strains to induction of uveitis by immunization with
these antigens. However, it is not clear how effective this level of expres-
sion is in supporting negative selection, because even for antigens that are
well represented in the thymus the negative selection process is not 100%
efficient. Peripheral tolerance induction through presentation on “nonpro-
fessional” antigen-presenting cells (APCs) in the absence of costimulation
is probably limited, because the antigens in question are largely limited to
the eye, which becomes isolated from the immune system early in ontogeny.
However, retinal antigens are expressed also in the pineal gland (“third
eye”), which has no blood-organ barrier. It is therefore reasonable to infer
that some level of tolerance exists to retina-specific antigens. Nevertheless,
the findings that retinal antigen-specific lymphocytes can be easily cultured
from peripheral blood of healthy animals and humans, and that ocular
autoimmunity is easily induced in experimental animals, indicate that toler-
ance to retinal antigens is incomplete. Recent data from our laboratory,
showing that mice expressing the retinal antigen IRBP extraocularly on a
class II promoter are highly resistant to EAU induced with an IRBP-derived
epitope, demonstrate directly that the normally restricted expression of this
retinal antigen does not support efficient self-tolerization (11).This is fur-
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ther supported by the report of Koevary et al. that intrathymic injection of
S-Ag prevents development of EAU in Lewis rats (12). Thus, on the one hand,
evolution has taken pains to limit the access and to control the interaction of
the immune system with ocular components. On the other hand, the very iso-
lation that protects the eye from the immune system, also prevents efficient
development of tolerance to ocular antigens, so that when integrity of the
blood-tissue barriers is disrupted, lymphocytes from the periphery—that have
not been rendered tolerant—can enter the eye, and autoimmunity may ensue.

2. CYTOKINES IN THE HEALTHY EYE AND THEIR
RELATION TO IMMUNE PRIVILEGE

A number of cytokines, for the most part produced by the ocular tissues
themselves, have been identified in the eye, and additional ones are prob-
ably yet to be discovered. The ocular fluid that has been best-studied, owing
mainly to its accessibility, is the aqueous humor (AH). However, there is
diffusion of molecules among the different compartments of the eye, so that
many if not most of the substances identified in the aqueous are also present
in other compartments. Indeed, immune privilege also has been shown to
exist in the vitreous cavity as well as in the subretinal space (8).

Perhaps the most prominent and well studied among the suppressive ocu-
lar cytokines is transforming growth factor- 2 (TGF- 2) (13). The eye con-
tains surprisingly large amounts of this cytokine, mostly in latent but also in
active form, and it accounts for most of the direct immunoinhibitory activity
of aqueous humor. TGF- 2 is the isoform that appears to be typical of
immune privileged sites. Not only the eye, but also the cerebrospinal fluid
(CSF) and the amniotic fluid contain large amounts of TGF- 2 (13–16).
AH-derived TGF- 2 not only inhibits lymphocyte function, but—at least in
the case of responses to soluble protein Ags such as ovalbumin (OVA)—
also acts to endow ocular APCs with inhibitory properties that are central to
the induction of the ACAID response, the deviant immune response men-
tioned earlier that is elicited to antigens presented through the eye. Further-
more, TGF- alters the properties of conventional APC (peritoneal exudate
cells), that would normally be able to prime T cells towards the T helper
(Th)1 pathway. When incubated with OVA in the presence of biological
fluids derived from one of these privileged sites or with purified TGF- 2,
these APCs produce IL-10 instead of IL-12 during antigen processing, and
promote differentiation of antigen specific T cells towards the Th2 pheno-
type (17,18). Finally, TGF- -altered APC induce generation of ACAID-spe-
cific CD8+ regulatory cells that suppress delayed type hypersensitivity
(DTH) responses to OVA by a unique mechanism involving migration of
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the ACAID-inducing APC into the spleen and local production of MIP-2 by
them, recruitment of CD1-restricted natural killer T (NKT) cells into the spleen,
and induction of IL-10 production by these recruited NKT cells, that presum-
ably acts to promote differentiation of ACAID regulatory T cells (19–21).

Other cytokines/soluble factors found in the eye include macrophage
migration inhibitory factor (MIF), IL-1 receptor antagonist (IL-1RA), alpha
melanocyte stimulating hormone ( -MSH), vasoactive intestinal peptide
(VIP), calcitonin gene-related peptide (CGRP) and free cortisol (7,8). The
combined activities of these different cytokines and soluble factors in concert
are responsible for the immunoinhibitory effects of ocular fluids on T cells.
Thus, the anti-proliferative effect is mediated mainly by TGF- 2 and VIP,
whereas inhibition of IFN- synthesis is owing to -MSH. CGRP is primarily
responsible for inhibition of nitric oxide (NO) production by macrophages, and
inhibition of target-cell killing by NK cells is accomplished by TGF- 2 and
MIF. In contrast, killing by cytotoxic T cells is not inhibited by AH, underscor-
ing the selectivity of the ocular environment in favor of those effector mecha-
nisms that do not result in widespread and nonselective tissue damage.

An integral part of the unique immunological environment of the eye,
and working in part through cytokine responses, is expression of FasL on
ocular tissues. The demonstration of constitutive expression of FasL as an
important component of immune privilege in general has first been demon-
strated in the eye, and subsequently extended to other immunologically
privileged tissues (6,22). Studies by Ferguson et al. (23,24) utilizing injec-
tion of virus-infected or TNP-derivatized syngeneic spleen cells into the
anterior chamber have revealed that the role of FasL in ocular immune privi-
lege is twofold: (1) it promotes apoptosis of infiltrating lymphocytes, and
thus has a direct role in eliminating pathogenic effector cells from the eye;
(2) the cells that have been signaled to die promote induction of systemic
ACAID to the antigen they carry. The process of apoptosis triggers IL-10
production by the affected cells. Phagocytes that ingest the IL-10-laden
apoptotic cells display an altered APC function and prime antigen-specific
T cells for immune deviation. Although it is possible that the interaction
between apoptotic T cells and APCs might take place in the eye, apoptotic
bodies (presumably derived from the T cells injected into the eye) are subse-
quently found in the blood; it is thought that they reach the spleen and
encounter resident APCs there. This phenomenon could be conceptualized
to represent the fate of autoreactive T cells that have infiltrated the eye and
have come in contact with ocular antigens.

It is interesting to note the different but parallel mechanisms operating in
ACAID induction to soluble (OVA) and cell-bound antigen (TNP-coupled
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T cells). The latter involves an obligate step of apoptotic death of antigen-
bearing cells and their concomitant IL-10 production. However, in both
cases cells—either APCs or apoptotic T cells—exit the eye and go to the
spleen, but in the case of soluble antigen they are modified macrophages,
and in the case of particulate antigen they are apoptotic T cells. In both
cases, tolerogenic antigen presentation is accomplished by modified APC,
which in the case of soluble Ag have been affected by TGF- 2 in the eye,
and in the case of particulate Ags have been affected by apoptotic T cell-
produced IL-10. In both cases production of IL-10 is required, but in the
former it is accomplished by attracting IL-10 producing NKT cells, and
in the latter the apoptotic T cells themselves serve as the source of the
cytokine. Thus, the oculo-splenic axis, the participation of functionally altered
APC, and the obligate role of IL-10 represent common themes of the two
pathways.

That immune privilege and the ACAID phenomenon may be relevant to
controlling ocular autoimmunity was demonstrated by Hara et al., who
showed prevention, as well as reversal, of EAU by induction of IRBP-spe-
cific ACAID using injections of the soluble IRPB into the anterior chamber
(25). Unexpectedly, however, recent work from our laboratory has demon-
strated that expression of FasL on ocular tissues does not appear to reduce
susceptibility to induction of EAU (25a). This was evidenced by the finding
that FasL deficient (lpr) mice, lethally irradiated and reconstituted with wild-
type bone marrow, were just as susceptible to EAU as the FasL-competent the
wild-type when challenged with a uveitogenic IRBP regimen. Thus, local
mechanisms of immune privilege do not afford protection against a strong
disease-inducing stimulus, but protection can be achieved by a state of sys-
temic immune deviation through directed manipulation of these mecha-
nisms. Given that the intensity of most natural environmental triggers
probably falls short of an experimental uveitogenic regimen, the immune
privilege and the ACAID phenomenon may well serve to raise the threshold
of resistance, and may partly compensate for the apparently limited effec-
tiveness of central and peripheral tolerance in eliminating self-reactive T
cell repertoires capable of recognizing retinal antigens.

3. CYTOKINES AND UVEITIS
3.1. Genetics and the Effector Response

EAU in the wild-type host is associated with a Th1 response. IL-12p40
deficient mice, that produce no functional IL-12 and are unable to mount a
Th1 response, as well as wild-type mice treated with neutralizing anti-IL-12
antibodies fail to develop EAU (26 and Silver et al., unpublished data).
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Genetically susceptible strains of rats and mice are dominant Th1 respond-
ers to the uveitogenic antigen, whereas EAU-resistant strains are likely to be
low Th1 responders, or overt Th2 responders (27,28). In this context, it is
notable that pertussis toxin, which breaks EAU resistance in genetically
nonsusceptible strains, at the same time causes polarization of their cytokine
response towards Th1 (29). The chart in Fig. 3 shows an analysis of the
cytokine response phenotype vs susceptibility to EAU induced by IRPB or
its peptide, in a series of inbred mouse and rat strains. Interestingly, the Th1-
low response pattern associated with resistance does not have to be achieved
through a dominant Th2 response to the uveitogen. Genotypes with a “null”
response—that is, low in both Th1-type and Th2-type cytokines, such as the
F344 rat and the AKR mouse—are as resistant to EAU induction as the Th2-
biased BALB/c mouse. This indicates that control of the pathogenic Th1
response does not require having a response skewed towards the Th2 path-
way. Additional factors (either anti-inflammatory such as TGF- , or
proinflammatory such as TNF- , that might be superimposed on the Th1/
Th2 response pattern, undoubtedly contribute to the complex nature of the
regulatory mechanisms that determine susceptibility or resistance to ocular
autoimmune disease.

Fig. 3. EAU susceptibility and immunological responses of genetically defined
mouse and rat strains. Animals were given a uveitogenic regimen of IRBP (mice)
or its major pathogenic peptide (rats). Draining lymph node cells were explanted
into culture after 12–16 d and were stimulated with the immunizing antigen.
Cytokines in 48 h supernatants and anti-IRBP Ig subclasses in the serum were
assayed by enzyme-linked immunosorbent assay (ELISA), except for IL-4 in rats
which was assessed in stimulated cells by reverse transcription polymerase chain
reaction (RT-PCR). EAU was evaluated by Histopathology.
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In keeping with the genetic predisposition towards Th1 as a factor in sus-
ceptibility, uveitogenic T cell lines and clones are Th1-like in terms of their
cytokine profile. Furthermore, primary T cell populations that make IFN-
are uveitogenic, whereas those that make little or no IFN- are not, however,
they can be converted to a pathogenic, IFN- producing phenotype by cul-
ture with IL-12 (26,27,30). In contrast, a Th2 response is counterregulatory,
in that experimentally skewing the developing response toward Th2, by early
treatment with IL4+IL-10 or by injections of mercuric chloride, can protect
from development of disease (31,32). However, a Th2-like effector response
may also lead to severe tissue damage. An example is induction of EAU in
IFN- knockout mice, that do not mount a normal Th1 response owing to
their inability to produce the prototypic Th1 effector cytokine, IFN- . These
mice develop EAU at least as readily as wild-type mice, but tissue damage
is effected by a distinct mechanism, showing many characteristics of a devi-
ant, Th2-like response (33). IFN- deficient mice exhibit an antigen-specific
response high in IL-5, IL-10, and IL-6, and do not upregulate inducible nitric
oxide synthase (iNOS) (whose regulation is strongly IFN-  driven). Unlike
the wild type, their inflammatory infiltrate is dominated by polymorpho-
nuclear leukocytes and contains a large proportion of eosinophils, strikingly
reminiscent of an immediate hypersensitivity-like reaction (Fig. 4). Data in
the EAE model showed that adoptive transfer of Th2 clones to immunodefi-
cient (SCID) mice can lead to severe tissue damage having a similar aller-
gic-like pathology (34). Thus, an unopposed Th2 response can be as
destructive to the tissue as a Th1 response.

Interestingly, however, IL-12 deficient animals that also develop a Th2-like
response to the uveitogenic protein, are highly resistant to EAU (26). Fur-
thermore, IFN- knockout mice treated with neutralizing antibodies to IL-12
fail to develop EAU. This indicates that IL-12 plays a role that is indepen-
dent of IFN-  and that IL-12, rather than IFN- , is a necessary cytokine for
differentiation of uveitogenic effector T cells, irrespective of their particular
cytokine profile.

3.2. Regulatory Cytokines in Control of EAU

Control of EAU by regulatory cytokines is accomplished at multiple levels.
As an example, TGF- and IL-10, which have a role in immune privilege,
may intervene at a level that prevents the initiation of processes leading to
autoimmune tissue attack. Th2 response, which under normal circumstances
is counterregulatory, can prevent development of a pathogenic effector
response when a perturbation has already occurred. Finally, if a pathogenic
response phenotype has become established and has precipitated tissue dam-
age, it must be downregulated to bring about remission or recovery.
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3.3. IL-4 and IL-10

Data derived from in vivo treatment of EAU-susceptible mice given a
uveitogenic regimen of IRBP with recombinant IL-4 and IL-10 showed that
early treatment with IL-4 alone did not affect EAU. Early treatment with IL-10
downregulated disease scores and inhibited the Th1-type cytokines, but
without deviating the immune response towards Th2. However, combined
IL4+IL-10 treatment shifted the cytokine profile towards Th2 and was syn-
ergistic in terms of protection from disease (31). This might indicate that
achieving immune deviation in a Th1-predisposed host requires a concomi-
tant suppression of the genetically dominant Th1 response. Interestingly,

Fig. 4. Cellular composition of inflammatory infiltrate typical of EAU in IFN-
KO mice. Shown are sections through the eye (vitreous infiltrate) and through the
DTH lesion in wild-type and IFN- knockout mouse. Note numerous eosinophils
(Eo) in IFN- knockout infiltrate, vs their paucity in wild-type. Hematoxylin and
eosin. Original magnification ×400.
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Ramanathan et al. (35) reported exacerbation of EAU and augmentation of
the Th1 response in rats in Lewis rats, which are strongly predisposed to
Th1, by treatment with IL-4.

Several lines of evidence suggest that IL-10 might constitute one of the
mechanisms mediating natural recovery from EAU (31). Administration of
exogenous IL-10 was able to prevent EAU, whereas administration of anti-
IL-10 exacerbated disease. IL-10 is one of only a few cytokines able to
inhibit the function of fully differentiated uveitogenic Th1 cells in culture,
and expression IL-10 mRNA in uveitic mouse eyes was seen to rise during
the resolution phase of EAU. Recent data, showing higher expression of IL-10
mRNA in eyes of EAU-resistant than EAU-susceptible rat strains, suggested
that basal levels of IL-10 are present in the healthy eye and can affect sus-
ceptibility to disease (36). As mentioned earlier, IL-10 also appears to be
one of the obligate mediators of the ACAID phenomenon, supporting the
notion that endogenous IL-10 could be involved not only in recovery, but
also in prevention of ocular autoimmunity (17,24).

3.4. TGF-

As discussed above, TGF- is inextricably linked with regulation of
immunological responses in the eye, and to the eye. In addition to its central
role in ocular immune privilege it may also affect systemic responses
involved in EAU. Mice given a uveitogenic immunization during pregnancy
develop reduced EAU scores compared to nonpregnant controls, and their
antigen-specific cytokine responses indicated a selective reduction of Th1
immunity (37). Interestingly, pregnant mice given an infusion of IRBP-
primed lymphoid cells from nonpregnant donors also developed reduced
EAU, suggesting that not only the generation, but also the function of mature
uveitogenic effector T cells, is inhibited by pregnancy. Because pregnant
mice have elevated serum levels of TGF- (but not of IL-10), these effects
may be secondary to supranormal systemic levels of this cytokine. Interest-
ingly, female patients suffering from autoimmune uveitis are reported to
experience a temporary remission of their symptoms during pregnancy. We
hypothesize that TGF- might cause inhibition of Th1 cells at least in part
through antagonizing the effects of IL-12. This is suggested by in vitro
experiments showing reduction of IL-12 driven IFN- production and IL-12R 2
mRNA accumulation in IRBP-primed lymph node cells cultured in the pres-
ence of TGF-  (Xu et al., unpublished results).

TGF-  may also have a role in helping to downregulate inflammation in
the eye that has already developed EAU (38). Loss of ability of AH to inhibit
T cell proliferation coincides with onset of EAU and elevated titers of IL-6,
which counteracts the suppressive effects of TGF- . However, within a
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week, the aqueous reexpressed its ability to suppress T cell proliferation,
owing to high levels of blood-derived TGF- 1 and eye-derived TGF- 2 in
the absence of IL-6. It sees a reasonable assumption that the restoration of
the immunosuppressive ocular microenvironment may help to turn off
inflammation at the tissue level. Interestingly, high levels of IL-6 in the eye
were found to be correlated with severity of endotoxin-induced uveitis (9),
implicating IL-6 as an important inflammatory mediator in the eye. Thus, a
regulatory circuit that shuts off IL-6 and prevents it from counteracting the
effects TGF- , which then antagonizes the effects IL-12 and promotes IL-10
secretion, may be involved in resolution of EAU.

3.5. Negative Regulation by IL-12 and IFN-

The local effects of IFN- within the eye are unquestionably
proinflammatory (9). However, systemic effects of this cytokine appear to
be exactly opposite. Treatment of wild-type mice with neutralizing antibod-
ies to IFN- exacerbates disease, whereas treatment with recombinant IFN-
ameliorates it. Furthermore, IFN- knockout mice are more susceptible than
wild-type to EAU induced with a uveitogenic peptide or with limiting doses
of IRBP, and in contrast to the wild-type, develop a chronic relapsing dis-
ease (39,40, and Silver et al., unpublished results).

Insights into the mechanism underlying the protective systemic effects of
IFN-  were recently provided by a series of experiments, initially designed
to confirm the role of the Th1 response in EAU. Because genetic resistance to
EAU appeared connected to a low Th1 response (Fig. 3), we expected that
treatment with IL-12 would permit EAU development in resistant strains by
shifting their response towards Th1. Unexpectedly, treatment of mice given
a uveitogenic regimen of IRBP in complete Freund’s adjuvant with 100 ng/d
of IL-12 for the first 5 d after immunization not only did not enhance EAU
in resistant strains, but in fact completely inhibited its development in sus-
ceptible strains (41). Treated mice had nanogram levels of circulating IFN-
in the serum, evidence of enhanced apoptosis in the draining lymph nodes,
and their subsequent antigen-specific responses, especially IFN- produc-
tion, were suppressed. In a series of experiments using IFN- -deficient,
iNOS-deficient, and Bcl-2 transgenic mice, which are all poorly protected
by IL-12, it was possible to delineate a seqeuence of events whereby admin-
istration of IL-12 causes systemic hyperinduction of IFN- . This mediates
protection at least in part by activation of iNOS and production of NO, which
in turn triggers Bcl-2-related apoptotic deletion of antigen-specific T cells
as they are being primed (Fig. 5). Existence of additional IFN- -driven
mechanisms besides NO-driven apoptosis, such as TNF or Fas/FasL-driven
apoptosis, as well as other antiproliferative mechanisms, are suggested by
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the progressive reduction in interference with protection at each step fol-
lowing IFN- in this proposed pathway . Interestingly, the same IL-12 treat-
ment started on d 7 after immunization is not protective, indicating that
regulation by excess systemic IFN- is only effective during initial priming,
but is ineffective against effector cells that have already been generated. We
propose that regulation of the Th1 response by excess systemic IFN- is a
regulatory mechanism to control Th1 responses in general, by preventing
recruitment of additional lymphocytes into the effector pool when a strong
cellular response, signified by high levels of inflammatory cytokines such
as IL-12 and IFN- , is already present. The in vivo relevance of this path-
way is supported by the observation that IFN- and iNOS knockout mice,
both of which cannot use this type of regulation, are highly susceptible to
EAU and have elevated cellular responses to IRBP (33,40,42).

3.6. Chemokines

Research on chemokines in uveitis is limited. Thus far, no chemokines have
been described that are uniquely or preferentially expressed in the eye. The
uninflamed eye does not express detectable chemokine mRNA species. How-
ever, chemokines such as IL-8, MCP-1, RANTES, GRO, and IP-10 are pro-
duced in the eye under inflammatory conditions. At least in some cases, they
can be shown to be associated with, and presumably are produced by, the
ocular tissues themselves (43–45). Explanted retinal pigment epithelial cells
stimulated with cytokines produce copious amounts of MCP-1 and IL-8 (46).

That chemokines are necessary for expression of EAU is shown by the
dependence of disease induction on chemokine-receptor signaling. Pertus-

Fig. 5. Control of EAU by excess IFN- and the proposed pathway. Mice were
immunized with a uveitogenic regimen of IRBP and were injected once daily with
100 µg of recombinant murine IL-12 for the first 5 d after immunization. EAU was
evaluated by histopathology 21 d after immunization.
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sis toxin is known to ADP-ribosylate and inactivate Gi proteins, which are
involved in chemokine signaling. Incubation of uveitogenic T cells with
pertussis toxin before their infusion into recipients, or treatment of recipi-
ents themselves with pertussis toxin, completely prevents induction of adop-
tively transferred EAU. The effect is dependent on the ADP-ribosylating
activity of pertussis toxin, and the in vitro treated cells, as well as lymphoid
cells from treated animals, fail to migrate to chemokines in chemotaxis
chambers (47). Thus, blockade of chemokine receptor signaling aborts dis-
ease induction by disruption of cell migration and infiltration into the target
organ. The effectiveness of this process in preventing disease raises the
notion of blocking chemokine signaling as a potential therapeutic approach
to uveitis.

4. IMMUNOTHERAPEUTIC STRATEGIES BASED
ON MODULATING CYTOKINES OR CYTOKINE RECEPTORS:
CLINICAL TRIALS
4.1. Immune-Deviation Strategies of Therapy and Oral Tolerance

The existence of Th1-low, nonpathogenic response phenotypes that were
discussed earlier, raises the notion of evoking a nonpathogenic response as a
means of preventing a pathogenic one. In animal models, deviating the
response to the immunizing retinal antigen towards the Th2 phenotype by
directed immunomodulation has resulted in protection from disease (31,32).
Although an unopposed Th2-like effector response can be as destructive to
the tissue as a Th1-like response (33,34), this has mostly been seen in immu-
nologically abnormal or immunocompromised hosts. An attractive way to
deviate the immune response is by oral tolerance induced by antigen feed-
ing. Oral tolerance as an immunotherapeutic strategy has recently gained
attention and been explored experimentally and clinically in a number of
autoimmune diseases, including uveitis (48), and is discussed more fully else-
where in this volume.

Two distinct, nonmutually exclusive mechanisms that mediate oral toler-
ance have been described: clonal anergy or deletion of the antigen-specific
cells and active suppression by regulatory cells secreting IL-4, IL-10, and
TGF- .Which of these two major mechanisms of tolerance will predomi-
nate is affected by the antigen dose and the feeding regimen (48–50). In
EAU, cytokine-mediated tolerance has been shown to require the ability to
produce both IL-4 and IL-10. Mice deficient in either one fail to develop
oral tolerance dependent on regulatory cytokines, although they are unim-
paired in their ability to develop oral tolerance mediated by anergy/deletion
(51). This may indicate that IL-4 and IL-10 are needed at different stages of
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the oral-tolerance process. Based on these results, and on the effects of in vivo
administration of IL-4 and IL-10 described earlier (31), we have hypothesized
that IL-4 is required to induce the regulatory cells, whereas IL-10 may be
important as an effector cytokine in controlling the expression of EAU.

Based on the encouraging results in animals and a pilot trial in two
uveitis patients given oral therapy with retinal S-Ag (52), a double-
masked placebo-controlled clinical trial was recently performed in which
uveitis patients were fed purified bovine S-Ag, crude retinal extract, or a
mixture of both (53). The trial gave encouraging results, however, it has
not been confirmed that the beneficial effects on disease in fact involved
regulatory cytokines. Notably, however, the crude retinal extract seemed
to worsen the disease compared to the placebo when fed alone, and to
abrogate the therapeutic benefit of S-Ag therapy when the two were given
together (53). The possibility has been raised that an oral tolerance regi-
men will “backfire,” and induce pathology instead of tolerance (54,55).
Although in clinical trials of oral tolerance in rheumatoid arthritis (RA)
or multiple sclerosis (MS) such a complication has not been noted, the
negative effect of the crude retinal extract in the uveitis patients raises a
note of caution.

4.2. Targeting IL-2 Receptor Positive Cells

The pathogenic effector T cells in EAU, and presumably in human uvei-
tis, are Th1-type and express IL-2 receptors. Early experiments in the rat
EAU model, using a chimeric protein composed of IL-2 and pseudomonas
exotoxin, showed the efficacy of this type of approach (56). This approach
was subsequently validated in a primate model of EAU by using humanized
monoclonal antibodies (MAbs) to the -chain of the IL-2 receptor and the

-chain shared by the IL-2 and IL-15 receptors (57). Finally, an open label
clinical trial was performed in which 10 patients with severe sight-threaten-
ing uveitis were treated with infusions of humanized anti-IL-2 receptor 
chain antibody for the period of 1 yr. This therapy prevented expression of
disease in 8 of 10 patients, with noted improvements in visual acuity (58).
This is an excellent bench-to-bedside example how basic studies in an ani-
mal model can lead to improved understanding of the mechanisms of dis-
ease and result in a successful clinical treatment paradigm.
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1. INTRODUCTION
Experimental autoimmune encephalomyelitis (EAE) is a T cell mediated

disease that shares many clinical and histological features with multiple scle-
rosis (MS) (1,2). The disease is characterized by ascending paralysis
accompanied by demyelination and a general inflammation in the central
nervous system (CNS) (3). EAE is induced in different species by immuni-
zation with myelin antigens such as myelin basic protein (MBP), myelin
proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG),
or by adoptive transfer of T cells specific for these myelin antigens. Upon
immunization with myelin antigens or peptides derived from them,
autoreactive T cells are activated in the periphery and traffic through the
blood brain barrier (BBB) into the CNS. In the CNS, these autoreactive T
cells come in contact with antigen presenting cells (APCs) such as perivas-
cular macrophages, microglial cells, or astrocytes, which are able to present
myelin antigens in the context of their MHC class II molecules. In this
inflammatory microenvironment, T lymphocytes and other cells express
cytokines and chemokines, which both promote and regulate the pathogenic
process.

Myelin antigen-reactive helper T cells are sufficient to induce EAE,
because the elimination of MBP-reactive Ly1+ but not Ly2+ cells prevents
transfer of EAE (4), and monoclonal antibodies (MAbs) specific for CD4+ T
cells can inhibit and/or reverse ongoing disease (5,6). Direct evidence for
the role of CD4+ T cells in EAE induction came from adoptive transfer stud-
ies in which MBP-, PLP-, and MOG-reactive CD4+ T cell lines or clones
were shown to induce encephalomyelitis and paralysis following transfer
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(7–10). The work of several groups confirmed that disease was caused by
antigen-specific type 1 T helper cells (Th1), which characteristically pro-
duce interleukin-2 (IL-2), interferon- (IFN- ), and lymphotoxin- (LT- )
and which elicit delayed-type hypersensitivity (DTH) responses and acti-
vate macrophages (8,11). Type 2 Th cells (Th2), on the other hand, which
produce IL-4 and other cytokines such as IL-10, IL-5, and IL-13, and are
especially important for IgE production and eosinophilic inflammation, were
not found among T cell clones causing disease in immunocompetent mice.
Because Th1 and Th2 cells crossregulate each other, the hypothesis that Th2
cytokines and myelin antigen-reactive Th2 cells may protect from disease
was investigated by a number of groups. These experiments found that the
production of Th1 cytokines by myelin antigen-specific cells alone is not
sufficient to guarantee the development of disease (8,11). On the other hand,
it was possible to demonstrate that myelin antigen specific cells that secrete
Th2 cytokines can protect animals from EAE, but not all such cells do so,
and in immunodeficient mice MBP-specific Th2 cells can cause
neuroinflammation and clinical disease (12). Therefore, despite some
exceptions, in EAE there are specific cytokines that are usually associated
with disease progression and other cytokines that are usually associated with
prevention and/or recovery from disease. What are the different functions of
these cytokines?

Cytokines play many roles in EAE. They affect differentiation of T cells,
the activation and recruitment of other lymphocytes, macrophages, mono-
cytes, and resident APCs, and they may be directly toxic to tissues in the
CNS. They also modulate the inflammatory process and reduce tissue dam-
age or terminate an active inflammatory response. Appreciation of the
diverse and important contribution of these molecules has prompted detailed
analysis of the role of many individual cytokines in EAE.

Active EAE is usually induced by subcutaneous immunization with
myelin-derived proteins or peptides, emulsified in complete Freund’s Adju-
vant (CFA), and given with pertussis toxin. The time-course of disease var-
ies somewhat with different antigens and mouse strains. Using PLP-derived
peptides, SJL mice are clinically normal during the induction phase for a
period of 7–10 d following immunization (13). They then enter the effector
phase, lose weight, and 1–2 d later develop an ascending paralysis whose
initial clinical manifestation is a limp tail. Histological examination of the
CNS reveals an influx of lymphocytes prior to the development of clinical
disease. Clinical disease reaches a peak 2–3 d after onset, and then usually
remits. Mice relapse 15–20 d after their initial episode of disease. In other
strains of mice, disease may become chronic and not remit. In this chapter,
we have discussed these distinct phases separately (Fig. 1). Certain cytokines
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may have a dominant role in the different stages of disease, and other
cytokines may have several opposing functions on the disease as it
progresses. When cytokines are neutralized or removed the clinical outcome
depends on the relative importance of these different roles.

2. CYTOKINES IN INDUCTION

During the induction phase, antigen-specific T cells expand and differen-
tiate into effector cells of different phenotypes. This priming process occurs

Fig. 1. Cytokines in the induction and effector phases of EAE. In EAE, the bal-
ance of effects of cytokines changes between the induction phase and the effector
phase. In the induction phase, signals stimulating differentiation along the Th1 path-
way from IL-12 (and IL-18) are crucial. Differentiation to the Th2 phenotype is
associated with protection, but other factors may also be important. In the effector
phase, disease is induced by cells secreting Th1 cytokines, but these cytokines may
also induce their own regulation by stimulating the production of IL-10 and other
regulatory cytokines. Different alleles of cytokines (all of which are functional)
may pre-dispose animals to be more or less susceptible to disease. IL-2 is the best-
characterized example of this type of effect.
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in lymph nodes draining the sites of immunization. Cytokines are important
at this stage as growth factors and as differentiation factors.

Two major differentiation factors have been identified: IL-12, which
polarizes cells along the Th1 pathway, and IL-4, which is important for the
generation of Th2 cells. It is now established that IL-12, a cytokine pro-
duced mainly by monocytes/macrophages, but also by dendritic cells (DC),
promotes the differentiation of naive T cells into Th1 cells (14,15). IL-12
mRNA expression was detected in the CNS of mice or rats before or during
EAE onset and decreased upon clinical remission (16,17). The administra-
tion of IL-12 to SJL mice increases disease severity and enhances Th1
responses, whereas treatment of animals with anti-IL-12 antibodies is able
to attenuate disease (18,19). Interestingly, IL-12-treated mice have an
increased number of activated nitric oxide synthase (NOS)+ macrophages
within perivascular CNS lesions but no increased number of T cells within
the CNS (20). This would suggest that despite its role in promoting Th1 and
IFN- production by T cells, IL-12 may contribute to EAE pathology by
increasing free radicals. Indeed, NO has a cytotoxic effect on oligodendro-
cytes, which leads to myelin destruction, and contributes to astrocytes-reac-
tive-glyosis (21). Recently, C57Bl/6 IL-12–/– mice have been found to be
resistant to MBP-induced EAE (20). Taken together, these results suggest
that IL-12 is necessary for EAE induction. IL-18 (IFN- -inducing factor;
IGIF) works in synergy with IL-12 (22). In human systems it has been shown
to enhance Th1 differentiation (23), and in experiments using murine cells,
IL-1, and IL-1 had reciprocal effects on Th1 and Th2 cells which were
mediated in part by their ability to induce NF- B p50/p65 activation (24). In
rats, neutralizing antibodies for IL-18 inhibited the development of EAE,
and splenic T cells from treated rats showed changes in the ratio of IL-4:IFN-
following activation compared with control animals (25).

