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Abstract T cell immunoglobulin mucin-(TIM)-3 was first identified as a molecule
specifically expressed on IFN-y-secreting CD4" T helper 1 (Thl) and CD8" T
cytotoxic (Tcl) cells in both mice and humans. TIM-3 acts as a negative regulator
of Th1/Tc1 cell function by triggering cell death upon interaction with its ligand,
galectin-9. This negative regulatory function of TIM-3 has now been expanded to
include its involvement in establishing and/or maintaining a state of T cell dysfunc-
tion or “exhaustion” observed in chronic viral diseases. In addition, it is now
appreciated that TIM-3 has other ligands and is expressed on other cell types,
where it may function differently. Given that an increasing body of data support
an important role for TIM-3 in both autoimmune and chronic inflammatory diseases
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2 C. Zhu et al.

in humans, deciphering the function of TIM-3 on different cell types during
different immune conditions and how these can be regulated will be critical for
harnessing the therapeutic potential of TIM-3 for the treatment of disease.

1 Introduction

T-cell immunoglobulin and mucin-(TIM)-3 domain was first discovered in 2002 as
a molecule specifically expressed on IFN-y-producing CD4* T helper 1 (Thl) and
CD8" T cytotoxic 1 (Tcl) cells in the mouse (Monney et al. 2002). Later, it was
found that TIM-3 is also specifically expressed on IFN-y-producing T cells in
humans (Khademi et al. 2004). The specific expression of TIM-3 on Thl cells
catalyzed investigation into its potential role as a regulator of Th1 cells. Indeed, it is
now known that ligation of TIM-3 triggers cell death in Th1 cells in mice (Zhu et al.
2005). Other studies support that TIM-3 also acts as a negative regulator of human
Th1 T cells (Hastings et al. 2009; Koguchi et al. 2006; Yang et al. 2008).

The importance of TIM-3 in regulating T cell responses is underscored by the
fact that both TIM-3 expression and its negative regulatory function is dysregulated
in patients with multiple sclerosis (MS) and that both these defects are reversed
following treatment (Koguchi et al. 2006; Yang et al. 2008). Moreover, the negative
regulatory role for TIM-3 in T cells has recently been extended to dysfunctional or
“exhausted” T cells in chronic viral infections such as human immunodeficiency
virus (HIV) and hepatitis C virus (HCV) (Golden-Mason et al. 2009; Jones et al.
2008). Here, blockade of TIM-3 signaling has been shown to partially restore T cell
function of otherwise “exhausted” T cells. Collectively, these data strongly support
an important role for TIM-3 as a negative regulator of T cell responses and highlight
the importance of this pathway as a therapeutic target in human diseases.

However, it is now appreciated that TIM-3 is not only expressed on T cells but
also on other cell types such as dendritic cells (DCs) in both mice and humans and
on monocytes in humans (Anderson et al. 2007). Further, TIM-3 is expressed on
mast cells (Nakae et al. 2007), melanoma (Wiener et al. 2007), and on lymphoma-
derived endothelium (Huang et al. 2010), where it may be involved in promoting
tumor progression by inhibiting anti-tumor CD4" T cell responses (Huang et al.
2010). How these diverse functions of TIM-3 in different cell types are regulated
and which one predominates in different disease states is not clear at this stage.

2 Protein Structure

Mouse TIM-3 is a 281 amino acid (aa) type I transmembrane glycoprotein that
contains a membrane distal immunoglobulin variable (IgV) domain and a mem-
brane proximal mucin domain. Human TIM-3 is 302 aa in length and shares 63% aa
identity with mouse TIM-3 (Monney et al. 2002). Further, a putative soluble mouse
TIM-3 splice variant has been identified in cDNA generated from concanavalin
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A-—activated splenocytes. The predicted protein sequence of this TIM-3 isoform
contains only the signal peptide, immunoglobulin V (IgV), and cytoplasmic
domain, lacking the mucin domain and transmembrane region (Sabatos et al. 2003).

TIM-3 belongs to the immunoglobulin super family (IgSF) (Bork et al. 1994)
and recent studies have revealed the 3D structure of the IgV domain of TIM-3 as
well as other TIM proteins (Cao et al. 2007; Santiago et al. 2007a, b). TIM-3 IgV
domains consist of two anti-parallel B sheets that are tethered by a disulfide bond.
Additional two disulfide bonds are formed by four noncanonical cysteines that are
invariant within TIM proteins and unique among IgSF members. They stabilize the
IgV domain of TIM-3 and reorient the CC’ loop so that it is in close proximity to the
FG loop resulting in formation of a “cleft” or “pocket” structure in TIM-3 as well as
other TIM proteins (Fig. 1) (Cao et al. 2007; Santiago et al. 2007b). This unique
cleft structure is not found in other IgSF proteins and has been predicted to be
involved in ligand binding (see below).

In the cytoplasmic region of both human and mouse TIM-3, there is a highly
conserved region containing five tyrosine residues. Galectin-9 triggering of TIM-3
results in tyrosine phosphorylation of these residues, indicating that some, if not all,
of these tyrosines are involved in TIM-3 signaling (van de Weyer et al. 2006).
Otherwise, protein sequence analysis does not reveal any other homology to known
inhibitory domains such as an immunoreceptor tyrosine-based inhibitory motif or
immunoreceptor tyrosine-based switch motif. Thus, much remains to be elucidated
regarding the signaling pathways recruited by TIM-3.

Fig. 1 Mouse TIM-3 IgV domain. (a) Ribbon diagram. Sticks represent two noncanonical
disulfide bonds that reorient the CC’ loop thereby forming a “cleft” or “pocket” structure together
with the FG loop in TIM-3 as well as other TIM proteins. Dots represent the disulfide bond that
exist in all IgSF proteins. (b) Surface representation. Structure simulation was done by PyMOL
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3 TIM-3 Ligands

3.1 Identification of Galectin-9 as a TIM-3 Ligand

In an attempt to identify the TIM-3 ligand, we screened a number of T cell lines and
lymphomas for their ability to bind TIM-3-Ig fusion protein. TK-1 CD8* T cell
lymphoma was found to have the strongest binding to TIM-3-Ig fusion protein,
suggesting a high level of TIM-3 ligand expression on this cell type. Subsequent
pull-down of proteins bound to TIM-3-Ig identified a 35-kDa cell surface molecule
that only bound TIM-3-Ig but not control hIgG1. This molecule was later identified
as galectin-9 by mass spectrometry (Zhu et al. 2005).

Galectins, a group of S-type lectins, are a family of carbohydrate-binding
proteins that exhibit important functions in regulating immune cell homeostasis
and inflammation (Rabinovich and Toscano 2009). Galectin-9 binding to TIM-3 is
dependent on its carbohydrate recognition domain that recognizes the oligosaccha-
ride chains on the TIM-3 IgV domain. Galectin-9 is expressed on a variety of cell
types and it is up-regulated by IFN-y (Imaizumi et al. 2002). In vitro analyses
revealed that galectin-9 predominantly induces intracellular calcium flux, cell
aggregation, and death of Th1 but not Th2 cells, and this process is dependent on
the presence of TIM-3 on Thl cells, as TIM-3 deficient Thl cells are relatively
resistant to galectin-9-induced cell death. Furthermore, administration of galectin-9
in vivo during an ongoing immune response dampens inflammation by specifically
eliminating antigen specific IFN-y-producing T cells, thereby attenuating disease
progress in experimental autoimmune encephalomyelitis (EAE) (Zhu et al. 2005).
Thus, the galectin-9—TIM-3 pathway provides a negative feedback loop by which
Thl cells are regulated to prevent uncontrolled Thl responses which otherwise
could be detrimental to the host.

Subsequent studies in other disease models have demonstrated that galectin-9
triggering of TIM-3 attenuates Th1 and Th17 responses, thereby exhibiting thera-
peutic potential in skin inflammation (Niwa et al. 2009), experimental autoimmune
arthritis (Seki et al. 2008), and herpes simplex virus (HSV)-induced ocular inflam-
mation (Sehrawat et al. 2009). Thus, although TIM-3 is expressed at low levels on
Th17 cells (Chen et al. 2006), it may have a role in attenuating Th17 responses.
Further, galectin-9 has been shown to induce cell death in TIM-3*CD8™ alloreactive
T cells, thereby reducing cytotoxicity and prolonging survival of skin grafts (Wang
et al. 2007).

Interestingly, the galectin-9—TIM-3 interaction does not always lead to suppres-
sion of immune responses. Triggering of TIM-3 on innate immune cells in both
mice and humans exhibits an opposite role (Anderson et al. 2007) (see below). The
galectin-9-TIM-3 pathway in DCs actually synergizes with Toll-like receptor
(TLR) signaling and promotes Th1 immunity. In addition, administration of galec-
tin-9 prolongs the survival of Meth-A tumor-bearing mice by increasing the number
of IFN-y-producing TIM-3*CD8" T cells with enhanced cytolytic function as a result
of an increase in the number of TIM-3*CD86" mature DCs (Nagahara et al. 2008).
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These observations support another interesting biological role for the galectin-9—
TIM-3 pathway, enhancement of adaptive immunity via galectin-9-induced matu-
ration of TIM-3* antigen presenting cells.

Although the function of the galectin-9-TIM-3 pathway in immune responses
has been extensively studied, multiple lines of evidence suggested the existence of
other TIM-3 ligands. (1) At least one additional membrane protein specifically
associates with TIM-3-Ig (our unpublished data); (2) Bacterially expressed TIM-3
tetramer that lacks carbohydrate modification binds to a broad panel of cell types.
That these interactions do not require TIM-3 carbohydrate moieties excludes the
possibility of them being galectin-9-dependent. (3) The crystal structure of the
TIM-3 IgV domain revealed a potential ligand binding site at the CC'-FG cleft;
however, the potential N and O-linked glycosylation sites in the TIM-3 IgV domain
are not proximal to this region. Overall, the topological features of TIM-3 indicate
the existence of other independent TIM-3 ligands that bind to discrete regions on
the TIM-3 IgV domain.

3.2 Phosphatidylserine as a TIM-3 Ligand

As mentioned above, it has been predicted that the unique cleft present in TIM
family proteins participates in ligand binding. Indeed, it is now known that phos-
phatidylserine (PtdSer) binds the cleft region of both TIM-1 and TIM-4 and is
functionally involved in recognition and uptake of apoptotic cells (Miyanishi et al.
2007; Santiago et al. 2007a). TIM-3, on the other hand, exhibits a different FG loop
structure and thus the cleft present in TIM-3 is a bit different from that of the other
TIMs (Santiago et al. 2007a). Nevertheless, Nakayama and colleagues recently
reported that phosphatidylserine (PtdSer) may be another ligand for TIM-3
(Nakayama et al. 2009). Expression of TIM-3 in NKR cells, a rat kidney cell line
that does not express TIM-3, resulted in gain of PtdSer binding and internalization
of apoptotic cells. They further found that expression of TIM-3 on peritoneal
exudate Macl™ cells (PEMs), monocytes, and splenic CD8" DCs was found to be
involved in apoptotic cell uptake. Accordingly, blockade of the TIM-3 pathway by
an anti-TIM-3 antibody resulted in increased anti-dsDNA autoantibody in the serum
and reduced cross-presentation of apoptotic cell-associated antigens (Nakayama
et al. 2009). Although PtdSer can bind to the TIM-3 cleft region, its binding affinity
is much weaker than that of TIM-1 or TIM-4. Furthermore, allelic variants of TIM-3
display a differential capacity to bind to PtdSer and to phagocytose apoptotic cells,
with the BALB/c allele demonstrating stronger affinity and phagocytic properties
than the C.D2Es-Hba (HBA) allele (DeKruyff et al. 2010). Lastly, TIM-3 mediated
phagocytic function is cell type dependent, as TIM-3 transfected T cell or B cell lines
were able to form conjugates with but failed to engulf apoptotic cells (DeKruyff
et al. 2010). Given that the bulk of the data showing TIM-3 binding to PtdSer come
from experiments with transfected cell lines and that there is no obvious defect in
apoptotic cell uptake in TIM-3 deficient mice (unpublished observations), raises the
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question as to how physiologically relevant is the binding of TIM-3 to PtdSer.
Further investigation will help clarify this issue.

3.3 Carbohydrate Ligands for TIM-3

Other lines of evidence suggest that TIM-3 may also bind carbohydrate moieties.
Wilker and colleagues performed a glycan array screen and identified a set of
glycan moieties exhibiting high affinity for the TIM-3 IgV domain (Wilker et al.
2007). Direct evidence was found using IdID CHO cells, a UDP-galactose/UDP-N-
acetylglucosamine 4-epimerase defective cell line. While IdID CHO cells lack the
ability to synthesize complete N-linked, O-linked, and lipid-linked glycoconjugates
de novo, the cells can uptake galactose (Gal) and N-acetylgalactosamine (GalNAc)
from culture medium and generate these glycoconjugates through salvage path-
ways. When these cells were stained with TIM-3 tetramer, it was found that TIM-3
retained binding to the cells grown in media with either 10% or 3% serum.
However, the binding of TIM-3 tetramer to the cells grown in 1% serum was
significantly reduced. Importantly, TIM-3 tetramer binding to IdID CHO cells
was restored when 1% serum was supplemented with Gal and GalNAc (Wilker
et al. 2007). These results support that certain glycan moieties can act as TIM-3
ligands. The functional role of such interactions remains unknown.

4 Expression of TIM-3

Since its discovery on T cells, it is now appreciated that TIM-3 is expressed
constitutively on other cell types and can be induced on some cells in pathological
conditions. In the naive or unimmunized state in mice, TIM-3 is expressed primar-
ily on DCs at high levels (Anderson et al. 2007) and on a small percentage of
effector/memory (CD44"CD62L'°%) CD4 and CD8 T cells (Zhu et al. 2005).