IL-4 is produced by activated Th2 cells, mast cells, NK cells, and baso-
phils, and seems to be the cytokine necessary for the differentiation of Th
cells into the Th2 lineage (26,27), and for regulating isotype switching in B
cells by stimulating the production of IgG1 and IgE (28). Although IL-4
is crucial for normal Th2 differentiation, blocking or knocking out this
cytokine has only modest effects on disease. Direct administration of
recombinant IL-4 usually reduces the severity of EAE (29), and a T cell
hybridoma transduced to express IL-4 has also been shown to ameliorate
MBP-induced EAE in (PL/J X SJL) F1 mice (30). In contrast Liblau et al.
found that IL-4–/– mice on the PL/J background develop similar disease com-
pared to control (31), whereas we and others found that IL-4–/– mice (on the
C57Bl/6 background) develop a slightly exacerbated disease (32). There-
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fore, although the absence of IL-4 probably does increase EAE, in contrast
to IL-12 its absence does not have a dramatic effect on the disease pheno-
type. This may be because although IL-12 is crucial in the development of
pathogenic cells, once they have been induced there are multiple down-
stream regulatory events, some of which are IL-4-independent.

IL-6 is produced by activated T cells upon antigen stimulation. It is also
produced by B cells, macrophages, endothelial cells, and fibroblasts (33).
Several studies have implied that IL-6 may play a role in the pathogenicity
of EAE. First, the upregulation of IL-6 mRNA correlates with the severity
of EAE (34). In addition, the overexpression of IL-6 in the CNS of mice
increases BBB permeability and causes neurological symptoms (35,36). In
one report, anti-IL-6 antibody administration was shown to prevent EAE
(37). However, another report showed that anti-IL-6 injections have no sig-
nificant effect on the disease development and that infection of mice with a
vaccinia virus producing recombinant IL-6 could inhibit EAE (38). In
another system, IL-6 was proposed to have anti-inflammatory effects in part
by downregulating TNF- secretion (39). IL-6–/– mice have been generated
and studied by different groups, who find that these mice are resistant to the
development of EAE (40–42). A small decrease in recombinant MOG
(rMOG)-specific Tcell proliferation was observed in IL-6–/– mice compared
to control mice, and MOG 35-55-specific T cells derived from IL-6–/– mice
were unable to transfer disease to a wild-type recipient, suggesting that in
the absence of IL-6, the function of pathogenic T cells is impaired in vivo.
This hypothesis is supported by the fact that MOG35-55 specific T cells
derived from wild-type mice induce disease on transfer into IL-6–/– mice.
Although a lower anti-MOG antibody response was also observed in IL-6–/–

mice, this seems to reflect a generally lower production of antibody in IL-6–/–

mice and probably does not explain the resistance to EAE of these mice. The
previous results suggest a role for IL-6 in the generation of pathogenic T
cells. This is difficult to reconcile with a report describing IL-6 as a differ-
entiating factor for Th2 cells, which in immunocompetent animals have not
been shown to induce EAE.

IL-2 is a critical T cell growth factor (43). Early studies of IL-2 in EAE
found that IL-2 could enhance disease (44), an effect consistent with a non-
specific role supporting cell expansion. More recent genetic studies have
found that different alleles of il2 have a significant effect on disease suscep-
tibility both in EAE and also in diabetes (45,46). The mechanism for this is
presently uncertain, but may relate to the half-life of the different forms of
the cytokine. As well as acting as a growth factor, IL-2 acts on activated T
cells to prime them for activation-induced cell death (47), and changes in its
half-life may alter the size of effector-cell populations as the immune
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response progresses. Therefore, following priming, the size of the effector
population may be critical in determining susceptibility to clinical disease
because it determines the number of cells that progress to the effector phase.

3. CYTOKINES IN THE EFFECTOR PHASE
There are many processes in the effector phase of disease in which

cytokines are likely to play a role. Activated lymphocytes must traffic from
the draining lymph nodes at the site of immunization to the CNS where they
have to cross the BBB. Within the CNS and its draining lymph nodes, they
will encounter APCs loaded with peptides derived from myelin antigens,
which will result in further activation, cell expansion, and the release of
chemokines and effector cytokines. Tissue damage arises through the effects
of edema, through direct toxic effects on the myelin sheath and the BBB of
specific cytokines, and the effects of other inflammatory mediators induced
or potentiated by cytokines, and later by Th1-dependent, complement-fix-
ing antibodies. Finally regulation of the immune response within the CNS
occurs by downmodulation of antigen presentation, increased cell death, and
the deactivation of lymphocytes and APCs by cells in the inflammatory
microenvironment secreting regulatory cytokines. Present evidence suggests
that few, if any, of these processes are critically dependent on a single
cytokine. This complexity may explain why the deletion of effector
cytokines has proven to have rather unpredictable effects in vivo, because it
is the overall balance of the milieu that determines the outcome of disease.

The most important regulatory cytokines described to date are IL-10 and
TGF- . In the mouse system, IL-10 is produced by Th2 and Th0 CD4+ T
cell clones but not by Th1 cells (48), although it has been reported that some
human CD4+ T cells can secrete both IL-10 and IFN- (49). Mouse B cells
(especially the Ly1 B cell subset) also produce IL-10, but the major source
of IL-10 seems to be activated macrophages (48). Although controversial,
IL-10 does not seem to play a direct role in the differentiation of T cells
toward the Th1 or Th2 subset (50). IL-10 does appear to inhibit Th1 cells
and its effects appear to be mediated to a large extent via inhibition of IL-12
synthesis by APCs. Conflicting results have been obtained when recombi-
nant IL-10 or anti-IL-10 antibodies have been injected in vivo. While Rott et
al. found that administration of IL-10 during the induction phase of EAE in
rats could suppress the clinical signs of the disease (51), Cannella et al.
showed that injection of IL-10 in mice worsened its clinical course (52).
Intracranial injection of soluble rIL-10 or plasmid containing a retroviral
promoter-directed IL-10 cDNA at day 12 after active immunization did not
suppress EAE (53). However, when an encephalitogenic PLP139-151 spe-
cific T cell clone transfected with IL-10 was injected into animals, the onset
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of EAE could be inhibited (54). We and others (32,55), using MOG35-55 as
the encephalitogenic antigen, have reported that IL-10–/– mice on the C57Bl/6
background develop a more severe EAE than wild-type mice. While analyz-
ing the mechanism by which IL-10–/– mice develop such a severe disease,
we found that T cells from these mice exhibit a stronger MOG35-55 specific
proliferation, produce more proinflammatory cytokines (IFN- and TNF- ),
and induce very severe disease upon transfer into unimmunized mice. We
also showed that mice transgenic for IL-10 under the CD2 promoter are
completely resistant to EAE induction. These results were confirmed by Cua
et al., who showed that CD4+ T cells from EAE-resistant IL-10 transgenic
mice (human IL-10 is expressed under the control of the MHC class II pro-
motor: MHC IIp-hIL-10) produced reduced levels of IFN- compared to
controls (56). If neutralizing antibodies to IL-10 were added to the culture,
however, MBP-specific T cells from hIL-10 transgenic mice produced IFN-
levels similar to those of the controls. Taken together, these results suggest
that IL-10 may not substantially inhibit the development of pathogenic Th1
cells but plays a critical role in limiting disease progression, by inhibiting
their effector function and cytokine production, presumably via effects on
APCs. The source of the IL-10 produced during these immunoregulatory
processes remains an interesting subject. Clearly, IL-10 can be produced by
APCs such as macrophages as well as by CD4+ T cells. Segal et al. reported
that the disease-promoting effects of IL-12 were antagonized by IL-10 pro-
duced by antigen-nonspecific CD4+ T cells (20). In addition, EAE induced
by adoptive transfer of MBP-specific T cells could be inhibited by cotransfer
of KLH-specific Th2 cells and subcutaneous immunization with keyhole
limpit hemocyanin (KLH) (57). Using anti-IL10 and anti-IL-10R neutraliz-
ing antibodies, the authors showed that the protection was mediated by KLH-
specific T cells producing IL-10 (57). Recent studies in other experimental
systems have also shown that the inhibitory effects of IL-10 may also be
owing to the induction of a regulatory T cell population. Groux et al. (58) re-
ported that cell culture with IL-10 gives rise to CD4+ T cell clones, which
themselves produce high levels of IL-10 with little or no IL-4 or IL-2. These
T cells suppress the proliferation of CD4+ T cells and prevent colitis when
transferred into SCID mice. The authors designated these IL-10-producing
T cells as Tr1, a unique subset of regulatory T cells that have the capacity to
suppress Ag-specific immune responses and actively downregulate autoim-
mune responses in vivo. The role of IL-4 and IL-10 has been compared.
Taken together, the results of several studies suggest that IL-4, although
important, is not as critical as IL-10 in regulating disease progression. More-
over, when IL-10 and IL-4 were injected together, IL-4 seem to abrogate the
inhibitory effect of IL-10 on disease progression (59).
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TGF- has been shown to inhibit proliferation of T and B lymphocytes
(60) and to inhibit the effect or the production of IFN- , TNF- , TNF- , and
IL-2 (61). The cytokine exhibits a dual role on monocytes/macrophages.
TGF- has a chemotactic effect and induces the expression of inflammatory
mediators such as IL-1 and TNF-  by monocytes. On the other hand, TGF-
exerts a deactivating effect once the monocytes are differentiated into mac-
rophages, e.g., suppressing peroxide release by these cells (62). Treatment
with anti-TGF- antibody exacerbated clinical signs of EAE (63–65),
whereas administration of TGF- in animals reduces the severity of disease
(63,66). The important role of TGF- in the regulation of EAE is also sup-
ported by data from animals made tolerant by feeding myelin antigens (see
Chapter 11 by Weiner). T cells producing TGF- appeared in rats spontane-
ously recovered from disease and seemed to inhibit IFN- production by
encephalitogenic T cells, suggesting that TGF- may exert a direct
downregulatory role on pathogenic T cells in the natural remission of dis-
ease (66). The oral administration of MBP in rats or in mice suppresses
EAE, and TGF- has an essential role in this process (67,68). Feeding MBP
to mice gives rise to regulatory T cells called Th3 cells, which release TGF-
and are able to protect animals from actively induced EAE (67,69,70). This
downregulation of neuroinflammation by regulatory cytokines appears to
reduce CNS damage, because neutralizing both IL-10 and TGF- exacer-
bates disease.

Immunohistochemical studies and analysis of mRNA expression in the
CNS shows that regulatory cytokines are usually detected after the appear-
ance of proinflammatory Th1 cytokines in the CNS, although there is some
debate in the literature regarding the relative importance of IL-4 and IL-10
(34,71,72). It has also been shown by these techniques that IL-12 and
proinflammatory cytokines such as IFN- and TNF- peak before disease
onset and correlate with EAE severity. This raises the possibility that the
induction of effective regulation is in some way dependent on the presence
of a normal proinflammatory response. Indirect support for this hypothesis
comes from experiments examining the role of IFN-  in EAE.

IFN- produced by T cells, which have entered the CNS, has profound
effects on the resident APCs. IFN- induces upregulation of MHC and adhe-
sion molecules on cerebrovascular endothelial cells, which facilitate the traf-
ficking of T cells across the BBB (73). It also induces the expression of
costimulatory molecules on macrophages and CNS resident cells such as
microglia and astrocytes, which can then perpetuate CNS inflammation and
demyelination by the presentation of autoantigen (74). IFN- is the signa-
ture cytokine of Th1 cells, but the pathogenic role of this cytokine (as
opposed to the Th1 cells it defines) in EAE is complex. Although some
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studies have reported a direct pathogenic role for IFN- (8), much recent
data in the murine system demonstrates that the absence of IFN- and sig-
naling through the IFN- R exacerbates disease. First, the administration of
neutralizing antibodies to IFN- leads to an exacerbation of the disease in
different strains of mice (44,75–77). Similarly, the injection of IFN-
decreases the severity of EAE in mice (75,77). Second, the analysis of IFN- -/–

and IFN- R–/– show that these mice develop a similar or exacerbated disease
compared to their littermate controls (78–80). Moreover, the treatment of
IFN- –/– mice with anti-IL-12 antibodies prevents EAE in these mice (20).
The transfer of MOG-reactive T cells from IFN- R–/– into IFN- R–/– recipi-
ents induced severe disease with no recovery, whereas the same cells trans-
ferred into wild-type mice induced similar disease, but all the animals
recovered. One interpretation of these results would be that IFN- R–/– MOG-
specific T cells both induce disease and then stimulate a negative feedback
via their production of IFN- , which downregulates the inflammatory pro-
cess and allows the mice to recover (80,81). One obvious candidate effector
molecule for this process is IL-10.

TNF- is a cytokine that is secreted by many cell types and is often asso-
ciated with the Th1 phenotype in the mouse model of EAE. Lymphotoxin-
(LT- , also called TNF- ) is secreted by T cells and is also a Th1 cytokine.
Like IFN- , these cytokines have been associated with the encephalitoge-
nic capacity of Th1 cells. Consistent with this observation, the administra-
tion of neutralizing antibodies to TNF- or LT- decreased the severity of
disease (82). LT- –/– mice on the C57Bl/6 background immunized with
MOG35-55 develop a less severe disease than control (83). The analysis of
TNF- –/– is more controversial. In one study, TNF- –/– mice generated
directly on the C57Bl/6 background develop a disease similar in severity to
their control littermates but with a later onset (84). In another study, where the
TNF- -/- mice had to be backcrossed on the C57Bl/6 background, the authors
did not find any delayed onset but observed that TNF- –/– mice develop a
more severe disease than the controls (85). However, because the TNF-  gene is
located within the major histocompatibility complex (MHC) locus, these mice
may still retain genes such as the MHC, which could have influenced the
outcome of the disease. More recently TNF- –/– LT- –/– double knockout
mice backcrossed on the SJL background were found to develop a disease
similar to control mice (86). Because of the location of the TNF- gene, and
because TNF- –/– animals lack peripheral secondary lymphoid organs, it is
difficult to interpret these results. It does seem reasonable to conclude from
these studies that neither TNF- nor LT- are necessary for the induction of
disease, supporting the hypothesis that in the effector phase, multiple overlap-
ping pathways initiate clinical disease as well as disease regulation.



256 Bettelli and Nicholson

TNF- and IFN- have direct cytopathic effects on CNS resident cells.
They are able to induce oligodendrocyte apoptosis in vitro, which can result
in demyelination in vivo (87,88). IFN- as well as TNF- induces the
expression of iNOS in macrophages, which leads to the production of NO
by these cells. NO, itself, has a cytotoxic effect effect on oligodendrocytes
leading to myelin destruction, and contributes to astrocyte-reactive gliosis
(21). In order to understand the direct role of these cytokines on the CNS,
several transgenic mice have been generated, in which the expression of a
particular cytokine is controlled by a CNS resident cell-specific promoter.
The results of IFN- or TNF- overexpression in the CNS seem to depend
on the level of cyokine produced. Mice with a low copy number of either
transgene did not show evidence of spontaneous pathology or glial reactiv-
ity. However, mice expressing high copy number of TNF- develop sponta-
neous demyelinating pathology.

4. CYTOKINES AND ANTIBODIES
Cytokines can help B cells make antibodies and also influence isotype

switching. Anti-CNS antibodies can clearly have a role in disease in at least
some models of EAE. Initial experiments in the Lewis rat demonstrated that
MOG-specific autoantibodies contributed to the severity and the immuno-
pathology of EAE (89,90). In this model, the transfer of MBP-specific T cell
lines induced an inflammatory response in the CNS with an increased per-
meability of the BBB but a moderate demyelination (90). However, the
transfer of MBP-specific T cells in association with an injection of a MOG-
specific MAb 8-18C5, augmented the clinical signs of EAE and primary
demyelination (89). In SJL mice, which develop a chronic relapsing EAE,
8-18C5 antibody injection into mice in remission induced a fatal relapse
(91). Based on these results, it was proposed that after T cells specific for
different myelin antigens have infiltrated the CNS and initiated inflamma-
tion and the opening of the BBB, auto-antibodies against myelin antigens
(especially MOG) can penetrate the CNS and mediate demyelination.  Based
on these results and work from other groups, it was proposed that the anti-
bodies, which mediate demyelination, are complement fixing (92–94). This
attracts macrophages that destroy oligodrocytes and release complement and
inflammatory cytokines. Results from other groups suggest that B cells or
antibodies may also play a protective role in EAE by influencing cytokine
production and mediating immune deviation. Treatment of MBP immunized
Lewis rats with the encephalitogenic peptide of MBP covalently linked to
mouse anti-rat Ig D, protected these animals from EAE. It was suggested
that the antibody-peptide conjugate targets the peptide to B cells, which
induces a Th2-type cytokine response, which controls the encephalitogenic
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Th1 response and reduces the level of leukocyte infiltration into the CNS
(95,96). In marmosets, immunization with MOG induces a form of EAE in
which MOG-specific antibodies play a critical role in mediating demyelina-
tion (97). Furthermore, immunized animals, when injected intraperitonealy
with soluble antigen, were protected from acute clinical disease. This regi-
men increases MOG-specific antibodies in these animals and shifts the
cytokine profile toward a Th2-like phenotype. However, the MOG-tolerized
animals developed a lethal acute disease after withdrawal of the tolerization
treatment. Based on these observations, the authors speculate that the Th2
immune response induced by MOG tolerization promotes an anti-MOG
antibody response that enhances demyelination. However, it is not clear whether
the pathogenic autoantibodies are Th1- or Th2-dependent. Finally, recent stud-
ies in B cell-deficient mice favor a limited role for B cells and antibodies in EAE
progression and pathology because these mice still develop clinical disease
(98,99). So, although myelin specific antibodies can be directly responsible for
demyelination, they are not necessary for EAE to develop and whether B cells
and their products regulate the T cell repertoire remains an open question.

5. INTERVENTION IN EAE DIRECTED AT CYTOKINES

The clear evidence that in experimental models the application or removal
of specific cytokines, or the introduction of lymphocytes secreting specific
cytokines, can profoundly impact the clinical course of EAE, raises the possibil-
ity of deliberate intervention targeted at these normal immunoregulatory cir-
cuits. Although such strategies have been investigated in animal models, they
have yet to be tested in a clinical setting, and shown to be applicable to MS.

One problem with this approach, as discussed earlier, is that the underly-
ing mechanisms are complex and their dependencies are poorly understood.
The simple paradigm that CNS autoantigen-specific Th1 cells cause dis-
ease, and that Th2 cells of the same specificity protect from disease, has
been challenged by the failure of all myelin antigen-specific clones to cause
disease (1) and by the failure of transgenic Th2 MBP-specific cells to pro-
tect in the predicted fashion (12). In other systems (100), Th2 cells can
clearly confer protection on transfer, but the necessity for individual Th2
cytokines was not demonstrated by the stringent test of selectively neutral-
izing the action of specific Th2 cytokines in the protected animals. Further-
more, the antigen receptors on the protective T cells were found to be drawn
from a different precursor population than pathogenic T cells (101). Finally,
the genetic background of the animal model can profoundly influence the
outcome of therapy. These observations raise the possibility that the secre-
tion of Th2 cytokines might be a marker for a protective subset of T cells, or
that they might be necessary but not sufficient to confer protection.
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A second problem with the current state of the field is that there are few
techniques to analyze the interplay of several cytokines in the development
and regulation of the immune response. Perhaps the best methods in this
regard are immunohistochemical studies (68), which can identify the pres-
ence of multiple specific cytokines within the lesions of animals developing
EAE, and can follow the disease through time, allowing one to correlate the
appearance of specific cytokines with the clinical state of the animals. How-
ever, this approach is limited in its ability to resolve the cell of origin of
many of these cytokine mediators, and it does not have the power to deter-
mine how the different cells act on each other.

But, even without a detailed picture of the interplay between different
cells types, it is possible to identify a number of strategies that have been
successful, at least in experimental models, in modulating disease, and
whose mechanisms are believed at least in part to involve alterations of the
cytokine milieu. These encompass changing the genetic background in which
disease arises (102) (see Chapter 8 by Segal and Shevach); the route of anti-
gen administration (discussed by Weiner in Chapter 11); modulation of the
conditions of T cell activation either by altering costimulation (100) or using
altered peptide ligands (APLs) (103,104); and finally the administration,
blocking, or removal of specific cytokines from the immunizing environment.

Disease susceptibility can be manipulated by introgressing stretches of
chromosome from one mouse strain into another. These techniques are
expensive and time-consuming, but have allowed investigators to identify
regions within chromosomes that are specifically associated with suscepti-
bility or resistance to disease (105–107). These analyses have been carried
out in a number of different mouse strains and for a number of autoimmune
diseases, and have raised the possibility that there are common genes that
contribute to susceptibility to multiple diseases (108,109). The loci for many
of these susceptibility genes may overlap with genes that are associated with
resistance to infectious disease. The best-characterized autoimmune-suscep-
tibility locus to date is the locus containing the gene for the cytokine IL-2,
and other cytokine loci are under active investigation in similar studies. One
intriguing region, which has been associated with disease, is on chromo-
some 11, where there is a cluster of Th2 cytokines genes (105).

Current estimates of the number of individual genes involved in suscepti-
bility to autoimmune disease are in the range of 10–20 genes (110). It seems
likely that susceptibility genes will fall into three classes: (1) genes for which
specific alleles confer susceptibility to multiple autoimmune diseases; (2)
genes for which specific alleles confer relative susceptibility to one autoim-
mune disease but relative resistance to another; and (3) genes for which
certain alleles confer susceptibility to a single autoimmune diseases but that
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have no association with other diseases. Understanding how the differences
in function of allelic variants of these same proteins influences disease is
likely to provide important insights into how these diseases can be manipu-
lated pharmacologically.

The use of ligands, which interfere with the normal activation of
autopathogenic cells, has produced interesting insights into the importance
of different crossreactive populations in EAE (111). In these studies protec-
tion has been associated with T cells secreting Th2 cytokines (100), but other
factors may be of equal importance (108). In experiments performed in our
laboratory in the PLP system, SJL mice immunized with PLP 139–151 in
the presence of anti-B7.1, or immunized with APLs derived from PLP 139–151
(Q144, a tryptophan to glutamine substitution at position 144 and L144/
R147, a tryptophan to leucine substitution at position 144 and a histidine to
arginine substitution at position 147) developed populations of PLP 139–151
reactive T cells that were able to confer protection from clinical disease on
transfer into naive hosts (103,112). These cells were of a Th0 and Th2 phe-
notype and this immune deviation appeared to be critical to their ability to
protect from disease. That is, protection was associated with T cells that
recognized PLP 139–151 but secreted Th2 cytokines, and the protective
capacity of these cells was demonstrated by transfer experiments in a num-
ber of systems. The question then arose as to whether the population of PLP
139–151-specific T cells that protected mice from EAE was derived from
the same precursors that caused disease or were derived from different cells.
When protection was induced with analog peptides, we observed that the
resulting T cells were much more crossreactive than the population of PLP
139–151-specific disease-causing cells, and on these grounds they were dif-
ferent cells. However, it is possible that two T cell clones expressing the
same TCR may show variation in their patterns of crossreactivity (113). To
investigate directly if the protective population of T cells induced by APLs
or anti-B7-1 used TCRs with the same properties as disease-inducing cells,
we mapped how the TCRs of the protective Th2 clones recognized peptide.
Using a panel of PLP 139–151 alanine-substituted peptides, we found that
there was less dependence on position 144 in these Th2 clones compared
with the encephalitogenic Th1 clones, and a greater dependence on posi-
tions 141 and 142 (Fig. 2) (114). The same analysis carried out on cells
derived from animals immunized with Q144 came to similar conclusions,
although these cells appeared to have an additional requirement for position
147 (Fig. 2). From this data, we conclude that as well as showing differ-
ences in cytokine phenotype, pathogenic and protective cells carry TCRs
that can be distinguished on functional grounds. Therefore it remains pos-
sible that the factors that determine the selection of the two different reper-
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toires also influence differentiation and that the observation represents an
association but not a causal relationship.

Expansion of one repertoire that is dependent on W144 in the center of
the peptide and appears to differentiate predominantly along the Th1 path-
way, induces EAE. The other repertoire is more dependent on the N-termi-
nal residues L141/G142 and this repertoire preferentially differentiates along
the Th2 pathway and regulates EAE. Although the pathogenic W144-reactive
repertoire is induced by self-antigen, the protective L141/G142 repertoire is
induced by APLs that have substitutions at position 144, or by immuniza-
tion in the presence of anti-B7-1. These two PLP 139–151-specific reper-
toires may play a crucial role in balancing the immune responses to
autoantigen and in preventing autoimmunity in the animal. Preferential
expansion of one or other repertoire may result in autoimmunity or inhibi-
tion/prevention of autoimmune disease. Clearly the administration of
cytokines such as IL-4 in vivo can lead to protection, but how far this also
involves the selection of pathogenic over protective repertoires is not known.
The expansion of autoreactive cells, associated with Th2 cytokine produc-
tion, has been shown in other systems to depend on the presence of the
autoantigen in the periphery, and can also be modulated by the nature of the
APC. More detailed understanding of the generation and maintenance of

Fig. 2. Pathogenic and protective peptide motifs in the PLP 139-151 system.
The pattern of peptide recognition by the TCRs of pathogenic Th1 and protective
Th2 cells is different. These cells may be drawn from different precursor popula-
tions that may influence their effects in vivo.
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lymphocytes involved in these processes and their expression of cytokines
will likely be important in a general understanding of autoimmune disease.

Interventions targeted at blocking various cell-surface molecules (CD4,
CD30, and CD2) have been shown to affect T cell phenotype in a number of
models. In human T cells crosslinking CD30 favors the development of the
Th2 phenotype in vitro (115), whereas in mice, anti-CD2 MAbs enhanced
the production of Th2-dependent antibodies (116). In rats, a nondepleting
anti-CD4 monoclonal antibody induced a Th2 response in vitro, which cor-
related with the effect of this antibody on EAE (117) and as discussed ear-
lier, targeting antigen to B cells using anti-rat IgD was shown to skew
immune responses towards a Th2 phenotype and protect animals from
developing EAE (96).

Cell-surface markers have also been used to identify populations of regu-
latory cells. In mice CD45RB and CD25 have both been used to identify
cells that precipitate or protect from autoimmune disease (118–120). Both
IL-10 (121), and TGF- (122,123) have been found to be important effec-
tors of immunoregulation by these cells in some experimental systems, how-
ever, other contact-dependent mechanisms of regulation are also thought to
be important. The role of these cells in EAE is uncertain.

The future of cytokine research in EAE is very exciting. The advances
made in cloning and characterizing individual cytokines over the last two
decades is gradually leading to a much more sophisticated understanding
of the subtle interplay between these immune mediators in the inflamma-
tory milieu. Studies have begun to define the delicate balance between
cytokines that exacerbate and ameliorate disease, and how cytokines of
each type interact and recruit their own regulators. In other studies dis-
cussed elsewhere, the intracellular molecules, which mediate signals from
cytokine receptors, are also being unraveled and there is therefore a rich
mix of candidate molecules that are potential targets for intervention.
Future advances will require refining techniques that can address specific
questions about interactions between cells of the immune system, and
between cells of the immune system and the CNS, in vivo. As genome-
wide scanning and candidate-gene analysis identify key players in deter-
mining autoimmune susceptibility and resistance, we will need to be able
to examine the function that the proteins these genes encode have in rela-
tion to each other. Such multiparameter analysis will be critical to a
detailed understanding of the autoimmune process. Then as the character-
istics of regulatory cells, and the roles of the cytokines that they secrete
become better understood, immunomodulatory therapy will progress to
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treatment targeted to specific cytokines and cytokine receptors, and to the
cells that secrete them.
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Role of Cytokines in Multiple Sclerosis

and in Mucosal Tolerance

Howard L. Weiner

1. MULTIPLE SCLEROSIS
Although the etiology and pathogenesis of multiple sclerosis (MS) may

still be considered by many to be “unknown,” the working hypothesis of
most investigators is that MS is a cell-mediated autoimmune disease directed
against central nervous system (CNS) myelin and is related in some way to
a viral infection (1). Multiple sclerosis means “many scars” and is clearly
not an appropriate definition of the disease process. MS is best-defined as
“recurrent inflammation of CNS white matter leading to myelin destruction
and progressive neurologic impairment.” The major question that then must
be addressed is what causes this specific and recurrent inflammation and
how can it be regulated.

The pathologic picture of MS is one consistent with cell-mediated
immune damage to the myelin sheath (2–4). Inflammation is associated with
increased expression of IFN- , endothelial-cell activation with expression
of class II and adhesion molecules, and macrophage-mediated destruction
of myelin via receptor-mediated endocytosis. IL-12 expression and B7.1
upregulation in the active lesions are consistent with a Th1-type or cell-
mediated autoimmune process (5). The picture is consistent with a delayed-
type hypersensitivity (DTH) type response in the CNS. In support of this,
cellular reactivity against several myelin antigens (myelin basic protein
[MBP], myelin proteolipid protein [PLP], myelin oligodentdrocyte glyco-
protein [MOG]) has been demonstrated in the peripheral blood and cere-
brospinal fluid (CSF) of MS patients (6–8). These are identical to cells that
cause an MS-like disease in the animal model of MS, experimental allergic
encephalomyelitis (EAE), and since they have been found in MS patients,
they can be considered pathogenic cells capable of cell-mediated CNS
inflammation. In some instances there may be large number of myelin
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autoreactive cells (9). Autoantibodies to myelin antigens have also been
demonstrated in MS (10), and although they do not appear to be important in
initiating the disease they could play an important secondary role in the dis-
ease process by causing demyelination. For example, in animals, antibody
against MOG has been shown to enhance demyelination when inflamma-
tion is present (11,12) although alone, these antibodies have minimal patho-
logic effects. To date, anti-MOG antibodies have not been consistently
demonstrated in patients with MS though there may be other antibodies that
play a role in the process. Thus, the primary immunologic and pathologic
event that causes MS is the generation of Th1 type CD4+ cells that become
activated, secrete interferon- (IFN- ) and other proinflammatory
cytokines, and are specific for antigens in the myelin sheath (see Table1).
Although CD8+ cells could also theoretically participate in CNS inflam-
mation, this has not been demonstrated and defects in CD8+ cells may be
related to altered immunoregulation in the disease.

For many years, it was felt that identification of “the” autoantigen in MS
would be the key to understanding and treating the disease. This theory was
analogous to the demonstration that the acetylcholine receptor was the pri-
mary autoantigen in myasthenia gravis. This is no longer a valid assump-
tion because it has now been demonstrated that even though CNS
inflammation may be initiated by a cell-meditated attack against a specific
myelin antigen such as MBP, there is spreading of immune reactivity to
other antigens in the target organ. This has been shown in animal models of
EAE (13–15) and in another prototypic organ-specific autoimmune disease,
diabetes in the nonobese diabetic (NOD) mouse (16,17). Indeed in MS,
reactivity to multiple myelin autoantigens has been demonstrated (6–8,18)
and in the NOD mouse model of diabetes similar spreading of autoreactivity
has been demonstrated with reactivity to insulin, glutamic acid decarboxy-
lase (GAD), heat-shock proteins, and other islet antigens (19). In MS, it is
possible that spreading of reactivity among antigens and their epitopes may
be responsible for causing different attacks of the disease. Furthermore, other

Table 1
Multiple Sclerosis as a Th1-Type Cell-Mediated Autoimmune Disease
Exacerbation of MS induced by administration of IFN-
Elevated production of IFN-  and TNF in blood and CNS
Increased production of IL-12 in progressive MS
Presence of IL-12 and B7.1 in MS lesions
Similarities of MS to EAE, which is a Th1 cell-mediated autoimmune disease
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cells such as cells may be recruited to the CNS once inflammation has
been initiated and also participate in the pathologic inflammatory process
(20,21). Thus, there is no single autoantigen that is the target of an auto-
immune attack, but reactivity to multiple myelin antigens. This makes
therapy directed at eliminating specific cells that react to only one myelin
antigen or that have a unique T cell receptor (TCR) problematic.