During in vitro Thl polarization, TIM-3 expression gradually increases until it
reaches a stable, high expression level on terminally differentiated Thl cells
(Monney et al. 2002; Sanchez-Fueyo et al. 2003). When EAE is induced in mice,
TIM-3 expression is found on CD4" and CD8" T cells that infiltrate the central
nervous system (CNS) during the disease onset. These TIM-3" T cells decrease in
the CNS as disease progresses, indicating an active role for TIM-3 in the initiation
of EAE (Monney et al. 2002). Interestingly, recent studies of viral antigen specific
CD4" and CD8" T cells from patients with chronic viral infection, showed that
TIM-3 is expressed by a distinct population of “exhausted” T cells that fail to
respond to viral antigens (Jones et al. 2008; Golden-Mason et al. 2009) (discussed
below). The expression of TIM-3 on both functional and non-functional or
“exhausted” T cells in two different disease states may indicate that TIM-3 inte-
grates different extracellular signals present in these different immune milieus
thereby delivering distinct signaling events to regulate T cell function.
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In the naive state, TIM-3 is not expressed on peripheral CD11b* cells but is
expressed in CD11b* microglia that are resident in the CNS (Anderson et al. 2007)
and can be induced in CD11b"* peritoneal macrophages after treatment with thio-
glycollate (Nakayama et al. 2009). In the peritoneum, TIM-3 is additionally
expressed on peritoneal mast cells (Nakae et al. 2007).

In humans, TIM-3 is also expressed on IFN-y-secreting cells (Khademi et al.
2004) and is expressed constitutively at high levels on DCs and at lower levels on
monocytes (Anderson et al. 2007). In cancer, TIM-3 expression has been noted on
melanoma cells (Wiener et al. 2007) and lymphoma associated endothelium
(Huang et al. 2010). While the differential roles and contributions of TIM-3
expression on T cells versus other innate and non-immune cells types remains to
be ironed out, the wealth of data supporting an important role for TIM-3 in
regulating the immune responses in both animal models and in human diseases,
prompted us to begin examining the transcriptional regulation of TIM-3 expression
in the two major cell types that express TIM-3, T cells and DCs.

4.1 Transcriptional Control of TIM-3 Expression

We have examined the role of Thl-associated transcription factors in regulating
TIM-3 expression and found that TIM-3 expression is in part regulated by the Th1-
specific transcription factor T-bet in both T cells and DCs (Anderson et al. 2010).
We have found that T-bet directly binds to the TIM-3 promoter. In addition, we
have found that the role of T-bet is not secondary to its induction of IFN-y as T-bet
can drive TIM-3 expression in the absence of IFN-y and IFN-yR /™ cells do not
exhibit defects in TIM-3 expression. We have also examined a role for STAT-4 in
regulating TIM-3 expression but found that STAT-4 '~ cells exhibit only a modest,
if any, defect in TIM-3 expression. Given that TIM-3 is stably expressed in Thl
cells only after several rounds of in vitro polarization but T-bet is upregulated early
during Thl differentiation (Szabo et al. 2000) suggests that other transcription
factors may be involved in TIM-3 expression. Indeed, that T-bet /™ cells are not
completely deficient in TIM-3 expression points to the involvement of other
transcription factors in transactivating TIM-3 expression; however, these remain
to be identified. In addition, it remains to be seen how TIM-3 expression is
regulated in non-immune cell types.

5 TIM-3 in Disease

5.1 Genetic Basis for Role of TIM-3 in Disease

Genetic data suggest a role for TIM-3 expression and/or function in immune-
mediated diseases in animal models and humans. The locus that encodes the TIM
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gene family has shown linkage to disease susceptibility in several different autoim-
mune disease models such as EAE (locus EAE 6a), diabetes (Idd4), and SLE (Ibw8)
(Butterfield et al. 1998; Grattan et al. 2002; Kono et al. 1994). Similarly, a major
locus for airway hyper-reactivity in mice and a syntenic locus on 5q33 in humans
associated with asthma overlaps with the TIM gene locus (Mclntire et al. 2001).
Furthermore, comparisons of the TIM family genes in different strains of mice have
revealed polymorphisms in TIM-1 and TIM-3, with Th1 prone strains (i.e., C57BL/6)
and Th2 prone strains (i.e., Balb/c) expressing different TIM-1 and TIM-3 alleles,
further supporting that genetic differences in the genes encoding TIM family
proteins impact on disease.

In humans, several single nucleotide polymorphisms (SNPs) have been identi-
fied in the TIM-3 gene; one is found in the coding region (exon 3) and results in an
amino acid change. An analysis of TIM-3 genotype and allelic frequencies among
several hundred patients with rheumatoid arthritis and control subjects suggested
that a SNP in the coding region of TIM-3 may be associated with susceptibility to
rheumatoid arthritis (Chae et al. 2004b). This group has similarly identified SNPs in
the promoter and coding regions of TIM-3 that may be associated with atopic
disease (Chae et al. 2004a). Another group has also observed that a SNP in the
coding region of TIM-3 is highly associated with atopic disease (Graves et al.
2005). While the functional and biological consequences of TIM-3 SNPs are
presently unknown, current data in both humans and mice point to the TIM family
genes, specifically TIM-1 and TIM-3, as important regulators of Th1/Th2 immu-
nity, and possibly important determinants of susceptibility to both autoimmune and
allergic diseases.

6 TIM-3 in Autoimmune Diseases

The importance of TIM-3 in regulating the immune response was first suggested by
experiments that involved manipulation of the TIM-3 pathway in experimental
disease models (Monney et al. 2002; Sabatos et al. 2003; Sanchez-Fueyo et al.
2003). Since then, several observations regarding TIM-3 expression and function in
different disease states in humans further support the importance of TIM-3 in
immune regulation. First, it has been noted that TIM-3 expression is dysregulated
in patients with MS in that T cell clones isolated from the cerebrospinal fluid (CSF)
clones from MS patients secrete significantly higher levels of IFN-y than clones
from the CSF of control subjects, yet the CSF clones from MS patients express
lower levels of TIM-3 (Koguchi et al. 2006). Moreover, further Thl polarization
in vitro significantly augmented IFN-y secretion but not TIM-3 expression among
CSF clones from MS patients relative to those from control subjects. Tolerance
induced by costimulatory blockade in vitro was less effective among CSF clones
from MS patients that expressed lower amounts of TIM-3, consistent with previous
reports that TIM-3 influences tolerance induction in a variety of murine models
(Sabatos et al. 2003; Sanchez-Fueyo et al. 2003). Interestingly, T cells from MS
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Fig. 2 Dysregulation of TIM-3 in different disease states. (a) In autoimmunity, IFN-y secretion
by CD4" Thl cells up-regulates expression of the TIM-3 ligand, galectin-9. However, low
T cell expression of TIM-3 allows cells to escape galectin-9-induced cell death. Consequently,
autoreactive proinflammatory cells expand. Treatments that increase TIM-3 expression restore
galectin-9-mediated negative regulation of IFN-y-secreting CD4" Th1l T cells. The factor(s)
responsible for the dysregulation of TIM-3 expression in CD4" Th1 cells in patients with autoim-
mune disease are not known. (b) In chronic conditions, TIM-3 expression on CD8" T cells either
with or without co-expression of other inhibitory ligands, such as PD-1 or Lag-3, is associated with
T cell exhaustion. Blockade of TIM-3/TIM-3-ligand interactions either alone or in combination
with blockade of other inhibitory receptors restores effector function to T cells. Whether galectin-9
is involved in this function of TIM-3 and, if so, how these cells escape galectin-9-mediated cell
death is not known

patients who have undergone treatment with glatiramer acetate or IFN-f for MS
exhibit a restoration of TIM-3 expression (Yang et al. 2008). Furthermore, the
ability of TIM-3 blockade to augment T cell proliferation and IFN-y production is
also restored in T cells from MS patients after treatment. Collectively, these data
support that TIM-3 is an important negative regulator of T cell function and suggest
that low-level expression of TIM-3 in T cells from MS patients allows pathogenic,
autoreactive T cells to escape negative regulation by TIM-3 (Fig. 2).

6.1 TIM-3 in Chronic Viral Infection

A second disease state where TIM-3 appears to play a critical negative regulatory
role in T cells is chronic viral infection. Here, it has been observed that virus-
specific T cells develop an impaired or dysfunctional phenotype characterized by
failure to proliferate and exert effector functions such as cytotoxicity and cytokine
secretion in response to antigen stimulation. This phenomenon has been termed
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T cell “exhaustion” and was first described in T cells in mice chronically infected
with lymphocytic choriomeningitis virus (LCMV) (Zajac et al. 1998). Further
studies identified that “exhausted” T cells exhibit sustained expression of the
inhibitory molecule programmed cell death 1 (PD-1) and that blockade of PD-1
and PD-1 ligand (PD-L1) interactions can partially reverse T cell “exhaustion” and
restore antigen specific T cell responses in LCMV infected mice (Barber et al.
2006). Importantly, T cell “exhaustion” also occurs during chronic viral infections
in humans (Klenerman and Hill 2005) and CD8" T cells in humans chronically
infected with HIV (Day et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006),
hepatitis B virus (HBV) (Boettler et al. 2006), and HCV (Urbani et al. 2006) express
high levels of PD-1 and blockade of PD-1/PD-L interactions can partially restore
T cell function in vitro.

Interestingly, a recent study in patients with HIV has shown that TIM-3 is also
upregulated on “exhausted” CD8" T cells (Fig. 2) and that TIM-3 and PD-1 mark
distinct populations of “exhausted” cells (Jones et al. 2008). T cells positive for
both PD-1 and TIM-3 were rare. Similarly, another group has shown that TIM-3 is
upregulated on “exhausted” T cells in patients with HCV (Golden-Mason et al.
2009). In this case, cells that co-express TIM-3 and PD-1 are the most abundant
fraction among HCV-specific CD8* T cells. In both studies, blocking TIM-3
partially restored T cell proliferation and enhanced cytokine production. Given
that blockade of the TIM-3 and PD-1 pathways has each been shown individually to
partially restore function to “exhausted” T cells and the fact that these molecules
are expressed on distinct and overlapping T cell populations in chronically infected
patients raises the possibility that blockade of both pathways may prove most
effective in restoring function to “exhausted” T cells. Indeed, combined blockade
of PD-1 and TIM-3 during the priming/differentiation phase of Friend virus (FV)
infection has been shown to restore CD8" T cell functionality and virus control to
otherwise nonresponsive or “exhausted” T cells (Takamura et al. 2010).

While it is clear that TIM-3 plays an important role in T cell exhaustion, many
questions remain. Whether galectin-9 is involved in this function of TIM-3 has not
been addressed experimentally. If galectin-9 is involved, then why do these TIM-3*
cells persist and escape galectin-9-induced cell death? Some answers may lie in the
elucidation of the TIM-3 signaling cascade in exhausted T cells versus bona fide
TIM-3" IFN-y-secreting Tc1 cells. Another possibility is that integration of signals
through other inhibitory receptors changes the response to TIM-3 ligation in
exhausted T cells. Further breakdown of the distribution of inhibitory receptors
(PD-1, TIM-3, Lag-3, and CTLA-4) on exhausted T cells and how these define
different subpopulations of exhausted cells will advance our understanding of how
exhaustion is induced, maintained, and most effectively reversed.

Several lines of evidence also suggest that during chronic viral infection and
virus-associated malignancy, an elevated expression of galectin-9, may be related
to suppression of adaptive immune responses. In chronic HCV infection, it was
reported that an increased expression of galectin-9 in serum and in Kupffer cells
during chronic infection is associated with expansion of CD4"CD25"FoxP3"C-
D127" regulatory T cells, contraction of CD4* effector T cells, and apoptosis
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of HCV-specific CTLs (Mengshol et al. 2010). In Epstein—Barr virus (EBV)-
associated nasopharyngeal carcinoma (NPC), one of the most common virus-
associated human malignancies, it has been reported that NPC cells release
galectin-9-containing exosomes that induce massive apoptosis in EBV-specific
CD4* T cells, which can be inhibited by both anti-TIM-3 and anti-galectin-9
blocking antibodies (Klibi et al. 2009). These observations indicate that the galec-
tin-9-TIM-3 pathway can be adopted to escape immune surveillance during both
chronic viral infection and tumor progression. Thus, blockade of the galectin-9—
TIM-3 pathway might help to reinvigorate anti-viral and anti-tumor immunity and
thereby improving the clinical efficacy of current immunotherapies.

6.2 TIM-3 in Other Diseases

It has been shown in a mouse model of acute graft-versus-host disease (aGVHD)
that TIM-3 expression is dramatically upregulated in both donor and host-derived
hepatic CD8" T cells. Blockade of the TIM-3 signaling pathway with anti-TIM-3
antibodies results in significantly increased IFN-y expression by splenic and hepatic
CD4" and CD8™ T cells and exacerbates aGVHD (Oikawa et al. 2006). This result
demonstrates that TIM-3 is crucial in the regulation of hepatic CD8" T cell
homeostasis and tolerance.

In a mouse model of coxsackievirus B3 (CVB3)-induced autoimmune heart
disease, the TIM-3 signaling pathway has been shown to affect the adaptive
immune system through effects on the innate immune system. Specifically, block-
ade of TIM-3 with anti-TIM-3 antibody in vivo exacerbates acute myocarditis due
to reduced TIM-3 and CD80 expression on mast cells and macrophages and the
amount of intracellular CTLA-4 in CD4"* T cells (Frisancho-Kiss et al. 2006),
resulting in increased macrophages/neutrophils and reduced Treg populations in
the heart (Frisancho-Kiss et al. 2006).

7 Conclusions

Since the initial discovery of TIM-3, much progress has been made in characteriz-
ing TIM-3 ligands and TIM-3 function in immune responses in different disease
states. It is now well appreciated that besides Thl and Tcl cells, TIM-3 is also
expressed on DCs and macrophages, and even on non-immune cells during tumor
development, suggesting a complex biological role for TIM-3. While the role of
TIM-3 on non-lymphoid cells is still being investigated, accumulating evidence
suggests that TIM-3 negatively regulates the functions of Thl and Tcl cells.
Reduced TIM-3 expression correlates with increased IFN-y production of CSF T
cell clones in MS patients and escape from TIM-3-mediated regulation. In contrast,
sustained expression of TIM-3 contributes to the exhausted phenotype of viral
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antigen specific CD8" T cells in chronic HIV and HCV infection. Elucidating the
mechanism(s) by which TIM-3 impacts on T cell function in different human
autoimmune diseases and chronic viral infections will provide new therapeutic
targets for treating these diseases.
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Abstract Programmed cell death-1 (PD-1) is a member of the CD28 superfam-
ily that delivers negative signals upon interaction with its two ligands, PD-L1 or
PD-L2. PD-1 and its ligands are broadly expressed and exert a wider range of
immunoregulatory roles in T cells activation and tolerance compared with other
CD28 family members. Subsequent studies show that PD-1-PD-L interaction
regulates the induction and maintenance of peripheral tolerance and protect
tissues from autoimmune attack. PD-1 and its ligands are also involved in
attenuating infectious immunity and tumor immunity, and facilitating chronic
infection and tumor progression. The biological significance of PD-1 and its
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ligand suggests the therapeutic potential of manipulation of PD-1 pathway
against various human diseases. In this review, we summarize our current
understanding of PD-1 and its ligands ranging from discovery to clinical
significance.

1 Identification of PD-1 and Its Ligands

In 1992, programmed cell death-1 (PD-1) was identified as a molecule whose
expression was strongly induced upon apoptotic stimuli (Ishida et al. 1992).
Based on the observation that LyD9 (hematopoietic progenitor cell line) and
2B4.11 cell lines (T-cell hybridoma) died of apoptosis upon interleukin-3 depri-
vation and phorbol 12-myristate 13-acetate (PMA) and ionomycin treatment,
respectively, and that apoptosis of both cell lines required de novo RNA and
protein synthesis, Honjo and colleagues performed subtractive-hybridization to
identify the gene(s) that plays critical roles in apoptosis. A complementary DNA
(cDNA) library of dying LyD9 cells subtracted with messenger RNA (mRNA)
of resting LyD9 cells was screened by a labeled cDNA library of dying 2B4.11
cells subtracted with mRNA of resting LyD9 cells. Four clones were isolated
and all of them encoded PD-1 cDNA. Deduced amino acid sequence predicted
that PD-1 is a type I transmembrane protein with a single IgV domain in the
extracellular region. However, overexpression of PD-1 cDNA in these cell lines
failed to induce apoptosis (Agata et al. 1996) and the function of PD-1 was
intangible for many years. In 1999, Honjo and colleagues found that PD-1
negatively regulates immune responses based on the observation that PD-1-
deficient mice spontaneously developed lupus-like arthritis and glomerulonephri-
tis (Nishimura et al. 1999).

The identification of PD-1 ligands rests on several chance events. Honjo and
colleagues collaborated with Genetic Institute to identify the ligand of PD-1 using
the Biacore system. At that time, Freeman in Harvard University identified a B7-
like molecule (clone 129) by database search and collaborated with Genetic Insti-
tute independently. The group in Genetic Institute accidentally found that these
molecules interacted with each other. T cells from PD-1 sufficient but not PD-1-
deficient mice showed lower proliferative response against anti-CD3 antibody
stimulation in the presence of 129-Ig chimeric protein. Based on these physical
and functional experiments, clone 129 was confirmed to be the ligand of PD-1 and
was named PD-L1 (Pdcdllgl) for programmed cell death 1 ligand 1 (Freeman et al.
2000). Later, PD-L1 was endowed CD number 274. The collaboration further
identified another ligand, PD-L2 (Pdcdlig2, CD273) (Latchman et al. 2001). The
identification of PD-L1 added PD-1 to the list of CD28 family (Fig. 1). At the same
time, the other groups reported B7-H1 and B7-DC, which were identical to PD-L1
and PD-L2, respectively, costimulated T cells, the mechanisms of which still
remain unknown (Dong et al. 1999; Tseng et al. 2001).
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Fig. 1 Summary of CD28 family members and their ligands. Upward and downward arrows
indicate stimulatory and inhibitory signals, respectively

2 Structure of PD-1 and Its Ligands

PD-1 is a 50-55 kDa type I transmembrane glycoprotein composed of an IgV
domain sharing 21-33% sequence identity with CTLA-4, CD28, and inducible
costimulatory molecule. Unlike CTLA-4 that forms homodimer, PD-1 lacks the
membrane proximal cysteine residue required for homodimerization of other
members of the CD28 family and is supposed to exist as monomer on the cell
surface (Zhang et al. 2004). The PD-1 cytoplasmic region has two tyrosine
residues, the membrane—proximal one constitutes an immunoreceptor tyrosine-
based inhibitory motif (ITIM) and the other an immunoreceptor tyrosine-based
switch motif (ITSM), which is essential for the inhibitory function of PD-1 (Long
1999; Sidorenko and Clark 2003). The ligands of PD-1 (PD-L1 and PD-L2, PD-
Ls) are type I transmembrane glycoproteins composed of IgC and IgV domains.
The amino acid identity between PD-L1 and PD-L2 is about 40%, while the
amino acid identity between PD-Ls and B7s is about 20%. The amino acid
identities between human and murine orthologues of PD-Ls are about 70%. B7-
1 is also reported to associate with PD-L1 and transduce inhibitory signal (Butte
et al. 2007). However, the precise mechanism how PD-L1 transduces inhibitory
signals is currently unknown.

Recently, the crystal structures of PD-1 and PD-Ls were clarified (Fig. 2) (Zhang
et al. 2004; Lazar-Molnar et al. 2008; Lin et al. 2008). In contrast to CTLA-4 that
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Fig. 2 Crystal structure of PD-1/PD-L1 and PD-1/PD-L2 complexes. (a) The structure of PD-1/
PD-L1 complex; the loop at the ends of the PD-1 domain and the first domain of PD-L1 are located
on the same side of the complex. The strands of the two B-sheets of PD-1 are labeled ABED and
A’GFCC'C". The strands of the two B-sheets of PD-L1 V domain are labeled AGFCC'C” and
BED. (b) The structure of PD-1/PD-L2 complex; the face-to-face interaction of PD-1 and PD-L2
makes the large contact area and the PD-1/PD-L2 complex more compact. The strands of PD-1 and
PD-L2 are labeled in red and blue, respectively. Figures are taken from the original paper (Lazar-
Molnar et al. 2008; Lin et al. 2008) with permission

uses a hydrophobic sequence, MYPPY, in the loop connecting F and G B-strands
(FG loop, corresponding to CDR3 region of antigen receptors) of its IgV domain to
bind B7-1 and B7-2, PD-1 uses its front B-face (AGFCC’ B-strands) to bind to the
B-face of PD-L1 (AGFCC’) or PD-L2 (AGFC). This face-to-face interaction of
PD-1 and PD-Ls makes the contact area (1,870 1&2) larger than that of CTLA-4 and
B7s (~1,200 ;\2) and makes the PD-1/PD-Ls complex more compact (76 A and
100 A for PD-1/PD-Ls and B7-1/CTLA-4, respectively). The total length of
receptors and ligands should be compatible with the dimension of pMHC/TCR
complex (~140 A) in the immunological synapse. The longer linker segment
connecting PD-1 IgV domain and transmembrane region (20 a.a. and 6 a.a. for
PD-1 and CTLA-4, respectively) may help adjust the total size of the PD-1/PD-Ls
complex allowing its appropriate co-localization with pMHC/TCR complex. The
structure of PD-1 and PD-Ls showed high similarity to those of T-cell receptor
(TCR), antibody, and CD8 dimer. Especially, CDR-like loops (BC, C'C”, and FG
loops for CDRI1, 2, and 3, respectively) of PD-1/PD-Ls are in positions similar
to those of the antigen-binding loops of TCR and antibody. Because TCRs and
antibodies bind antigens and CD8 dimers bind major histocompatibility complex
(MHC) class I using these loops, it is possible that these loops of PD-1/PD-Ls
complex may bind another molecule.
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3 Regulation of PD-1 Expression

PD-1 can be expressed on CD4 and CDS8 T cells, B cells, monocytes, natural killer
(NK) cells, and dendritic cells (DCs) (Agata et al. 1996; Yamazaki et al. 2002; Keir
et al. 2008). PD-1 is not expressed on resting T cells but is inducibly expressed
within 24 h after stimulation (Chemnitz et al. 2004). PD-1 expression can also be
induced on antigen-presenting cells (APCs) on myeloid CD11¢* DCs and mono-
cytes (Petrovas et al. 2006). Recently, it was found that PD-1 expression was
elevated on NKT cells in response to CD1d-restricted lipid antigen (Moll et al.
2009). The two known ligands for PD-1, PD-L1 (B7-H1; CD274), and PD-L2 (B7-
DC; CD273) have differential expression. PD-L1 is constitutively expressed on
T and B cells, DCs, macrophages, mesenchymal stem cells, and bone marrow-
derived mast cells (Yamazaki et al. 2002). In addition, PD-L1 is expressed on a
wide variety of nonhematopoietic cells including lung, vascular endothelium, liver
nonparenchymal cells, mesenchymal stem cells, pancreatic islets, and keratinocytes
(Keir et al. 2008). In contrast, the expression of PD-L2 is restricted to activated DCs,
macrophages, bone marrow-derived mast cells, and more than 50% of peritoneal B1
cells (Zhong et al. 2007). The comparative studies with PD-L1- or PD-L2-deficient
mice and with blocking antibody against PD-L1 and PD-L2 demonstrate overlapping
inhibitory functions on APCs and different features on tissues for these two ligands
(Kanai et al. 2003; Matsumoto et al. 2004; Keir et al. 2006; Habicht et al. 2007).
The broader expressions of PD-1 and its ligands suggest that PD-1 regulates a
wider spectrum of immune response compared with other CD28 family members.
The spontaneous development of autoimmune diseases by PD-1-deficient mice
implies that PD-1 is involved in the establishment and maintenance of immunolog-
ical tolerance (Nishimura et al. 1999, 2001). In the thymus, PD-L1 is expressed
broadly in the cortex, whereas PD-L2 expression is restricted to medullary stromal
cells (Brown et al. 2003; Liang et al. 2003). PD-1 is expressed on CD4 CD8™
double-negative thymocytes and is required for the normal selection of thymocytes
(Nishimura et al. 2000). PD-1 expression is upregulated after TCR ligation on
CD4"CD8" double-positive thymocytes, and PD-1 can participate in selection of
the aff TCR repertoire by controlling TCR signaling thresholds. PD-1-PD-L1
interactions modulate positive selection (Keir et al. 2005), and PD-1 also regulates
negative selection (Blank et al. 2003). Collectively, these findings implicate that
PD-1 and its ligand play a crucial role in central as well as peripheral tolerance.
PD-L1 and PD-L2 is also expressed on placental syncytiotrophoblasts and vascular
endothelial cells, respectively (Guleria et al. 2005). PD-L1 is differentially
expressed across gestation and functions in the placenta to induce fetal-maternal
tolerance (Guleria et al. 2005; Holets et al. 2006). PD-L1 is expressed constitutively
in the cornea, and PD-1-PD-L1 interaction protects the eye from activated T cells
(Hori et al. 2006; Meng et al. 2006; Watson et al. 2006; Sugita et al. 2009). So,
PD-1-PD-L pathway may protect immune-privileged sites, such as the placenta and
the eye, from immune responses. Given that PD-L is found on various tumor cells
and PD-1 expression is upregulated and sustained on virus-specific T cells during
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chronic viral infection, PD-1-PD-L pathway may play important roles in tumor
immunity and infectious immunity, which are addressed in depth in the following
section of this review.

PD-1 expression is induced by TCR- or B-cell receptor (BCR)-mediated signal-
ing and is augmented by stimulation with tumor necrosis factor (TNF) (Nakae et al.
2006). Particularly, the expression of PD-1 on virus-specific CD8 T cells is depen-
dent upon continued epitope recognition during chronic infections (Blattman et al.
2009). However, molecular mechanism for the regulation of PD-1 expression
relatively remains unclear. Recent study demonstrates that NFATcl1 is a critical
transcription factor in promoting the induction of PD-1 expression following T cells
activation (Oestreich et al. 2008), and interferon (IFN)-sensitive responsive element
and STAT1/2 are primarily responsible for the regulation of constitutive and IFN-o-
mediated PD-1 expression on macrophages (Cho et al. 2008). PD-L1 is upregulated
by IFN-a, IFN-B, and IFN-y (Eppihimer et al. 2002; Schreiner et al. 2004). IL-4 and
granulocyte macrophage colony-stimulating factor stimulate the expression of PD-
L2 on DCs, and IL-10 can induce the expression of PD-L1 on monocytes (Selenko-
Gebauer et al. 2003). Analyses of PD-L1 promoter show that PD-L1 expression is
dependent on two IFN regulatory factor-1 binding sites (Lee et al. 2006b). In
addition, MyD88, TRAF6, MEK, and JAK2 have been implicated in signaling
pathway for PD-L1 expression (Lee et al. 2006b; Liu et al. 2007; Parsa et al. 2007).