There must be a triggering event or a series of triggering events that ini-
tiate the disease. The immune system evolved to protect the host against
environmental pathogens and in MS the immune system is misdirected in an
organ specific fashion and attacks myelin components in the CNS. Thus, the
initiation of the disease involves sensitization initiated by an infectious pro-
cess that also confers specificity for myelin components and this occurs via
infectious agents that have components that crossreact with myelin antigens
or by a self-limited infection of the brain that releases myelin antigens and
results in sensitization.

A major advance in our understanding of the function and regulation of
the immune response is an understanding of the type or “class” of immune
response that is induced (see Table 2). T-helper (Th)1-type responses are
characterized by IFN- secretion, and are important in the generation of DTH
responses and in immune responses against viruses. Th1-type responses also
induce cell-mediated autoimmune diseases in animals such as EAE and by
inference Th1 type responses against myelin antigens would induce MS in
humans. Administration of IFN- to MS patients caused worsening of dis-
ease (22). Th1 responses, however, are important in protection against cer-
tain parasitic infections (e.g., Leishmaniasis) (23). Th2 type responses are

Table 2
Class of Immune Response

Th1 Th2 Th3

Cytokinea IFN- IL-4 TGF-
Help DTH/ IgG2a IgG1/IgE IgA
Suppression Th2 Th1 Th1/2
Immunityb Cell-mediated Humoral Mucosal

aThe primary cytokine associated with each class of immune
response is presented. In vivo, there can also be mixed cytokine patterns.

bDifferent types of immunity are favored by each type of T cell, but
are not exclusive. Thus, although secretion of TGF- is favored in
mucosal immunity, it is seen as part of systemic immunity as well, and
Th3 responses involve cells that may secrete IL-4 and IL-10. TR1 cells
are a recently described class of regulatory cells that primarily secrete
IL-10 (25).
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characterized by IL-4 secretion, regulate Th1-type responses, and IL-4
administration is protective in EAE (24). CD4+ regulatory T cells that sup-
press Th1 responses and primarily secrete IL-10 have also recently been
described (25). Th3 type responses are characterized by TGF- secretion
and are preferentially induced following mucosal presentation of anti-
gen (26). Furthermore, natural recovery from EAE is associated with the
appearance of cells that secrete TGF- (27,28). According to this paradigm,
the response of a nonsusceptible individual exposed to a myelin antigen is
either not to respond or to generate a Th2 or Th3 response that is nonpatho-
genic and protective, whereas in patients with MS, a pathogenic Th1-type
response is generated. Thus, the central concept that underlies whether MS
is initiated and perpetuated and that forms the basis for treatment is the class
of immune response (see Table 3).

Major histocompatibility complex (MHC) linkage to MS is well known
with DR2 being the most closely linked factor associated with MS (29).
MHC may be linked to disease in several ways: (1) it could determine the
ability of a person to generate pathogenic autoreactive T cells by determin-
ing which myelin peptides are presented to T cells; (2) it could determine
the shape of the T cell repertoire at the time of T cell development during
thymic ontogeny and during peripheral deletion; (3) it could determine the
class of immune response based on the binding affinity of peptides in the
MHC groove. Of note is that HLA-DR2 is linked to increased production of
lymphotoxin and TNF- (Th1-type cytokines) by T cells (30). However, it
is also clear than non-MHC genes are important in determining the class of
immune response to myelin antigens. For example, in animal models there
are non-MHC linked genes which determine whether an animal is suscep-
tible or not to EAE. B10.S and SJL mice are both H-2s, yet only SJL animals
are susceptible to EAE (31). It appears that susceptibility is determined by
the class of immune response generated as when SJL are immunized with
MOG or MBP in complete Freund's adjuvant (CFA), Th1-type T cells are

Table 3
Factors that Influence the Class of Immune Responses
Route of antigen exposure
Type of antigen
Genetics of the host
Environmental exposure
Adjuvant
Local milieu
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induced, whereas when B10.S animals are immunized in an identical fashion,
Th2 and Th3 cells are induced (32). The importance of non-MHC genes in
determining the class of immune response and susceptibility or resistance to
autoimmunity has also been observed in the collagen arthritis model (33).
Another non-MHC linked immune factor that can influence the class of
immune response is the type of costimulation that occurs when antigen is
presented by an antigen-presenting cell (APC) to a T cell (34). A recent
study supports the hypothesis that MS patients may be genetically predis-
posed to Th1 responses because they have less IgE-mediated allergic dis-
eases that represent a Th2 mediated disease (35).

Other factors beside genetics must play a role in MS because it is known that
identical twins are not 100% concordant for MS (36). Even though identical
twins raised in the same house are exposed to a similar environment, their
exposure to infectious agents is not identical and this differential environ-
mental exposure accounts for the nonconcordance rate. Differential
environmental exposure impacts on the development of MS by creating an
immune milieu that leads to a Th1 vs a Th2 or Th3 response against myelin
antigens. As discussed earlier, environmental antigens may also lead to the
generation of myelin crossreactive populations of memory cells. In addi-
tion, the age at which an individual is exposed to environmental agents may
also play an important role in generating different classes of immune
responses against myelin antigens. In this regard, there is some evidence
that MS may be related to a viral infection that occurs at a certain time in
childhood (37). Also, it is known that there are seasonal variations in MS
attacks (38) and we have recently found that progressive MS patients, but
not controls, have increased anti-CD3 induced IFN- secretion in winter
months (39).

Defects in immune regulation have been described in MS but have never
been completely understood, in part because of our incomplete understand-
ing of immune regulation and tolerance maintenance. These defects include
a number of defects in antigen-nonspecific suppressor mechanisms (40,41).
However, a generalized defect of immune regulation or tolerance in MS
does not explain the specificity of the autoimmune responses against myelin
antigens, or the lack of generalized autoimmunity in MS. It may be, how-
ever, that defects in regulation or tolerance are simply related to regulation
of the class of immune response generated (Th1 vs Th2/Th3) or the state of
immune activation of T cells in MS patients. Theoretically, there could also
be defects related to innate immune responses that could also determine class
of immune response or affect mechanisms associated with deletion.

MS is not a localized disease of the CNS, but one that is driven by the
movement of cells from the peripheral immune system into the CNS (42).
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Thus, immune abnormalities related to the disease process can be identified
and monitored in the peripheral blood of MS patients. Activated T cells are
present both in the peripheral blood and the CNS of MS patients (43–45).
However, local immune responses may subsequently be established in the
CNS, one of the best-characterized being the local production of immunoglo-
bulin. In addition, there may be local activation of microglia. Nonetheless,
migration of cells into the nervous system plays a crucial role in initiating and
perpetuating the disease, especially in earlier stages of the diseases.

MS is not a uniform disease, but one with different subtypes. For example,
sub-types of MS may be related to immune reactivity against different
myelin antigens, e.g., MBP vs PLP vs MOG. Studies in the EAE model
suggest that differences in lesion distribution in MS may reflect differences
in the myelin specificity of autoreactive T cells (46). In addition, there may
be different disease subtypes related to immune-response genes and sub-
types related to an individual's unique environmental exposure. Also spinal
MS and primary progressive MS may represent a specifically unique sub-
type (47). The existence of different subtypes complicates the investigation
and treatment of the disease.

One of the clinical features of relapsing remitting MS is that patients gen-
erally recover from an attack. This implies that there are natural regulatory
mechanisms that are affecting the immune process to the benefit of the host.
In the EAE model, immune mechanisms associated with recovery include
apoptosis of pathogenic T cells (48) and a class switch from Th1 to Th2/Th3
responses (27,49,50). Evidence for a class switch during recovery from
attacks is beginning to accumulate in MS as well. For example, patients who
are in a recovery stage from an acute attack appear to have an increase in
IL-10-secreting PLP-reactive cells (51). Understanding these natural regu-
latory mechanisms and determinindetermining ways to augment them is
likely to help the disease process.

When MS changes from the relapsing-remitting to the chronic progres-
sive form, T cells enter a state of chronic activation. It is the chronic pro-
gressive form of MS that usually leads to disability. There is recent evidence
that changes in the immune system occur when patients change from the
relapsing remitting to the chronic progressive form of the disease. These changes
involve the emergence of activated T cells which drive the immune system
toward a Th1 bias. Specifically, T cells from patients with progressive forms
of MS differentiate into cells that drive non T cells to produce IL-12, a pow-
erful inducer of Th1-type responses (52) and may be independent of
costimulation requirements. We have also found an increase in IL-12
secreting monocytes in progressive MS (53). These results are important as
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they demonstrate that there is a basic difference in the peripheral immune
system in progressive vs relapsing-remitting MS. By inference, there may
be different responses to immunomodulatory therapy in relapsing remitting
vs chronic progressive patients. More important, these results imply that the
study of MS should not only involve the investigation of what initiates the
disease, but what occurs when the disease switches from the relapsing-
remitting to the progressive form. It is also likely that changes within the
CNS itself occur in the progressive form such as the development of axonal
atrophy and localized CNS immune responses.

If one assumes that MS is a cell-mediated CNS autoimmune disease
directed against myelin components, it is then analogous to EAE (54). EAE
involves a well-defined series of immunologic events leading to myelin
destruction and occurs in relapsing and progressive forms (see Table 4).
Interruption of this pathway at different stages in the cascade has an amelio-
rating effect on EAE. Although imperfect, EAE has served as an important
working model for testing treatment approaches prior to clinical trials in
MS. One of the major differences between treatment of MS and EAE is that
many treatments tested in EAE are given at a restricted time during the
course of EAE or prior to immunization. Also, EAE is studied in inbred
strains of animals, whereas MS occurs in an outbred population. Further-
more, treatment of MS requires chronic therapy of an immune system that
may already be activated or in a state of differentiation. One of the unex-
plained differences between EAE and MS is the protective role of IFN-  in
EAE under some circumstances (55–57), although defects in IFN- suppres-
sion by CD8 cells have been observed in progressive MS (57). Nonetheless,
EAE remains an important model for the study of mechanisms by which
cell-mediated immunity against myelin antigens causes myelin damage and
can be regulated.

In the past it has been argued that there were no effective treatments for
MS. It has now become clear that there are numerous immune-modulating

Table 4
EAE and Immune Therapy of MS
Activation of myelin-reactive T cells in the peripheral immune system
Migration of cells into the CNS
Recruitment of additional cells
Release of inflammatory mediators
Sensitization to new antigens in the CNS
Suppression of autoimmune response
Tissue repair
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treatments that can affect the disease process, albeit imperfectly and not
under all circumstances (58). A treatment may have a positive effect on MS
even though all trials may not have demonstrated a positive clinical effect.
Differences may relate to dosage schedules and differential responses in
patient subgroups. For example we have found that patients with primary
progressive MS do not respond as well to pulse cyclophosphamide (59).
Antibiotics would not benefit all patients with pneumonia in a trial that
mixed both viral and bacterial pneumonia. MS is different than other CNS
diseases such as amyotrophic lateral sclerosis (ALS) in which there are not
many drugs that can impact on the disease process. Thus, it is important to
consider MS as a disease in which immunomodulatory drugs can affect the
disease process and to understand the manner in which these drugs posi-
tively impact on the disease. Furthermore, it is unlikely that each of these
drugs is acting differently but that these drugs act through a limited number
of pathways that ultimately impact on one final common pathway.

If MS is a Th1 cell-mediated disease, then an increase in Th1-type myelin-
reactive cells would be associated with worsening of disease and Th2- or
Th3-type myelin-reactive cells would have an ameliorating effect on the
disease process. This is the theoretical basis for treatment with oral toler-
ance (60), which increases Th3-type myelin-reactive cells (61) or altered
peptide ligand that increases Th2-type myelin-reactive cells (62). Thus, one
could postulate that effective treatment of MS will relate to the balance of
Th2 + Th3/Th1 myelin-reactive cells. Nonetheless, even if a treatment
affects this balance, it must do so with a strong enough biologic effect to
impact on the disease process, something that argues for combination therapy.

Because of bystander suppression, knowledge of “the” antigen in MS is
not required for antigen-specific therapy to be beneficial in the disease.
Regulatory cells that are specific for an autoantigen secrete anti-inflamma-
tory cytokines when they encounter the autoantigen in the target tissue and thus
will suppress inflammation in the organ under attack independent of the
autoantigen. This has been termed bystander suppression (63) and has been
demonstrated in a number of animal models. Thus, in the EAE model one
can suppress PLP-induced EAE by feeding MBP (64). Also in the lympho-
cytic chroriomeningitis virus (LCMV) viral model of diabetes, the LCMV
protein is expressed in the pancreatic islets on the insulin promoter. When
animals are infected with the virus, viral-specific immune responses result
in diabetes. Feeding insulin generates insulin-specific regulatory cells that
suppress the viral-induced diabetes by migrating to the islets, reacting with
insulin, and secreting anti-inflammatory cytokines (65). Oral MBP can
decrease stroke size in rat models by increasing TGF- levels in the brain
and suppressing inflammation associated with stroke (66). Although
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bystander suppression was initially described in association with mucosally
induced regulatory cells, any immune manipulation that induces a class switch
and Th2 or Th3 regulatory cells would have the same effect. It has been argued
that this is one of the mechanisms by which copolymer 1 is effective, viz.,
copolymer 1 induces Th2-type cells that crossreact with MBP (67). Also
altered peptide ligands that induce IL-4 and TCR vaccination may also act via
this mechanism (62). Bystander suppression solves the conundrum of having
to know what the autoantigen is for antigen-specific therapy.

For the most part, there is no “antigen nonspecific” therapy. Effective
treatment must ultimately affect antigen-specific myelin-reactive cells. I
would argue that most treatments that affect the disease process ultimately
impact on antigen-specific myelin-reactive cells either by decreasing IFN-
secreting or increasing Th2 of Th3 myelin-reactive cells. Thus, even “anti-
gen-nonspecific” immunomodulatory treatments have their effect by affect-
ing the balance of Th1 vs Th2/3 myelin-reactive cells in the nervous system.
For example, we have found that IFN- causes a class switch by decreasing
anti-CD3 induced IFN- secretion and increasing IL-4 secretion (68) and
IFN- has also been shown to increase IL-10 (69). Unexpectedly, we have
also found that cyclophosphamide, thought to be a general immunosuppressant,
induces a marked immune deviation with an increase in IL-4 and TGF-  and a
decrease in IFN- and IL-12 (53). In addition, there is an increase of IL-4 secret-
ing MBP- and PLP-specific cells in cyclophosphamide-treated patients (70).

It has sometimes been assumed that if a treatment is found for MS it
should help all patients. However, a very important treatment concept in MS
is that there will be responders and nonresponders to each “effective”
therapy. Thus, because an individual patient does not respond to a particular
treatment does not mean that the treatment is ineffective. Furthermore,
because the disease is heterogeneous, one of the most important aims of
clinical and immunologic research in MS is to understand why people are
responders or nonresponders. For example, in our studies of pulse cyclo-
phosphamide, we recently found that the shorter the length of time a person
is chronic progressive correlates with whether they respond to therapy (59).
Furthermore, as with any disease process in medicine, it would be expected
that the disease would be easiest to arrest at early stages and that later stages
would be less responsive to therapy.

2. MUCOSAL TOLERANCE
Tolerance has been defined as a lack of response to self but a more appro-

priate definition of tolerance is any mechanism by which a potentially inju-
rious immune response is prevented, suppressed, or shifted to a non-injurious
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class of immune response. Thus, tolerance is related to productive self-rec-
ognition rather than blindness of the immune system to its autocomponents.

Oral tolerance, in this sense, is of unique immunologic importance
becuase it is a continuous natural immunologic event driven by exogenous
antigen. Owing to their privileged access to the internal milieu, antigens that
continuously contact the mucosa represent a frontier between foreign and
self-components. Thus, oral tolerance is an immunological mechanism that
evolved to treat external agents that gain access to the body via a natural
route as internal components that then become part of self. Given this, it
would seem logical that autoimmune diseases caused by an inappropriate
response to self-antigens might ultimately be treated by presenting such
autoantigens to the mucosal surface where they can be dealt with in a
noninjurous (noninflammatory) immunologic environment.

It is now clear that oral tolerance is an active immunologic process and is
mediated by more than one mechanism. Low doses of antigen administra-
tion favor the induction of active cellular regulation, whereas higher doses
favor the induction of anergy or deletion. Although important principals
regarding oral tolerance were described in the 1970s and 1980s, most of
these early studies of oral tolerance did not distinguish dose effects. Thus,
the feeding protocols (dose and frequency) used in the early studies must be
carefully delineated when interpreting their results. In many respects the
term “oral tolerance” is an inadequate immunologic term as it has primarily
been used to define the occurrence of systemic hyporesponsiveness when an
animal is immunized after oral antigen administration. We now realize that
“oral tolerance” is a complex process that involves suppression of some
immune responses and the induction of others. Thus, an understanding of
oral tolerance and its use for the treatment of autoimmune or inflammatory
diseases involves defining the basic immunologic events that occur when
antigen encounters the gut-associated lymphoid tissue (GALT). Antigen
may act directly at the level of the GALT or have an effect following
absorption. In this regard, “oral tolerance” and “mucosal immunization” are
part of one immunologic continuum and are ultimately explained in the con-
text of how an APC interacts with a T cell in the GALT and the factors that
modulate and regulate this response. Thus, in addition to antigen dose, the
nature of the antigen, the innate immune system, the genetic background
and immunological status of the host, and mucosal adjuvants influence the
immunologic outcome following oral antigen administration.

2.1. Cytokine Milieu and the Induction of Oral Tolerance

The inductive phase of oral tolerance occurs when antigens encounter the
GALT, a well-developed immune network consisting of lymphoid nodules
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termed Peyer’s patches (PP), villi containing epithelial cells, intraepithelial
lymphocyte (IELs), and lymphocytes scattered throughout the lamina pro-
pria. Although dietary antigens are degraded by the time they reach the small
intestine, studies in humans and rodents have indicated that degradation is
partial and that some intact antigen is absorbed, especially when large doses
of antigen are fed (71,72). High-dose oral antigen may result in systemic
antigen presentation, which induces hyporesponsiveness either via clonal
T-cell anergy or clonal deletion.

It is generally believed that in low-dose antigen-fed animals, oral toler-
ance is induced in the gut, with a major component occurring in the Peyer’s
patches. Several cells capable of antigen presentation exist in the GALT.
These include macrophages, dendritic cells, B cells, and epithelial cells.
Dendritic cells have been shown as the major intestinal APC that can acquire
and process orally administered antigen (73). Epithelial cells may preferen-
tially trigger the activation of CD8+ regulatory T cells. In the rat, these epi-
thelial cell-induced CD8+ T cells are antigen-specific (74), whereas in the
human they were found to be antigen nonspecific (75). MHC- class II posi-
tive intestinal epithelial cells from 2, 4-dinitrochlorobenzene (DNCB)-fed
mice could induce anergy of DNCB-primed T cells (76). Recently, it has
been shown that lamina propria cells (LPC) may serve as APCs for oral
tolerance (77). Presentation of Ag by LPC stimulated high levels of IFN-
and TGF- and adoptive transfer of Ag-pulsed LPC induced oral tolerance
to that antigen in the recipients (77). However, the type of APC responsible
for the effect of LPC was not resolved.

Th2 cells are preferentially generated in the GALT (78,79), and their dif-
ferentiation depends on the cytokine microenvironment to which Th precur-
sor cells are exposed during their activation (80). If IL-12 is present during
activation, Th1 cell-differentiation occurs, whereas IL-4 induces Th2 cell
differentiation. The intestinal mucosa has high basal levels of IL-4, IL-10,
and TGF- expression and shortly after oral administration of antigen, their
expression is upregulated (81). This cytokine microenvironment may be cru-
cial for the induction of Th2 or Th3 (TGF- secreting cells) in the gut. Den-
dritic cells (DC) from PP preferentially stimulate Th0 clones to produce
large amounts of IL-4, whereas DC from spleen induce high IFN- produc-
tion (82). There is also evidence that DC may be involved in oral-tolerance
induction because the expansion of DC in vivo with Flt3 ligand enhances
oral tolerance (83). It is possible that dendritic cells, the most potent APC in
activating resting T cells, under the influence of gut cytokine milieu, present
antigen for Th2 or Th3 cell differentiation.

APCs provide costimulatory signals needed for T cell activation. B7.1
and B7.2 are the most important costimulatory molecules. B7.2 has been
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shown to be critical for Th2 type cell differentiation (84). In vivo in the EAE
model, injection of anti-B7.2 but not anti-B7.1 inhibited the induction of
oral tolerance to low-dose (0.5 mg) but not high-dose MBP (20 mg). On the
other hand, we have also found that CTLA-4 stimulation is important for
high-dose oral tolerance (85). Class II molecules on the APC also appear to
be critical for the induction of oral tolerance because oral tolerance can not
be induced in class II-deficient mice (86).

2.2. Cytokines and the Modulation of Oral Tolerance

A number of factors have been reported to modulate oral tolerance. As
oral tolerance has usually been defined in terms of Th1 responses, anything
that suppress Th1 and/or enhances Th2 or Th3 cell development would
enhance oral tolerance (see Table 5). Th3 cells appear to use IL-4 as one of
its growth /differentiation factors (87). Seder have also recently found that
IL-4, and TGF- , may serve to promote growth of TGF- -secreting cells
(88). Thus, IL-4 administration intraperitoneally (i.p.) enhances low-dose
oral tolerance to MBP in the EAE model and is associated with increased
fecal IgA anti-MBP antibodies (87). Oral IL-10 and IL-4 can also enhance
oral tolerance when coadministered with antigen (89) and cytokines have
also been administered by the nasal route (90). Large doses of IFN- given
i.p. abrogate oral tolerance (91), anti-IL-12 enhances oral tolerance and is
associated both with increased TGF- production and T cell apotosis (92),
and subcutaneous administration of IL-12 reverses mucosal tolerance (93).
In the uveitis model, i.p. IL-2 potentiates oral tolerance and is associated

Table 5
Modulation of Oral Tolerance
Augments Decreases

IL-2 IFN-
IL-4 IL-12
IL-10 CT
Anti-IL-12 Ab Anti-MCP-1
TGF- Anti- Ab
INF- GVH
CTB Anti-B7.2 MAb (low
F1t-3 ligand dose tolerance)
LPS
Multiple emulsions

Abbreviations: Ab, antibody; CT, cholera toxin; CTB, choleran toxin B
subunit; GVH, graft-vs-host; IFN, interferon; IL, interleukin; LPS,
lipopolysaccharide; MCP, monocyte chemotactic protein 1.
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with increased production of TGF- , IL-10, and IL-4 (94). Oral but not sub-
cutaneous lipopolysaccaride (LPS) enhances oral tolerance to MBP (95) and
is associated with increased expression of IL-4 in the brain. Oral IFN-
synergizes with the induction of oral tolerance in SJL/PLJ mice fed low
doses of MBP (96) Cholera toxin (CT) is one of the most potent mucosal
adjuvants, and feeding CT abrogates oral tolerance when fed with an
unrelated protein antigen (97). However, when a protein is coupled to
recombinant cholera toxin B subunit (CTB) and given orally, there is
enhancement of peripheral immune tolerance (98). Oral administration
of corneal epithelial cells markedly enhanced the corneal allograft sur-
vival (99). Antibody to chemokine monocyte chemotactic protein 1
(MCP-1) abrogates oral tolerance (100). Oral antigen delivery using a
multiple emulsion system also enhances oral tolerance (101).  T cells
may have important role in oral tolerance induction because it seems more
difficult to induce oral tolerance in animals depleted of such cells
(102,103) or in chain-deficient animals (104). The steroid hormone
dehydroepiandrosterone (DHEA) breaks intranasally induced tolerance
(105) and diesel exhaust particles block induction of oral tolerance in
mice (106). In the arthritis model, administration of TGF- or dimaprid (a
histamine type 2 receptor agonist) i.p., both of which are believed to pro-
mote the development of immunoregulatory cells, enhances the induction
of oral tolerance to collagen II even after the onset of arthritis (107).
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1. INTRODUCTION
Although the immunological- and cytokine-mediated events preceding

the development of full-blown Type 1 diabetes in the nonobese diabetic
(NOD) mouse model are becoming better known, the events preceding dis-
ease in humans are less well-characterized. In human Type 1 diabetes, much
effort has focused on establishing criteria for disease-development risk,
which include genetic associations and the presence of autoantibodies. The
contribution of human leukocyte antigen (HLA) alleles for susceptibility
(HLA-DR3, HLA-DR4) or resistance (HLA-DQ8) to disease have been
studied (reviewed in refs. 1–4). The diagnostic use of autoantibodies titers
to isleT cell antigens such as glutamic acid decarboxylase (GAD) 65, insu-
lin, and other antigens provide a risk assessment for disease onset (5). These
markers, along with metabolic measurements, allow clinicians to track
patients who are likely to develop disease and to provide support when dis-
ease development is imminent.

Although the genetic contribution to disease and the autoreactive B lym-
phocyte secretion of autoantibodies as disease predictors are known, the
reactivity and function of autoreactive T cells in human Type 1 diabetes is
controversial and not well-characterized. In this review, we will discuss
the data that exists for human Type 1 diabetes in regard to influence of
cytokine on immune function and disease initiation/progression. These
data include the cytokine-mediated destruction of -islet cells, the pres-
ence of cytokines in the serum of patients and a reinterpretation of those
data, the T cell-functional information available, especially with respect
to cytokine secretion phenotype of autoreactive T cells, and the potential
regulation of the autoimmune response by a subset of T cells, natural killer
(NK) T cells.
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2. CYTOKINE-MEDIATED DESTRUCTION OF  ISLET CELLS
There is evidence to suggest that lymphocytes and macrophages play a cru-

cial role in mediating cell damage and causing insulin-dependent diabetes
mellitus (IDDM). cell destructive insulitis is associated with increased
expression of proinflammatory cytokines (interleukin-1 [IL-1], tumor necro-
sis factor- [TNF- ], and interferon- [IFN- ]) and type 1 cytokines (IFN- ,
TNF- , IL-2, and IL-12), whereas nondestructive (benign) insulitis is associ-
ated with increased expression of type 2 cytokines (IL-4 and IL-10) and the
type 3 cytokines (TGF- ) (6,7). A mononuclear cell (MNC) infiltrate, which
includes T lymphocytes and macrophages, is a characteristic feature of the
islets of Langherans at diagnosis. T lymphocytes could be directly responsible
for cell damage, or they could provoke injury through recruitment of mac-
rophages. Macrophages are the first cells to appear in considerable number
during insulitis in animal models of diabetes. Both T cells and macrophages
operate and interact through the release of cytokines, which influence the type
and magnitude of immune response.

According to a proposed pathogenetic model, the antigen presenting cells
are activated and induced to produce cytokines after cell protein release.
These proteins are taken up by antigen-presenting cells (APC) in the islets and
are processed to antigenic peptides and as such presented by major histocom-
patibility complex (MHC) class II molecules on the cell surface. This acti-
vates the APC to secrete monokines, IL-1 and TNF, and upregulate
costimulatory signals, which induce the transcription of a series of lymphok-
ines genes in T helper (Th) lymphocytes, recognizing the antigenic peptide
(8). One of these lymphokines is IFN- , which in a feedback loop stimulates
the APC to increase the expression of MHC class II molecules and IL-1 and
TNF. IL-1 secretion potentiated by TNF- and IFN- is cytotoxic for the 
cell through the induction of free radicals in the islets (9). As part of cell
destructive mechanisms, some cell proteins are damaged and presented to
the immune system, thereby amplifying the autodestructive response.

Different approaches have been used to understand the role of these
cytokines in the pathogenesis of Type 1 diabetes, both in the animal models
and humans. Evidence from human studies to support the role of cytokines in

cell destruction in insulin-dependent diabetes mellitus is scarce. This evi-
dence is derived from: (1) evaluating their expression in the insulitis lesion,
(2) studying their effects on isolated islets, (3) studying the effects of their
systemic administration in mice, and (4) detecting their levels in the serum of
diabetic patients.

Several studies demonstrated marked expression of IL-1, TNF- , IFN- ,
and IL-6 mRNA in the insulitis infiltrate of nonobese diabetic (NOD) and
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biobreeding (BB) islets in vivo. IL-1, IFN- , and IL-6 proteins have also been
demonstrated in NOD islets. TNF- secreted by activated immune cells in ani-
mal models of Type 1 diabetes was found to be higher than in nondiabetes-
prone animals, and basal and stimulated serum TNF- levels were much higher
in prediabetic BB rats and NOD mice as compared to control animals. Another
proinflammatory cytokine, IFN- , has been detected in cells of human sub-
jects with recent onset Type 1 diabetes and the level of mRNA expression is
increased significantly in the pancreata of IDDM patients as compared with
control human pancreata (8), whereas the expression of other interferon species
( , ) is not significantly altered (10,11). Also, islet expression of IFN- pre-
cedes insulitis and diabetes in BB rats. These findings suggest the IFN- produc-
tion could be induced by initial cell stress that allows the recruitment of immune
system cells, which could also damage the IFN- -producing islet  cells.

Many functional experiments have been performed to evaluate the effects of
IL-1 and TNF species on both animal model and human pancreatic islets even
though cytokine applications to islets may not mimic the molecular pathology
of the pancreatic insulitis lesion in vivo. These studies show that IL-1 selec-
tively inhibits cell secretion of insulin and not cell secretion of glucagon in
separated preparations of islet endocrine cells. The cytodestructive effect of IL-1
on cells in whole islet preparations and not on purified cells suggests that
non cells in whole islets may contribute to IL-1 induced cell damage, via
additional cytokines such as TNF-  and other inflammatory mediators such as
free radicals. From these studies, it has emerged that cytokines, such as IL-1,
TNF- , TNF- , and IFN-  impair insulin secretion and, when added in combi-
nation of two or more, these cytokines are destructive to rodent and human 
cell in whole islet preparation in vitro (9). The combination of proinflammatory
cytokines is implicated in increased Fas (CD95) and MHC class I and class II
expression on cells and increased expression of Fas and class I molecules has
been reported in pancreatic tissue of recent-onset Type 1 diabetics (8). Recently,
in the NOD model, it was shown that diabetogenic T cell became FasL-positive
in vivo and could kill cytokine sensitized  cells (12).

It has been shown that activation of resident macrophages in rat islets by
treatment of the islets with TNF- and lipopolysaccharide (LPS) in vitro resulted
in inhibition of insulin secretion; this was mediated by the intra-islet release of
IL-1, followed by IL-1-induced expression of nitric oxide synthase (iNOS) in
the cells. Regarding the mechanisms by which the cytokines induce the insu-
lin impairment and the cell destruction, most evidence points to nitric oxide
(NO) and/or free radicals produced in  cells exposed to the cytokines (8,13).

In addition to direct cytotoxic actions of cytokines on islet cells,
cytokines may render cells susceptible to destruction by islet-infiltrating T
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cells, such as MHC class I-restricted CD8+ T cells. Despite the role of
cytokines as mediators of cell damage, suggested by in vitro experiments
involving the systemic administration of these cytokines to NOD mice and
BB rats, in vivo experiments showed that many of those cytokines (including
IL-1, IL-2, TNF- , TNF- ) are able to prevent diabetes development (14–17).

The data available in the literature regarding the proinflammatory
cytokine production capacity of diabetic patients are contrasting and not
conclusive. An increased IL-1 production capacity and decreased IL-1
receptor antagonist/IL-1 ratio was demonstrated in peripheral blood mono-
nuclear cells (PBMC) from newly diagnosed IDDM patients as compared to
normal controls and long-standing IDDM patients. This proinflammatory
imbalance in IDDM patients may be important in the pathophysiology of
the cell lysis (18) and the direct or indirect action of the proinflammatory
cytokines on cell destruction is vital to the understanding of the progres-
sion of Type 1 diabetes.