4 PD-1 Signaling: Molecular Mechanisms of Inhibition

ITSM (TxYxxL) is essential for the inhibitory function of PD-1. The inhibitory
mechanism of PD-1 was initially analyzed in B cell line, IIA1.6 by using a chimeric
molecule of PD-1 cytoplasmic region and Fc,RIIB extracellular region (FcPD)
(Okazaki et al. 2001). In IIA1.6 cells, crosslinking of BCRs induced strong Ca**
mobilization, which was almost completely suppressed by co-crosslinking of FcPD
and BCR. Tyrosine residues in both ITIM and ITSM of PD-1 were phosphorylated
by Lyn upon BCR crosslinking and the phosphorylated tyrosine residue in ITSM
but not ITIM recruited SHP-2 (SH2-domain containing tyrosine phosphatase 2)
through its SH2 domain (Fig. 3a). Then SHP-2 dephosphorylated BCR-proximal
signaling molecules including Iga/B and Syk, which attenuated the activation of
downstream molecules including PLC,2, PI3K, vav, and ERKI1/2. Later, two
groups reported that PD-1 inhibited TCR signaling by similar mechanisms
(Fig. 3b) (Chemnitz et al. 2004; Sheppard et al. 2004; Parry et al. 2005). Interest-
ingly, one of them reported that phosphorylated ITSM recruited SHP-1 in addition
to SHP-2 in T cells, while the other group reported that SHP-1 associated with
phosphorylated ITSM only in the artificial system using synthetic peptide. SHP-1
may also bind to phosphorylated ITSM of PD-1 but its contribution to the inhibitory
function of PD-1 can be much less compared to that of SHP-2. ITSM has been first
defined in CD150 (SLAM) for its dual function (Sidorenko and Clark 2003).
CD150 preferentially recruits either SHIP or SHP-2 in the presence or absence of
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Fig. 3 Signaling of programmed cell death-1 (PD-1) pathway. (a) Upon B-cell receptor (BCR)
crosslinking, the phosphorylated tyrosine residue in immunoreceptor tyrosine-based switch motif
(ITSM) recruits SHP-2. And then, SHP-2 dephosphorylates BCR-proximal signaling molecules
including Syk, which attenuates the activation of downstream molecules, such as PLCy2, PI3K,
and ERK. (b) PD-1 engagement on T cell surface also leads to phosphorylation of PD-1 cytoplas-
mic tyrosines and increases SHP-2 association with the ITSM of PD-1. Recruitment of SHPP-2
dephosphorylates signaling through the PI3K or Zap70 pathways

SAP (SH2D1A), a small SH2-domain-containing adaptor protein, respectively.
Because ITSM of PD-1 has been reported to be unable to bind SAP, it is currently
unknown whether ITSM of PD-1 can really “switch” to transduce positive signal
or not.

PD-1 signal has been shown to play critical roles in the induction of anergy and
the development of induced regulatory T cells (iTregs). Recently, Francisco et al.
reported that engagement of PD-1 preferentially induced the development of iTregs
(Francisco et al. 2009). In addition, PD-1 signal maintained FoxP3 expression and
enhanced the efficiency of their suppressive function. During the induction of
iTregs by PD-1, they found the downregulation of phopho-Akt, mTOR, S6, and
ERK2 and concomitant upregulation of PTEN, suggesting that PD-1 signal pro-
moted the development of iTregs by antagonizing the Akt-mTOR signaling path-
way. The mechanism of anergy induction is also becoming clearer. Chikuma et al.
reported that PD-1-sufficient but not PD-1-deficient 2C CD8 T cells could be
anergyzed by single injection of an antigenic peptide in vivo (Chikuma et al.
2009). Interestingly, PD-1-deficient 2C T cells preferentially produced IL-2 upon
anergy induction. The blockade of IL-2 during the anergy induction phase pre-
vented the anergy resistance of PD-1-deficient 2C T cells and the IL-2 complemen-
tation resulted in anergy resistance in PD-1-sufficient 2C T cells. Therefore, PD-1
may induce anergy by negatively regulating autonomous production of IL-2 by
CDS8 T cells. Bishop et al. also found that PD-1 induced anergy on CD4 T cells by
regulating IL-2 production using an in vitro model of A.E7 T cells (Bishop et al.
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2009). Further studies are required to understand the precise molecular mechanisms
how PD-1 regulate the production of IL-2.

5 Biological Significance of PD-1

As mentioned above, PD-1 and its ligands are broadly expressed and exert a vital
and diverse range of immunoregulatory roles in T cells activation and tolerance. In
this section, to address the biological significance of PD-1 pathway, we summarize
our current understanding of the roles of PD-1 and its ligands in disease model
including autoimmunity, chronic viral infection, and tumor.

5.1 PD-1 in Autoimmunity

Involvement of PD-1 in autoimmunity was first demonstrated by the autoimmune
phenotype of PD-1-deficient mice (Nishimura et al. 1999, 2001; Okazaki et al.
2003). PD-1 deficiency results in the development of a spontaneous, late-onset
lupus-like disease with deposition of IgG; in the glomeruli and a dilated cardio-
myopathy owing to the production of an autoantibody against cardiac troponin-I.
Interestingly, different target organs were affected by the autoimmune response
when the genetic background of the PD-1-deficient mice was replaced by back-
crossing. For example, PD-1-deficient mice developed lupus-like glomerulonephri-
tis and arthritis, dilated cardiomyopathy and gastritis, subacute type I diabetes, and
lethal myocarditis on the C57BL/6, BALB/c, nonobese diabetic (NOD), and MRL
backgrounds, respectively (Nishimura et al. 1996, 2001; Wang et al. 2005, 2010).
Studies of mouse models of autoimmunity further emphasize important immuno-
regulatory functions for PD-1 and its ligands. In the NOD mouse model of autoim-
mune diabetes, PD-L1 is upregulated in the pancreas on islet cells (Liang et al.
2003). Administration of anti-PD-1 or anti-PD-L1 to prediabetic NOD mice leads
to rapid and exacerbated diabetes, which is associated with accelerated insulitis and
proinflammatory cytokine production by T cells (Ansari et al. 2003). Compared to
the blockade of CTLA-4, which exaggerates diabetes only in the neonates, PD-1/
PD-L1 blockade exaggerates diabetes both in neonates and in older mice, indicating
that PD-1-PD-L1 interactions regulate both the initiation and the progression of
autoimmune diabetes in NOD mice. In the experimental autoimmune encephalo-
myelitis (EAE) model, PD-1 and its ligand also suppress EAE. The administration
of anti-PD-1 during the induction of EAE accelerates the onset and increases the
severity of EAE with increased frequency of IFN-y-producing myelin oligodendro-
cyte glycoprotein (MOG)-reactive T cells and more MOG-specific antibodies in
serum (Salama et al. 2003). Interestingly, the blockade of PD-L1 but not PD-L2
exacerbates EAE in BALB/c and SJL/J mice, whereas only PD-L2 blockade
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markedly worsen EAE in C57BL/6 mice (Salama et al. 2003; Zhu et al. 2006). This
strain-specific effect of antibody-mediated blockade of PD-1 ligand cannot be
explained by expression of PD-L1 or PD-L2 because their expressions vary little
in lymphoid APCs and spinal cord tissues among different strains (Zhu et al. 2006).
However, adoptive transfer studies demonstrate the critical role of PD-L1 on T cells
and host tissues in restraining myelin-reactive pathogenic effector T cells in EAE
(Latchman et al. 2004).

The involvement of PD-1 in human autoimmune diseases has also become
evident. Prokunina et al. reported that the allele A of a single nucleotide poly-
morphisms (SNPs) named PD1.3 (PD1.3A) in intron 4 of PD-1 gene was associated
with the development of systemic lupus erythematosus (SLE) in Europeans (rela-
tive risk = 2.6) and Mexicans (relative risk = 3.5) but not African Americans
(Prokunina et al. 2002). To date, the PD1.3 and several other SNPs on PD-1 gene
have been reported to link with the development of various autoimmune diseases
including type I diabetes, progressive multiple sclerosis (MS), theumatoid arthritis,
Graves disease, and ankylosing spondylitis (Nielsen et al. 2003; Kroner et al. 2005;
Lee et al. 2006a; Okazaki and Honjo 2007). The PD1.3 locates on the binding site
for the runt-related transcription factor 1 (RUNX1) and PD1.3A interferes the
binding of RUNXI1 resulting in the impaired induction of PD-1 (Bertsias et al.
2009). This polymorphism may alter PD-1 mRNA stability or expression level and
is associated with reduced PD-1-mediated inhibition of IFN-y production in MS
patients (Kroner et al. 2005). Studies of human with autoimmune diseases also
suggest important regulatory function of PD-1 and its ligands. Patients with MS
treated with IFN-, the principle immune-modulatory agent for the treatment of
MS, in vivo for 6 months have eightfold more PD-L.L1 mRNA transcript than before
treatment, suggesting that part of the anti-inflammatory effect of IFN-f treatment is
due to PD-L1 expression (Schreiner et al. 2004). Autoantibodies to PD-L1 have
been found in patients with rheumatoid arthritis and correlate with the progression
of disease, indicating that autoantibodies can block the inhibitory function of the
PD-1-PD-L pathway and thus contribute to the development of autoimmune disease
(Dong et al. 2003).

Based on the important role of PD-1-PD-L pathway in autoimmunity, this
pathway has become a new therapeutic target for ameliorating autoimmune disease
by increasing the expression of PD-L or triggering PD-1. Even though these
approaches are just beginning in animal models, the results appear promising.
Hirata et al. genetically modified mouse embryonic stem (ES) cells to express
surface PD-L1 and MOG in MHC class II (Hirata et al. 2005). They next differ-
entiated the cells to DCs and transferred the cells into mice with EAE. These
genetically modified DCs overexpressing PD-L1 and MOG dramatically amelio-
rated clinical EAE and reduced severity of central nervous system inflammation.
Furthermore, Ding et al. tried to suppress lupus-like syndrome in BXSB mice by
delivering recombinant adenovirus expressing full-length PD-L1 gene (rAd.PD-L1)
(Ding et al. 2006). Intravenous injection of rAd.PD-L1 partially prevented the
development of nephritis as evidenced by the lower frequency of proteinuria,
reduced amount of serum anti-dsDNA IgG, and better renal pathology. Further
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analyses may enable us to establish new therapeutic strategies for autoimmune
disease by manipulating the PD-1-PD-L pathway.

5.2 PD-1 in Chronic Viral Infection

During chronic viral infection, virus-specific CD8 T cells become unresponsive to
viral antigens and persist in a nonfunctional exhausted state (Wherry and Ahmed
2004). These exhausted CD8 T cells are characterized by a hierarchical and
progressive loss of function with cytotoxicity and IL-2 production lost first, fol-
lowed by TNF-a and IFN-y cytokine production (Wherry and Ahmed 2004). Since
CDS8 T-cell exhaustion was characterized in the murine lymphocyte choriomenin-
gitis virus (LCMYV), such a functional impairment has been a common feature in
human chronic viral infections such as human immunodeficiency virus (HIV),
hepatitis B virus (HBV), and hepatitis C virus (HCV) (Wherry et al. 2003; Klenerman
and Hill 2005; Shin and Wherry 2007). These functional defects in responding
T cells are probably a primary reason for failure of immunological control of these
persisting pathogens. We initially have shown that PD-1 is highly expressed on
exhausted CD8 T cells in LCMV system, and that PD-1-PD-L pathway plays a
major role in regulating T cells exhaustion during this infection (Barber et al. 2006).
PD-1 is transiently expressed by virus-specific CD8 T cells after acute LCMV
infection and rapidly downregulated, whereas CD8 T cells retain high PD-1 expres-
sion in lymphoid and nonlymphoid tissues throughout chronic LCMV infection.
Subsequently, several groups have shown that PD-1 is highly expressed on simian
immunodeficiency virus (SIV)-specific (Velu et al. 2007), HIV-specific (Day
et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006), HBV-specific (Boettler
et al. 2006; Boni et al. 2007), and HCV-specific (Urbani et al. 2006; Kasprowicz
et al. 2008) T cells. The level of PD-1 expression per cell is important in regulating
T-cell exhaustion during chronic viral infections (Freeman et al. 2006). The per-
centage of HIV-specific CD8 T cells expressing PD-1 correlates with viral load,
declining CD4 counts, and decreased capacity of CD8 T cell to proliferate (Day
et al. 2006; D’Souza et al. 2007). HCV-specific CD8 T cells during persistent
infection also display impaired ability of T cells to proliferate and produce cyto-
kines, which correlate with PD-1 expression level (Golden-Mason et al. 2007,
Nakamoto et al. 2008). So, PD-1 may serve as a useful marker on virus-specific
CDS8 T cells to indicate the degree of T-cell exhaustion and disease severity.

The mechanisms of PD-1 regulation in exhausted T cells are still poorly defined.
In a longitudinal study of HIV-infected subjects, PD-1 expression declined on
T cells specific for epitopes that had undergone mutational escape, whereas PD-1
expression was highly increased over time on those specific for conserved epitope
(Streeck et al. 2008). These data indicate that continued antigen-specific TCR
stimulation plays an important role in modulating PD-1 expression in HIV infec-
tion. In addition, viral protein is known to contribute to TCR-independent upregu-
lation of PD-1. The accessory Nef protein of HIV was shown to upregulate PD-1
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through a p38 mitogen-activated protein kinase-dependent mechanism during
infection (Muthumani et al. 2008). Furthermore, HCV-core protein binding to the
complement receptor gC1q is responsible for inducing the expression of PD-1 on
T cells (Yao et al. 2007).

The key role of PD-1-PD-L pathway in CD8 T-cell exhaustion during chronic
viral infections drive development of strategies to manipulate the interaction of
PD-1 and its ligands for the reversal of exhausted CD8 T cells and viral control. In
mice, blocking PD-1 pathway with anti-PD-L1 antibody restored cytokine produc-
tion, augmented the generation of LCMV-specific T cells and, most importantly,
led to a dramatic reduction in viral load (Barber et al. 2006). During SIV infection
in nonhuman primate, PD-1 blockade using anti-PD-1 antibody resulted in rapid
expansion of virus-specific CD8 T cell with improved functionality, which was
associated with significant reduction in plasma viral load (Velu et al. 2009).
Furthermore, blocking PD-L.1 with a monoclonal antibody led to increased HIV-
specific T-cell proliferation, and production of TNF-o, IFN-y, and granzyme B
(Day et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006). However, given that
blocking or eliminating PD-1 or its ligands can accelerate autoimmune disease, we
must better understand the immunoregulatory roles of PD-1-PD-L pathway to
determine how to modulate this pathway to effectively activate virus-specific
T cells while minimizing the risk of immunopathology.

5.3 PD-1 in Antitumor Immunity

There are accumulating evidences that tumors exploit PD-1-dependent immune
suppression for immune evasion. The expression of PD-L1 and PD-L2 has been
found on a wide variety of solid tumors and hematologic malignancies. In addition,
PD-1 expression on tumor infiltrating lymphocytes has been reported, suggesting
that these T cells are functionally exhausted. Strikingly, a strong correlation
between PD-Ls expression on tumor cells and unfavorable prognosis has been
demonstrated for various cancers including kidney, ovarian, esophageal, bladder,
gastric, and pancreatic cancers and melanoma (Thompson et al. 2004; Ohigashi
et al. 2005; Wu et al. 2006; Hamanishi et al. 2007; Nakanishi et al. 2007; Nomi et al.
2007; Hino et al. 2010). Thompson et al. have analyzed the expression of PD-L1 on
renal cell carcinoma and found that patients with high tumor and/or lymphocyte
PD-L1 levels were 4.5 times more likely to die of their cancer than patients
exhibiting low levels of PD-L1 expression (Thompson et al. 2004). Hamanishi
et al. reported that patients with tumors positive for both PD-L1 and PD-L2 showed
dramatically lower survival rate than patients with tumors negative for both of these
ligands (46% vs. 83% for 5-year survival) (Hamanishi et al. 2007).

To date, many groups reported that PD-Ls on tumor cells suppressed antitumor
immunity by inhibiting T-cell activation and lysis of tumor cells, or inducing
apoptosis of tumor-specific T cells (Iwai et al. 2002; Curiel et al. 2003; Hirano
et al. 2005). PD-Ls on tumor-associated DCs also suppressed the activation of
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antitumor T cells. Accordingly, the efficacy of PD-1 blockade in tumor eradication
has been demonstrated in various experimental systems. The blocking strategies
used include blocking antibodies against PD-1 and PD-L1, DNA vaccination of the
extracellular region of PD-1, genetic ablation of PD-1 gene, RNA interference, and
recombinant protein of the extracellular region of PD-1 and PD-L1 (Iwai et al.
2002, 2005; Curiel et al. 2003; Blank et al. 2004; He et al. 2004; Hirano et al. 2005;
Terawaki et al. 2007; Borkner et al. 2010).

Currently, two monoclonal antibodies against PD-1 are in clinical trials for
cancer and hepatitis C virus infection. ONO-4538/MDX-1106 is a fully human
IgG4 monoclonal antibody against human PD-1. Phase I clinical trial of ONO-
4538/MDX-1106 has been performed on 39 patients with nonsmall-cell lung
cancer, renal cell carcinoma, colorectal cancer, melanoma, and prostate cancer
(Brahmer et al. 2010). ONO-4538/MDX-1106 was well tolerated although one
serious adverse event, inflammatory colitis was observed. One patient with colo-
rectal cancer had a complete response and two patients with renal cell carcinoma
and melanoma had partial responses (>30% regression) (Fig. 4). In addition,
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Fig. 4 Tumor regression in patient with metastatic renal cell carcinoma (RCC) and melanoma
after repeated dosing with anti-PD-1 monoclonal antibody (MDX-1106). (a) Patient with RCC
with regression of metastases in mediastinal lymph nodes after receiving three doses of MDX-
1106. (b) Patient with melanoma experienced a partial response after receiving 11 doses of MDX-
1106. Biopsies of a regressing axillary lymph node metastasis infiltrated with CD8 T cells.
Figures are taken from the original paper (Brahmer et al. 2010) with permission
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significant lesional tumor regressions not meeting PR criteria were observed in two
patients with melanoma and nonsmall-cell lung cancer. CT-011, which was origi-
nally generated as a monoclonal antibody against B lymphoblastoid cells and
developed as a drug for cancer for its lymphocyte-activating and tumor-regressing
activities, turned out to recognize PD-1 (Berger et al. 2008). Phase I clinical trial of
CT-011 has been performed on six patients (follicular B-cell lymphoma, chronic
lymphocytic leukemia, Hodgkin’s lymphoma, multiple myeloma, and acute mye-
loid leukemia) and no severe adverse events were observed. Clinical benefit was
observed in 33% of the patients with one patient with follicular B-cell lymphoma
showed complete remission. One minimal response was observed in an acute
myeloid leukemia patient. The other four patients have shown stable disease for
>35 weeks.

Further clinical studies are expected to reveal the efficacy of PD-1 blocking
antibodies for the treatment of cancer. A low-molecular compound that can block
PD-1 signal more efficiently may also appear based on the crystal structure of PD-1/
PD-Ls. In addition, combinatorial treatments of PD-1 blockade and other immu-
notherapies including cytokine therapies, vaccination with tumor-associated anti-
gens, blockade of other immunoregulatory molecules, infusion of activated DCs,
and depletion of Tregs may help further improve therapeutic potential against
tumors.

6 Conclusions

Since PD-1 was initially identified in 1992, accumulating evidences suggest that
PD-1 and its ligands are key regulators in T cells activation and tolerance followed
by induction and maintenance of peripheral tolerance. Subsequently, it became
clear that PD-1 pathway plays crucial roles in the regulation of autoimmunity,
transplantation immunity, infectious immunity, and tumor immunity. This
biological significance of PD-1 and its ligands sheds light on the development of
therapeutic strategies against clinical incurable diseases by manipulating the PD-1
pathway. Indeed, many groups are trying to develop not only PD-1 antagonists for
the treatment of cancer and infectious disease but also PD-1 agonist for the
treatment of autoimmune disease and transplantation rejection (Fig. 5). However,
it still remains unclear how the expressions of PD-1 and its ligands are spatially and
temporally regulated and what are the molecular mechanisms of signaling through
PD-1 and its ligands. It is important to understand how PD-1 pathway mediates its
inhibitory pathways. Recent observations have revealed that other inhibitory recep-
tors, such as 2B4, LAG-3, CTLA-4, PirB, GP49, and CD160, were co-expressed on
exhausted CD8 T cells during chronic infections (Blackburn et al. 2009). There is
considerable diversity in the number and type of inhibitory receptors that can be
expressed by T cells during virus infection, and these diverse inhibitory pathways
appear to cooperate with PD-1 pathway in regulating T-cell function. Thus, further
studies are required to address whether these diverse inhibitory receptors as well as
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Fig. 5 Biological significance of PD-1-PD-L pathway and its clinical application. Blockade of
PD-1 pathway with antagonist antibody, such as anti-PD-1 or anti-PD-L, augment immune
responses and may be useful in the treatment of cancer and infectious disease. Triggering PD-1
pathway with agonist antibody or by delivery of PD-L gene/protein suppress adverse immune
responses and can be used for the treatment of autoimmune disease, allergy, and transplant
rejection

PD-1 are also involved in the coregulation of autoimmunity and tumor immunity.
Such studies will not only provide a better mechanistic understanding of the PD-1
pathway in regulating T cell responses but will also facilitate precise manipulation
of this pathway therapeutically.
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viral infections, immune function is rapidly suppressed leading to viral persistence.
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Immune suppression is a critical obstacle to the control of many persistent viral
infections such as HIV, hepatitis C, and hepatitis B virus, which together affect
more than 500 million individuals worldwide. Thus, the ability to therapeutically
enhance immunity is a potentially powerful approach to resolve persistent infec-
tions. The host-derived cytokine IL-10 is a key player in the establishment and
perpetuation of viral persistence. This chapter discusses the role of IL-10 in viral
persistence and explores the exciting prospect of therapeutically blocking IL-10
to increase antiviral immunity and vaccine efficacy.

1 Introduction

1.1 Immune Dynamics During Acute and Persistent Virus
Infection: The Failure of Antiviral Immunity

Viral invasion is rapidly detected through the triggering of pattern recognition
receptors such as toll-like receptors (TLRs) and the retinoic acid-inducible gene
1-like helicases (RIG-I). The presence of viral genome triggers TLRs and RIG-I
to stimulate production of type I interferon (i.e., IFNa and B) as well as other
immunomodulatory proteins (Koyama et al. 2008; Schlee and Hartmann 2010).
Type I interferons control early viral replication by directly fostering apoptosis and
hindering proliferation of virally infected cells, as well as strongly stimulating
cytotoxic natural killer (NK) cells (Biron et al. 1999; Gartel et al. 1996; Tanaka
et al. 1998). In addition to orchestrating the innate inflammatory environment,
interferons play important roles in directing adaptive immune responses to effec-
tively combat viral assault (Goodbourn et al. 2000).

Successful resolution of viral infection and the subsequent establishment
of lasting immunological memory hinge upon the effecter cells of the adaptive
immune system. The interplay of CD4 and CD8 T cell, and B cell responses
ultimately dictates the outcome of infection. Naive CD4 and CD8 T cell responses
are primed by dendritic cells (DC). DC direct the type of T cell responses generated
based on the cytokine environment and general millicau in which antigen is
encountered (Banchereau and Steinman 1998). Effective antiviral CD8" T cytolytic
lymphocytes (CTL) responses are primed by DC via cognate interactions of the T
cell receptor (TCR) with peptide/major histocompatibility class I (MHC I) com-
plexes resulting in cellular activation and a clonal expansion of antigen specific
cells. CTL produce multiple inflammatory cytokines, such as IFNy and TNFa, and
have the ability to lyse infected cells. Concurrently, CD4" T cells are activated by
DC and differentiate into distinct T helper (Th) subsets that shape ensuing CD8 T
and B cell responses (Fahey and Brooks 2010). Classically speaking, CD4" Thl
responses are tailored to combat intracellular infections via production of IFNvy,
TNFo, IL-2, and the perpetuation of the inflammatory environment. Levels of
costimulatory molecules (i.e., CD80/86 and CD40) and the cytokine environment
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(notably IL12 and interferons) promote Th1 differentiation (Constant and Bottomly
1997). At the same time, and dependent on CD4 T cell help, B cells are activated
and produce antibody to further neutralize virus. After the peak of this acute
response, virus-specific T cells undergo significant contraction and further differ-
entiation into stable memory populations (Kaech et al. 2002). Ultimately, it is the
summation of all these events that lead to successful viral clearance and memory
differentiation to prevent reinfection.

In most situations, this concerted effort of innate and adaptive responses is
effective in eliminating the pathogen. However, in some cases, the acute resolution
of infection is incomplete and viral persistence results. Herpes simplex virus,
human cytomegalovirus (HCMV), and Epstein—Barr virus (EBV), along with y2-
herpes virus in mice, are hallmark examples of infections that develop lifelong viral
persistence by “hiding” from the immune response. This presence of latent/reacti-
vating infection is associated with functional T cell responses that control viral
replication upon reemergence. In contrast, human immunodeficiency virus (HIV),
hepatitis C virus (HCV), and hepatitis B virus (HBV) infections in humans, and
lymphocytic choriomeningitis virus (LCMV) infection in rodents, establish persis-
tent infections characterized by sustained high levels of viral replication and
immunosuppression (Klenerman and Hill 2005). In response to these persistent
infections, virus-specific CD4 and CDS8 T cells are physically deleted or persist in
an attenuated (termed exhausted) developmental program unable to proliferate
to viral antigens or produce important antiviral and immunostimulatory cytokines
(e.g., IFNy, TNFa, IL-2) (Brooks et al. 2006a; Gallimore et al. 1998; Wherry et al.
2003, 2007; Zajac et al. 1998). The physical deletion of high affinity CTL and the
low amount of remaining virus-specific CD8 T cells, in conjunction with the loss of
cytokine production, the inability to proliferate to viral antigen and attenuated CD4
Th cell and B cell responses all culminate in the failure to purge infection. The
exhausted state is characterized by a unique transcriptional profile featuring up-
regulation of the transcription factor Blimp1 and inhibitory cell surface molecules,
such as programmed death receptor 1 (PD1), along with down modulation of
cytokine and TCR signaling molecules (Agnellini et al. 2007; Shin et al. 2009;
Wherry et al. 2007). Thus, T cell exhaustion is a unique T cell developmental
program, still active and exerting some control over virus replication (Battegay
et al. 1994; Elsaesser et al. 2009; Frohlich et al. 2009; Matloubian et al. 1994; Yi
et al. 2009), but distinct from the productive T cell responses during acute infection
or the anergic/tolerant responses to self-proteins (Wherry et al. 2007).

Although potentially counter-intuitive, induction of this exhausted state is an
important mechanism by which excessive immunopathology and death are avoided
in the face of persistent antigen load. Our laboratory and others have demonstrated
that host immunosuppressive factors potentiate the exhausted phenotype, even at
the expense of facilitating viral persistence (Barber et al. 2006; Brooks et al. 2006b;
Ejrnaes et al. 2006; Thimme et al. 2001) The benefits of this immune strategy
are apparent in persistent LCMV infection, where rapid mortality occurs when T
cell responses are therapeutically augmented to prevent exhaustion during the
initial response (Barber et al. 2006; Yi et al. 2009). Excitingly, however, there are
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conditions in which early augmentation to prevent T cell exhaustion can be
productive in clearing persistent infections without producing fatal immunopathol-
ogy (Brooks et al. 2006b; Ejrnaes et al. 2006; Tinoco et al. 2009).

The immunoregulatory cytokine IL-10 has been shown to be a key host factor
in inducing and maintaining T cell exhaustion and facilitating viral persistence
(Bachmann et al. 2007; Brooks et al. 2006b; Ejrnaes et al. 2006; Humphreys
et al. 2007; Moore et al. 2001). This review focuses on the potential of therapeu-
tically manipulating IL-10 to safely promote clearance of viral infection without
disturbing normal immune homeostasis and inadvertently inducing immunopa-
thology.