3. SERUM CYTOKINES AS A MARKER OF TH1/TH2 BIAS
AND A DATA REINTERPRETATION

Several groups have investigated the presence of cytokines in the sera of
Type 1 diabetes patients. The goal of this approach was to find evidence for
Th1/Th2 bias or evidence of immune dysregulation.  The presence of serum
cytokines has been investigated in IDDM patients before and after the onset
of the disease. These studies show that recently diagnosed IDDM patients
had significantly higher levels of IL-2, IFN- , TNF- , and IL-1 compared
with normal controls, noninsulin-dependent Type 1 diabetes patients, and long-
standing patients. In addition, the levels of macrophage-derived cytokines
are consistently raised throughout the prediabetic period (19). This finding
is consistent with both the NOD mouse and BB rat models of diabetes in
which the appearance of macrophages in the islets of Langherans was the
first event warning of the onset of insulitis (20). Other investigators have
conflicting evidence in regard to TNF- : Two groups report elevated serum
TNF- (21,22), whereas other groups report lower levels of TNF- in dia-
betic patients (23) or no change in serum TNF- as compared to controls
(24). Elevated serum IFN- (25) or a Th1 bias (26) in new-onset Type 1
diabetics was also found.

We previously reported that in a group of long-term nonprogressors to
Type 1 diabetes, enzyme-linked immunosorbant assay (ELISA) for IL-4 and
IFN- detected cytokines in serum (27). However, we and others (28,29)
provide evidence for the identity of this activity in serum as heterophile
antibody. Heterophile antibodies are antibodies that bind promiscuously to
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many different substrates including immunoglobulin and are known to cause
false-positives in many two-site ELISAs (30–32). Inclusion of fetal bovine
serum (FBS) along with patient sera in ELISA inhibits the interference of
the heterophile antibodies with the ELISA signal; or a positive signal with
patient sera with mismatched coating and detection antibodies demonstrates
the presence of heterophile antibody.

By these criteria of detection of heterophile antibodies, we examined
prediabetic sera in more detail and found a percentage of sera (59/443) con-
tain heterophile antibody. In addition, we show no evidence of serum IL-4
by IL-4 affinity column, IL-4 Western blot and MS/MS fragmentation spec-
tra sequencing in one heterophile antibody-positive serum sample. Despite
these data, we cannot exclude the presence of cytokine in every sera exam-
ined with the two pairs of antibodies used without further characterization.
In addition, it is possible that not all heterophile antibodies are detectable
with the pairs of antibodies we used. However, we demonstrate, by ELISA,
affinity column, and Western blot for human immunoglobulin, that the het-
erophile antibody containing sera (as defined by the aforementioned crite-
ria) do contain promiscuously, but not indiscriminantly, binding
immunoglobulin (33).

The presence of heterophile antibody in sera of at risk for Type 1 diabetes
individuals has been found segregated in families and correlated with pro-
tection from Type 1 diabetes by the presence of the protective MHC allele
DQB1*0602 (28,29). In addition, serum heterophile antibodies were found
to correlate with a genotype polymorphism in exon 1 of the costimulation
molecule, CTLA4 (29). Thus, the presence of heterophile antibodies may be
a marker for a larger susceptibility or resistance phenotype in persons at risk
for Type 1 diabetes.

Based on this information, we examined markers for two distinct groups
of heterophile antibodies in a large population of first-degree relatives of
patients with Type 1 diabetes who were positive for the autoantibodies islet
cell antibody (ICA) and/or insulin autoantibody (IAA). We found that we
could distinguish two (at least) groups of heterophile antibodies based on
the other groups of antibodies (pair 1 and pair 2 on ELISA) reactive with the
heterophile antibodies and we found that these two groups of heterophile
antibodies correlated with either more rapid disease onset or delayed dis-
ease onset (33).

We provide evidence that, in addition to autoantibody-disease markers,
the presence of different heterophile antibodies in individuals with diabetes
autoimmunity predict the disease course. Heterophile antibodies were
detected in significantly higher numbers in patients with islet-cell
autoantibodies as compared to the control population. Moreover, when
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the subjects were divided into three groups, disease incidence could be further
stratified. Twenty-two individuals, whose serum was heterophile antibody-posi-
tive on pair 2 antibody ELISA (but negative on pair 1 antibody ELISA), had
significantly higher incidence of developing diabetes after 5 yr, while 37 indi-
viduals, with heterophile antibody-positive on pair 1 ELISA (regardless of pair
2 ELISA result), had a significantly lower incidence of developing diabetes.
The disease course correlated with binding of the serum heterophile antibodies
was to either pair 1 or pair 2 monoclonal antibodies (MAbs) vs pair 2 antibod-
ies alone (33). This suggests that different antibody crossreactivities with
immunoglobulin are predictive of disease course. Attempts to identify the cog-
nate antigen(s) for these protective anti-immunoglobulin  antibodies are in
progress.

A critical question remains as to what induces the circulating heterophile
antibodies that can be associated with disease progression. Historically, hetero-
phile antibodies have been sheep-cell agglutinins associated with mononucleo-
sis (34). High incidence has been reported among patients with autoimmune
thrombocytopenia (35). Thus, we postulate that the presence of certain classes
of heterophile antibody represents evidence of previous immune responses that
are linked, in the cases of protection, to the DQB1*0602 HLA haplotype.

It is provocative to speculate about the protective, destructive, or
(auto)antigen reactive nature of heterophile antibodies in Type 1 diabetes, as
rheumatoid factor is prevalent in arthritic joints and thought to contributre to
pathogenesis (36). The function of heterophile antibodies could include poten-
tiation of T cell growth or promiscuous binding to growth receptors. Alterna-
tively, autoreactive T cells of either Th type may influence the group of
heterophile antibodies generated.

Because many investigators have examined patient sera for evidence of
cytokine expression (37–39) in a variety of disorders other than diabetes (human
immunodeficiency virus [HIV], multiple sclerosis [MS], and allergy), these data
are presented as a cautionary example for reinterpretation of existing literature
and to investigators who wish to examine serum for different factors. Further
characterization of these heterophile antibodies groups (in correlation with sus-
ceptible and resistant MHC alleles, immune gene-related polymorphisms, and
autoantibodies) could lead to better understanding diabetes autoimmunity and
to new markers in Type 1 diabetes disease development and progression.

4. AUTOANTIBODY ISOTYPES AS A MEASURE
OF CYTOKINE-MEDIATED ANTIBODY CLASS SWITCHING

It is well characterized in murine systems that Th1 vs Th2 responses are
associated with antibody isotype class switches (40). Although it is not as
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clear in humans, IgE and IgG4 have been associated with Th2 responses (41).
Petersen and colleagues in the Childhood Diabetes in Finland Study group
have recently found a decrease in the Th2 immune response in new-onset
patients and siblings as reflected in the GAD65 antibody-isotype profile
(42). Individuals at low risk had a GAD65 isotype profile that was more
Th2-like and more matured (IgG1 > IgM). In agreement with this study,
Bonfacio and colleagues found that auto-antibodies to GAD65 and IA-2
were generally of the IgG1 isotype and they also found that an IgG4 isotype
response to insulin dominated in several patients but was not considered
protective (43). In another study, GAD autoantobodies were found to be
more Th1-like in isotype (26). From these few studies, the data suggest that
the auto-antibodies produced in the course of Type 1 diabetes development
are Th1-associated. More studies of this kind will be of great value in evalu-
ating the role of cytokines in the autoimmune response in Type 1 diabetes.
However, it has been reported that a low antibody response to GAD65 corre-
lated with a vigorous T cell response to GAD65 and vice versa (44). How the
isotype of the autoantibody affects this response remains to be determined.

5. CELLULAR COMPONENT OF INFLAMMATORY INSULITIS

What are the antigens of importance in Type 1 diabetes and what evidence
is there for T cell reactivity to these antigens? A large number of studies have
been done to elucidate T cell function, but with conflicting results. What is
known concerning autoreactive T cells in human Type 1 diabetes is discussed.

In patients with Type 1 diabetes, the majority of cells in the islets of
Langerhans have been destroyed and the remaining islets are abnormally
small; this change is apparent at the time of disease onset or soon after
(45,46). Histological examination of diabetic pancreata shows an inflamma-
tory infiltrate referred to as insulitis. This infiltrate consists of CD8+ and CD4+

T lymphocytes, B lymphocytes, macrophages, and NK cells (10,47–49). There
are greater numbers of CD8+ T cells in insulitis infiltrates of patients with
newly diagnosed disease who had died of diabetic ketoacidosis (3). In the
islets examined from the recent-onset patients, macrophages and lympho-
cytes identified in the insulitis infiltrate appeared to have an activated mor-
phology. The number of macrophages per islet ranged from 10–21 and the
number of T cells per islet ranged from 22–208. Immunohistochemical stain-
ing of the islet for IFN- producing cells showed frequency of IFN- + cells
per islet ranging from 6–65 cells. The lymphocytes generally outnumbered the
macrophages 10:1 in infiltrated islets (48). This suggests an inflammatory
environment in islets in patients with active disease. In another report that
examined the islet-enriched fraction of autopsy pancreata from four new-
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onset patients (1–5 d after diagnosis) and one long term patient (21 yr),
reverse transcription polymerase chain reaction (RT-PCR) analysis detected
elevated IFN- in all patients with disease, whereas IFN- was detected in
controls as well as one of the new-onset patients (11). Because tissue from
new-onset patients is extremely limited, these studies serve as the basis for
examining autoreactive T cells in human Type 1 diabetes.

6. SKEWED T CELL RECEPTOR (TCR) USAGE IN INSULTIS
One measurement of antigenic response by T cells is examination of TCR

usage. Islet tissue from pancreatic graft biopsies of two new-onset patients
were characterized for the repertoire of TCR cDNAs. Histological evalua-
tion of these tissues showed that most of the T cells in inflammatory infil-
trates were CD8+TCR + and CD4-CD8-TCR + in both patients. As
compared to 1/31 cDNAs derived from peripheral blood in the first patient,
19/26 insulitis derived sequences were V 3+ and 5/19 insulitis-derived
sequences were V 14+. In the second patient, selective J , but not V ,
gene usage was seen and 19/29 sequences were V 22+ and 5/28 were
V 14+. There was also restricted gene usage in TCR + insulitis-derived
cells as well; in patient 1, V 1, V 2, V 3, V 1, and V 2 were used and in
patient 2, V 1, V 2, V 3, and V 1 were used (50). In another case where
pancreatic tissue from two patients was examined for TCR gene usage, a
dominant enrichment for V 7 with unselected V -chain segments was seen;
in addition, culture of lymphocytes from nondiabetics with diabetic isleT
cell membrane preparation yielded V 7+ T cell clones. This indicated a
skewing of TCR usage in T cells in diabetic pancreata (51). These data indi-
cated a restricted usage of TCR genes in both TCR + and TCR + T cells
and a restricted antigen recognition. What the antigen(s) might be is dis-
cussed in the next section.

7. AUTOREACTIVE T CELLS IN TYPE 1 DIABETES
There is a growing number of autoantigens implicated in the reactivity of

T lymphocytes in human Type 1 diabetes (reviewed in refs. 3,46,52). These
antigens include GAD65, insulin, ICA69, insulinoma-associated IA-2ic
tyrosine phosphatase protein (53), heat-shock protein 60 (54,55), sulphatide
(56), carboxypeptidase H, and others (52,57). The major proteins of interest
as autoantigens are insulin and its precursors and GAD65.

8. IMPORTANT T CELL EPITOPES FOR INSULIN AND GAD65

The specific epitopes of insulin recognized by T cells in humans have
been reported to be both in the A chain loop (A1-14/B1-16 peptide) and in
the B chain (A16-A21/B10-B25) (58) and the HLA-DR molecules DR3,
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DR4, and DR5 restricted reactivity to these peptides; here, synthetic pep-
tides were used as antigen. An alternate approach is to stimulate PBMCs with
whole antigen, in this case, proinsulin, and retest lines and clones with pep-
tides; using this method the C-peptide between the A and B chains in proinsu-
lin was found to be an epitope (59). T cell hybridomas derived from HLA-DR4
(A1*0101, B1*0401) transgenic mice immunized with prepro-insulin or pro-
insulin were found to be reactive to this same epitope at the C-peptide/A-chain
junction. In addition EBV-B cells (Epstein Barr virus transformed B cells)
were found to process these epitope and T cells from HLA-DR4 individuals
recognized this peptide (60).

The recognition of epitopes in GAD65 by T cells is a complex issue. The
peptides of the GAD65 protein have homology to pro-insulin (61) and a Cox-
sackie virus protein P2-C (PEVKEK) (57). In both of these cases, the GAD
peptides could stimulate T cell responses from peripheral blood. In a search
for other GAD65 peptides recognized by T cells, 3 HLA-DR2 (B1*1601 or
B1*1501) restricted peptides and 2 HLA-DR4 (B1*0401) peptides (one near
in proximity to the homology region shared with the Coxsackie virus protein)
were identified as naturally processed and presented peptides of GAD65 (62).
In addition, HLA-DQ8, expressed as a transgene in mice, was found to recog-
nize at least four epitopes in GAD65 that contain a motif (63). To add to the
degeneracy of multiple peptides binding to HLA molecules, isolated HLA
molecules from both protective and susceptible alleles could bind multiple
peptides from both IA-2 and GAD65 (64). The analysis of important T cell
epitopes in Type 1 diabetes will be crucial for understanding the nature of the
T cell response in this disease.

9. T CELL REACTIVITY IN TYPE 1 DIABETES

In spite of the identification of these important epitopes, the main question
remains as to whether any of these proteins/peptides are specifically processed,
presented, and recognized in Type 1 diabetes. Many studies have examined
this question. Greater T cell reactivity was seen to GAD peptides and proinsu-
lin in PBMC from at-risk subjects (61); to GAD peptides in at-risk and new-
onset patients (57); or to whole islet proteins, GAD65, IA-2, or pancreatic
digest in new-onset patients (65). Greater reactivity to insulin was seen in
new-onset patients and these patients had a lower requirement for insulin
therapy (66). Conversely, many studies have found no difference in T cell
reactivity between individuals at-risk, new-onset, or normal controls for T cell
reactivity to IA-2 (67); GAD65 peptides including the PEVKEK peptide (68);
and insulin or pro-insulin (69,70), though some alteration in T cell reactivity
was seen in insulin treated patients.
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These conflicting results prompted a workshop to standardize T cell assays
in Type 1 diabetes. Standardized, blinded preparations of auto-antigens were
sent to laboratories around the world and all laboratories used the same pro-
tocol for T cell reactivity (with some differences in serum sources). The
outcome of this workshop was that no differences could be seen in T cell
reactivity to any antigen between new-onset Type 1 diabetes patients and
controls (71). Future workshops will include different T cell assays, includ-
ing measurement of T cell-secreted cytokines and assays examining differ-
ent activation states of auto-antigen-reactive T cells (72).

10. CYTOKINES AND T CELL RESPONSES TO AUTOANTIGEN
Only a very few studies have focused on the of cytokine secretion by

autoreactive T cells in Type 1 diabetes. In stimulation of PBMC with the
GAD65 peptide that includes the region of homology to the Coxsackie viral
protein and examination of cytokines by RT-PCR, there was increased IFN-
signal in 2/4 new-onset children and IL-4 mRNA was decreased in the Type
1 diabetics (73). In a study that examined heat-shock protein 60 T cell
responses from twins discordant for Type 1 diabetes, it was shown that
amount of Th1-type cytokines did not differ between the groups, but IL-4
secretion was depressed. This was also true of the T cell response to mitogen
(74). Several reports indicated that the Th2-type response in Type 1 diabetics
to mitogen is reduced (75,76). These few data suggest that the Th-2 response
in Type 1 diabetics is decreased and a general IL-4 secretion defect may
occur in Type 1 diabetics.

11. ARE T CELLS IN TYPE 1 DIABETES DEFECTIVE?
Regardless of which antigen(s) T cells are reactive to in Type 1 diabetes,

there is a body of literature that suggests that T cells in Type 1 diabetics
have an inherent signaling defect. This defect is thought to involve IL-2 in
that T cells from Type 1 diabetics produce less IL-2 than T cells from con-
trols and Type 2 diabetics (77). The IL-2 defect is also implicated in anergy
of T cells; in order for diabetic T cells to proliferate to a variety of auto-
antigens, exongenous IL-2 was required for response (78,79). Interestingly,
no exogenous IL-2 was required for T cell response to whole proteins such
as proinsulin, but IL-2 was required for most peptide responses (78). Another
study suggested that the TCR/CD3 complex in diabetic T cells was defec-
tive in signaling because stimulation through the TCR/CD3 complex
resulted in impaired proliferative response. In this case, IL-2 could not res-
cue the T cell response. This is despite normal surface expression of TCR,
CD3, and CD25 and normal signaling through CD28 (80).
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12. NK T CELLS: DEFINITION AND RELATIONSHIP
TO TYPE 1 DIABETES

Recent attention has focused on murine CD161+ T cells as a potential
immunoregulatory family important in determining the Th1/Th2 bias of
CD4+ Th cells (81). In contrast to CD4+/CD8+ T cells, invariant CD1d-
restricted T cells have the capacity, without priming, to rapidly secrete both
IL-4 and IFN- within hours of TCR engagement. This suggests an impor-
tant role in immunoregulation and possibly in Th1/Th2 differentiation (82–85).
Although the role of NK1 T cells in Th1/Th2 differentiation is under inves-
tigation, CD1 knockout mice lacking invariant V 14J 281 T cells exhibit
alterations in anti-CD3-induced IL-4 secretion, though they are still capable
of mounting a Th2 response (86). As such, they are thought to be one early
source of IL-4 important for subsequent Th2 responses (81,85). Because
various knockout mice lacking V 14J 281 NK1.1+ T cells can still mount
specific Th2 responses, other pathways must exist for the acquisition of this
phenotype (86–89).

Relatively high frequencies (up to 1.5%) of CD4-CD8-(DN) T cells are
found in the peripheral blood (90). Within this population, cells expressing
invariant V 24J Q TCR chains are preferentially paired with V 11, and
to a lesser extent V 2, 3, 5, and 8 (90,91). Human invariant V 24J Q T
cells are homologous to the murine V 14J 281 NK1.1+ T cell, which have
a TCR chain in which the V 14 segment is rearranged to pair with J 281
with no N-region diversity. Both human and murine invariant T cells are
restricted by CD1d or CD1.1 molecules, respectively (81,92). These pro-
teins are Class I MHC-related molecules that contain glycolipid or phospho-
lipid moieties in the antigen-binding groove (93–98). There are families of
DN T cells with conserved, but unidentified function. Several groups have
reported human and murine NK T cells with similar phenotypic and func-
tional properties. Murine CD1-restricted cells include CD4+ V 14+ NK1.1
T cells (99,100) and V 14- T cells (101–103). In humans, V 24+V 11+ NK
T cells with N-region additions have been reported to be restricted by CD1d
(104) and human CD4+ V 24-J Q-V 11+ T cells exhibited similar cytokine
secretion and surface-marker expression as compared to NK T cells (105).
In addition, V 24J Q T cells with conservative amino acid substitutions
for the serine at the C-terminus of the V 24 segment were found to behave
similarly to invariant NK T cells, whereas clones with nonconservative
amino acid substitutions were unable to recognize CD1d (106). Thus, varia-
tions of the invariant NK T cell exist and may represent populations of NK T
cells with varying functions.

The tissue distribution of the NK T cell ligand, mouse CD1 and human
CD1d, is complex. Mouse CD1 gene transcription has been detected in the
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thymus, liver, brain, spleen, and intestinal epithelial and CD1 protein has been
detected on the surface of cortical thymocytes; intestinal epithelial cells;
hematopoetic lineage cells, including constitutive expression on T and B cells;
macrophages; and dendritic cells (DC) (99–101,107,108). In various tissues, the
protein may adopt different conformations as assessed by MAb reactivity and
ability to differentially stimulate CD1d-reactive clones and hybridomas
(107,109,110). This may reflect the association of CD1 and tissue-specific
ligands or masking/accessory molecules. The form and distribution of CD1d
will influence the response of V 24-J Q T cells.

An important role for CD1d-restricted T cells has been demonstrated in regu-
lating T cell responses to tumors and auto-antigens. CD1-dependent T cells were
shown to be involved in antitumor immunity (83,111,112). In the lpr model of
systemic lupus erythematosus (SLE), the frequency of V 14+ NK T cells was
diminished before disease onset (113). Augmentation of V 14+ NK T cells by
adoptive transfer of purified CD4-CD8- cells enriched for IL-4 and little IFN-
or IL-10 secetion prevented disease, whereas a CD4-CD8- T cell population
secreting IFN- and little IL-4 or injection anti-V 14 antibody aggravated dis-
ease (114). The development of diabetes in the NOD model was inhibited by the
transfer of a thymocyte or splenic population enriched for the DN T cell
population (115,116).

In the diabetes-prone BB rat, it has been found that there is a deficit in the
number of RT6+ T cells, which are the homolog to the human NK T cell (117).
In fact, if T cells and NK T cells are included in the intragraft lymphoid tissues
in whole pancreaticoduodenal transplant from Wistar Furth rats to BB rats, dia-
betes recurrence is prevented and it can be shown that the NK T cells in the graft
proliferate and produce IFN-  and IL-4 (118–120).

There are a number of additional observations suggesting that invariant NK
T cells may function in an important regulatory role in autoimmunity. In humans,
the frequency of peripheral V 24J Q T cells was decreased in systemic sclero-
sis (121) and in rheumatoid synovium (122). In humans with Type 1 diabetes, a
decrease in the frequency of NK T cells in monozygotic twins discordant for
IDDM was observed. Moreover, whereas the NK T cell clones from nondia-
betic siblings secreted IL-4 and IFN- , the NK T cells from subjects with IDDM
secreted IFN- but not IL-4 (27). These alterations of NK T cell clones from
identical twins discordant for Type 1 diabetes suggested that environmental
events contributed to the alterations in cytokine secretion. The circulating fre-
quencies of these cells were diminished in Type 1 diabetes and clones raised
from such individuals lacked the ability to secrete IL-4 (27). It will be of great
interest to manipulate populations of NK T cells in islet transplant in disease
models. Thus, CD1d-restricted T cells are implicated in the regulation of
inflammatory processes at several levels, especially in Type 1 diabetes.
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CD1d-restricted NK T cells with invariant TCR- chains represent a
potentially major functional population of T cells in humans. Unlike MHC
class II restricted CD4+ T cells, NK T cells circulate in an activated state as
evidenced by medium-affinity IL-2 receptors and rapidly secrete cytokines
with TCR crosslinking (123). This suggests that CD1d-restricted NK T cells
have an important early function in regulating immune responses. The multi-
functionality of CD1d restricted T cells is provocative; murine NK T cells
have a profound role in the IL-12-mediated rejection of tumors (111). Inter-
estingly, it has been recently demonstrated that NK T cells are capable of killing
CD1d-expressing dendritic cells (DC) (124). Therefore, CD1d-restricted T cells
may regulate key immune responses in autoimmune diseases and tumor rejec-
tion. The complex regulation of families of CD1d-restricted T cells by tissue-
specific CD1d expression may greatly influence regulatory and inflammatory
immune responses in autoimmune diseases, tumor rejection, and infection.

13. CONCLUDING REMARKS

In summary, cytokines are important in the pathogenesis of human Type 1
diabetes and for a Th1/Th2-biased response in human Type 1 diabetes.
Proinflammatory and procytotoxic cytokines have profound effects on

-islet cell survival. The limited analysis of the isotypes of autoreactive
antibodies suggests Th1 bias in the disease state. Examination of pancreatic
tissue from new-onset subjects shows a role for the invading inflammatory
lymphocytes in insulitis and their proinflammatory cytokines. However, the
influence of cytokines secreted in the microenvironment and their influence
on T cell function in humans is unclear, although there is limited data to
suggest that Type 1 diabetic T cells are defective in IL-4 secretion. There
may be signaling defects or states of T cell anergy to investigate in Type 1
diabetes. Better and more sensitive T cell assays must be established and the
role of NK T cells must be investigated, especially in the transplant setting,
so that we can understand the inflammatory process that destroys -islet
cells in Type 1 diabetes.
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1. INTRODUCTION
Rheumatoid arthritis (RA) is a disease that mainly, but not exclusively,

affects diarthrodial joints with inflammation in the synovial tissue as an early
manifestation. This synovial inflammation is commonly followed by a
destruction of adjacent cartilage and bone, resulting in the typical erosions
that constitute one of the diagnostic criteria for RA. Being a common and
severe disease, the synovial inflammation in RA has been subject to a con-
tinuous analysis concerning specificity and regulation of immune and
inflammatory reactions assumed to cause the inflammation and destruction.
The synovial tissue and fluid are relatively readily accessible for detailed
analysis, and in particular during recent years, the RA synovial inflamma-
tion has also constituted a “first case for analysis” when basic immunology
has provided tools to analyze new molecular mechanisms in immunologic
diseases in humans. This has contributed to the fact that some of the most
interesting new concepts for immunotherapy in human immunologic dis-
ease have been tried most extensively in RA.

Two issues have constantly been in focus of investigations of the inflam-
mation in RA: what causes the inflammation to be selective for joints, and
what are the mechanisms responsible for regulating the inflammation,
determining among other things its chronicity and destructivity? Classically,
it has been assumed that selective T and/or B cell immunity account for the
tissue specificity, whereas cytokines and other regulatory molecules would
mainly determine the intensity and character of the inflammation, in similar
ways in different target tissues. Both these concepts are, however, currently
challenged. Concerning organ selectivity of the inflammation, there is
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increasing evidence that selective autoimmunity may not always be needed
to cause arthritis; selective inflammation in joints can be caused by systemic
challenges with nonimmunogenic adjuvants (1), with antibodies reactive
with ubiquitous antigens (2) as well as after systemic overexpression of
tumor necrosis factor- (TNF- ) (3). Also, the contributions of various
inflammatory molecules, particularly cytokines, in organ-specific inflam-
mation may vary considerably between various tissue-specific inflamma-
tory diseases.

Consequences of these more recent insights are obviously that expression
and regulation of cytokines and other regulatory molecules need to be stud-
ied separately and in detail in inflammatory diseases affecting different
organs, and that targeting of regulatory molecules may be more useful for
selective immunotherapy than was earlier thought to be the case. Another
evident implication is that experimental models being used to investigate
pathogenesis and therapies for diseases like RA need to be scrutinized in
detail concerning the expression and regulatory functions of molecules such
as cytokines.

Against this background, the present chapter has as one of its major aims
to describe in some detail the expression and known regulatory roles of
major cytokines in RA on one hand, and in the most important animal mod-
els for RA on the other hand. To facilitate the understanding of the complex
networks, the cytokines are tentatively divided into pro- and inflammatory
cytokines, and cytokines with both properties.

2. CYTOKINES IN RHEUMATOID ARTHRITIS
Studies aimed at understanding the role of various cytokines in the patho-

genesis of RA are faced with a number of difficulties. First, it is not known
to which extent the clinical conditions that are defined under the name RA
make use of similar or dissimilar patterns of cytokines during the develop-
ment of synovitis. Thus, both descriptive and more analytical studies need
to be performed in a relatively large number of patients with varying disease
courses. This notion is examplified by the recent finding from our own labo-
ratory of large variations between individual patients concerning the
expression of TNF- in the inflamed synovium (4), which indicates that
considerable differences may exist between patients concerning the depen-
dence on TNF-  in the pathogenesis.

Second, both descriptive and analytical studies need to be performed at
different stages of disease development as the relative role of different
cytokines may vary significantly between different stages of disease, which
has been shown to be the case in animal models of RA. This is emphasized
by the fact that the cellular composition of the pannus tissue developing at
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later stages of disease differs from the cellular composition within synovial
villi (Fig. 1). There is also clear evidence from experimental animal studies
that chronicity of disease may be regulated by genes that do not necessarily
influence susceptibility to disease or severity of early phases of the disease.
Studies therefore should include analysis of synovial biopsies taken at vari-
ous stages of disease in order to permit an understanding of its dynamics.

Third, hypotheses on the pathogenetic and functional role of various
cytokines are mainly formed from descriptive studies on the expression of

Fig. 1. Schematic illustration of the joint. The cartilage surface is smooth in the
normal joint (left). In the rheumatic joint (right) the cartilage surface is covered by
pannus containing mainly T cells and macrophages, but also fibroblasts, plasma
cells, and dendritic cells. Angiogenesis is seen. The synovial fluid contains mainly
neutrophils.
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these cytokines in inflamed tissue at various, often late phases of disease
and from functional in vitro studies on synovial cells. However, any such
hypothesis needs to be verified in vivo. In order to do so, one is in most
cases obliged to use animal models with similarities to the human situation
in the aspects that are to be investigated. An interesting example was the
hypothesis that T cells and T cell cytokines were of less importance in RA,
based on the findings of relative paucity of T cell-derived cytokines as
opposed to monokines in the rheumatoid synovitis. Subsequently, however,
it was demonstrated that similar relationships between few cells producing
T cell-derived cytokines and many cells producing monokines could be
observed in collagen-induced arthritis (CIA) in mice, where it had earlier
been unambigously demonstrated that T cells are necessary for the disease
to develop (5).

Most importantly for pathogenetically oriented research in RA, possibili-
ties for in vivo verification of pathogenetic principles are now becoming
available in humans with the introduction of targeted therapies directed
against both particular cells and distinct cytokines. The new possibilities
given to analyze pathogenetic questions during use of targeted therapies such
as TNF-blockade will be discussed in a separate section.

2.1. Expression and Function of Individual Cytokines
2.1.1. Proinflammatory Cytokines
2.1.1.1. TNF-

TNF- is a macrophage- and T cell-derived cytokine with multiple pro-
inflammatory effects. It was early shown to be present in relatively large
amounts in the synovial fluid of RA patients (6). Subsequently, it has been
shown both that the presence of TNF- in synovial-joint biopsies may vary
considerably between different patients, and that presence of TNF- is most
marked close to the site where the bone and cartilage destruction takes place,
i.e., in the pannus region. Polymorphic alleles of TNF- exist, but no dis-
ease association with any particular allele has yet been demonstrated (7–9).

TNF- has a central role in cytokine networks by regulating other
proinflammatory cytokines; interleukin-1 (IL-1), IL-6, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (10–12). In addition,
TNF-  upregulates expression of adhesion molecules on vascular endothe-
lial cells and is chemotactic for monocytes and neutrophils, leading to accu-
mulation of the inflammatory cells in the synovium. TNF- stimulates
collagenase and prostaglandin E production, induces cartilage and bone
destruction in cell cultures (13), and can activate osteaoclasts (14). Interest-
ingly, the hyporesponsiveness of synovial T cells has been reported to
depend at least partially on chronic TNF-  signaling (15).
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Levels of the soluble TNF- receptor are increased in the inflamed RA
joint (16). These receptors function as natural inhibitors of TNF- , binding
the soluble cytokine and thereby blocking its interaction with cell-surface
receptors. The amount of soluble TNF receptors detected in RA joints has
been estimated to have the capacity of blocking approximately half of the
TNF-  activity (17).

2.1.1.2. IL-1
The proinflammatory cytokine IL-1 exists in two forms, IL-1 and - .

They bind to the same receptor and have similar activities. IL-1 expressed in
RA synovium is synthesized mainly by macrophages and fibroblasts and to
some extent by neutrophils (18–20), and production of IL-1 by cultured syn-
ovial cells has been detected in vitro (21). IL-1 is not detected in synovial
fluid or plasma (22,23), since it is secreted poorly from the cells. IL-1 is
the main secreted form.

One of the proinflammatory effects of IL-1 in RA is to induce prostaglan-
din E and collagenase production in synovial cells (24). Stimulation of
proteoglycan, glycosaminoglycan synthesis, and matrix metalloproteinase-1
(MMP-1) expression has been reported (25–27), and an important role for
IL-1 in the pathogenesis of RA seems to be its promotion of bone resorbtion
(28). In synoviocytes IL-1 also upregulates the expression of other cytokines
such as GM-CSF (29) and IL-6 (11). In addition, IL-1 increases expression
of collagen types I and III in chondrocytes (30) and induces fever and pro-
duction of acute-phase proteins.

A natural inhibitor of IL-1, the IL-1 receptor antagonist (IL-1ra) can be
detected in the joints of patients with RA (31,32). IL-1ra is homologous to
IL-1 and IL-1 with a high affinity for the membrane bound IL-1 receptor
and acts through competitive binding (33). However, because IL-1 activates
the cell at very low receptor occupancy, a 10- to 100-fold excess of IL-1ra is
needed to block the effects of IL-1 (34), and levels of IL-1ra in RA are
around one- to fourfold excess.