2 The Impact of Host-Based Regulatory Mechanisms in
T Cell Exhaustion

2.1 Discovery That Host-Based Suppressive Factors Inhibit
Clearance of Persistent Viral Infection

Both general and virus-specific immune suppression has been well-established
during persistent viral infection; however, the mechanisms that govern this
phenomenon have only recently been brought to light. Many persisting viruses
(e.g., HCMV, HIV, HCV ) encode proteins that actively suppress immunity either
by direct inhibition of T cell responses and/or by down-regulating antigen rec-
ognition molecules (Klenerman and Hill 2005; Slobedman et al. 2009). Other
persistent viruses (e.g., LCMV) do not encode suppressive factors yet their infec-
tion still rapidly leads to a suppressive state (Ahmed et al. 1984). This suggests
that the inability to rapidly control infection triggers a suppressive program within
the host.

The seminal discovery by Rafi Ahmed and colleagues that blockade of the host-
encoded protein programmed death (PD) ligand 1 (PD-L1) restored function to
exhausted CD8 T cells and enhanced control of persistent LCMYV infection, led to
the realization that the host itself potentiates immune suppression during viral
persistence (Barber et al. 2005). The suppressive role of PD-1/PD-L1 interaction
was promptly demonstrated to suppress CD8 T cell responses to a variety of diverse
persistent infections in vitro including the RNA viruses HIV (a retrovirus) and HCV
(a flavivirus) and the DNA virus, HBV (a hepadnavirus) as well as in vivo against
SIV (a non-human primate retrovirus) (Boni et al. 2007; Day et al. 2006; Petrovas
et al. 2006; Trautmann et al. 2006; Urbani et al. 2006b; Velu et al. 2008). The
diversity of these viruses with respect to replication strategies, target organs, and
infected cell types highlights the conserved role of PD-1/PD-L1 mediated immuno-
suppression and establish that the host is a powerful inhibitor of T cell immunity
during persistent infection.
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2.2  Multiple Regulatory Factors Suppress T Cell Responses
During Viral Persistence

Shortly following the identification of PD-1 mediated immunosuppresion during
viral persistence, the dominant role of IL-10 in attenuating effector T cell responses
to initiate persistent infection was established (Brooks et al. 2006b; Ejrnaes et al.
2006). Infection of mice with a persistent, but not an acutely cleared variant of
LCMYV leads to sustained expression of IL-10 by multiple immune cell subsets and
functional exhaustion of CD4 and CD8 T cells (Brooks et al. 2006b; Ejrnaes et al.
2006). However, when IL-10 activity was neutralized, either using mice genetically
deficient in IL-10 expression or antibodies that block the IL-10 receptor (IL-10R),
immune function was sustained and the otherwise persistent virus was rapidly
cleared. Persistent LCMV replicated to high titers in wild-type and IL-10 deficient
mice 5 days postinfection and prior to the onset of T cell responses. By day 9, T
cells did not lose function in IL-10-deficient mice, and they were able to clear
persistent LCMV whereas viral titers remained high in wild-type mice (Brooks
et al. 2006b). CD8 T cells were required for this clearance since depletion of CD8 T
cells in IL-10-deficient mice prior to infection led to LCMYV persistence (E. Wilson
and D. Brooks, unpublished observation). This was the first identification that a
single factor was responsible for derailing the immune response to permit viral
persistence and importantly that sustaining T cell immunity could facilitate the
clearance of an otherwise persistent infection.

Subsequently, multiple immunoregulatory factors were identified to limit T cell
responses during viral persistence, including TGFp, Tim3, CTLA4, CD27/CD70
(Jones et al. 2008; Kaufmann et al. 2007; Matter et al. 2006; Tinoco et al. 2009).
Exhausted CD8 T cells simultaneously express multiple negative regulatory factors
during persistent infection (Blackburn et al. 2009) and these factors can simulta-
neously, but via different pathways, limit T cell activity (Blackburn et al. 2009;
Brooks et al. 2008a). Further, a single suppressive factor can differentially affect
distinct T cell populations. For example, blockade of CTLA4 during persistent
LCMV infection did not impact CD8 T cell responses in vivo (Barber et al. 2005),
whereas it did enhance HIV-specific CD4 T cell responses in vitro (Kaufmann et al.
2007). Similarly, IL-10 directly limits CD4 T cell responses, but not CD8 T cell
responses, to an acute LCMYV infection (Brooks et al. 2010). In addition to T cells,
IL-10 and other suppressive factors modulate multiple immune subsets including B
cells, DC, macrophages, and NK cells to contribute to enhanced virus control. The
diversity in suppressive mechanisms provides the potential opportunity to individ-
ually manipulate T cell responses (particularly in combination with therapeutic
vaccines) to produce the optimal effector response required to control a specific
viral infection (see discussion later). Antibody therapies that block multiple sup-
pressive pathways additively increase antiviral T cell activity (Blackburn et al.
2009; Brooks et al. 2008a). Thus, although increased production of suppressive
factors by the immune system itself ultimately leads to the demise and failure of
antiviral immunity, these factors can be inhibited for therapeutic benefit.
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2.3 Differential Impact of Reversing T Cell Exhaustion During
Viral Persistence

Understanding the mechanisms and coordination of the multitude of suppressive
factors involved in immunoregulation is crucial to the design of effective antiviral
therapies. Therapeutic strategies that target host-based factors to restore immune
function are less susceptible to resistance via viral mutation as they do not target a
specific viral protein. Thus, blockade of host-based negative regulatory factors
could be effective against diverse persistent viruses that induce T cell exhaustion
without engendering viral resistance.

Although extremely promising, the efficacy of blocking suppressive factors to
enhance antiviral immunity in humans remains unclear. However, recent evi-
dence blocking PD-1 in SIV-infected rhesus macaques suggests that these block-
ade strategies may be effective (Velu et al. 2008). Short-term PD-1 blockade (four
treatments over 10 days) provided long-term restoration of T cell responses that
correlated with enhanced STV control. Interestingly, memory B cell responses and
SIV-specific antibody production were also increased following PD-1 blockade.
The reason for the increased B cell responses was not elucidated and could be due
to either direct or indirect mechanisms (e.g., enhanced CD4 T cell help to B cells),
but does indicate the exciting prospect that targeting a single molecule may
simultaneously enhance multiple arms of the immune response culminating in
virus control.

In total these studies indicate the incredible effect of blocking regulatory factors
to enhance T cell function during viral persistence; however, this is not without
potential negative impact. These dominant regulatory factors and pathways are
instilled to prevent errant or unrestricted immune responses. Even in the absence of
overt infection, deficiencies in these factors can lead to the massive expansion of
effector-like T cells and a variety of autoimmune disorders (Hedrich and Bream
2010; Moore et al. 2001). In response to an infection, the inability to attenuate T cell
responses can lead to severe immunopathology and death. For example, persistent
LCMYV infection is fatal in PD-L1 knockout mice (Barber et al. 2005) and while
IL-10-deficient mice survive and clear persistent LCMV infection (Brooks et al.
2006b; Ejrnaes et al. 2006), they are more susceptible to death in response to higher
doses of persistent LCMV when compared with IL-10 sufficient hosts (D.G. Brooks,
unpublished observations). Further, treatment with the immunostimulatory cytokine
IL-21 during the early phase of persistent LCMYV infection dramatically elevated
virus-specific CD8 T cell responses and mortality (Yi et al. 2009). Thus, although
detrimental to virus clearance, it is likely that the increased expression of negative
regulatory factors and T cell exhaustion is a conserved and rapid mechanism to
prevent lethal immunopathology when the host “senses” that virus replication has
out-competed the immune response to it. In some instances, enhanced immuno-
pathology is observed in the absence of IL-10 regulation without an effect on viral
replication, as is the case during a neurotropic model of mouse hepatitis virus
infection (Lin et al. 1998). On the other hand, once chronic infection has been
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established and T cell numbers have contracted, reversing exhaustion appears to be
well handled in animal models of LCMYV and SIV infection (Barber et al. 2005;
Brooks et al. 2008a, b; Velu et al. 2008). The relationship between T cell exhaustion
(i.e., attenuating T cell responses), excessive immunopathology, and host survival
must be carefully considered when optimizing therapies targeting host suppressive
factors, particularly if instituted early during persistent virus infection.

Despite freeing virus-specific T cells to fight infection, blockade of regulatory
factors may simultaneously unleash the regulation of self-specific immune cells or
“tolerant” immune cells in multiple organs and in the case of IL-10 blockade,
particularly in the gut (Kuhn et al. 1993). Such a result could have the unintended
consequence of triggering autoimmunity or immune responses to ingested food or
endogenous enteric bacterial microbiota. It should be noted that overt autoimmu-
nity was observed neither in our studies when IL-10R blockade was implemented
during the chronic phase of LCMV infection (D.G. Brooks, unpublished observa-
tion) nor following PD-1 blockade in SIV-infected macaques (Velu et al. 2008).
However, these studies utilized short-term treatment regimens and longer term
therapy or different individuals’ dependence on a particular pathway to maintain
immune homeostasis that could affect negative responses. Thus, although therapies
that block negative regulators of immune function clearly hold tremendous antiviral
potential, the possible consequences should be carefully evaluated.

3 The Impact of IL-10 Toward Viral Persistence

3.1 The Diverse Roles of IL-10 During Viral Infection

IL-10 was initially known as cytokine synthesis inhibitory factor (CSIF) and was
first identified as a CD4 produced Th2 cytokine with the ability to indirectly repress
Th1 responses (Fiorentino et al. 1989; Moore et al. 2001). It is now evident that
multiple cell types including DC, B cells, macrophages, CD4 T cells, CD8 T cells,
NK cells as well as innate and adaptive regulatory T cells can produce IL-10 (Mege
et al. 2006; Moore et al. 2001).

The IL-10 receptor (IL-10R) is a class II cytokine family member composed
of two subunits: IL-10R1 is the unique ligand-binding subunit and IL-10R2 is
the signaling subunit that is shared with other family member cytokines (IL-22,
IL-26, IL-28, and IL-29) (Donnelly et al. 2004). Dimerization of the receptor
by IL-10 results in signaling through STAT3 and activation of gene expression
(Kotenko et al. 1997; Liu et al. 1994; Moore et al. 2001; Spencer et al. 1998).
Specificity of IL-10 responsiveness is dictated both by the expression of IL-10R1
and availability of the cytokine (Brooks et al. 2006b, 2010). The signaling subunit
(IL-10R2) is constitutively expressed by most cells, while IL-10R1 is differentially
regulated by activation in a cell type specific manner in hematopoietic cells and is
inducible on non-hematopoietic cells (Donnelly et al. 2004; Moore et al. 2001).
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Figure 1 illustrates some of the important targets of IL-10 signaling in persistent viral
infections.

IL-10 aborts T cell responses when present during priming and can inhibit
ongoing T cell activity to viral infections (Brooks et al. 2006b; Ejrnaes et al.
2006; Groux et al. 1996; Steinbrink et al. 1997). It acts directly on antigen-
presenting cells to decrease stimulatory molecule expression (i.e., MHC class I
and class II, B7-1, B7-2), alter cytokine production, and prevent maturation ulti-
mately dampening T cell activation (Carbonneil et al. 2004; Fiorentino et al. 1991;
Moore et al. 2001; Steinbrink et al. 1997). In addition to these indirect effects, IL-10
can also act directly on T cells to limit proliferation, functional differentiation, and
effector activity (Brooks et al. 2010; Maynard and Weaver 2008). Although con-
troversial, emerging data also indicate that genetic polymorphisms in the IL-10
promoter that result in lower IL-10 production are associated with clearance
of HCV infection and enhanced viral control during chronic HCV, HBV, HIV,
and EBV infections further supporting the important role of this cytokine in host

Decreased and enhanced proliferation
Decreased antiviral antibody

l

. — 'K
Drives Treg differentiation o : :
Inhibits proliferation/ function h : “__10 : —*) Inhg#;igﬂzig;;%n C

, N\
-

Diminishes stimulatory capacity for Alters cytokine production
T cells & alters cytokine patterns Enhances anti-inflammatory molecules

Fig. 1 Effects of IL-10 on distinct cellular targets during persistent viral infections: IL-10-
mediated immunosuppression in response to viral infection occurs via both direct and indirect
modulation of APC function, T and B cell activity. This figure denotes some of the important
functional consequences of IL-10 targeting of distinct immune subsets. Note that IL-10 likely acts
on multiple other immune and non-immune cells during viral persistence and the overall influence
of IL-10 is likely a summation of all these effects. Additional mechanisms of IL-10-mediated
immune modulation have been described in bacterial and autoimmune models, and investigating
these pathways in viral persistence will be informative
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immunosuppression (Cheong et al. 2006; Helminen et al. 1999; Paladino et al.
2006; Shin et al. 2000, 2003).

Counter to its negative regulatory functions, IL-10 can positively stimulate NK
cells, in some instances CD8 T cells and induce B cell proliferation and antibody
production (Foulds et al. 2006; Kang and Allen 2005; Moore et al. 2001). Thus,
although generally immunosuppressive, IL-10 can function through a variety of
mechanisms (likely simultaneously) to fine-tune the pathogen-specific immune
response. In total, these data emphasize the diverse functions (many of which
may be pathogen specific) that IL-10 plays to regulate multiple immune parameters.

IL-10 plays a major role in limiting autoimmune disease under steady-state
conditions by controlling circulating, self- or gut microbiota-reactive T cells.
Consistent with this role, IL-10 knockout (KO) mice develop inflammatory bowel
disease (IBD)/colitis, approximately 8 weeks after birth (Davidson et al. 1996;
Kuhn et al. 1993). Both CD4 T cells as well as resident enteric bacteria were
required for the emergence of colitis indicating that under steady-state conditions
IL-10 serves to suppress immune activation against the endogenous gut microbiota
(Kuhn et al. 1993; Sellon et al. 1998). Although autoimmunity was not generally
observed in other organs of IL-10 deficient mice, it is likely that the cytokine also
negatively regulates immunity in other tissue compartments. Specific incidence of
IBD and colitis demonstrate the key importance of IL-10 in immune homeostasis to
gut antigens.

3.2 Sources, Mechanisms, and Targets of IL-10 During
Persistent Viral Infection

Sources: As discussed earlier, IL-10 can be produced by a variety of cell types to
regulate their own and other cells functions. During persistent viral infection,
multiple cell types have been identified to produce IL-10, generally with immuno-
suppressive effects (Belkaid and Tarbell 2009; Rouse et al. 2006). The dominant
IL-10 producing cell type varies with different viral infections likely reflecting
inherent differences in the pathogen-specific response as well as tissue-specific
immune regulation. Although individual IL-10 expressing cells may exert some
level of suppression, it is likely that during persistent viral infections, the suppres-
sive state mediated by IL-10 is maintained by multiple cells types that individually
limit a variety of immune parameters, with the final effect being the inability to
clear infection.

CD4 T cells were the first identified and are probably the most recognized IL-10
producing cell type. Upon activation and in response to the antigenic environment,
CD4 T cells differentiate into multiple Th subsets. These different subsets have
both unique and overlapping qualities with multiple Th subsets capable of produc-
ing IL-10 (Maynard and Weaver 2008). Initially identified as a Th2 cytokine
(Fiorentino et al. 1989), IL-10 can also be produced by Thl, Th17, T follicular



48 E.B. Wilson and D.G. Brooks

helper and both natural (Foxp3+) and induced (Foxp3-) T regulatory (Treg) cells
(Maynard and Weaver 2008). In general, IL-10 production by CD4 T cells during
viral persistence is associated with the inducible Trl Treg population consisting of
both virus-specific and nonspecific cells (Rouse et al. 2006). The mechanism of Tr1
cell emergence in persistent infection is not known. They may arise nonspecifically
as a bystander effect of general T cell activation, they may be preferentially induced
in an effort to limit excessive immunopathology, or they could have deliberately
evolved to arise in instances of prolonged immune activation. Finally, a variety of
IL-10 expressing CD4 Th cells may be lumped into the Trl category with “regula-
tion” as only one of their potentially diverse functions.

The actual impact of Treg produced IL-10 in limiting virus-specific responses
during persistent viral infection remains largely unclear. IL-10-mediated Treg
activity during viral persistence is observed following infection of mice with Friend
virus (FV). IL-10 expressing CD4 Treg cells are activated following FV infection
and limit antiviral CD8 T cell responses in vivo facilitating increased persistent
virus replication (Dittmer et al. 2004). However, inhibition of Treg activity alone
did not enhance control of virus replication, which required the adoptive transfer of
large amounts of FV-specific CD8 T cells that could now function in the absence of
IL-10 signals. Interestingly, FV-induced immunosuppression was IL-10-dependent.
However, IL-10 was not the Treg effector mechanism required to suppress CD8 T
cells (Dittmer et al. 2002, 2004). IL-10 present during CD4 T cell priming can
induce anergy, but also programs the development of additional IL-10 producing
CD4 T cells (Groux et al. 1996, 1997). In such a manner, Treg produced IL-10
could promote the differentiation of more Treg cells as opposed to directly supp-
ressing antiviral function, the latter being performed by other Treg-produced
inhibitory mechanims. Thus, IL-10 would be important for suppressing T cell
responses, but would not itself be the direct effector mechanism.

Early following persistent LCMYV infection, virus-specific IL-10 producing CD4
T cells are observed, but IL-10 protein expression rapidly decreases in conjunction
with other Thl cytokines (Brooks et al. 2005). IL-10 producing CD4 T cells are
observed throughout persistent LCMYV infection; however, they are relegated to the
non-virus-specific CD4 T cell subset (Brooks et al. 2006b; D. Brooks, unpublished
observation). Further, the amount of non-LCMV-specific IL-10 producing CD4 T
cells in the spleen is similar during acute and persistent LCMYV infection (E. Wilson
and D. Brooks, unpublished observation). It will ultimately be interesting and
important to determine whether these non-LCMV-specific CD4 T cells regulate
the virus-specific immune response and the outcome of deleting these cells toward
clearance of persistent LCMV infection.

In addition to CD4 T cells, IL-10 producing CD8 T cells, monocytes/macro-
phages, dendritic cells, B cells, and NK cells are observed during persistent viral
infections (Couper et al. 2008). During persistent LCMV infection, IL-10 is pro-
duced by multiple cell types including NK cells, DC, and B cells (Brooks et al.
2006b) all of which likely contribute to immune regulation. MCMV persistence in
the salivary gland of infected mice is dependent on IL-10 producing CD4 T cells
(Humphreys et al. 2007), whereas B cell produced IL-10 suppresses CD8 T cells in
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the spleen during MCMYV infection (Madan et al. 2009). Thus, different cell types
utilize IL-10 in a compartmentalized fashion to suppress distinct facets of immunity
in the same host during persistent infection. A multicell-mediated IL-10 response is
also observed during HIV infection (Brockman et al. 2009; Yang et al. 2009), with
monocyte/macrophages often comprising the largest IL-10 producing subset in the
peripheral blood (Hagiwara et al. 1995; Kumar et al. 1998; Said et al. 2010).
However, whether IL-10 producing cells differ in PBMC and tissue during HIV
infection, and if so, which cells produce IL-10 in various tissue compartments,
remains to be determined.

It will ultimately be critical to establish whether persistent viral infections are
the result of IL-10 production by a single cell type with other IL-10 producing
cells playing an auxiliary role or whether IL-10 production by multiple cell types
is necessary. In the case of the former, it will be important to define what cell type
produces the “relevant” IL-10 and how it aborts immunity. In the latter case, how
each cell type suppresses individual immune components will need to be deter-
mined. Answers to these questions are critical from both a biologic standpoint to
define the pathogenesis of persistent infection as well as from a therapeutic
standpoint to modulate IL-10 expression by cells inhibiting antiviral activity
while leaving other IL-10 producing cells intact to prevent autoimmunity and
immunopathology.

Perhaps most strongly corroborating the importance of IL-10 toward viral
persistence, several persistent viruses encode their own IL-10 homologs, including
EBV, HCMV, and some poxviruses to modulate the immune response and facilitate
replication, spread, and/or persistence (Slobedman et al. 2009). The first viral IL-10
(vIL-10) homolog to be identified was encoded by EBV with ebvIL-10 exhibiting ~70%
amino acid sequence identity with human IL-10 (hIL-10) (Moore et al. 1990).
EBV infects B cells leading to latent infection and in some cases B cell
transformation. Both hIL-10 and ebvIL-10 have similar immunosuppressive activ-
ity and stimulated B cell proliferation, differentiation, and antibody production
(Slobedman et al. 2009). However, ebvIL-10 had ~1,000-fold lower affinity for
the cellular IL-10R and failed to promote MHC class II upregulation by B cells or
to inhibit IL-2 production by CD4 T cells (Liu et al. 1997; Slobedman et al.
2009). Thus, in addition to its suppressive role permitting immune escape, an
important function of ebvIL-10 may be to target B cell proliferation and differen-
tiation thereby increasing the amount, permissiveness, and/or transformation of
infected cells without affecting the immune-stimulatory capacity. Similarly,
HCMV encodes an IL-10 homolog with 27% identity to hIL-10 (Kotenko et al.
2000; Lockridge et al. 2000). hIL-10 and cmvIL-10 exhibit similar immunosup-
pressive and stimulatory characteristics: inhibiting LPS-induced DC maturation,
cytokine production, and upregulation of multiple T cell costimulatory molecules
(Chang et al. 2004; Raftery et al. 2004). cmvIL-10 also inhibited type I interferon
production by pDC, a major source of type I interferon during viral infection
(Chang et al. 2009). As discussed, type I interferons stimulate the virus-specific
immune response and trigger a general antiviral state, but they also potently block
HCMV infection. As a result, cmvIL-10 may enhance the spread of HCMV while
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simultaneously suppressing the early immune response. Interestingly, in vivo
infection of mouse DC by murine CMV (MCMYV) induced many of these same
immunosuppressive effects despite not encoding an IL-10 homolog (Andrews
et al. 2001). Thus, in addition to the direct affect of HCMV encoded IL-10,
HCMV replication in DC in vivo may itself trigger an immunosuppressive
program. During viral latency, HCMV produces a shorter differentially spliced
IL-10 variant sharing some of the immunosuppressive qualities of the cmvIL-10
produced during productive infection (e.g., down-regulation of MHC class II on
monocytes); however, this homolog did not suppress DC maturation, costimu-
latory molecule induction, or induce proliferation of a B cell line (Jenkins et al.
2004, 2008; Spencer et al. 2008). The decreased expression of MHC II inhibited
CD4 T cell identification of latently infected cells allowing HCMV to evade
immune recognition without affecting other immune functions that may com-
promise infection (Cheung et al. 2009). Thus, in its lifecycle, HCMV utilizes
different IL-10 mediated suppressive mechanisms at different stages to persist.

Induction: One constant among persistent viruses is elevated expression of IL-10
and its direct correlation with viral replication (Brockman et al. 2009; Brooks et al.
2010; Cacciarelli et al. 1996; Yang et al. 2009). In addition to stimulatory factors,
virus replication inherently triggers counter-regulatory measures to ultimately
contain the immune response. Many signals inherent to immune activation induce
IL-10 expression, but the precise “sensors” of prolonged/heightened virus replica-
tion during persistent infection are yet to be determined. Pathogen-specific IL-10
induction is likely achieved through the integration of multiple virus- and host-
derived mechanisms and therefore will likely be dictated in a conserved and in a
pathogen-specific manner. It is possible that the same mechanisms responsible for
the initial recognition of viral infection and induction of IL-10 continue to function
throughout persistent infection. On the other hand (but certainly excluding the
latter), prolonged/elevated viral levels may trigger subsequent factors that serve
to continually stimulate IL-10 production.

As discussed in the introduction, the innate immune system initially senses viral
infection via pattern recognition receptors (including multiple TLRs) leading to
type I interferon production and activation of the immune response (Koyama et al.
2008; Schlee and Hartmann 2010). However, TLR signaling also induces counter-
regulatory molecules, including IL-10 (Saraiva and O’Garra 2010). Components of
HCV, CMV, EBV, and LCMYV all bind to TLR2 and TLR2, which in turn can
induce IL-10 expression via recruitment of the signaling adaptor MyD88 and
activation of ERK pathways (Ariza et al. 2009; Compton et al. 2003; Dolganiuc
et al. 2006; Zhou et al. 2008). In humans, HIV glycoprotein binding to a mannose
C-type lectin receptor (likely DC-SIGN) on the surface of monocyte derived-DC
led to IL-10 expression (Shan et al. 2007). In addition to stimulating IL-10, HIV,
and LCMYV, infections also lead to dysregulated type I interferon production
promoting a suppressive environment and further dampening the antiviral response
(Taylor et al. 1999; Zuniga et al. 2008). This is also true for HCV, where interaction
of the core protein with TLR2 results not only in upregulation of IL-10 expression
but also in decreased expression of type I interferon by Kupffer cells and pDC
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(Dolganiuc et al. 2006; Tu et al. 2010). A second HCV protein, NS3, concurrently
upregulated IL-10 and down-regulated IL-12 expression by macrophages and DC,
leading to diminished T cell stimulatory capacity in vitro (Dolganiuc et al. 2003;
Eisen-Vandervelde et al. 2004). Therefore, increased/prolonged levels of antigen
may continue to trigger these same innate receptors throughout infection leading to
sustained IL-10 expression while simultaneously down-modulating stimulatory
factors and potentiating the immunosuppressive environment.

Continued viral infection also stimulates the de novo expression of factors that
potentially modulate IL-10 expression. PD-1/PD-L1 interaction suppresses anti-
viral T cell activity during persistent viral infection, and has also been shown to
increase IL-10 expression (Dong et al. 1999). A recent study (Said et al. 2010)
demonstrated that peripheral blood monocytes from HIV viremic individuals
express high levels of PD-1. Stimulation of PD-1 with antibody or PD-L1 trans-
fected cells induced IL-10 expression capable of limiting CD4 T cell proliferation
in vitro. These data demonstrate that PD-1 stimulation can activate IL-10 expres-
sion and suppression of antiviral immunity. Interestingly, during persistent LCMV
infection, we observed similar levels of IL-10 RNA expression in wild-type and
PD-L1 KO mice (Brooks et al. 2008a), indicating that PD-L1 and IL-10 largely
interact via different pathways. Functioning through different suppressive pathways
was also consistent with the ability of dual IL-10 and PD-L1 blockade to additively
increase exhausted T cell function compared with either IL-10R or PD-L1 blockade
alone (Brooks et al. 2008a). The difference between these studies may relate to the
fact that although most of the monocytes express PD-1, very few produced IL-10
upon PD-1 triggering. As a result, in PD-L1 KO mice, the amount of IL-10
triggered by PD-1 on monocytes may not substantially impact the overall level of
IL-10 expression. On the other hand, although only a small fraction of monocytes
were stimulated to produce IL-10 by PD-1stimulation, these cells may be function-
ally distinct from other monocyte subsets and, therefore, may have an enhanced
ability to affect T cell immunity while not contributing significantly to global
IL-10 production. Thus, it remains to be determined whether the population of
IL-10 producing monocytes in vivo impact CD4 T cell responses similarly to that
observed in vitro.