2.1.1.3. IL-6
IL-6 is produced by T cells, fibroblasts, and macrophages. Most IL-6 is

produced by macrophages in RA (35,36). It possesses proinflammatory
properties and augments many actions directly induced by IL-1 and TNF- .

High levels of IL-6 are present in synovial fluid of patients with RA, and
serum levels of IL-6 in RA correlate with markers assessing disease activity
such as acute-phase proteins (22,37,38). IL-6 is also produced by synovial
cells in vitro (11). IL-6 can stimulate B cell proliferation and immunoglobu-
lin production, properties that might be of importance for rheumatoid factor
secretion in the synovium. IL-6 also enhances acute-phase protein secretion
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by the liver and can induce osteoclast differentiation from hematopoietic
precursors (39).

2.1.1.4. IL-8
Expression of IL-8 has been identified in RA (40), and cells producing

IL-8 localizes to the synovial membrane and cartilage-pannus junction (41).

2.1.1.5. GM-CSF
GM-CSF can be detected in rheumatoid joints. Cultured synovial mac-

rophages also produce GM-CSF (12,29,42). GM-CSF activates macroph-
ages to produce proinflammatory cytokines and can induce differentiation
of myeloid cells, whereby the number of mature macrophages in the
inflamed synovium increases (43). Addition of anti-GM-CSF monoclonal
antibodies (MAbs) to synovial-tissue cultures downregulates human leuko-
cyte antigen DR (HLA-DR) expression by monocytes. This can be inter-
preted as GM-CSF contributing to the increased expression of MHC class II
molecules by synovial macrophages (44).

2.1.1.6. IL-15
In the rheumatoid joint, IL-15 is expressed by synovial-lining cells, mac-

rophages, fibroblasts, and within lymphocytic aggregates (45). In RA,
locally produced IL-15 can recruit and activate synovial T cells and induce
monocyte-derived TNF- production (46). Levels of IL-15 correlate with
TNF- activity, and have been shown to be necessary to maintain the pro-
duction of TNF-  in culture (46).

IL-15 can induce T cell proliferation, and because little IL-2 is present in
the rheumatoid joint IL-15 might be an important local T cell mitogenic factor.

2.1.1.7. IL-16
IL-16 has been recorded in synovial fluid from RA patients and IL-16

transcripts demonstrated in the synovial membrane. In situ hybridization
has revealed IL-16 mRNA-expressing cells in the lining layer of rheumatoid
synovial tissue. In the sublining area, only scattered cells positive for IL-16
transcripts could be detected, mainly located adjacent to blood vessels (47).

IL-16 has chemoattractant properties (48,49) and can induce migration of
CD4+ cells into sites of inflammation (50,51). Evidence exists that IL-16
uses the CD4 molecule as its receptor. IL-16 stimulates expression of the
IL-2 receptor and MHC class II molecules on resting cells (51). An inhibi-
tory effect of IL-16 on CD3/TCR-mediated lymphocyte activation has also
been described (52,53). These seemingly contradictory functions of IL-16
may in fact add to the understanding of the pathopysiological findings in
RA as a complex disease in which anergy and inflammation occur at the
same time.
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2.1.1.8. IL-17
The T cell-derived cytokine IL-17 is produced at high levels in RA

synovium (54). Around 1% of the T cells express IL-17, comparable to
results with IFN- (55). Th1 and Th0 cells derived from RA synovial tissue
produce IL-17 in vitro (56). Its production is downregulated by IL-4 and
IL-13 (57). IL-17 contributes to the inflammatory conditions in the rheuma-
toid joint by stimulating production of proinflammatory cytokines such as
IL-6, IL-1, and TNF- (58).

2.1.1.9. IL-18
IL-18 is localized primarily to lymphocytic aggregates in the RA syn-

ovia, where it is produced mainly by activated macrophages (59). Signifi-
cant IL-18 levels can be detected in synovial fluid of RA joints. IL-18 has
been demonstrated to induce IFN- production together with IL-12 or IL-15
and to independently promote GM-CSF and nitric oxide (NO) production
by synovial tissues in vitro. IL-18 also induces TNF- synthesis by mac-
rophages in synovial cultures (59).

IL-18 inhibits osteoclast formation in vitro, independent of IFN- pro-
duction, an effect that can be abolished by addition of neutralizing antibod-
ies to GM-CSF (60).

2.1.2. Anti-Inflammatory Cytokines
2.1.2.1. IL-10

IL-10 is primarily produced by monocytes and macrophages, but T and B
cells also secrete IL-10 after activation. IL-10 has potent anti-inflammatory
effects on both T cells and monocyte function. It inhibits T cell prolifera-
tion, downregulates antigen-presenting cells (APCs), and accessory-cell
function of macrophages (61–64). IL-10 also decreases the production of
several pro-inflammatory cytokines by human monocytes in vitro (63).

In the rheumatoid joint, IL-10 is produced locally by synovial monocytes
(65–68). IL-10 can be detected in RA synovial fluid, where levels are higher
than in serum (69). It is also spontaneously secreted by cultured synovial
cells (65,67,70).

IL-10 can shift the balance of IL-1 and IL-1ra production by synoviocytes,
favoring IL-1ra production (71). Production of IL-10 by synovial mono-
cytes appears to inhibit local IFN- production (72). Addition of recombi-
nant IL-10 to synovial-cell cultures downregulates production of IL-1 and
TNF- and prevents cartilage degradation (65,70,71,73). IL-10 also
decreases expression of HLA-DR on synovial fluid macrophages and
decreases proliferation of synovial fluid T cells (70).

The anti-inflammatory effects of IL-10 have been further demonstrated
by addition of anti-IL-10 antibodies to synovial cell cultures, yielding
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increased production of the proinflammatory cytokines TNF- , IL-1 ,
GM-CSF, and IFN- (65,70).

2.1.2.2. IL-4
IL-4 is produced by activated Th2 cells, and was initially reported as

absent or expressed in low levels in synovial fluid of RA patients (74). How-
ever, in some but not all synovial samples, IL-4 mRNA expression has been
detected (55,75). IL-4 was recently also reported to be produced locally in
RA synovial biopsies (76), and could also be detected in synovial fluid from
RA patients (77), where the number of IL-4 producing mononuclear cells
(MNCs) is increased as compared to peripheral blood (69). Also, increased
serum levels of IL-4 have been reported in RA patients compared to healthy
controls (78). Taken together these findings may be interpreted as challeng-
ing the view of RA as a Th1 mediated disease.

IL-4 has anti-inflammatory activity (79) and has been shown to inhibit
production of proinflammatory cytokines (80,81). IL-4 can shift the balance
of IL-1 and IL-1ra production by synoviocytes, in favor of IL-1ra produc-
tion (71,82). On the other hand, both IL-4 and IL-13 enhance the monocyte
MHC II expression (82). IL-4 has also been demonstrated to decrease bone
resorption in vitro (83).
2.1.2.3. IL-13

IL-13 shares many of the anti-inflammatory effects of IL-4, and is 30%
identical at the protein level. The main producers of IL-13 are activated T
cells in the RA synovium. Exogenously applied IL-13 downregulates TNF-
and IL-1 production by synovial-fluid MNCs in vitro (77,82). IL-13, like
IL-4 inhibits bone resorption in vitro (84).

2.1.3. Cytokines with Both Anti- and Proinflammatory Properties

2.1.3.1. TGF-
High levels of transforming growth factor- (TGF- ) have been mea-

sured in synovial fluid and are produced by cultured synovial cells in vitro
(74,85,86). TGF- expression is localized mainly to the synovial lining of
synovial membranes, but has also been detected in sublining regions and at
the cartilage-pannus junction (85,87).

TGF- possesses immunoregulatory properties and inhibits lymphocyte
proliferation (88). TGF- can also induce collagen mRNA expression and
inhibit collagenase mRNA expression by cultured synoviocytes (85). TGF 1
appears to be the most important TGF- cytokine in rheumatoid synovitis
(87,89–91). In primary articular chondrocyte cultures, IL-1 induces TGF 3
protein synthesis but reduces that of TGF 1 and TGF 2 isoforms (91). TGF-
is also angiogenic, exerting its effect via recruitment of macrophages, which
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in turn secrete angiogenic factors acting on endothelial cells (74,92–94). At
higher concentrations TGF-  inhibits the angiogenic potential of other fac-
tors, revealing its bifunctional role in angiogenesis (95).

2.1.3.2. IL-12
IL-12 promotes IFN- production and the generation of Th1 cells.

Expression of IL-12 has been detected in rheumatoid joints (96), where it is
produced by infiltrating macrophages and synovial lining cells (97).

2.1.3.3. IFN-
IFN- is a T cell-derived cytokine that can be detected at the mRNA level

in RA joints, though protein levels are low (55,75,98). Approximately 1 out
of 300 CD3+ T cells in RA synovium expresses IFN- mRNA as detected by
in situ hybridization (55), though there is considerable interpatient variabil-
ity (76).

In addition to being a potent macrophage activator, IFN- directs devel-
opment of naive T cells into proinflammatory Th1 cells and can induce
HLA-DR expression on monocytes. However, anti-IFN- antibodies cannot
inhibit HLA-DR upregulating activity of synovial fluid. In conjuction with
the low levels found in RA tissues, this indicates that IFN-  may not be the
main macrophage-activating factor in RA (98).

2.2. Questions Evolving from Analysis of Cytokine Expression
in Human RA

Descriptive studies of the cytokine expression in human RA raises a num-
ber of questions. High expression of fibroblast- and macrophage-derived
cytokines such as TNF- , IL-1, IL-6, GM-CSF, and TGF- is detected in
many patients (Fig. 2); cytokines produced by T cells are more scarcely
described, even though T cells represent a large proportion of the inflamma-
tory cells invading the synovia. The results from different studies are, how-
ever, often in part contradictory, probably reflecting the range of variability
between patients and stages of disease. Thus, animal models are essential to
answer questions such as the relative importance of T cells and macrophages,
and their relevance in different stages of disease, including initial arthritis-
inducing events. In addition, such models can increase the understanding of
how the cytokine network operates, how it is balanced, and how it can be
favorably manipulated.

3. CYTOKINE EXPRESSION IN ANIMAL MODELS OF RA
3.1. Conceptually Different Models

Several experimental models for arthritis have been defined and devel-
oped as means of answering the questions arisen from studies in RA patients.



326 Wahren-Herlenius et al.

Fig. 2. (A) TNF- producing cells in a cryopreserved synovial-membrane biopsy
specimen arthroscopically obtained from an RA patient. Cells producing TNF-
are detected in the sublining layers in focal infiltrates of mononuclear cells, here
clustering around a blood vessel in a perivascular aggregate. Intracellular staining
to verify local production was performed after fixation with paraformaldehyde and
permeabilization with saponin. Photo: Ann-Kristin Ulfgren. (B) IL-1 producing
cells in human synovia from a patient with RA biopsised via arthroscopy. Staining
of cryosections reveals profuse IL-1 production in the pannus in this patient. Note
that the number of cytokine producing cells, including IL-1 and TNF- , can differ
substantially between patients. Photo: Ann-Kristin Ulfgren.
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Arthritis models exist in rats, mice, rabbits, and monkeys. They can be
divided into models with spontaneously developing disease, induced dis-
eases, and genetically modified models. Most commonly used are the mod-
els of induced diseases in rodents (see Table 1).

The vast number of experimental rodent models for arthritis, and the dif-
ferent ways that they are provoked, may all reflect various aspects of rheu-
matoid disease. Many features are similar among the different models, but
differences also exist, a significant aspect being that not all models develop
chronic disease. It is therefore of importance when comparing results
between RA and experimental models to be aware of the experimental model
used, and the general features of that particular model. Depending on which
aspect of the arthritogenic process one wants to study, care must be taken in
chosing the most suitable model.

The role of a certain cytokine as arthritis-promoting can be studied in
detail in mice knocked-out for the actual cytokine gene or its receptor. Simi-
larly, transgenic animals with constant overexpression of a certain cytokine
are useful tools in dissecting arthritogenic mechanisms (3).

Apart from the models mentioned earlier and in Table 1, the susceptibil-
ity of various cytokine/cytokine-receptor knockout mice for induced arthri-
tis has been tested, and are of importance in elucidating the role of a
particular cytokine in arthritis development. Later, some experimental mod-
els for arthritis that we consider to have been of great impact for the field
will be discussed briefly, and then the role of different cytokines in different
models will be indicated.

3.1.1. Collagen- and Adjuvant-Induced Arthritides

Adjuvant-induced arthritides and cartilage-antigen-induced arthritides are
conceptually different models of RA. Both are T cell dependent (99,100)
and major histocompatibility complex (MHC)-linked (101,102), features
which they share with human RA, and hence are well-suited for studies of T
cell dependence and MHC-linkage. The influence of a joint-specific T cell
response can be addressed in strains of rats resistant to oil-induced arthritis
but susceptible to cartilage antigen-induced arthritis. The lack of a defined
antigen responsible for the T cell response in adjuvant arthritides makes it
difficult to understand whether cartilage specificity exists in these models or
not. The fact however, that substances with adjuvantic properties can cause
T cell dependent and MHC-restricted arthritis is worth considering as a pos-
sible disease-inducing mechanism in humans as well as in experimental ani-
mals. Cytokines expressed in cartilage-antigen-induced and adjuvant-induced
arthritis are mainly of a Th1 pattern with high levels of proinflammatory
monokines, another feature shared with human RA. On the other hand, a Th2
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Table 1
Murine Models for Arthritis
Group division Experimental model Type of inocculum Models in mice Ref. Models in rat Ref.

NZB/KN (180)
Spontaneously Biozzi (181)
developing MRL lpr/lpr (182)
models Not applicable DBA/1 males (183) No

Models induced
with:
(a) Infectious Staph. Aureus Live bacteria Yes (184) Yes (195)

agents Yersinia Live bacteria Yes (185) Yes (196)
Mycobacteria Live bacteria Yes (186) Yes (186)

(b) Non- Adjuvant-induced Heat-killed myco- No (only if co- (187) Yes (197)
infectious bacteria + treatment
bacterial mineral oil with anti-
compunds IL-4 Ab)

LPS-induced Lipopolysaccharide No Yes (198)
Streptococcal cell Fragmented strepto- Yes (188) Yes (199)

wall-induced coccal cell walls
(c) Adjuvants Oil-induced Mineral oil (FIA) No Yes (1)

Pristane-induced Pristane oil Yes (189) Yes (102)
Avridine-induced Synthetic No Yes (200)
Squalene-induced Endogenous No Yes (198,201)

mammalian lipid
(d) Systemic Methylated BSA Yes (190) Yes (202)

+ intra-
articular
antigen-
injection
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(e) Cartilage Collagen II-induced Collagen II + Yes (191) Yes (104)
 antigen adjuvant

Collagen IX-induced Collagen IX + Yes (192) No
adjuvant

Collagen XI-induced Collagen XI + Yes (192) Yes (203)
adjuvant

Cartilage oligomeric COMP + adjuvant No Yes (204)
matrix protein
(COMP)-induced

Proteoglycan-induced Proteoglycan + Yes (193) No
adjuvant

Cartilage Cartilage Yes (194) No
glycoprotein 39 glycoprotein 39

+ adjuvant
(f) Other Mercuric chloride- Mercuric chloride No Yes (103)

induced

Genetically TNF-  transgene Not applicable Yes (3) No
modified
animals
developing
spontaneous
arthritis

HLA B27 trans- Yes (205) Yes (207)
gene

K/B×N(+g) Yes (2) No
T cell leukemia Yes (206) No

virus type I trans-
gene

IL-1ra knockout Yes (123) No



330 Wahren-Herlenius et al.

cytokine production can also promote arthritis, as demonstrated in the model
of mercuric chloride-induced arthritis in Brown Norwegian (BN) rats (103).

First described by Trentham et al. in 1977 (104), CIA is probably the
most commonly used experimental model for RA. Collagen-induced arthri-
tis can be induced in both rats and mice with heterologous collagen type II,
and in one rat strain, Dark Agonti (DA) rats, homologous collagen type II
can be used resulting in a true autoimmune model (105). TNF- is the domi-
nant cytokine in CIA and anti-TNF- treatment ameliorates CIA (106,107).
Despite the well-established T cell dependence in CIA, T cell-derived
cytokines are rarely found in the inflamed joints (5,108).

3.1.2. TNF-  Transgenic and TNF-  Knockout Mice

Mice transgenic for the human TNF- gene and with a constant
overexpression of TNF- have been reported to develop a severe and ero-
sive arthritis (3,109). Few T cells can be detected in the joints of these mice,
and the arthritis is probably not T cell dependent since transgenic mice back-
crossed to RAG knockouts, which lack functional lymphocytes, develop
arthritis (110). A transgenic mouse with only cell-surface bound TNF- also
develops arthritis, indicating that there is no strict need for TNF- secretion
in arthritis development (111). Though the model is not suited for studies of
etiologic factors for human RA owing to its lack of T  and B cell depen-
dence, these results indicate that TNF- production induces arthritogenic
inflammation. However, the findings that TNF- p55 receptor knockout
mice are susceptible to CIA and TNF- –/– mice to mycoplasma-induced
arthritis (112) implies that TNF- is not essential for arthritis, as it can still
develop in animals deprived of TNF- .

3.1.3. K/BxN Mice

A recent model for arthritis in K/BxN mice has been reported (2). Spon-
taneous development of chronic, erosive arthritis in mice transgenic for a
rearranged TCR recognizing bovine RNase 41-61 peptide crossed onto mice
with a NOD background was demonstrated. With the NOD MHC haplotype
Ag7 the transgenic TCR recognizes glucose-6-phosphate isomerase, a gly-
colytic enzyme. Thus, systemic autoimmunity to a ubiquitously expressed
self-antigen was demonstrated to lead to joint-specific inflammation. Later
the arthritis was proven to be both T and B cell dependent. Once initiated by
T cells, pathology is driven almost entirely by immunoglobulins (113). By
polymerase chain reaction (PCR), high levels of TNF- mRNA were
detected in synovial fluid, and by enzyme-linked immunosorbent assay
(ELISA) high levels of IL-6 were found.
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3.2. Proinflammatory Cytokines

The models reflecting most of the human RA features including T cell
and MHC-dependence are the collagen- and adjuvant-induced arthritides,
and the description of cytokine expression in models of RA has therefore
mainly been concentrated to these models.

3.2.1. TNF-

It is well-established that TNF- is a mediator of pathology in arthritis.
TNF- is reported to be the most abundant cytokine in CIA (5,108), and is
strongly expressed in synovia during the acute phase of antigen-induced
arthritis (114). The role of TNF- in the pathogenesis of CIA in mice has
been investigated by administration of the cytokine or its antibody. TNF-
given systemically increased both incidence and disease severity, while anti-
TNF- antibody protected against the development of CIA (106). Several
other studies have recorded that anti-TNF- antibodies given therapeuti-
cally will ameliorate joint disease in rodents (115–117). Analogous results
have been obtained using IgG-TNF-receptor fusion protein. Mice carrying a
modified human TNF- transgene, as mentioned earlier, develop an erosive
arthritis. The arthritis can be prevented with anti-human TNF- antibody (3).

3.2.2. IL-1

In CIA, IL-1 has been detected in synovial tissues. Compared to TNF- ,
the expression of IL-1 occurred later in the disease process (108). Earlier
studies have revealed that injection of recombinant human IL-1 can
increase the incidence and cause an earlier onset of CIA (118,119). Further-
more, it has been reported that daily administration of a high dose IL-1
receptor antagonist prevented the development of disease, whereas a low
dose reduced the incidence and delayed onset (120). It has also been demon-
strated that the combination of anti-IL-1 and anti-IL-1 given therapeuti-
cally was highly effective in established disease, reducing both
inflammation, and cartilage destruction (121). More recently, it was
reported that anti IL-1 / treatment ameliorated both early and full-blown
disease; however, the most profound suppression was observed with anti-
IL-1 (122). In Streptococcal cell-wall-arthritis, IL-1 has been proposed
to play a major role in cartilage destruction while TNF- affects joint
swelling. IL-1 receptor antagonist-deficient mice of a Balb/cA background
have been demonstrated to spontaneously develop chronic arthritis,
whereas IL-1 receptor antagonist-deficient mice on C57BL/6J background
did not develop pathology (123).
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3.2.3. IL-2
Antibodies given prophylactically against the IL-2 receptor have proven

effective in suppressing CIA (124). This was demonstrated by the fact that
disease incidence became lower and disease itself less severe. Though these
results are interesting, they must be interpreted in relation to the findings of
Müssener et al., who reported that in mice with CIA, no IL-2 expression
could be detected in joints at any investigated time-point (5).
3.2.4. IL-6

One report states that IL-6 is heavily expressed together with TNF- and
IFN- in synovia during the acute phase of antigen-induced arthritis in mice.
This correlates with results from murine CIA, where IL-6 was expressed in
a similar pattern to TNF- . Mihara et al. demonstrated that IL-6 suppressed
the development of adjuvant arthritis in rats when administered from the time
of adjuvant injection (125). The role of IL-6 in antigen-induced arthritis has
also been investigated using IL-6 knockout mice (126). In these mice a
more severe cartilage proteoglycan depletion was apparent compared to
that seen in normal mice, thus indicating an important role for IL-6 in sup-
pressing the arthritic insult on cartilage (127). CIA has also been induced
in IL-6 knockout mice, which resulted in delayed onset and reduced sever-
ity of disease (128).
3.2.5. GM-CSF

In a recent study it has been demonstrated that mice treated systemically
with GM-CSF 20–25 d after collagen type II immunization had a consis-
tently greater incidence and more rapid onset of disease (129).
3.2.6. IL-15

A profound suppression of the development of CIA was achieved by
administration of soluble IL-15 receptor -chain into DBA/1 mice (130).
3.2.7. IL-17

Increased levels of IL-17 mRNA have been reported in lymph nodes of
rats with adjuvant arthritis. No expression in synovial membranes, however,
could be detected (131).

3.2.8. IL-18
Coadministration of IL-18 to mice at the same time as immunization with

collagen type II/Freund’s incomplete adjuvant increased the incidence of
arthritis (132).

3.3. Anti-Inflammatory Cytokines
3.3.1. IL-4

No expression of IL-4 mRNA has been detected in draining lymph nodes
of rats with either CIA or oil-induced arthritis (133), nor has IL-4 been
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detected in arthritic limbs of mice with CIA (5). In Streptococcal cell wall-
induced arthritis in rats, it has been reported that sustained treatment with IL-4
suppressed the chronic, but not the acute phase of disease (134). A recent
study has demonstrated that IL-4 alone did not provoke any effect, and that
IL-10 only slightly suppressed CIA. A more pronounced amelioration was
observed with the combination of IL-4 and IL-10, both at onset and in estab-
lished disease (135). However, another recent study demonstrated that sys-
temic administration of IL-4 alone, using vector cells engineered to secrete
this protein, significantly reduced incidence and severity of CIA (136).

3.3.2. IL-10
IL-10 treatment of rats and mice with CIA has been recorded to suppress

both incidence and the inflammatory process, whereas anti-IL-10 has been
reported to trigger the onset and increase the severity of murine CIA. In the
IL-10-treated rats, a shift in the IgG2a/IgG1 ratio of anti-collagen antibod-
ies suggests an induction of a Th2 response in these animals (137–139).
Similarly, mice infected with an adenovirus construct containing a viral IL-10
gene showed lower incidence and decreased severity of CIA. This effect
could be inhibited by treatment with anti-IL-10 antibodies (140).

3.3.3. IL-13
The anti-inflammatory effects of IL-13 on CIA have been explored using

systemic administration of IL-13 via injections of vector cells transfected
with IL-13 gene-transfected cells (136). With this experimental setup, the
arthritis was attenuated.

3.4. Cytokines with Both Anti- and Proinflammatory Properties
3.4.1. TGF-

Investigation of the expression of precursor TGF- isoforms in arthritic syn-
ovia of rats with CIA reveals an abundant expression of all three isoforms, and
the expression increases with time after immunization. It was proposed that
TGF 1 and TGF 2 might have an active role in the fibrotic changes occurring
at later stages of CIA (141). Results obtained in functional in vivo studies of
TGF- are contradictory. It has been reported that local injection of TGF 1 or
TGF 2 into footpads of normal collagen-immunized rats induced arthritis or
accelerated its onset (89,142,143), whereas systemic administration of TGF 1
had a protective effect on experimental arthritis in rodents (106,144,145). In
other words, the effect of TGF- appears to depend on the route of administration.

3.4.2. IL-12
It has been reported that IL-12 can both suppress and enhance autoim-

mune disease depending on the adjuvant (146), dose (147), and time (122)
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of administration. In the absence of mycobacteria in the adjuvant (Freund’s
incomplete adjuvant) the incidence of murine CIA in DBA/1 mice is low
(max 30%), whereas immunization with collagen type II in Freund’s incom-
plete adjuvant plus IL-12 or collagen type II in Freund’s complete adjuvant
results in severe arthritis with an incidence of 100% (146). In contrast, pro-
phylactic systemic administration of high doses of IL-12 ameliorates CIA in
DBA/1 mice immunized with collagen type II in Freund’s complete adju-
vant (147). In another study, the potential role of IL-12 at the onset of arthri-
tis has been evaluated (148). Interestingly, this report indicates that IL-12
has a stimulatory role in early arthritis development, whereas it has a sup-
pressive role in the established phase of CIA. Finally, the role of IL-12 in
CIA has also been evaluated in IL-12-deficient mice of the DBA/1 genetic
background (149). The data presented in this study demonstrated that both
the incidence and severity of disease was reduced in mice unable to produce
biologically active IL-12.

3.4.3. IFN-

In rats immunized with collagen type II, IFN- mRNA could be detected
in draining lymph nodes (133). In mice with CIA IFN-  is expressed in the
synovia during early stages of clinical disease. At later stages, the expres-
sion has vanished (5). IFN- has also been reported to be heavily expressed
in synovia during the acute phase of antigen-induced arthritis in mice (114).
Opposing effects on CIA have been described for IFN- treatment, disease-
promoting as well as disease-limiting. Local injection of IFN- into the foot-
pads of collagen type II-immunized mice accelerates the the onset and
increases the severity of the disease (150). Conversely, therapeutic as well
as prophylactic treatment with high doses of systemically administred IFN-

ameliorates CIA (151). A disease-limiting role for endogenous IFN- in
CIA has been inferred from studies in which anti-IFN- treatment was asso-
ciated with more severe arthritic lesions (152). In another study it was
reported that the outcome of anti-IFN- treatment in CIA depends on the
time of administration, early treatment being associated with reduced sever-
ity and late treatment being associated with aggravation of disease (153).
Similar complex results have also been reported in adjuvant arthritis
(151,154). Interestingly, in two studies it was demonstrated that an acceler-
ated CIA develops in DBA/1 mice lacking IFN- receptors (155,156),
whereas in another study it was demonstrated that mice lacking interferon
regulatory factor-1 develop a less severe arthritis (157). IFN- knockout
mice were recently reported to have enhanced susceptibility to CIA, an effect
that was entirely dependent on IL-12 (158).
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3.4.4. IL-5

IL-5 could not be detected in arthritic limbs of mice with CIA (5).

3.5. Concluding Remarks Concerning Cytokine Expression
in Animal Models for RA

Arthritis can be induced in a variety of ways in experimental animals, and
all of the models mimic human disease in some respect. Most commonly
studied is collagen type II arthritis, which can be induced in both rats and
mice. This model has several features in common with RA, including MHC-
linkage and T cell dependence. In a specific rat strain, DA rats, CIA even
becomes chronic if induced by rat collagen type II.

Analyzing the cytokine expression in these models, expression of TNF-
and IL-1 has been demonstrated, findings similar to those in many RA patients.
The TNF- transgenic mouse has been pivotal in understanding that TNF-
might play a central role in development of arthritis, contributing to the rapid
development of TNF- blocking therapies. In addition, IL-1 has been demon-
strated to have important arthritogenic properties, with emphasis on joint
destruction. Molecules where inhibitory effects on arthritis have been observed
are IL-6, IL-10, and IL-4. These understandings and indications may be used
for designing novel approaches in treating RA as described later.

4. NEW CYTOKINE-BASED THERAPEUTIC STRATEGIES IN RA
4.1. Specific vs General Therapies

An ideal treatment of RA would be aimed at affecting only disease-inducing
cells, and the issue of antigen-specific and autoreactive T cells harboring dis-
ease-inducing capacity has been extensively addressed in immunologically
oriented rheumatologic research. However, such treatment is presently not an
option in human disease, because eventual autoreactive and clonally expanded
T cells remain elusive and our knowledge of the pathogenic mechanisms
operating at the apex of the disease pyramid is still limited. The design of most
novel emerging treatments for diseases such as RA is therefore directed to
more general targets of the inflammatory cascade, even though some disease-
specificity of cytokines can be distinguished. The disadvantage, owing to their
general anti-inflammatory as well as immunoregulatory effects of such treat-
ments, may be induction of systemic immunosuppression and dysregulation
leading to side effects such as infections, malignancies, and autoimmunity.

4.2. Therapeutic Strategies

Several ways exist to influence the inflammation causing arthritis by
either inhibiting proinflammatory cytokine effects or enhancing anti-
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inflammatory effects. They include: (1) blocking or neutralizing MAbs
directed to the cytokine or its receptor; (2) other exogenous receptor antago-
nists; (3) cytokine receptor constructs that competitively inhibit the binding
of the cytokine to its receptor; (4) molecules that inhibit intracellular signal
transduction; and (5) molecules that inhibit cytokine synthesis.

4.3. Cytokine-Based Therapies

Two major achievements have been combined in order to design new
strategies for the treatment of RA. First, with increased understanding of the
pathophysiology of the inflamed synovial tissue, the inflammatory cells
infiltrating the synovial membrane and their secreted products have been
identified (159). High-affinity cell-surface receptors as well as secreted
receptors capable of binding cytokines indicate a sophisticated regulation of
the inflammatory response within the joint tissue and constitute additional
potential targets for treatment (33). Second, it is now possible to design
hybrid, humanized, or fully human MAbs as well as recombinant cytokines
and cytokine-receptor proteins, which may be used for treatment of patients.

4.3.1. TNF-  Inhibition

TNF- blocking therapy has been demonstrated to effectively suppress
the disease activity in many patients with RA. Key findings that led to the
choice of TNF- inhibition as a therapeutic approach was that TNF- among
other proinflammatory cytokines, was produced in excess in the rheumatic
joint; TNF-  being produced mainly by macrophages close to areas of car-
tilage destruction (160), and that blocking of TNF- in cultures of synovial
cells in vitro also caused inhibition of futher production of other
proinflammatory molecules such as IL-1 (161). Also, the TNF- transgenic
mouse (3) demonstrated development of spontaneous, chronic, and erosive
arthritis. Administration of TNF- blocking antibody could inhibit the
development of the joint inflammation in animals with CIA (106,162).

4.3.2. Anti-TNF-  MAbs and TNF-  Receptor Fusion Proteins
A number of clinical trials using TNF- blocking antibodies in RA have

been published. Most trials have enrolled patients with established and active
disease. These patients have also been considered more or less refractory to
conventional treatment.

The chimeric mouse/human MAb cA2/infliximab is a high-affinity IgG
antibody. Good tolerability and clinical improvement was demonstrated in
initial studies of patients with refractory RA (163). Significant efficacy com-
pared to placebo has been demonstrated (164) and a dose-dependent rela-
tionship found. Though higher doses had better effect, the improvement was
transient and therefore cA2 infusions repeatedly for extend periods com-
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bined with methotrexate therapy has been tried. The results demonstrate that
concurrent methotrexate treatment enhances and prolongs clinical response
to cA2 (165,166). No increase of severe side effects such as infections,
malignancies, or development of lupus-like autoimmune disease was
observed, though an increase in mild upper-respiratory airway infections
was reported. However, regarding more severe long-term side-effects, the
length of the observation period and the number of patients so far treated are
not enough to definitely exclude the possibility that TNF- blocking therapy
might increase the risk of, e.g., neoplastic disease.

Soluble TNF receptors (sTNF-R) consist of the shed extracellular portion
of TNF receptors. Both the p55 and the p75 sTNFR have been detected in
the synovial tissue of the arthritic joint. A recombinant human TNFR Fc
fusion protein p75 dimer (rhu sTNFR:Fc/etanercept) has been used in
experimental arthritis. It both prevents development and suppresses estab-
lished CIA in mice (167), and is now being evaluated in clinical trials (168–170).
The results demonstrate significant improvement, comparable with that
observed in the trials of TNF-  blocking antibodies.

Even though the downregulation of synovial TNF- formation by sys-
temic anti-TNF- therapy was recently demonstrated (171), some patients
benefit more from the treatment than other. This might be explained by the
observed inter-patient variability in intra-articular TNF-  expression (4).

4.3.3. Interleukin-1 Inhibition
IL-1 has been demonstrated to be an important mediator of joint inflam-

mation and destruction in both human and animal arthritis models. The effi-
cacy of IL-1ra in refractory RA has been studied (172). A significant
response was observed, although the results on signs and symptoms of
arthritis were less impressive than with TNF blockade. However, there was
a significant slowing of radiological progression of disease. IL-1ra was well-
tolerated in most patients and no major adverse events were observed.

Synovial biopsies from a small cohort of patients participating in the study
were obtained demonstrating a reduction in the total number of sublining
layer-infiltrating macrophages and T cells, together with a downregulation
of the adhesion molecules E-selectin and VCAM-1 (173).

4.3.4. IL-10 Treatment

IL-10 has anti-inflammatory and immunoregulatory properties and sup-
presses the release of proinflammatory cytokines. In humans, IL-10 induces
a depression of monocyte functions. Recombinant human IL-10 has been
used in a trial of healthy volunteers demonstrating inhibition of IL-1 and
TNF- production induced by endotoxin (174). rhu IL-10 is currently being
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tested in RA and a dose-finding study has been completed (175), but so far
solid results on efficacy in clinical trials are lacking.

4.3.5. IL-6 Treatment

IL-6 is a proinflammatory cytokine inducing an acute-phase response
characterized by an increase of acute-phase protein levels in the blood. High
levels of IL-6 are found in the synovial fluid of RA patients, and it correlates
with disease activity. In an open study of five patients with RA, administra-
tion of murine anti-IL-6 MoAb for 10 d (176) was well-tolerated and induced
a transient clinical improvement in all patients. Randomized placebo-controlled
trials to assess the effectiveness of blocking IL-6 in RA are still lacking.

4.4. Gene Therapy

The emerging concept of gene therapy as a future option for the treatment
of RA will only briefly be addressed in this chapter. For a more thorough
review of the arguments in favor of gene therapy in experimental and human
arthritis see refs. 177,178. Gene therapy has been aimed at transfecting
genes, either ex vivo or in vivo, of key inflammatory molecules such as
sTNFR (p55 or p75), IL-1ra, or IL-10. Another approach has been to
downregulate the production of proinflammatory cytokines via the transcrip-
tion factor NF- B, which is essential for transcription of many
proinflammatory cytokine-genes. This has been achieved by the use of
double-stranded DNA decoys, overexpression of inhibitory protein I B ,
and the application of antisense oligonucleotides complementary to the ini-
tiation sites of translation. The problems of local delivery and intracellular
uptake of these NF- B-inhibitory molecules need to be solved before they
may be used in human trials, because systemic delivery can be suspected to
lead to severe adverse reactions.

Gene therapy has been demonstrated as effective in inhibiting or amelio-
rating inflammation in experimental models of arthritis. Virally mediated
vectors have been used for transfection either ex vivo or in vivo. This induces
a transient gene transcription as well as protein synthesis and excretion. A
pioneering clinical trial in RA of ex vivo gene transfer to autologous
synoviocytes engineered using a retrovirus vector to secrete IL-1ra locally
in the joint is under way (179).

5. SUMMARY
Many cytokines appear to contribute to the Th1-driven autoimmune dis-

ease RA. Based on our current knowledge of the invading inflammatory
cells of the rheumatic synovial membrane and their secreted products, new
therapies for RA have been developed. Blocking therapies against TNF-
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and IL-1 have been successful in experimental models of arthritis and in
human RA. Because many other cytokines as well as cytokine-receptor
molecules are involved in the inflammatory process leading to joint inflam-
mation and destruction in RA, new blocking therapies directed to other mol-
ecules than TNF-  and IL-1 will be of great interest.
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Systemic Lupus Erythematosus

Amy E. Wandstrat and Edward K. Wakeland

I. INTRODUCTION
Systemic lupus erythematosus (SLE) is considered to be the prototypic

systemic autoimmune disorder. SLE is a chronic, inflammatory, multisystemic
disorder of connective tissue characterized by involvement of the skin, joints,
kidneys, and serosal membranes. SLE occurs in the general population at a
rate of approx 1/2000 (1). It is believed that individuals at risk for the dis-
ease are genetically predisposed but that induction of the disease requires an
environmental trigger; that is, activation of SLE results from a combination
of environmental triggers in the context of a susceptible genetic background.

Proof that genetic factors play a role in SLE is evidenced by a 10–16%
incidence recurrence rate within families (2). Further evidence that genetics
play a role in this disease comes from twin studies where a 24–57% concor-
dance rate has been found for monozygotic twins vs a 2–5% concordance
rate for dizygotic twins (2). This genetic component can be quantitated using

s, which is defined as the risk of recurrence for siblings as compared to that
in the general population. A s 1 indicates no genetic contribution, whereas
the s of fully-penetrant single gene Mendelian diseases such as cystic
fibrosis are on the order of 500 (3). The s for SLE has been estimated to be
in the range of 20–40, which indicates that more than one gene is involved
in SLE pathogenesis and that genetic susceptibility is incompletely pen-
etrant. This is comparable to other complex autoimmune disorders such as
insulin-dependent type I diabetes (IDDM, s = 15) and multiple sclerosis
(MS, s = 20) (1). Unlike Mendelian diseases wherein one gene has a large
impact on phenotype, susceptibility in multifactoral traits such as SLE stems
from the combined impact of several contributing genes with low pentrance
(e.g., the s of the insulin gene in IDDM = 1.3). As a result, identifying the
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genes involved in SLE has proven difficult owing to the fact that genes
involved in complex traits can act with one another (epistasis) or indepen-
dently (additivity).

It is possible that selection against the alleles that contribute to the dis-
ease is low and that many disease alleles are relatively common. Given the
complex checks and balances that regulate activation in the immune system,
one can envision that some alleles predisposing for autoimmune disease may
serve to enhance the efficiency of immune responses to exogenous antigens.
These alleles may actually be selected for (and therefore common) within
the general population. These alleles may only be deletereous when they are
in combinations that cause such a substantial increase in immune response
that the immune system becomes dysregulated, allowing the presence of
autoreactive T and B cells to slip into the immune system (Fig. 1).

Further complicating the SLE story is the presence of a strong gender
bias in disease penetrance. SLE occurs in females 8–9 times as often as men
and frequently develops in settings in which sympathoadrenomedullary and
gonadal hormone levels are changing (e.g., during pregnancy, postpartum
period, menopause, and estrogen administration). In addition, disease activ-
ity is worse in the morning, improves during the day and worsens at night
suggesting that neuroendocrine immune mechanisms are also involved in
disease pathophysiology (4).

Fig. 1. The graph illustrates a potential scenario in the development of autoim-
munity. In it, alleles that strengthen autoimmune response are found in combina-
tion, but too many of these immune-enhancing alleles reach an unknown threshhold
level of immune response resulting in an autoimmune response.
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Although genetic predisposition is a dominant feature of SLE, disease
expression is clearly dependent on some type of environmental trigger. The
requirement for an environmental trigger makes logical sense in the context
of autoimmune disease as the immune system has evolved to respond to
external stimulus. In response to foreign antigen, the immune system under-
goes dramatic proliferation and expansion. Prolonged periods of immune
response to environmental triggers such as ultraviolet (UV) light or viral
infection (5) may also serve to cause the immune system to become
dysregulated. This, in turn, may again allow for autoreactive T and B cells
to slip into the population and begin SLE disease progression. Pathogenesis
of SLE appears to be a three-stage process with loss of tolerance and autoan-
tibody production, a generalize upregulation and/or dysregulation of the
immune system, and finally end organ-tissue destruction mediated by direct
autoantibody binding and/or deposition of immune complexes (6) (Fig. 2).

2. IDENTIFYING GENES INVOLVED IN SLE IN HUMANS
2.1. Association Studies

Although the genes that mediate SLE are currently unknown, alleles from
some immunologically relevant genes, especially in the major
histocomaptibility complex (MHC), have been reported to be associated with
the disease (7). Association studies have inherent problems in that the pres-
ence of linkage disequillibrium complicates the identification of etiological
alleles (8). These type of studies also assume an a priori hypothesis that a

Fig. 2. A diagram of the biological pathways operating in SLE pathogenesis.
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particular candidate gene is involved in the disease process, and therefore
such studies are unable to investigate contributions from genes not directly
involved in the immune system. Nonetheless, these types of studies have
revealed some interesting findings and a few of the more intriguing associa-
tions will be discussed more fully later.

2.1.1. MHC

An association between Class II MHC alleles and SLE has been described
by numberous investigators (7). Association studies, and more recently link-
age studies, have linked the MHC, located on 6p11-21 in humans and chro-
mosome 17 in mice with susceptibility to SLE in both humans and animal
models (9–12). The Class II HLA (human leukocyte antigens) -DR2 and -DR3
alleles separately confer a 2–3 greater risk for SLE in Caucasian popula-
tions, whereas HLA-DR2 and HLA-DR7 are associated with SLE suscepti-
bility in African-American populations (13). Although these associations
support a role for HLA region polymorphisms, the identity of the true sus-
ceptibility gene for SLE in HLA is unclear. There are several alleles at adja-
cent loci that are in disequillibrium with DR3. These genes include Hsp70-2
(14), the prolactin gene (15), and a TNF-  promoter polymorphism (16–18),
all of which could potentially impact susceptibility. Located on chromo-
some 14, the presence of Hsp70-2 has been found to be more closely associ-
ated with SLE in African-American populations than DR3. In British
populations, alleles of the prolactin gene are more closely associated. On
the other hand, the G to A point mutation at position –308 in the TNF-
promoter has been associated with increased risk in both populations and in
the African-American population, that risk is independent of the DR3 hap-
lotype. The effect of the TNF- promoter polymorphism may be a down-
stream effect as TNF is also involved in apoptosis and Tnfr1 and Tnfr2
knockout mice do not appear to be predisposed to autoimmunity.

2.1.2. Classic Complement Component Pathway
An association between members of the complement components and

SLE has been well documented so we will only briefly mention the findings
of these studies here. Deficiencies in complement components C1q, C2, and
C4 have all been found in lupus patients (13). Complete deficiency of C1q
results in lupus greater than 90% of the time indicating that these genes
can play a powerful role in susceptibility (19). C1q-deficient mice have
been generated by means of homologous recombination to disrupt the first
exon of the gene (20). High titers of ANA were detected in 54% of the C1q-
deficient mice, compared to 33% in age-matched controls. At 8 mo of age, 25%
develop severe crescenic glumerulonephritis (GN), characterized by the pres-
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ence of immune deposits and multiple apoptotic cell bodies in injured glomeruli
(21). One hypothesis suggests that there may be a defect in the clearance of
apoptotic cells in the C1q-deficient mice. C1q may therefore play a role in bind-
ing apoptotic cells and promoting their physiological clearance (21). Complete
deficiency of C2 is relatively common in the population with an allele frequency
of approx 1%. Absence of C2 results in lupus roughly 33% of the time and
accounts for approx 3% of all lupus patients (22). Deficiency of C4 also appears
to cause lupus in approx 75% of these individuals (23,24). Also notable here is the
finding that alleles or haplotypes that result in the production of lower levels of
serum mannose-binding protein has been associate with lupus in African-Ameri-
can and Spanish populations (25–27). Mannose-binding protein is an opsinin
that directly binds to the surface of bacteria and activates complement.

Although these complement components are clearly involved in the
pathogenesis of SLE in certain deficient individuals, they account for a very
small percentage of the overall incidence of lupus in the general population.
Nonetheless, the powerful impact of specific deficiencies on susceptibility
indicate that the complement pathway strongly impacts at least one pathway
to disease susceptibility.

2.1.3. Fc Receptors
Located along 1q21-q23, alleles of the Fc receptors have been associated

with SLE and several human linkage studies have found linkage of this region in
SLE populations (10–12,28). Intensively studied, Fc RI, Fc RII, and Fc RIII
are expressed in a variety of cell types and bind IgG-containing immune com-
plexes with distinct affinities (29). Two common alleles, H131 and R131, of
Fc RIIA, show distinct association patterns with SLE and LN (lupus nephritis).
Substitution of a histidine (H) at amino acid 131 causes an increased affinity for
IgG2 compared to that when arginine (R) is encoded and correlates with a higher
association with lupus, especially LN in African-American and Korean popula-
tions (30). Findings that the distribution of Fc RIIIA alleles differs in SLE
patients when compared to that in the normal population have also been reported.
When valine (V) is encoded at amino acid 176 instead of phenylalanine (F), this
natural killer (NK) cell receptor has a higher binding affinity for IgG1 and IgG3
(31). Additionally, alleles that fail to express a cell surface product of Fc RIIIB
have been found in a few lupus patients (32,33).

2.2. Linkage Studies

A classic approach to identify candidate genes for a particular disease
involves linkage analysis via “identity by descent,” whereby regions of
genetic susceptibility are found to be shared by affected family members in
comparison to unaffected family members. To date, four large linkage stud-
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ies have been performed for SLE using sib-pair analyses methods (10–12,34).
In the study by Gaffney et al. (11), the test population was mainly Caucasian
(84/105 families) and strongest linkage was found to the MHC region on
6p11-p21. Screening a second cohort of 82 SLE sib-pair families, Gaffney et al.
(34) found strongest linkage at 7p22. In the Moser et al. (10) study, the test
population was almost equally divided between African-American (55/94
families) and European-American (31/94 families) populations and the stron-
gest linkage was reported at 1q23. The final study also reported strongest link-
age along chromosome 1 at 1q44 with their test population divided between
Caucasian (37/80 families) and Mexican-American (43/80 families) popula-
tions (12). Linkage was reported at several other regions. Regions that were
identified in at least two of the studies were 1p36, 1q23-q24, 1q41-q44, 2q21-
q32, 6p11-21 (MHC), 14q21-q23 (Hsp70-2), 16q13, 20p12-p13, and 20q11-
q13 (10–12). Several of these regions will be discussed in more detail later.

2.2.1. Chromosome 1 Candidate Genes

Several potential candidate genes are located within the 1q21-q23 region
in humans. As discussed earlier, polymorphisms in Fc receptor genes have
been found to be associated with lupus susceptibility in case-control studies.
Another gene located near this region on human chromosome 1 is the
APT1LG1 gene, which encodes Fas ligand. As will be discussed in detail
later, disruption of the Fas-Fas ligand pathway has been shown to potentiate
systemic autoimmunity in animal models (35). Unfortunately, human stud-
ies have revealed no abnormality in the expression or function of the Fas
apoptosis pathway in lupus patients. In a screen of 75 SLE patients, only 1
patient was found with a defect in the Fas ligand, APT1LG1, and none with
a defect in Fas (36). It is therefore believed that these genes are associated
with SLE in only a small portion of patients.

Serum amyloid P component (SAP) is another gene located along chromo-
some 1q21-23. Recent studies demonstrate that mice carrying a targeted gene
disruption of Sap spontaneously exhibit many of the autoimmune phenotypes
commonly associated with SLE (37). The functional role of Sap in degrada-
tion and removal of nuclear chromatin is disrupted in these mice, which may,
in turn, cause the production of antinuclear autoantibodies (ANA).

Using a different approach, Tsao et al. (38) utilized information from
murine linkage studies implicating susceptibility loci Sle1/Nba2/Lbw7 on
murine chromosome 1 to search for linkage in the likely syntenic human
chromosome region 1q31-q42. They identified an approx 5 cM region in
1q41-q42 estimated to contain 150 genes that was later confirmed in all
three of the linkage studies discussed earlier. Three candidate genes were
further characterized, ADPRT, TGF 2, and HLX1. Only ADPRT, a zinc-fin-
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ger DNA binding protein that is involved in cellular proliferation, differentia-
tion, and repair showed lower than normal levels of activity and allelic distor-
tion in patients with SLE. An 85 bp polymorphism in the promoter region was
found to be preferentially transmitted to affected offspring, primarily in Cau-
casian populations. Notably, however, autoimmune phenotypes characteristic
of lupus have not been reported in ADPRT knockout mice.

2.2.2. Other Regions

Although regions on chromosomes 2, 16, and 20 were also reported as being
linked to SLE, there is no strong candidate genes known to lie in these regions.
The region along chromosome 16 at 16q13 is a 35cM region that has been
linked to several autoimmune diseases including Crohn’s, Blau, psoriasis,
IDDM, and asthma (13). Chromosome 2q21-33 includes several immunologi-
cally functional genes including CD26, CD28, Ly-family lymphocytic anti-
gens, and CTLA-4. CTLA-4 binds to the B7 costimulatory molecules on APCs
and plays a role in downregulating lymphocyte activation. Knockout mice
develop a lymphoproliferative autoimmune disease (39,40). On the other hand,
regions along chromosome 20 are relatively devoid of genes known to have
an immunological impact, although CD40 does lie in 20q11-q13 and is thought
to be involved in B cell activation (41).

3. MOUSE MODELS OF SLE

Several mouse models are available for SLE; including the MRL mouse,
which is an admixture of LG/J, AKR/J, and C3H/Di backgrounds; the BXSB
mouse, which is an inbreed of C57BL/6J (B6) and SB/Le backgrounds; and
the New Zealand hybrid, which is an F1 of New Zealand Black (NZB) and
New Zealand White (NZW) backgrounds (8). Gene identification in mice can
potentially translate directly to disease gene identification in humans owing to
the high degree of synteny between the two genomes (42). The MRL and
BXSB mice carry single gene mutations that accelerate their lupus-like dis-
ease. These mutations are either rarely found in human populations, as is the
case for the MRL-lpr mutation in the Fas gene and discussed earlier, or do not
result in disease that mimics the human, as is the case for the BXSB Y-linked
Yaa mutation that results in a more severe phenotype in males than females
(43). The New Zealand hybrid model develops lupus-like disease that
resembles that seen in human patients and several studies have mapped non-
MHC loci linked with nephritis and/or antibody production in this model. Fig-
ure 3 summarizes those regions involved in SLE that have been identified in
these mouse models and underscores the complexity of the genetic compo-
nent in autoimmune disease. Combinations of the genes in Fig. 3 have been
shown to both facilitate or suppress the SLE phenotype.
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In the next few sections, we will explore how to dissect genetic contribu-
tion in a complex trait and how to identify distinct biological pathways that
contribute to SLE pathogenesis and characterize their interactions using the
NZM2410 mouse model as an example.

3.1. Genetic Dissection of a Complex Trait

Genome-wide scans initially linked genomic segments from chromo-
somes 1,4, and 7 to SLE in several NZW- or NZB-derived mouse strains
(9,44–50). Our lab has used the powerful tool of congenic strain derivation
to analyze the functional impact of each individual region. A congenic strain
is one wherein a chromosomal region of interest is moved from one mouse
strain background to another. In our example, regions from chromosome 1,
4, and 7 in the NZM2410 mouse strain were segregated via a breeding strat-
egy onto the C57BL/6J mouse background, a strain that does not exhibit any

Fig. 3. A summary of genetic regions that are involved in murine SLE pathogen-
esis as identified by linkage analysis using a number of mouse models.
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of the autoimmune phenotypes (Fig. 4). Successive backcross matings
allows the segregation of only the region of interest to be NZM2410-derived.
Subsequent matings allow the congenic interval to be further narrowed (9)
and the functional properties to be determined for each region (51,52). In
the case of Sle1, an NZW-derived interval along murine chromosome 1 that
we segregated against a B6 background, congenic-strain production has
revealed the presence of more than one gene that confers autoantibody pro-
duction. For two of the Sle1 genes, Sle1a and Sle1b, the NZW-derived inter-
val has been narrowed to regions <0.1 cM and recombinants that may help
to further narrow these regions continue to be generated. Currently, we have
derived congenic strains for Sle1-3, NZW-derived intervals along murine
chromosome 1, 4, and 7, and are in the process of deriving congenic strains
for additional susceptibility loci (Sle5 and Sle6) as well as several suppres-
sive loci (Sles1-4).

3.2. Phenotypic Assessment

A key criterion for identifying the genes that contribute to complex dis-
ease lies in being able to identify the component phenotypes that each con-

Fig. 4. An illustration of congenic strain construction. In this example, SLE sus-
ceptibility regions identified by linkage analysis in the NZM2410 strain are moved
onto the SLE-resistant C57BL/6J background strain.
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tributes to the disease. Careful analysis of the component phenotype also
enables the researcher to narrow the interval by excluding congenic regions
that have no phenotypic impact. Sle1-3 have been carefully studied in our
lab and their component phenotypes have been well-documented (51–55).
Sle1 mediates the loss of tolerance to nuclear antigens producing high titers
of IgG ANA but only minimal nephritis (53). Sle2 leads to higher levels of
polyclonal IgM antibody production indicative of polyclonal/polyreactive
B cell activation (54). Sle3 affects CD4+ T cells causing polyclonal IgG
antibody production, reduces activation-induced cell death in CD4+ T cells,
and can cause the development of severe lupus nephritis (55). More recent
studies have described the component phenotypes for Sle5 and Sle6. Located
at the telomeric end of chromosome 7, Sle5 triggers loss of tolerance to
nuclear autoantigens like Sle1. Originating from the NZB strain, Sle6 is
located on chromosome 5 and is strongly associated with lupus nephritis
and only weakly associated with humoral autoimmunity much like Sle3 (50).

Another interesting aspect of congenic-strain manipulation and pheno-
typic assessment has been demonstrated by our ability to identify suppres-
sors of these component phenotypes. In our mouse model system, the
majority of the Sle genes originate from the NZW strain, a surprising result
as NZW fails to develop any significant autoimmunity (50). This suggested
that the NZW strain contained not only genes that cause autoimmunity but
also genes that suppress autoimmune phenotypes. F1 hybrids from a cross
between the congenic strain containing Sle1 (B6.NZMc1) and the NZW
strain yielded progeny that developed severe autoimmunity and lupus
nephritis, indicating that homozygosity for Sle1 is essential for the develop-
ment of autoimmune disease, as F1 hybrids from B6 X NZW crosses are
phenotypically normal. Suppressor loci were identified by analyzing progeny
from a (B6.NZMc1 X NZW)F1 X NZW backcross. Four epistatic modifiers,
designated Sles 1-4, were then identified in a genomic scan using linkage
analysis (50). Sles 1-4 are sufficient to account for the suppression of autoim-
mune phenotypes in the NZW strain. These results illustrate not only the com-
plexity of SLE disease but also the advantage of using congenic-strain
dissection to accurately map genes that impact complex disease phenotypes.

3.3. Functional Pathways in SLE Disease Progression

The validation of component phenotypes as distinct elements contribut-
ing to a complex disease is a crucial process in congenic dissection. Our
approach to this issue has been to create a series of bi- and tricongenic mouse
strains and assess the ability of combining congenic intervals to reconstruct
SLE pathogenesis. Our results indicate that a triple congenic strain carrying
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Sle1, Sle2, and Sle3 on the resistant B6 genome is sufficient to account for
the complete lupus-nephritis phenotype seen in the NZM2410 mouse strain
(56). Bicongenic strains carrying Sle1 with either Sle2 (56), Sle3 (52,57), or
the BXSB-derived autoimmune accelerating gene Yaa, develop humoral
autoimmunity with variably penetrant GN, resulting in fatal nephritis. This
yields important information about the requirement for Sle1 because when
Sle2, Sle3, or Yaa are combined in a biocongenic strain, these mice do not
develop fatal lupus nephritis (56). These results suggest that Sle1 is essential
for the development of the disease and indicates that its functional pathway
lies upstream to that of Sle2 or Sle3. Currently, our working model of the
disease involves the interaction of three different pathways (Fig. 5).

The first pathway contains genes such as Sle1, Sap, C1q, and possibly
Sle5 (52,53). These genes trigger the loss of immune tolerance to nuclear
autoantigens and at least in the case of Sle1 are essential for the initiation of
the autoimmune cascade. Genes in this pathway need to interact with genes
from other pathways such as Sle2 and Sle3 to mediate a truly pathogenic
response. Sle2 (54) and Sle3 (52,55) are in the second genetic pathway and
impact disease pathogenesis by enhancing the autoimmune response and
causing a generalized immune upregulation and/or dysregulation. Genes
such as lpr (58), gld (58), and Yaa (43) would also be included in this path-

Fig. 5. A diagram of the biological pathways of SLE pathogenesis and identifi-
cation of genes that contribute to each pathway.
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way. These genes do not create an autoimmune phenotype in resistant
genomes but greatly enhance the disease phenotype in genomes when com-
bined with genes, such as those in the first pathway, that cause loss of toler-
ance and autoantibody production. The final pathway mediates end organ
damage. Genes in this pathway are likely to be genes such as Sle6, which
impacts the development of GN but has little or no effect on autoantibody
production (50).

4. DRUG THERAPY AND GENETIC INTERVENTION
Although unraveling the complex genetics involved in SLE has proven to

be a long, painstaking process, there are several lines of evidence that indi-
cate that these efforts will yield valuable strategic targets for disease inter-
vention. First, identification of Sle1 in the mouse may be of significant
importance in understanding human disease. Sle1 lies in a region of the
murine chromosome that is syntenic to human 1q21-q44. As discussed ear-
lier, this region has been detected repeatedly in both human and mouse stud-
ies as having several, separate, putative genetic linkages (Fig. 6). Evidence
from NZM bi and tricongenic mouse strains indicates that Sle1 is a key ele-
ment of the SLE pathogenic cascade. The fact that Sle1 is essential for dis-
ease pathogenesis makes it an attractive target for therapeutic intervention.
Also epistatic modifiers can suppress Sle1 (50). The finding that epistatic
modifiers exist in mouse models has significant implications for the human

Fig. 6. Diagram of the syntenic relationship between murine chromosome 1 and
human chromosome 1q.
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as one would expect that these types of modifiers would also exist in human
populations. Although suppressive modifiers will complicate linkage stud-
ies aimed at identifying susceptibility genes, identification of genes with
suppressive abilities may reveal, either directly or indirectly, strategies for
gene and/or drug therapies that either mimic the suppressive function or act
on the functional pathway that the modifiers impact. The finding that Sles1-4
can completely ameliorate SLE disease pathogenesis, even in the presence
of potent susceptibility genes such as Sle1, Sle2, Sle3, and Sle6, underscores
the profound effect that epistasis can have on the expression of fatal lupus.
Understanding the genes and genetic pathways involved in SLE may ulti-
mately provide completely effective therapies for the treatment of SLE.
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1. INTRODUCTION
Myasthenia gravis (MG) is a classical antibody-mediated autoimmune

disease involving the neuromuscular junction (NMJ). Antibodies to nico-
tinic acetylcholine receptors (AChR), with or without complement activa-
tion, destroy the AChR at the NMJ, leading to neuromuscular-transmission
defect, and culminating in muscle weakness and fatigue. Anti-AChR anti-
bodies of all IgG isotypes are detected in the serum of approx 85% of MG
patients. Approximately 70% of MG patients have hyperplastic thymus and
15% have thymoma. Whether the thymic pathology seen in MG is a conse-
quence or the cause of MG is not known. The factors (e.g., infection) that
trigger the autoimmune response to AChR remain obscure. However, human
leukocyte antigen-DQ gene (HLA-DQ), tumor necrosis factor-  (TNF- )
and - , interleukin-1  (IL-1 ), or IL-10 polymorphisms have been associ-
ated with MG (1–7). Although these polymorphisms are associated with
MG, they do not provide a direct genetic or immunological evidence for
specific gene(s) involved in the initiation and perpetuation of autoimmune
MG. The experimental autoimmune MG (EAMG) in mice is a reliable ani-
mal model that mimics human MG in most of the clinical and immuno-
pathological aspects (8). The mouse model of EAMG has already given us
an enormous insight into the genetic, cellular, and molecular mechanisms
involved in EAMG pathogenesis (8). To understand the role of specific
cytokines involved in the afferent (antigen-processing, presentation of pep-
tides, and T-B cognate interaction) and efferent (B cell activation, differen-
tiation, and production of pathogenic anti-AChR antibodies) limbs of an
autoimmune response to AChR, one should first understand the contribu-
tion of T and B cells, and major histocompatibility complex (MHC) and T
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cell receptor (TCR) genes in the development of EAMG. In the first section
of this review, the genes, cells, and molecules involved in EAMG pathogen-
esis will be discussed. The role of specific cytokines implicated in human
MG pathogenesis will be explored in the second section. Recent findings
related to the crucial role of proinflammatory cytokines involved in the au-
toimmune response to AChR and in the development of clinical EAMG,
utilizing specific cytokine or cytokine-receptor gene knockout mice will be
discussed in detail in the final section. The chapter will conclude by intro-
ducing a subject on combination immunotherapy.

2. GENES, CELLS, AND MOLECULES INVOLVED
IN EAMG PATHOGENESIS

For the past two decades, studies in our laboratory have been devoted to
identifying the MHC and TCR genes, T  and B cell population, and AChR
pathogenic T cell epitopes involved in EAMG pathogenesis. The immune-
response gene at the H-2A region determined EAMG susceptibility in mice
with H-2b haplotype (9). The H-2A region also influenced both the cellular
and humoral immune response to AChR (9–11). MHC class II -chain
mutation with three altered amino acids partially prevented, and MHC class
II gene deficiency completely prevented the development of cellular and
humoral immune response to AChR and clinical EAMG (12,13). CD4 cell
depletion by antibody or CD4 gene-targeted mutation suppressed anti-AChR
antibody production and EAMG development (14,15), thus demonstrating a
crucial role of MHC class II-restricted CD4 cells in the production of patho-
genic anti-AChR antibodies by AChR-reactive B cells. However, MHC class
I-restricted CD8 cells do not play a significant role, because MHC class I
gene deficiency in 2m gene knockout mice did not influence the develop-
ment of clinical EAMG (16). MHC class II-restricted AChR-reactive CD4
cells are also activated in patients with MG (17). A dominant T cell epitope
has been mapped within AChR -subunit regions 146–162, and neonatal or
adult tolerance to this T cell epitope suppressed EAMG development (18).
In both mouse EAMG and human MG, there was a lack of usage of highly
restricted AChR-specific TCR genes (19,20). The µ gene KO mice deficient
in B cells failed to generate anti-AChR antibodies and were completely
resistant to the development of EAMG, thus providing evidence for anti-
AChR antibodies produced by B cells as mediator of pathogenesis (21,22).
The prevention of clinical EAMG, despite the presence of anti-AChR anti-
bodies in C5-deficient mice, implicated the crucial role of complement in
EAMG pathogenesis (23). Also, the CD28-B7 and CD40L-CD40
costimulatory signals are required during the primary immune response to
AChR (24).
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3. CYTOKINES IN HUMAN MG
3.1. Cytokine Gene Polymorphisms in MG

3.1.1. TNF Polymorphism

Genes for TNF are arranged in the central region of MHC. In the TNF-
gene, the presence of allele 2, A2 is associated with higher inducible levels
of TNF- . In female Swedish Caucasian patients with early onset of MG
and thymic hyperplasia TNF- 308 A2/A2 genotype frequency was signifi-
cantly increased, while the genotype A1/A1 frequency was decreased com-
pared to that in healthy individuals (3,25). It was suggested that the impact
of TNF- -308 A2 allele may result in disregulation of the immune system in
patients with thymic hyperplasia and early onset of the disease. MG patients
having thymoma and titin antibody were more often homozygous for the
TNFA*T1 and TNFB*2 alleles. In early-onset MG with absence of titin an-
tibodies correlated with the presence of TNFA*T2 and TNFB*1 alleles (4).
In another study of MG patients with thymic hyperplasia, a positive associa-
tion with the TNFB*1 allele and phenotype and a negative association with
the TNFB*2/2 genotype was observed. In MG patients with thymoma, a
positive association with the TNFB*2/2 genotype and a negative association
with the TNFB*1 allele and *1/2 genotype was found (5).

3.1.2. IL-1  Polymorphism

In Swedish Caucasian MG population, the frequencies of the IL-1 genotype
A2/A2 and the allele 2 were increased, whereas that of genotype A1/A1
decreased. Also the IL-1 Taq I restriction fragment length polymor-
phism (RFLP) allele 2 plays a more important role in patients negative
for HLA-B8 (6).

3.1.3. IL-10 Polymorphism

Huang et al. demonstrated a novel genetic association of MG to IL-10
gene on 1q 31-32. MG patient carrying IL-10.G allele 134 had higher serum
AChR antibodies, whereas those with normal thymic histology carried IL-10
R allele 112, suggesting a differential role for IL-10 in MG subgroups. The
authors speculate that patients with IL-10 allele 134 or genotype 134/136
might have higher inducible IL-10 secretion in vivo when the individual
encounters the autoantigen and elicits the autoimmune response, leading to
augmented production of anti-AChR antibodies (7).

The aforementioned polymorphisms of TNF, IL-1 , and IL-10 observed
in MG patients merely associate these polymorphisms to MG. Does the mere
inheritance of a high secretory type (e.g., TNF- ) in an individual predis-
pose to MG? We predict that the presence of a high secretory type (e.g.,
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TNF- ) could promote the initiation of disease in concert with other factors
(e.g., HLA-DQ, infection) or promote an already existing disease.

3.2. Cytokine mRNA Expression in Blood Mononuclear Cells in MG
Patients

Cytokine mRNA expression were enumerated in mononuclear cells
(MNC) derived from MG patients after in situ hybridization with labeled
complementary DNA oligonucleotide probes for IFN- , IL-4, and TGF- .
Elevated numbers of cells expressing IFN- and IL-4 mRNA were observed
in MG patients, compared to patients with a noninflammatory neurological
diseases and healthy controls. TGF- positive cells were also elevated in
MG patients (26). However, similar mRNA expression of cytokine-positive
MNC were observed in patients with other inflammatory neurological dis-
eases (26). Also, there was no association between numbers of cytokine-
positive blood MNC and severity of MG.

These studies fail to provide a clear-cut picture on how specific cytokines
contribute to MG pathogenesis. The role of specific cytokines, before, during,
and after induction of MG could be explored using the animal models of MG.

4. CYTOKINES IN ANIMAL MODELS OF MG

4.1. The Role of IFN-

The ectopic expression of proinflammatory T helper (Th)1 cytokine IFN-
in the NMJ of mice generated a humoral IgG response to an unidentified
antigen within the motor end plate, resulting in an MG-like syndrome (27).
In human MG, does IFN- directly destroy AChR at the NMJ? IFN- , like
IFN- , may regulate the expression of AChR at the NMJ (28), but logically
may not be involved in the direct destruction of AChR in MG patients. To dem-
onstrate a direct genetic evidence for the involvement of IFN- in the develop-
ment of EAMG, Balaji et al. tested the requirement of IFN- in the
development of AChR-induced EAMG. IFN- gene knockout (IFN-
knockout) in (129/SVEV × C57BL6) F2 mice and wild-type (129/SVJ ×
C57BL6) F2 mice were immunized with AChR in CFA and assessed for
clinical and immunopathological manifestations of EAMG. IFN- knockout
mice were completely resistant to the development of clinical EAMG (29).
Compared to the wild-type mice, the IFN- knockouts in the 129 background
had a dramatic reduction in the anti-AChR antibodies, including the IgG1

and IgG2a isotypes. However, AChR-primed lymph node cells from IFN-
knockout mice exhibited no suppression of lymphocyte proliferative
response to AChR and its dominant 146–162 peptide. The lack of suppres-
sion of T cell proliferative response to AChR and dominant 146–162 pep-
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tide in IFN- knockout mice was not surprising, because IFN- has been
suggested to be an anti-proliferative cytokine. However, suppression of anti-
AChR antibody of the IgG1 isotype was surprising because IFN- has not
been shown to promote IgG1 class switching, and is mainly involved in IgG2a
class switching. Therefore, we studied the effect of IFN-  deficiency in the
C57BL/6 background (B6.IFN- knockout). Only a partial suppression of
clinical EAMG was observed in B6.IFN- knockout mice, and specifically
IgG2a anti-AChR antibody production was suppressed (Deng et al., in prepa-
ration). One should note that B6 mice have a deletion of IgG2a gene and
carry an alternate isotype IgG2c. The small amount of anti-IgG2a anti-AChR
antibody we detect in B6 mice is presumably owing to cross reactivity
between antibodies to IgG2a and IgG2c isotypes. The contribution of IFN-
in EAMG development was further complemented by the observation of
lower incidence of clinical EAMG in IFN- receptor-deficient mice (30)
with reduction in the IgG2a and IgG3 anti-AChR antibody isotypes.

4.2. Role of IL-12

IL-12 is a key regulatory cytokine that promotes differentiation of naive
T cells into Th1 cells. AChR-immunized IL-12 gene (p40) knockout mice
had suppressed production of serum anti-AChR antibodies of IgG2a and IgG3
isotypes. AChR-primed IL-12 knockout mice also showed suppressed IFN-
production after in vitro stimulation with AChR (31). IL-12 p35 knockout
mice demonstrated lower incidence and later onset of clinical EAMG, and
significantly lower anti-AChR IgG2a isotypes. The AChR-specific lympho-
cytes of IL-12 p35–/– mice could produce IFN- independent of IL-12 p35
deficiency (Goluszko et al., in preparation).

4.3. Role of IL-4

IL-4 deficiency in B6 mice failed to prevent clinical EAMG. Although
anti-AChR antibody levels in AChR-immunized B6.IL-4 knockout mice is
similar to wild type B6 mice, the anti-AChR IgG1 isotype was reduced (32).
Moreover, the lymphocyte proliferative response to AChR and 146–162
peptide were similar in B6 and IL-4 knockout mice. In another study,
Karachunski et al. (33) reported a slight increase in the incidence of clinical
EAMG in IL-4-deficient mice, compared to wild-type B6 mice. However,
data from both the laboratories confirm that IL-4 does not facilitate the
development of EAMG in B6 mice (32,33). IL-4 gene polymorphism was
also not observed in human MG patients (34), thus supporting the find-
ings in EAMG.

IFN- and IL-12, the classical Th1 (cell-mediated) cytokine, facilitated
the development of antibody-mediated EAMG. Further, the cellular in vitro
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immune response to AChR is well-preserved in IFN- knockout and IFN-
receptor knockout mice. IL-4, the classical Th2 (humoral-mediated)
cytokine, failed to facilitate the development of antibody-mediated EAMG.
The facilitative effect of IFN- and IL-12 (Th1) and the lack of facilitative
effect of IL-4 (Th2), in a classical antibody-mediated EAMG, contradict the
currently held dogma that Th1 cytokines are responsible for cell-mediated
and Th2 cytokines for humoral-mediated phenomena. Each cytokine is pro-
duced by numerous cell types and have a plethora of functions. Therefore,
the classification of cytokines to Th1 and Th2 would not fit well in every
system of study, especially those done in vivo.

4.4. Role of IL-10

IL-10 has been shown to suppress T cell-immune responses and augment
B cell production of antibodies (35,36). To analyze the precise role of IL-10
in EAMG pathogenesis, we have studied the immune response in IL-10 gene
knockout (IL-10 knockout) mice in B6 background after immunization with
AChR in CFA. AChR-immune IL-10 knockout mice are less susceptible to
the induction of EAMG compared to B6 mice. However, AChR-immunized
IL-10 knockout mice have an augmented AChR-specific T cell response and
IFN-  production and no reduction in anti-AChR antibody level (37).

4.5. Role of TNF and Lymphotoxins

TNF polymorphism has been observed in MG patients (3–6), and TNF- -
and LT-stimulate B and T cells and can modulate MHC class II expression
(38–41). TNF- and LT- / also play a critical role in the development of
lymph nodes (LN) and germinal centers in spleen and LN (42–47). Because
of the aformentioned reasons and a significant number of MG patients have
hyperplastic thymus containing germinal centers, we hypothesized that TNF
and/or LT could be involved in MG pathogenesis. To test this hypothesis,
we screened for EAMG in TNF-R p55- and p75-deficient (p55–/–p75–/–) mice
in the B6 background. The biological effects of TNF- and LT- are trans-
mitted through membrane-bound TNF-R p55 and TNF-R p75 receptor mol-
ecules. Therefore, TNF-R p55–/–p75–/– mice are defective in TNF- and
LT- signaling. TNF-R-deficient mice do not show any obvious abnormali-
ties in lymphoid organs, as well as T and B cell compartments. The TNFR
p55–/–p75–/– mice were resistant to the development of clinical EAMG and
the resistance was associated with reduced serum levels of IgG, IgG1, IgG2a,
and IgG2b anti-AChR antibody isotypes. However, the IgM anti-AChR anti-
body isotype was not reduced in TNF-R p55–/–p75–/– mice, suggesting
defective anti-AChR IgG class switching. The cellular immune response to
AChR and dominant 146–162 peptide was suppressed in TNF-R p55–/–
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p75–/– mice (Goluszko et al., submitted). LT- deficiency completely pro-
tected B6 mice from developing clinical EAMG. AChR immunized LT-
deficient mice are capable of mounting a primary IgM anti-AChR antibody
response, but are less capable of switching to the pathogenic anti-AChR IgG
isotypes (48).

4.6. Role of IL-6

IL-6 promotes B cell maturation and activation, differentiation, and IgG
antibody isotype switching (49). IL-6 also upregulates MHC class II expres-
sion (50). Further, MG patients thymic epithelial cells overproduce IL-6,
and therefore, IL-6 could be involved in thymic hyperplasia and germinal-
center formation (51). To provide a direct genetic evidence for a critical role
of IL-6 in EAMG, IL-6 gene knockout (IL-6 knockout) mice in B6 back-
ground were evaluated for EAMG pathogenesis. IL-6 knockout mice devel-
oped normally, and only 17% of AChR-immunized IL-6 knockout mice
developed clinical EAMG, compared to 83% of wild -type B6 mice (Deng
et al., in preparation). A reduction in the anti-AChR antibody response was
observed in IL-6 knockout mice. IL-6 deficiency suppressed anti-AChR
antibody of IgG1 and IgG2 isotypes, but failed to influence the early IgM
anti-AChR immune response, suggesting defective IgG class switching.
AChR and 146–162 peptide-specific lymphocyte response and IFN-  and
IL-10 production were suppressed in IL-6 knockout mice, suggesting a pos-
sible regulatory role of IL-6 on AChR-specific IFN- and IL-10 production
(Deng et al., in preparation).

4.7. IFN-  Suppresses EAMG Development

IFN- treatment after immunization with AChR, or administered after
established clinical EAMG, either prevented or induced significant remis-
sion of clinical EAMG. (52,53). The remission after IFN- treatment was
associated with a reduction of CD4 cells and anti-AChR antibodies of IgG1

and IgG2b isotypes. It is possible that IFN- treatment reduced the MHC
class II expression or costimulatory molecule activation. IFN- also has a
direct enhancing effect on AChR expression in rat myotubes in cultures (28).

4.8. AChR- or Peptide-Specific Tolerance Modulate Cytokine
Production

High-dose systemic tolerance with 146–162 in complete Freund’s adju-
vant (CFA) induced determinant spread (infectious tolerance) by
downregulating IL-2, IFN- , and IL-10, and partially suppressed EAMG (54),
without immune deviation. Even after oral tolerance with 146–162 peptide
IL-2, IFN- , and IL-10 were suppressed (55). Oral tolerance with AChR
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downregulated IFN- and IL-4 and upregulated TGF- (56). Either oral or
nasal tolerance with recombinant AChR -subunit down regulated Th1
cytokines (57,58). However, nasal tolerance with AChR -subunit peptides
or AChR tolerance downregulated Th1 and upregulated Th2 cytokines
(59,60). Whether the above antigen-specific tolerance could reverse the
established disease is yet to be seen.

5. CONCLUSION
The hierarchy of the involvement of TNF, IL-6, IFN- , IL-12, and IL-10

in EAMG pathogenesis is illustrated in Fig. 1. TNF and IL-6 top the list of
the cytokines that are crucial for the development of cellular and humoral
immune response to AChR and the development of clinical EAMG. IFN- ,
IL-12, and IL-10 also contribute to the development of clinical EAMG, how-
ever, in the absence of one of these cytokines, significant numbers of mice
still could develop EAMG owing to a possible compensatory effect of other

Fig. 1. The hierarchy of the involvement of TNF and IL-6 in EAMG pathogen-
esis. Incidence of EAMG in cytokine-gene knockout mice is expressed as relative
percentage of mice with clinical disease compared to maximum clinical incidence
achieved in wild-type B6 mice. Data represent mean of three independent experi-
ments for IFN- , two independent experiments for IL-10 and IL-12, and one
experiment for IL-6 and TNFR gene knockout mice. The % clinical disease calcu-
lated using the formula:

% KO mice with disease 
× 100

% of B6 with disease



Myasthenia Gravis 381

cytokines (e.g., TNF, IL-6) involved in the disease. IL-4 is not involved in
EAMG pathogenesis in B6 mice. Most of the cytokines or their receptor
knockout studies are performed in B6 background, and therefore the role of
cytokines studied will apply only for this background. All these cytokine
knockout mice developed normally and have an intact immune system. In
the future, the findings derived from cytokine gene knockout mice should
be complemented with findings from in vivo neutralization or augmentation
of specific cytokines during the development of EAMG. TNF and IL-6 could
act both in the afferent and efferent limb of an autoimmune response to
AChR; and its effect on B cell activation, differentiation, and class switch-
ing would significantly influence the outcome of disease. Therefore, thera-
peutic blockade of TNF and/or IL-6 might significantly control the ongoing
disease. This form of nonspecific therapy could be instituted for a tempo-
rary period of time, followed by maintenance therapy with antigen-specific
tolerance (e.g., high-dose T cell epitope tolerance).
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1. INTRODUCTION
Cytokines play an important role in the induction and regulation of

autoimmune diseases. They mediate the expansion and differentiation of T
helper (Th) cells to generate autoantigen-reactive pathogenic or protective
effectors, they help self-reactive B cells to produce autoantibodies, and they
also participate in mediating tissue damage in the target organ. Cytokines
also control tissue tolerance and “immune-privilege” and prevent the propa-
gation of inflammation in a number of organs. In addition, in concert with
the selectin and intergrin molecules, cytokines control the trafficking and
homing of self-reactive cells to target organs. Simply put, cytokines form a
central coordinating network of soluble effector molecules and this plays a
crucial role at every step of development of autoimmune disease: in the gen-
eration of pathogenic (or protective) effectors, in the trafficking of patho-
genic cells to the target organ, and in mediating tissue damage or tissue
tolerance in the target organ.

Of all the cells of the immune system, self-reactive CD4+ T cells play
perhaps the most important role in both induction and regulation of autoim-
mune diseases. How do these CD4+, Th cells mediate their pathogenic and
protective effects in an autoimmune disease? This question is probably best
answered by the paradigm initially proposed by Mossman and colleagues,
that naive Th cells differentiate following activation into distinct functional
subgroups, which are characterized by their pattern of cytokine secretion
(Part I). Originally it was hypothesized that upon activation this differentia-
tion of Th cells was into two different pathways, T helper 1 (Th1) and T
helper 2 (Th2). We now know that this classification is oversimplified,
because other distinct Th subsets like Th helper 3 (Th3) and T regulatory 1
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(Tr1) have also been identified, and some effector Th cells have mixed pat-
terns of cytokine secretion that do not clearly fall into either one of the
described Th subsets. Nevertheless, this classification of Th subsets, each
producing distinct sets of cytokines, has provided a framework within which
one can understand how self-reactive cells can develop into either patho-
genic or protective effectors. Furthermore, work with transgenic T cells has
conclusively shown that cells with identical T cell receptors (TCRs) have
the potential to differentiate to different phenotypes and that these cells can
have different effects on autoimmunity depending on their state of differen-
tiation.

Based on initial observations, it was proposed that upon activation with
cognate ligand naive Th cells differentiate into Th1 cells which secrete
interleukin-2 (IL-2) and interferon- (IFN- ), activate macrophages and
elicit delayed-type hypersensitivity (DTH) reactions or Th2 cells that pro-
duce IL-4, IL-10, and IL-13, are important for IgE production and suppress
cell-mediated immunity. The cytokines produced by each subset act as their
own autocrine growth factors but crossregulate the other subset’s develop-
ment and function. This model has been successfully applied to explain a
number of immune phenomena in vivo. Interestingly studies of single cells
have shown little or no evidence for coordinate expression of cytokine genes,
whereas studies of the plasticity of Th phenotypes have shown that in vitro,
chronic antigen exposure leads to more stable polarization than does short
term culture. This suggests two important constraints of the model. Th cell
“phenotype” is best analyzed at a population level rather than at a cellular
level, and polarized phenotypes are likely to be most relevant in chronic
diseases such as autoimmunity.

This book has been divided into three major sections: The first section
includes chapters that summarize the basic concepts of T cell activation,
expansion, and differentiation including the role of antigen, costimulatory
molecules, and transcription factors in cytokine-gene expression. This sec-
tion also includes a chapter on chemokines and chemokine receptors, which
are crucial for trafficking and homing of self-reactive cells into tissues. In
the second section of the book, we have included chapters on how cytokines
play a role in mediating tissue damage in autoimmune disease. Because basic
mechanisms of activation and expansion of self-reactive T cells in lymph
nodes are the same, but the target organ involved in each disease is unique,
this leads to some common concepts with respect to the induction of
autoreactive cells but then to different pathologies and outcomes in the
effector phase, because the end-organ involved in each disease is different.
In view of this, a section on the role of cytokines in the induction and regu-
lation of several major autoimmune diseases including diabetes, multiple
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sclerosis (MS), rheumatoid arthritis (RA), uveitis, myasthenia gravis (MG),
and systemic lupus erythromatosis (SLE) (including their animal models)
have been included. It is hoped that basic scientists involved in studying
cytokine biology will benefit from the clinical chapters listing the profound
effects of various cytokines on the induction and regulation of autoimmune
diseases. Conversely, the clinical scientist studying autoimmune diseases
could gain from the chapters discussing how effector cells that regulate or
mediate autoimmune diseases attain different cytokine phenotypes. In this
chapter, we will try to bring together the essence of each chapter presented
in the two preceding sections, and to synthesize a comprehensive under-
standing of the current state of knowledge on the role of cytokines in the
induction of autoimmune disease.

2. T CELL DIFFERENTIATION AND GENERATION
OF PATHOGENIC AND PROTECTIVE EFFECTORS
OF AUTOIMMUNE DISEASE

Before a T cell-mediated autoimmune disease develops, the immune
response goes through a number of discrete steps: The self-reactive T cells
have to undergo activation, expansion and differentiation; traffic to the tar-
get organ; and get reactivated there before they mediate tissue damage. The
four essential features that contribute to the pathogenicity of an autoreactive
T cell are: (1) the nature of the target antigen, (2) epitope specificity, (3)
cytokine profile, and (4) expression of appropriate surface molecules (e.g.,
adhesion molecules, chemokine receptors (for trafficking), and death recep-
tors (like FasL).

In the case of antibody-mediated diseases, such as SLE, MG, and some
forms of RA, the expansion of both CD4+ T cells, and self-reactive B cells,
which produce pathogenic antibody of an appropriate isotype, are necessary
for the induction of disease. The isotype of the antibody is perhaps the
defining feature of whether an antibody can mediate pathology, and this
again is controlled by the cytokine help that self-reactive B cells receive
during expansion and differentiation. Thus, the cytokine profile that an
autoreactive T cell attains during expansion and differentiation is crucial for
the outcome of an autoimmune response; if a T cell acquires a cytokine
profile that is directly pathogenic and/or helps autoreactive B cells to pro-
duce pathogenic antibodies, this will result in tissue damage and the induc-
tion of autoimmune disease. On the other hand, if during expansion of
autoreactive T cells, the T cells develop a cytokine profile that is nonpatho-
genic, these cells will not generate a pathogenic T cell response, and may
even protect the organ from tissue damage and prevent the development of
autoimmune disease. One important distinction that can be drawn from the
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work discussed in this book is the difference between cytokines as a marker
of phenotype and cytokines as mediators of inflammation and tissue injury.
In most cases, differentiation to a Th1 phenotype is closely associated with
pathogenicity, but the elaboration of specific Th1 cytokines by effector cells
is not found to be necessary for the development of disease.

In experimental autoimmune models, the phenotype of T cells that induce
disease (and protection) has been exhaustively studied but the data in human
autoimmune disease is limiting simply because the pathogenic effects of T
cells cannot be tested. In a number of experimental and human autoimmune
diseases, Th1 cells that produce IL-2 and IFN- have been implicated as
pathogenic effectors, but in other autoimmune diseases there are indications
that the autoimmune disease is mediated by Th2 cells, which produce IL-4,
IL-10, and IL-13. In addition to Th1 and Th2 cells, in a number of instances
cells that produce predominantly transforming growth factor- (TGF- )
(Th3) or IL-10 (Tr1) have been implicated in protection from autoimmune
disease. Therefore a question central to our understanding of autoimmunity
is how does a Th precursor (Thp) cell acquire a cytokine profile during
expansion and differentiation? If one understands the basic mechanisms that
control T cell differentiation, this may provide us with avenues to modulate
cytokine phenotype and prevent tissue damage and autoimmunity, and even
promote protection against autoimmune disease. Besides the genetic makeup
of the individual, T cell differentiation is affected by a number of factors:
cytokines themselves, cell-surface receptors including costimulatory mol-
ecules, and route, dose and type of antigen (see Fig. 1).

3. ROLE OF CYTOKINES AND TRANSCRIPTION FACTORS
Cytokines are the most dominant factors affecting T cell differentiation.

The best understood initiators of Th cell differentiation are the cytokines IL-12
and IL-4, which may be present early in an immune response, following
activation of the innate immune system by conserved microbial structural
elements (proteins, polysaccharides, or lipids). Microbial pathogens induce
IL-12 production from macrophages and dendritic cells (DC) and the Th1

Fig. 1. Overview of the role of cytokines in the development and regulation of
autoimmune disease. (A) In the draining lymph node antigen specific naive precur-
sor Th cells are activated in a microenvironment which determines how they differ-
entiate. Signals from a diverse array of receptors, which detect both soluble factors
and the state of cell surface receptors on APCs and other cells in the microenviron-
ment, are integrated and initiate an explosive period of growth and differentiation.
(B) Differentiated effector T cells traffic to the target organ where they act on and
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Fig. 1. (continued) are acted upon by the microenvironment. Proinflammatory
cytokines promote recruitment of macrophages and cell death, but may also be
important in inducing downregulatory mechanisms which limit the immune
response and tissue damage. Where the immune response resolves, this is clinically
silent. When it persists, autoimmune disease ensues. The mechanisms proposed by
this figure are supported by experimental data, however the exact nature of these
complex interactions remain to be elucidated.
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cytokine IFN- from Thp cells, and this promotes their differentiation
along the Th1 pathway. On the other hand, IL-4 promotes differentiation
of Thps along the Th2 pathway. One source of IL-4 may be NK 1.1 T
cells that express markers of both T cells and natural killer (NK) cells
and recognize lipids or glycolipids. These cells produce a burst of IL-4
following activation and are believed to be an initial source of the IL-4
that promotes Th2 differentiation (see Part I, Chapter 5 by Exley and
Wilson). Therefore signals from the environment are integrated to induce
a cytokine milieu that will regulate patterns of gene transcription.

The ligation of cytokine receptors on the surface of T cells by IL-4
and IL-12 acts in concert with TCR-derived signals to induce specific
transcription factors necessary for the differentiation of T cells. IL-12
induces STAT-4 (signal transducer and activators of transcription) fol-
lowing ligation of IL-12 receptor in Thp cells, which in turn is crucial
for the induction of IFN- production. IL-4 induces STAT-6 following
ligation of the IL-4 receptor on Thp, which helps transcription of the IL-4
gene. However the STAT transcription factors do not act alone but in
combination with TCR-derived signals, and through the process of chro-
matin remodeling, which opens specific cytokine loci (see Part I, Chap-
ter 1 by Rengarajan and Glimcher and Section I, Chapter 2 by Shannon
and Holloway).

In Thp cells, cytokine genes are generally inactive and are found on
condensed chromatin, containing unmodified histones and densely
methylated DNA. Cellular activation results in acetylation of histones
and demethylation of DNA, leading to locus opening and transcription-
ally competent genes. The chromatin structure thus plays a very impor-
tant role in the regulation of gene expression by changing in a cell-type
specific fashion, with alterations in the chromatin structure of individual
cytokine loci making them accessible to transcription factors. Compari-
son of the chromatin structure associated with the genes for the Th1
cytokine IFN- and the Th2 cytokine IL-4 in naive and differentiated
Th1 and Th2 cells has revealed that there is tissue-specific chromatin
remodeling. In Th2 cells, which express IL-4, the IL-4 locus was found
to be accessible and open, whereas the IFN- locus displayed a closed
configuration. The converse was true for Th1 clones, which had an open
IFN- but not IL-4 locus. Thus, naive T cells do not have an accessible
configuration for either gene, but upon differentiation specific loci
become accessible. One important property of chromatin remodeling is
that gene accessibility is inheritable by daughter cells. This provides a
mechanism whereby phenotype is maintained through multiple cell divi-
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sions. As proposed in Part I, Chapter 1, this chromatin remodeling plays
an important role in accessibility, communication, and epigenetic
imprinting and memory.

Transcription of cytokine genes requires a cooperative and synergistic
action of multiple ubiquitous and cytokine promoter-specific trans-activat-
ing elements to promote gene transcription. Whereas some transcription fac-
tors like NFAT, AP-1, and NF- B induce the transcription of multiple
cytokine genes, recent identification of specific transcription factors that are
restricted in their expression in Th1 and Th2 cells and that induce transcrip-
tion of either IL-4 or IFN- has provided a molecular basis for understand-
ing T cell differentiation. c-maf, a proto-oncogene, was found to be
selectively upregulated, upon crosslinking of the TCR, during the course of
Th2 but not Th1 differentiation. c-maf strongly transactivates IL-4 but not
IL-5 or IL-10 transcription. GATA-3, a second transcription factor identi-
fied as Th2-specific, increases transcription of most of the Th2 cytokines
including IL-4, IL-5, IL-10, and IL-13. Induction of GATA-3 is dependent
on STAT6. Both GATA-3 and c-maf may remodel chromatin and increase
IL-4 locus accessibility for the TCR-derived transcription factors. Expres-
sion of T-bet, a member of the T-box family of transcription factors that
regulate many developmental processes, strongly correlates with the expres-
sion of IFN- in Th1 and NK cells. T-bet has a profound effect on IFN-
production, in that when overexpressed it significantly transactivates the
IFN- promoter, whereas retroviral transduction of T-bet into primary,
developing, and fully polarized Th2 cells induces IFN- secretion and
represses IL-4 and IL-5 production. T-bet may also repress GATA-3 and
GATA-3 may repress T-bet expression during Th2 development. The rela-
tive predominance of T-bet and GATA-3 may serve to control the fate of
naive Th-cell commitment to a specific subset (see Part I, Chapter 1 by
Rengarajan and Glimcher). In summary, transcription-factor regulation and
chromatin remodeling provide the molecular machinery to drive and main-
tain T cell differentiation by cytokines.

4. ROLE OF ANTIGEN
Although nonantigen specific factors (e.g., cytokines) are the dominant T

cell polarizers in tissue culture, it is clear that the nature of TCR ligands
(peptide/major histocompatibility complex [MHC] complex) and quantity
and quality of TCR signaling also influences Th polarization. For many
years, it was generally assumed that activation of T cells was an all-or-none
phenomenon: When peptide/MHC fit with the TCR was sufficient and sig-
nificant, the T cell responded by proliferation and effector function (cytokine
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release or cell killing). However, if the interaction of peptide/MHC complex
with the TCR did not reach this threshold, the peptide/MHC complex was
ignored and no signals were generated. This view was challenged with the
observation that altered peptides (variant ligands; also called altered peptide
ligands or APLs) made by single amino acid substitutions at the TCR contact
residues of the agonist ligands could evoke some but not all T cell functions.

It was found that different cytokine patterns could be obtained from the
same T cell activated with different ligands, suggesting that each cytokine
may have different thresholds for induction and therefore that the pattern of
cytokine induction may have a hierarchical organization. This in turn may
effect T cell differentiation, depending on the affinity of interaction of the
ligand for the TCR in the Thp. The identification of APLs that antagonize,
anergize, or partially activate T cell clones has allowed one to reanalyze
the ability of TCR ligands to affect T cell differentiation.

The biological rationale for this complexity is not well-understood. One
possible explanation arises from the realization that a single TCR has the
potential to productively engage many different peptide ligands. If in a
lifetime, a T cell encounters more that one activating ligand, especially if
one of these ligands is derived from a pathogen and the other is an
autoantigen, being able to respond differently to each could be advanta-
geous. On the other hand, there is evidence that in chronic infections, rap-
idly mutating viruses can exploit the existence of TCR peptide antagonists
to inhibit effector CD8+ T cells, which is unlikely to be of benefit to the
host. Understanding the significance and role of T cell-APL interactions
in vivo remains an interesting challenge.

In vitro, one fruitful approach has been the use of altered peptide is with
different affinities for MHC. In these experiments, altering amino-acids
that effect MHC binding but that preserve residues that contact TCR
allowed the generation of a family of myelin basic protein (MBP) Ac1-9
derivatives with IC50 values across a six-log concentration range. Immuni-
zation with low-affinity peptide resulted in an immune response that was
skewed towards the production of Th2 cytokines, whereas using the high
affinity ligand increased the frequency of IFN- producing cells in vivo.
Thus, manipulating the level of display of peptide MHC can influence the
phenotype of the T cell response and this is consistent with data from
experiments using naive T cells expressing a transgenic TCR that antigen
concentration influences the phenotype of the resulting T cell population.
It is also possible that changes in the pattern of T cell differentiation with
different MHC alleles may occur by a similar mechanism. From these
results, it appeared that low amounts of peptides or partial agonists favored
IL-4 production, whereas relatively high peptide concentrations or
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superagonists ligands favored IFN- production (see Part I, Chapter 3 by
Itoh and Germain).

The hierarchical organization of each individual effector cytokine and
threshold of activation required to induce a specific cytokine is likely to
play a major role in dictating the functional response and outcome of T cell
differentiation. How does this hierarchical organization result in the induc-
tion of distinct cytokines from a naive or a fully polarized cell? Partial phos-
phorylation of the CD3-z chain has been seen in T cells encountering altered
ligands and developing into Th2 cells, whereas full phosphorylation was
seen when naive and differentiated Th1 cells bearing the same TCR were
activated with the agonist ligand. A number of reports suggest that TCR
signaling in established Th2 cells more closely resembles the pattern of
activation seen with partial agonists including little or no detectable TCR-
associated protein phosphorylation, and limited activation/phosphorylation
of Fyn, Lck, ZAP-70, or PLC- 1. In addition, Th2 cells without lck activity
still have an ability to make Th2 cytokines. Similarly, calcium elevations in
Th2 cells are transient and of lower amplitude than those seen with Th1 cells
with the same TCR and using the same ligand. Thus, not only does the par-
tial pattern of signaling favor the generation of Th2 cells, but these Th2 cells
also show a restricted pattern of signaling, whereas Th1 cells with the same
TCR show a full phosphorylation pattern and downstream second messen-
gers. If IFN- requires a stronger signal than IL-4 production, then weak
signaling will induce IL-4 and reinforce the Th2 phenotype. In contrast, a
more robust signaling would be necessary to induce IFN- , and the IFN-
production would promote further Th1 differentiation by inducing IL-12
from macrophages. The strong signals necessary for IFN- production would
surpass the threshold necessary for IL-4 production and both locus opening
and selective induction of transcription factors necessary for IFN- produc-
tion, which repress IL-4 production (like T-bet) would then maintain the
Th1 phenotype (see Part I, Chapter 3 by Itoh and Germain). This model does
not however explain the observations that in a number of studies, Th2 devel-
opment has been shown to require more potent signals. It is not clear how to
reconcile these apparently opposite findings, but the organization of thresh-
olds required for the induction of IL-4 vs IFN- in naive vs fully polarized
cells may differ, which could explain such opposite results.

5. CELL-SURFACE RECEPTORS AND COSTIMULATORY
MOLECULES

Interventions targeted at blocking various cell surface molecules (e.g.,
B7 and CD4) have been shown to affect T cell phenotype and the develop-
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ment of disease in a number of models. These effects could be either because
of changes in the overall strength of signal, or because signals from
costimulators have qualitative effects on T cell differentiation. The CD28/
CTLA-4-B7-1/B7-2 costimulation pathway is one of the important influ-
ences on cytokine balance and affects T cell differentiation. In vivo CTLA4-Ig,
which blocks B7-1 and B7-2 interactions, prevented the development of
experimental autoimmune encephalomyelitis (EAE) and increased expres-
sion of Th2 cytokines in the target organ, suggesting a role for this pathway
in differentially affecting Th1/Th2 cytokine balance. The role of B7-1 and
B7-2 in Th differentiation has been intensively studied. In vitro studies using
Chinese hamster ovary (CHO) cell transfectants expressing B7-1 or B7-2
suggested that B7-1 and B7-2 may have a distinct capacity to induce Th1
and Th2 cells. The administration of anti-B7-1 and B7-2 antibodies also
suggested that blocking these molecules in vivo affected the development of
autoimmunity and T cell differentiation. Whereas B7-1 induced Th1
responses, B7-2 directed Th2 responses. This was confirmed in a number of
studies, but it was not seen in all systems. However, using B7-1- and
B7-2-deficient antigen-presenting cells (APCs) from B7 knockout mice, it
was later concluded that B7-1 and B7-2 both contribute to Th1 and Th2
cytokine production, but with a greater role for B7-2 in IL-4 induction. The
signals induced by B7-1 and B7-2 into T cells are also distinct and how they
contribute to differentiation has not been directly evaluated (see Part I, Chap-
ter 4 by Buhlmann and Sharpe). Another means by which B7s may regulate
cytokine production is by their expression on T cells. In vitro studies using
TCR transgenic T cells cocultured with peptide and wild-type APCs, found
that the B7-1 deficient T cells produced more IL-4 and less IFN- than the
wild-type T cells under the same conditions, suggesting that B7-1 expres-
sion on T cells regulates IL-4 production. This costimulatory pathway is
discussed in detail in Chapter 4 by Buhlmann and Sharpe.

Like CD28, inducible costimulatory molecule (ICOS), a closely related
member of the CD28 family, also has positive costimulatory activity,
enhancing proliferation and cytokine production. However, it has several
properties that are distinct in that it is rapidly induced following activation
and does not stimulate IL-2 but superinduces IL-10. Another member of the
B7 family called B7-H1 (which is distinct from B7-H), which serves as a
ligand for PD-1 also costimulates T cell proliferation and produces IL-10 in
the presence of IL-2. The function of B7h-ICOS and B7-H1 interactions in
Th differentiation is currently being actively investigated and how blocking
these pathways may affect the development of autoimmune disease is an
ongoing area of interest.
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6. ROLE OF INNATE IMMUNE SYSTEM
Increasing evidence suggests that there is a close collaboration between

the innate and adaptive immune system in that activation of the innate
immune system influences the outcome of the immune responses of the adap-
tive immune system both in terms of expansion and differentiation of T cell
clonotypes and the development of autoimmune diseases. NK cells and NK T
cells are part of the innate immune system that help shape responses in the
adaptive immune system. During the last decade, a unique family of CD1d-
reactive T cells have been identified and these play an important role in the
regulation of immune responses, affect T cell differentiation, and affect
peripheral tolerance. This subset of CD1-d reactive T cells was called NK-T
cells because they were found to express the surface markers for both TCR
and NK cells. Although their function is not clearly understood, their imbalance
or dysfunction correlates with pathogenesis in many T cell-mediated autoim-
mune diseases. The NK1.1 T cells are restricted by the CD1-d molecule,
express an invariant rearrangement of the TCR (V 14, J 281, and V 8) and
are present at a very high frequency (0.5–1%) in thymus and spleen. Human
NK 1.1 T cells have a homologous invariant TCR rearrangement expressing
V 24J Q. These cells have been shown to recognize microbial glycolipid
antigens in the context of CD1-d and the compound a-galactosylcermide (a-gal-
cer) obtained from marine sponges activates both human and mouse NK1.1 T
cells. The cells are able to secrete a burst of IL-4 and IFN- in response to
activation with mitogenic stimulation without prior IL-4 priming. The capac-
ity of unprimed NK1.1 T cells to produce large quantities of IL-4 rapidly is
believed to provide an early source of IL-4 for Th2 differentiation and thus
plays an important role in Th phenotype development. In addition NK1.1 T
cells can efficiently lyse CD1-d expressing DC. Because DC1 are important in
the induction of Th1 cells, the lysis of the DC1s by the NK1.1 cells may play a
significant part in a negative feedback loop limiting the induction of Th1
responses (see Part I, Chapter 5 by Exley and Wilson).

Loss or diminished frequency of CD1-d restricted T cells correlates with
the development of autoimmunity in both mice and humans. In the SJL and
nonobese diabetic (NOD) mouse strains, which are highly susceptible to
EAE and type 1 diabetes, there is a striking decrease or a functional defect in
the NK T cells. The decrease in the NK1.1 T cells in SJL mice is owing to a
mutation in the promoter of CD161 (NK 1.1) resulting in lower expression
of the protein. In NOD mice, the quantitative defect is associated with the
reduced ability of these T cells to produce IL-4, IL-10, and IFN- following
stimulation, and disease in the NOD mouse can be prevented by adoptive
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transfer of CD1d-restricted T cells. Furthermore administration of a-GalCer
in NOD mice protects them from developing diabetes. A defective function
in the CD1d-restricted T cells is also associated with the development of
type-1 diabetes in humans. Analysis of NK1.1 T cells in monozygotic twins
that were discordant for insulin-dependent diabetes mellitus (IDDM),
showed that V 24J Q T cells were present at higher frequencies in the
nonprogressors when compared to the diabetics. Furthermore, the V 24J Q
T cells from the diabetic sibling showed loss of IL-4 and maintenance of
IFN- responses, thus exhibiting a Th1 bias. In contrast, NK1.1 T cells form
nonprogressive siblings and normal volunteers produced both IL-4 and IFN-
following activation. The loss of V 24J Q T cells or reduction in their fre-
quencies in the circulation or in the target tissues has been observed in a
number of other autoimmune diseases, including RA and MS (see Part I,
Chapter 5 by Exley and Wilson and Part II, Chapter 12 by Kent, Viglietta,
and Hafler). In addition to NK1.1 T cells, IL-12 or IL-10 produced by mac-
rophages upon interaction with microbial elements will direct T cell differ-
entiation in the adaptive immune system.

Another group of soluble mediators that are very important in the regula-
tion of immune responses are the chemokines. Upon expansion and differ-
entiation, autoreactive T cells produce different chemokines and also acquire
cell-surface expression of chemokine receptors that allow them to egress
from lymph nodes and promote their trafficking to sites of inflammation and
into target organs. As naive cells differentiate and expand, both Th1 and
Th2 cells lose the expression of CCR7, which allows them to home to lymph
nodes, and this promotes their exit from lymph nodes. In addition, Th1 and
Th2 cells acquire different patterns of expression of chemokine receptors in
that Th1 cells express CXCR3, which is the receptor for the chemokine IP-10.
In contrast, Th2 cells upregulate CCR3, CCR4, and CCR8 chemokine recep-
tors which are the receptors for the chemokines eotaxin, MDC, and I309,
respectively. The loss of the CCR7 chemokine receptor and selective expres-
sion of other chemokine receptors allows the differentiated T cells to egress
lymph nodes and traffic to sites of inflammation or target tissues where the
ligands for these receptors are found in high concentrations. In contrast to T
cells, activated DC downregulate CCR1 and CCR5 chemokine receptors to
egress from sites of inflammation and upregulate CCR7 to target their traf-
ficking to lymph nodes, where they present antigens to lymphocytes, which
then expand and differentiate. The spatial and temporal chemokine produc-
tion by various cell types and expression of specific chemokine receptors by
effector cells is an important regulatory mechanism in controlling the traffick-
ing of leukocytes and in the pathogenesis of autoimmune diseases and tissue
injury (see Part I, Chapter 7 by Ransohoff and Karpus).
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7. ROLE OF CYTOKINES IN TISSUE INJURY AND TISSUE
TOLERANCE

After expansion and differentiation in the lymph node, autoreactive T cells
home to their specific target tissue where they can promote tissue damage or
protect the organ from autoimmunity. The pathogenic and protective proper-
ties of these lymphocytes are defined by their phenotype. However the role
that individual cytokines play in the target tissue is more variable. For anti-
body-mediated disease, cytokines largely provide help and control antibody-
isotype switching during the induction and expansion phase of the B cell
response. The ability of an autoantibody to fix complement, and mediate anti-
body-dependent cellular cytotoxicity (ADCC) may then determine whether it
is pathogenic and can mediate tissue injury.

As shown in the chapters in Part II of this book, Th1 cells and/or their
cytokines are strongly implicated in the induction of a number of autoimmune
diseases and tissue injury. Surprisingly, this is also true in a number of anti-
body-mediated autoimmune diseases (e.g., SLE and MG) which have a strong
component of Th1 autoimmune response. However, this is not say that Th2-cells
cannot induce autoimmune diseases or that Th2 dependent antibody cannot
mediate tissue damage. For example, in uveitis induced in IFN- –/– mice, and
in encephalitis induced in immunocompromised mice by the transfer of MBP-
specific Th2 cells, tissue damage still arises, but the underlying pathology is
strikingly different from what is seen in disease induced in normal mice.

The phenotype of pathogenic T cells in mice has been best-studied in
experimental models of organ-specific autoimmune diseases, particularly
induced models of MS (like EAE) and spontaneous models of disease, espe-
cially type I diabetes in the NOD mouse. In most cases, autoreactive T cells
capable of mediating organ-specific autoimmune disease fell exclusively into
the Th1 subset (see Part II, Chapter 8 by Segal and Shevach). In several adop-
tive transfer studies in disease models, including EAE in SJL and B10.PL
mice, diabetes in NOD mice, and uveitis in Lewis rats and in mice, it has
been shown that disease can be transferred by autoantigen-specific Th1 or
Tc1 cells, which produce IFN- , TNF- , and/or lymphotoxin. On the other
hand, in these models Th2 cells with the same antigenic specificity lose
their ability to induce disease and in some cases protect hosts form the
development of disease and tissue destruction.

By analyzing cytokine expression in different inflamed target tissues, it has
been shown that there is often an increased expression of Th1 cytokines both
in experimental autoimmune diseases and also in biopsy specimens from
patients with such diseases as RA, Crohn’s disease, type 1 diabetes, and MS.
However, the microenvironment is an extremely complex mixture of differ-
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ent cytokines, and to address the question of whether a candidate cytokine is
directly pathogenic, investigators have generally either examined its effects
on different cell types in vitro, blocked the action of the cytokine with anti-
bodies in vivo, overexpressed the cytokine by transgenesis in vivo in a gen-
eral or tissue specific fashion, or removed the cytokine by generating the
disease in an animal model in which the cytokine gene has been knocked
out. One important observation that arises from these studies is that
cytokines, although they can be directly toxic, are often not the ultimate
mediators of tissue destruction, which is carried out by the macrophages
that they activate. A second point is that even though the development of
disease depends on T cells that are differentiated under conditions that lead to
a Th1 phenotype, the effector cytokines that are critical to tissue destruction
may be different in different diseases. An example is the difference in the
effect that TNF blockade has in the treatment of RA, where it is a very effec-
tive treatment for disease (see Part II, Chapter 13 by Wahren-Herlenius et
al.), and MS where it has been reported to exacerbate disease (see Part II,
Chapter 11 by Weiner).

The reason for these differences may lie in the different responses of the
target tissue following an influx of inflammatory lymphocytes. Sites of pro-
found immunological privilege such as the eye enjoy a very different
microenvironment compared with organs such as the gut, which have an
enormous exposure to both environmental antigens as well as to the circula-
tion. The target tissues may also display different patterns of sensitivity to
the cytokine environment; for example, bone and cartilage may be damaged
more by cytokines that activate bone resorption compared to oligodendro-
cytes being more damaged by direct cytotoxicity.

Issues of tissue tolerance are highlighted in chapters (see Part II, Chapter
8 by Segal and Shevach and Chapter 9 by Caspi). The eye employs both
cytokine-mediated and cell contact-mediated strategies to regulate the
impact of inflammatory lymphocytes. Because occular tissues express FasL,
resident APCs can signal infiltrating cells to undergo apoptosis. Activated
lymphocytes are eliminated by a process that triggers IL-10 production, and
antigen-bearing cells that have ingested lymphocytes that have undergone
apoptosis appear to be involved in the induction of regulatory lymphocytes, a
process that can result in generalized tolerance to subsequent antigen chal-
lenge. Some of these interactions are believed to take place in the spleen. In
addition to these cell contact-dependent mechanisms, privileged organs are
bathed in fluids such as the aqueous humor (AH) of the eye and the cere-
brospinal fluid (CSF) in the brain, which maintain relatively high levels of
regulatory cytokines and other soluble factors such as TGF- 2 and IL-1RA,
which can both inhibit lymphocyte function, and promote immune devia-
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tion, which is itself immunoregulatory. Biological fluids derived from
immune-privileged sites alter the properties of conventional APCs and
induce immune deviation towards a Th2 phenotype. Therefore, some tissues
maintain a very high “barrier to entry” to the development of immune-medi-
ated inflammation, and this leads to immune privilege by virtue of the gen-
eration of a specialized microenvironment.

Such mechanisms are not, of course, unique to these specific tissues. Both
TGF- , and also IL-10, have been shown to have an important role in regu-
lating inflammation in a number of different models of autoimmune disease.
It has been shown in vitro that these cytokines act primarily on APCs, sup-
pressing the secretion of IL-12 and the expression of MHC class II and
costimulatory molecules. The importance of these cytokines can also be inferred
by studies of the impact of their presence and absence in a diverse number
of animal models of disease. Furthermore, the observation that the genetic dele-
tion of IFN- can exacerbate autoimmune disease, for example EAE, may
be because in the absence of this Th1 cytokines there is inefficient induction
of the counter-regulatory cytokine IL-10.

8. THE ROLE OF CYTOKINES IN THE THERAPY
OF AUTOIMMUNE DISEASE

Understanding the biology of cytokines has at least two applications to
the treatment of autoimmune disease. The first is as a marker for disease and
therefore as a surrogate marker for disease progression and to monitor the
efficacy of therapy. Cytokines that alter with changes in the general levels
of inflammation can be measured in the circulation where they reflect dis-
ease activity. Also by monitoring changes in cytokines following different
therapies, it may be possible to infer a mechanism of action for the therapy.
For example, the effectiveness of cyclophosphamide in the treatment of MS
may be related to its ability to induce immune deviation and increase IL-4
and TGF-  (see Part II, Chapter 11 by Weiner). It is clearly important to
assess the impact of potential therapies on cytokine regulation in autoim-
mune-disease models because this may give clues as to its likely effective-
ness in patients.

The second area in which understanding cytokine biology is critical is in
identifying targets for specific intervention. There are at least two
approaches to exploiting what we now know about the role of cytokines in
autoimmune disease with the goal of designing specific therapy. The first
approach is to target one or a few effector cytokines, with the aim of inhib-
iting tissue damage in the target organ. The second is to enhance normal
mechanisms of immunoregulation. This has the potential advantage that is
can inhibit both the recruitment and expansion of new antigen-specific
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pathogenic T cell clones from the naive Thp pool, and also that by bystander
suppression it can downregulate inflammation within the target organ.

The most successful example of therapy of the first kind is the use of
treatments that inhibit TNF- in RA. Both anti-TNF antibodies and soluble
TNF receptor (TNF-R) have been evaluated in clinical trials, and studies with
antibodies have proven this treatment to be efficacious. This is also the case
with IL-1RA (receptor antagonist), a natural inhibitor of IL-1 (see Part II, Chap-
ter 13 by Wahren-Herlenius et al.). On the other hand, as discussed earlier, in
MS anti-TNF therapy exacerbates disease, illustrating that efficacy in one
autoimmune disease does not ensure effectiveness in all autoimmune diseases.

Regulatory cytokines can also be used directly as therapy. In animal mod-
els of autoimmunity, it has been shown that treatment with Th2 cytokines
can ameliorate disease, both when these cytokines are given directly and
also when the are administered by engineering expression of Th2 cytokines
in cells that then traffic to the target organ (see Part II, Chapter 10 by Bettelli and
Nicholson). These studies are aimed at overcoming problems of toxicity, which
are known to arise with systemic administration of cytokines, and it is hoped
that local delivery may overcome problems of systemic toxicity. At present it
remains unclear how these approaches will be applied successfully in patients.

Exploiting normal mechanisms of immunoregulation to treat autoimmune
disease is a more elegant, but also a more ambitious, approach to therapy.
Because it enhances the normal working of the immune system, it should be
specific and selective in its actions. However, there are several potential
problems that have not yet been overcome. The first barrier to success is that
we do not yet understand regulatory mechanisms in any detail. Although
there is now persuasive evidence implicating TGF- and IL-10 as
downmodulators of immune responses, it is not clear how these cytokines
can be induced in a specific and targeted way. The second problem is that,
although in animal models it has been possible to define with some preci-
sion how disease is initiated, and to prevent this by many different
approaches, patients do not present themselves for therapy until after the
disease state is established. Successful treatment must therefore deal with
an established autoimmune response and also the concomitant target organ
damage. Therefore, although in animal models IL-12 provides an extremely
effective target for early intervention which prevents the development of
autoimmune disease (see Part II, Chapter 8 by Segal and Shevach), it may
be a less useful target in patients with established disease.

Two treatments for MS that have proven effective and whose mecha-
nisms of action include effects on cytokines are treatment with glatiramer
acetate (copaxone) and treatment with IFN- . For both these therapies, there
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is evidence that they are associated with the induction of a Th2 immune
response, and part of their benefit may arise from the immune deviation of
an established pathological response and/or the generation of a crossreactive
regulatory response to autoantigen (see Part II, Chapter 11 by Weiner).

Another therapy directed at manipulating normal immunoregulatory mecha-
nisms is the induction of oral tolerance. This seeks to exploit the experimental
observation that feeding protein antigens can lead to a state of unresponsiveness to
subsequent immunization with antigen plus adjuvant. In animals, this occurs
through multiple mechanisms, including apoptosis, at high antigen concentra-
tions, and the induction of regulatory Th3 cells occurs at low antigen concentra-
tions. In the clinic, this therapy has been applied to a number of different
autoimmune diseases including MS, RA, and type 1 diabetes. Although there
have been a number of encouraging studies on small numbers of patients, the
efficacy of this treatment has not been established by large clinical trials. Effec-
tive use of this therapy may need more sophisticated techniques to assess which
patients will benefit from treatment, or alternatively require the development of
adjuvants to therapy that will increase efficacy.

Another technique that has benefit in animal models is the administration
of APLs, which are mutants derived from the cognate peptide ligand by
changing TCR contact residues. These analogs can block the development
of autoimmune diseases such as EAE by inducing regulatory-cell popula-
tions that secrete Th2 cytokines and that crossreact with the cognate pep-
tide. They are generally most effective when given before disease develops
or at the time it is induced; however, there is data that they can induce regu-
lation of an ongoing autoimmune response. Two recently reported clinical
trials of APLs in MS have shown that their administration to patients can
have a measurable effect on the various immunological parameters such as
T cell crossreactivity and cytokine production. However, there was no evi-
dence of clinical benefit in these trials and in some case the suggestion that
APLs may induce exacerbation of disease. This underlines the heterogenous
nature of immune responses in an outbred human population.

In animal models, it is clear that targeting costimulatory pathways can
inhibit disease by altering patterns of cytokine secretion. Most studies have
investigated targeting signals transmitted into the T cell via the receptors
CD28 and CTLA-4 (CD152) following ligation by their counter-receptors
CD80 and CD86. It has been shown that altering costimulation can shift
cytokine profile and that in animal models this can both reduce or exacer-
bate clinical disease. Treatment with soluble CTLA4Ig has been reported as
being effective in ameliorating psoriasis. Therefore, such manipulations can
have therapeutic benefit in patients, and the range and application of these
therapies will likely increase in the next few years.
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9. SUMMARY
Cytokines provide a network of effector molecules that connect cells of

the immune system and cells of different target tissues in an intricate web of
responses. Many of the most significant interactions in this network occur in
microenvironments that may be isolated from the general circulation, that
may have unique tissue-specific properties, and therefore in which immune
cells of identical function may have very different effects. It is clear that this
network is comprised of numerous checks and balances that limit or permit
tissue damage under subtly different circumstances. In many cases, the out-
come may relate to how positive feedback for the secretion of specific
cytokines becomes established.

In autoimmune disease, pathology seems to be induced predominantly by
T cells that have developed in environments that promote Th1 differentia-
tion, even though Th1 effector cytokines such as IFN- and TNF- have
clearly been shown to be redundant to the development of disease. In
experimental models, it has been shown that blocking IL-12 is almost always
effective in preventing disease. However, how much of this effectiveness
depends on intervening when disease is being induced remains to be deter-
mined. IL-10 and TGF- are both powerful immunoregulatory cytokines,
which may be exploited in therapy in the future. One elusive goal with these
cytokines is developing techniques to target their delivery in a tissue-spe-
cific fashion. This ambition reaches its apex with aspirations towards anti-
gen/organ-specific immunomodulatory therapy. It is clear that achieving this
goal will require an intimate understanding of the complex interplay between
immune cells, the tissue microenvironment, and the network of cytokines
that links the two.
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Noninfectious uveitis, 227

Nuclear Factor of Activated T cells
(NFAT),

HMGI(Y) family, 36
IL-2, 5
IL-4, 7–8
proteins,

cooperative binding, 28
Nucleosome,

composition, 37–38

O

Ocular immune privilege,
FasL, 232

Oral tolerance,
induction, 282–284
mediation, 240–241
modulation, 284–285
MS, 405
RA, 405
type 1 diabetes, 405

Organ-specific autoimmune disease,
IL-12, 197–199
Th1 CD4+ T cells, 197–199

P

Partial agonists, 50–52,
self-ligands, 67–68
vs weak agonists, 51–52

Passive cell death,
lymphocytes, 146–150
vs AICD, 147

Passive T cell death,
regulation, 150–151

PBP, see Platelet basic protein
PF4/CXCL4, see Platelet factor 4/

CXCL4
Platelet basic protein (PBP), 167
Platelet factor 4 (PF4)/CXCL4, 162
PLP, see Proteolipid protein
Polarized Th2 cells,

TCR signaling,
agonist ligands, 65–67
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Programmed cell death,
apoptosis,

vs necrosis, 145
molecular basis, 144–146

Proinflammatory cytokines,
RA, 320–323,

animal models, 331–332,
Proinflammatory cytokines,

autoimmunity, 196
Proteolipid protein (PLP), 174
Proximal promoter region,

T cell-expressed cytokine genes, 28

R

Receptors,
CD1d-restricted T cells, 120–122

Recoverin, 227
Regulated upon activation normal T

cell expressed and secreted
(RANTES),

CC chemokines, 164
expression, 165–166

Regulatory cytokines,
EAU, 235

Rheumatoid arthritis (RA), 197,
317–339,

animal models, 325–355,
anti-inflammatory cytokines,

332–333
GM-CSF, 332
IFN- , 334
IL-1, 331
IL-2, 332
IL-4, 332–333
IL-6, 332
IL-10, 333
IL-12, 333–334
IL-13, 333
IL-15, 332
IL-17, 332
IL-18, 332
proinflammatory cytokines,

331–332

TGF- , 333
TNF- , 331,

anti-inflammatory cytokines,
323–324

anti-TNF-  MAbs, 336–337
anti-TNF antibodies, 404
gene therapy, 338
GM-CSF, 322
IFN- , 325
IL-1, 321
IL-4, 324
IL-6, 321–322
IL-8, 322
IL-10, 323–324
IL-12, 325
IL-13, 324
IL-15, 322
IL-16, 322
IL-17, 323
IL-18, 323
IL-1 inhibition, 337
IL-6 treatment, 338
IL-10 treatment, 337–338
K/BxN mice, 330
murine models, 328–329
oral tolerance, 405
proinflammatory cytokines, 320–323
TGF- , 324–325
therapy,

new, 335–339
specific vs general, 335

TNF- , 320–321,
inhibition, 336, 404
knockout mice, 330
receptor fusion proteins, 336–337
transgenic mice, 330

TNF-R, 404
Rhodopsin, 227

S

S-Ag,
retina, 227
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Sarcoidosis, 227
Sarcoma,

CD1d-restricted T cells, 128–129
SDF-1, see Stromal cell derived factor-1
SDF-1 , see Stromal cell derived

factor-1
expression, 165–166

Secondary lymphoid tissue
chemokine (SLC),

CCL21, 165
expression, 165–166

Self antigens,
AICD, 150

Self-ligands,
partial agonists, 67–68

Self-tolerance,
regulation, 151–153

Serum cytokines,
type 1 diabetes, 298–300

Signaling,
chemokine receptors, 171
defects,

autoimmunity predisposition, 154
Signal Transducer and Activator of

Transcription 6 (Stat6),
IL-4, 9–10

SLC, see Secondary lymphoid tissue
chemokine

SLC/CCL21, 165
SLE, see Systemic lupus

erythematosus
SMAC, see Supramolecular

activation complex
Soluble antigen (S-Ag),

retina, 227
Spontaneous autoimmunity,

endogenous immunoregulatory
cytokines, 200–202

IL-10, 200–201
TGF- , 200–201

Spontaneous enterocolitis,
IL-2, 202

Sry-like HMG box factors, 36
Stat6,

IL-4, 9–10
Stimulatory peptides, 50–51
Stromal cell derived factor (SDF)-1,

162
Stromal cell derived factor (SDF)-1 ,

expression, 165–166
Supramolecular activation complex

(SMAC), 58
Surface phenotype,

CD1d-restricted T cells, 122–123
Susceptibility genes,

EAE, 258–259
Sympathetic ophthalmia, 227
Systemic autoimmune disease, 150
Systemic lupus erythematosus

(SLE), 355–367,
biological pathways, 365–366
drug therapy, 366–367
environment, 357
gender, 356
genes,

association studies, 357–359
chromosome 1 candidate genes,

360–361
classic complement component

pathway, 358–359
Fc receptors, 359
identification, 357–361
linkage studies, 359–361
MHC, 358

genetic factors, 355–356
genetic intervention, 366–367
incidence, 355
mouse models, 361–366,

complex trait genetic
dissection, 362–363

disease progression, 364–365
phenotypic assessment,

363–364
murine, 362
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T

T-box expressed in T cells (T-bet), 12
T cell-expressed cytokine genes,

proximal promoter region, 28
transcription factor-binding sites, 28

T cell receptor:ligand interactions,
altered signaling, 55–56

T cell receptor (TCR), 1,
APC, 26
CD1d-restricted T cells, 305
IL-2, 5
insulitis, 302
MHC, 79
signaling,,

partial agonists/antagonists, 57
polarized Th2 cells, 65–67
variant TCR ligands, 54–57

T cells, 49–50
T cell response,

autoantigen, 304
T cells,

activation,
membrane protein dynamics,

58–60
transcriptional response, 27–29
two-signal hypothesis, 79

activation occupancy model, 50
apoptosis,

IL-2, 152
CD28 signal, 30–31
chromatin remodeling, 37–43
costimulation,

transcriptional responses, 30–34
costimulatory ligands, 81–82
costimulatory receptors, 80–81
cytokine gene activation,

model, 42
cytokines,

HMGI(Y) family, 35
defectiveness,

Type 1 diabetes, 304
differentiation

autoimmune disease, 391–392
CCR3, 174
chemokine receptors, 174
chemokines, 172–173
costimulation, 79–105
CXCR3, 174

epitopes,
GAD65, 302–303
insulin, 302–303

Fas-mediated cell death, 149
gene methylation, 41
HIV, 41
HTLV, 41
reactivity,

type 1 diabetes, 303–304
receptor ligands,

types, 52
TCR, 49–50

T cell transcription factors,
cooperative protein binding, 28

TCR, see T cell receptor
TGF- , see Transforming growth

factor-
Th cells, see T helper cells
Th1 cells, see T helper 1 cells
Th2 cells, see T helper 2 cells
T helper precursor (Thp), 1,

autoimmune disease, 394–395
T helper (Th) cells,

differentiation,
B7-1,

vs B7-1, 82–95
B7-CD28, 82
cell cycle, 41–42
transcriptional regulation

model, 10
phenotype regulation,

CD1d-restricted T cells, 127–128
subtypes, 1

T helper 1 (Th 1) cells, 27, see also
T helper (Th) cell subsets,

autoimmune disease, 401–402
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CD4+ T cells,
organ-specific autoimmune

disease, 197–199
IFN- ,

chromatin, 39
MS, 274
products, 1
response,

hierarchical order, 63
specific transcription factors,

IFN- , 12
T helper 2 (Th 2) cells, 27, see also

T helper (Th) cell subsets,
IL-4,

chromatin, 39
partial agonists, 51
products, 1
response,

hierarchical order, 63
T helper 1 (Th1) cells/T helper 2

(Th2) cells,
bias,

type 1 diabetes, 298–300
paradigm,

cytokine regulation, 1–2
T helper (Th) cell subsets,

transcriptional regulation, 1–17,
IFN-g, 11–12
IL-2, 4–6
IL-4, 6–16

Thp, 1, see T helper 1 cells
Th1/Th2, see T helper 1 cells/T helper

2 cells
Tissue distribution,

CD1d-restricted T cells, 123–124
Tissue injury, 401–403
Tissue tolerance, 401–403
TNF, see Tumor necrosis factor
TNF- , see Tumor necrosis factor-
TNF-R- , see Tumor necrosis factor

receptor-
Tolerance,

defined, 281–282
Transcription,

chromatin, 13–17
epigenetic control, 13–17

Transcriptional regulation,
chromatin remodeling, 37–43
gene expression, 25–43
Th cell subsets, 1–17

Transcriptional response,
T cell activation, 27–29

Transcription factors, 4,
activation,

calcium signals, 63–65
autoimmune disease, 392–395
binding sites,

position alteration, 29
T cell-expressed cytokine

genes, 28
cooperation, 28–29

Transforming growth factor-  (TGF- ),
actively induced autoimmune

disease, 203–204
AICD, 153
autoimmune suppression, 199–200
EAE effector phase, 254
EAU, 235, 237–238
eye, 231–232
RA, 324–325,

animal models, 333
spontaneous autoimmunity, 200–201

Tumor necrosis factor-  (TNF- ),
beta-islet cell destruction, 296–297
EAE effector phase, 255–256
RA, 320–321, 404,

animal models, 331
inhibition, 336, 404
knockout mice, 330

transgenic mice,
RA, 330

Tumor necrosis factor receptor-
(TNF-R- ),

fusion proteins,
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RA, 336–337
Tumor necrosis factor (TNF),

MG,
animal models, 378–379
polymorphisms, 375

Tumor surveillance,
CD1d-restricted T cells, 128–130

Two-signal hypothesis,
T cell activation, 79

Type 1 diabetes, 295–307,
autoantibody isotypes, 300–301
autoreactive T cells, 302
CTLA-4, 105
heterophile antibodies, 299–300
inflammatory insulitis, 301–302
NK T cells, 305–307
oral tolerance, 405
serum cytokines, 298–300
T cells,

defectiveness, 304
reactivity, 303–304

Th1/Th2 bias, 298–300
Type II collagen, 195

U

Uveitic eye, 229
Uveitis,

noninfectious, 227

V

Variant T cell receptor ligands, 50–54,
altered signaling, 56–57
altered TCR signaling, 54–57
antagonists, 52–54
disease prophylaxis and therapy, 68
naive T cell polarization, 65
partial agonists, 50–52
T cell activation occupancy

model, 50
ZAP-70 phosphorylation, 54–55

Vasoactive intestinal peptide (VIP),
eye, 232

Vogt-Koyanagi-Harada syndrome,
227, 228

W

Weak agonists,
vs partial agonists, 51–52

Website,
chemokines, 158
GPCR, 168

Z

ZAP-70,
kinase, 55
phosphorylation,

variant TCR ligands, 54–55
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