We and others also recently identified the important and progressive role of IL-
21 in sustaining CD8 T cell responses during prolonged periods of virus replication
(Elsaesser et al. 2009; Frohlich et al. 2009; Yi et al. 2009). For us, these experiments
were initiated in our effort to define the mechanism(s) that induce IL-10 during
LCMV persistence and based on the known role of IL-21 in stimulating IL-10
expression (Spolski et al. 2009). However, no change in IL-10 expression was
observed in mice lacking IL-21R expression (Frohlich et al. 2009; D.G. Brooks,
unpublished observation). Further, we have not observed changes in IL-10 RNA or
serum protein expression during persistent LCMV infection in mice deficient in
factors that stimulate IL-10 in other models of disease (E. Wilson and D. Brooks,
unpublished observations), including IL-27 and Galectin-1 (Ilarregui et al. 2009),
TLR2 (Sing et al. 2002), and MyD88 (Boonstra et al. 2006). In total the discrepancy
between IL-10 inducing factors in other disease models compared with persistent
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virus infection again indicates that multiple regulatory mechanisms can be insti-
tuted to suppress immunity in a pathogen/disease-specific manner.

Another mechanism of IL-10 induction may not result specifically from altera-
tions in factors produced, but instead changes in antigen-presenting cell subsets.
One of the defining characteristics of persistent LCMV variants is their ability to
bind with high affinity to their cellular receptor a-dystroglycan enabling efficient
infection of dendritic cells (Cao et al. 1998; Smelt et al. 2001). Because of infection,
DC become targets for CTL lysis and the loss of DC was associated with the
ensuing immunosuppression (Borrow et al. 1995; Sevilla et al. 2004). In particular,
the CD8a + DC subset is depleted during persistent LCMV infection and the
remaining CD8a-DC were shown to increase IL-10 production by virus-specific
CD4 T cells, which might in turn suppress antiviral CD8 T cell responses (Ejrnaes
et al. 2006). The preferential killing of mature DC during HIV infection by NK cells
in an IL-10-dependent fashion would similarly increase the frequency of immature
DC and potentially augment T cell responses (Alter et al. 2010). Further, MCMV
disruption of APC function leads to insufficient T cell activation, but the decreased
levels of MHC may also prevent DC interaction with T cells, thereby effectively
shifting the APC subsets that prime/sustain T cells. In reality, it is likely a culmina-
tion of all these events (and more yet to be discovered) that account for IL-10-
mediated immune suppression to persistent viral infection. The elucidation of how
IL-10 suppresses the immune response to facilitate persistence is actively being
investigated in our laboratory, and we anticipate that the results of these studies will
lead to important insight into how the host “senses” the level of virus replication
then progressively translates those signals into immune suppression.

Targets: Since IL-10 has been shown to attenuate numerous important biological
functions in persistent virus infections, it is likely that many relevant cellular targets
of IL-10 exist. The sum of all the IL-10 induced events (in conjunction with those
induced by other suppressive factors) act in concert to orchestrate immune suppres-
sion and facilitate viral persistence. Therapeutically, the targeting of multiple cell
types by IL-10 means that alleviating IL-10-mediated immunosuppression would
enhance several immune parameters compromised by persistent infection.

In HIV-infected individuals, IL-10 produced by PBMC inhibits CD4 and CD8 T
cell proliferation and cytokine production and blockade of IL-10 efficiently restores
these functions in vitro (Brockman et al. 2009; Clerici et al. 1994; Landay et al.
1996; Said et al. 2010). Interaction of HIV with DC stimulates IL-10 production
resulting in multiple functional defects (Alter et al. 2010; Shan et al. 2007).
Interestingly, immature and mature DC respond differently to HIV-induced IL-10
upregulation. Immature DC exhibits an aberrant resistance to NK cell-mediated
cytolysis, whereas mature DCs are targeted and destroyed by DC (Alter et al. 2010).
This APC switch results in an over represented presence of “toleregenic” DC during
HIV infection that may fail to sustain T cell responses and/or ineffectively prime de
novo T cell responses against evolving HIV mutants. There is also evidence that IL-10
augments B cell responses during HIV infection, inducing B cell exhaustion that may
hinder antibody production (Moir et al. 2008). In some circumstances, IL-10 is a
positive regulator of CD8 T cells (Foulds et al. 2006; Groux et al. 1998; Kang and
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Allen 2005; Santin et al. 2000). In these situations, IL-2 is required for the stim-
ulatory effect of IL-10 on CDS8 T cells (Groux et al. 1998; Santin et al. 2000).
However, IL-2 production by CD4 and CD8 T cells is rapidly lost during persistent
infections (Brooks et al. 2005; Clerici et al. 1996; Klenerman and Hill 2005;
Petrovas et al. 2006; Semmo et al. 2005; Wherry et al. 2003; Younes et al. 2003).
Thus, the presence of IL-10 without IL-2 may lead to suppressive instead of
stimulatory CD8 T cell programming and highlights the important interplay between
stimulatory and suppressive factors that fine-tune the immune response to affect
the outcome of infection.

We and others have clearly established the dominant role of IL-10 in facilitating
LCMV persistence, and based on its translatability to human persistent viral infec-
tions, it is likely that LCMYV will be an important system to address IL-10-induced
immunosuppression. IL-10 is produced by multiple APC subsets during persistent
LCMV infection (Brooks et al. 2006b). Although priming of virus-specific CD4 and
CDS8 T cells is initially effective during persistent infection (Brooks et al. 2006a),
the subsequent interactions with APC (i.e., occurring after the initial priming
events) may attenuate ongoing T cell responses. CD4 T cell help is critical during
persistent LCMYV infection to sustain antiviral immune responses (Battegay et al.
1994; Matloubian et al. 1994). IL-10 directly targets CD4 T cells during an acute
LCMYV infection (Brooks et al. 2010) and similar diminution/alteration of the CD4
response by IL-10 during viral persistence may attenuate help, further exasperating
the debilitated immune response. IL-10 may also act directly on virus-specific
CD8 T cells, B cells, and/or NK cells to attenuate their function and facilitate
viral persistence. Identification of the relevant targets of IL-10 in vivo is currently
underway and should yield important insight into the mechanisms that abort
immune responses to facilitate viral persistence.

4 Targeting Immunosuppression: Potential Therapeutic
Applications for Blocking IL-10

The initial finding that IL-10R blockade prevented T cell exhaustion and facilitated
immune-mediated eradication of an otherwise persistent LCMYV infection (Brooks
et al. 2006b; Ejrnaes et al. 2006) was the first example that single factor could alone
suppress antiviral immunity to prevent virus clearance. In addition to early block-
ade of IL-10 to prevent T cell exhaustion and LCMYV persistence, late blockade of
IL-10 activity also enhanced T cell responses leading to control of an established
persistent infection (Brooks et al. 2008a, b). These findings indicate that IL-10
suppresses and can be targeted to restore antiviral immunity at multiple stages
throughout persistent infection (Fig. 2). Similarly, IL-10R blockade prevents
MCMV persistence, although in the latter case the enhanced antiviral effects
were accompanied by increased immunopathology (Brooks et al. 2006b; Campbell
et al. 2008; Ejrnaes et al. 2006; Humphreys et al. 2007; Oakley et al. 2008).
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Fig. 2 Blocking IL-10 to enhance antiviral immunity and vaccine efficacy: Overcoming IL-10-
mediated immunosuppression represents an exciting strategy to enhance antiviral T cell responses
both alone and in combination with other immunotherapies. Antibody blockade of IL-10 activity
alone boosts T cell function and enhances control of an established persistent LCMV infection.
Further, by alleviating IL-10-mediated suppression, viral-specific T cells become reactive to
otherwise ineffective therapeutic vaccines facilitating markedly enhanced T cell responses and
control of persistent infection. The upregulation of IL-10 during HIV and HCV infections suggests
that similar strategies may also effectively enhance antiviral immunity and control infection

Elevated serum levels of IL-10 are observed during many persistent virus
infections in humans and, similar to LCMYV infection, it correlates with diminished
T cell activity and increased viral replication (Brady et al. 2003; Cacciarelli et al.
1996; Clerici et al. 1996; Dolganiuc et al. 2003; Marin-Serrano et al. 2006; Orsilles
et al. 2006; Rico et al. 2001). Blockade of IL-10 in vitro restores function to HIV-
specific and HCV-specific T cells (Cacciarelli et al. 1996; Clerici et al. 1994;
Landay et al. 1996; Rigopoulou et al. 2005). Consistent with the correlation between
HIV replication and IL-10 expression, antibody blockade of IL-10 only increased
T cell function when cells were isolated from productively infected individuals
and had minimal impact when cells originating from patients with effectively
suppressed levels of HIV replication were analyzed (Brockman et al. 2009).
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However, in a separate study, IL-10 blockade was shown to efficiently boost
T cell responses even during effective anti-HIV therapy (in which HIV replication
and IL-10 expression were low) (Yang et al. 2009). In total, these multiple studies
demonstrate that blocking IL-10 during HIV infection can enhance antiviral T cell
responses, but importantly, they indicate that IL-10 differentially affects different
individuals and does so at distinct phases of infection.

The tight relationship between IL-10 and virus titers suggests that IL-10 may
serve as a rheostat to constantly modulate immunity in relation to changing levels of
virus replication. In agreement with this function, the experiments in which IL-10
was blocked to enhance HIV and HCV-specific responses were performed after cell
isolation techniques that eliminated in vivo produced IL-10 (Brockman et al. 2009;
Rigopoulou et al. 2005). These findings indicate that de novo IL-10 production
continually suppress T cell responses, suggesting that T cells are teetering on a fine
line between exhaustion and productive immunity. Once function is diminished,
blockade of no single factor restores T cell activity to that observed during an acute
infection. However, therapies that alleviate some level of suppression appear to
propel T cells across that fine line to better fight infection.

Recent research has clearly established that multiple negative immune-regu-
latory mechanisms are invoked to suppress T cell responses during viral persistence
(Blackburn et al. 2009). We recently demonstrated that at least two of these factors
(i.e., IL-10 and PD-L1) operate through distinct pathways to suppress immunity
(Brooks et al. 2008a). As a result, dual antibody blockade of IL-10 and PD-L1
during LCMV persistence significantly enhanced antiviral T cell responses com-
pared with blockade of either factor alone and rapidly controlled systemic viral
replication. Similarly, simultaneous blockade of PD-L1 and another inhibitory
receptor Lag-3 further enhanced T cell responses despite Lag-3 blockade alone
having only minimal effect (Blackburn et al. 2009; Richter et al. 2010). This is
particularly important because it indicates that there are layers of immunosuppres-
sion and that some negative regulatory pathways are dominant over others during
persistent infection. However, once the dominant suppression is relieved other
factors that appear to have limited function may become relevant and serve as
targets to additionally enhance antiviral immunity.

Because of the varied lifecycles of persistent viruses, it will ultimately be
important to determine how IL-10 blockade (as well as blockade of other negative
regulatory factors) impacts control of different viral infections. HIV rapidly estab-
lishes a long-lived latent reservoir that is able to rekindle infection after prolonged
periods of virus control (Chun et al. 1997; Finzi et al. 1997; Wong et al. 1997).
During latent infection, HIV remains hidden from immune recognition and as a
result would not be targeted by therapies that amplify immune function (Brooks
et al. 2003). However, in cases such as HCV infection, where a latent viral reservoir
is not established and therapeutic elimination of infection can be achieved, over-
coming exhaustion and boosting immunity by blocking IL-10 activity could further
control HCV replication. Thus, on the one hand, blockade of IL-10 (or other
regulatory factors) may facilitate control (perhaps even long-term control) over
HIV infection, but may not be able to completely eradicate infection because of
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immune-resistant latent reservoirs. On the other hand, a similar blockade of IL-10
during HCV infection may ultimately facilitate long-term clearance of infection
due to the absence of a long-lived latent reservoir.

IL-10 also regulates immunity to acute viral infections, limiting the magnitude
of the ensuing response, the production of effector cytokines and consequently
immunopathology, but generally without substantially impacting viral titers or
clearance kinetics. Infection of mice with Influenza often leads to severe immuno-
pathology, morbidity, and mortality, and IL-10 limits these negative effects (Sun
et al. 2009). Following influenza infection of mice, a large population of lung
infiltrating CD4 and particularly CD8 T cells produce IL-10 (Sun et al. 2009).
Blockade of IL-10 enhanced IFNy production leading to increased immunopathol-
ogy and mortality without impacting virus clearance. These data suggest that in
response to unknown cues, virus-specific CD8 T cells are capable of producing IL-10
to curb their own responses. IL-10 expression also restricted CD4 T cell responses
during influenza resulting in decreased antibody titers, whereas lack of IL-10
expression led to increased influenza-specific antibody production and enhanced
survival (Sun and Metzger 2008; Sun et al. 2010). Interestingly, IL-10-mediated
immunosuppression was linked to heightened susceptibility to secondary bacterial
infection following influenza infection (van der Sluijs et al. 2004), although many
factors likely contribute (Sun and Metzger 2008). IL-10 is rapidly upregulated
following acute LCMV-Armstrong infection, and although not to the extent
observed following persistent LCMV infection, it negatively regulated what is
generally considered the “optimal” antiviral immune response (Brooks et al.
2010). Interestingly, blockade of IL-10 activity directly enhanced both the quality
and the quantity of virus-specific CD4 T cell responses without affecting virus-
specific CD8 T cells, illustrating the differential regulation of T cell subsets
following infection. Minor decreases in virus titers were observed in acute
LCMV infected, IL-10 deficient mice, although both wild-type and IL-10-deficient
mice cleared virus with a comparable kinetic. Excitingly, this promiscuity of IL-10
further substantiates the ability to restore many diverse effector mechanisms by
blocking a single molecule. The increased expression and inhibitory activity of
IL-10 following acute viral infection suggest that IL-10 blockade may be an
effective adjuvant to prophylactic (i.e., preventative) vaccines to further enhance
immunity (Brooks et al. 2010; Darrah et al. 2010). This would be particularly true
for vaccines in which heightened CD4 T cell responses would be beneficial, such as
HCYV wherein the strength of the CD4 T cell response is an important determinant
of clearance (Gerlach et al. 1999; Grakoui et al. 2003; Thimme et al. 2001; Urbani
et al. 2006a).

Unlike prophylactic vaccines that aim to engender immune memory de novo,
therapeutic vaccines (i.e., vaccines delivered during an established viral infection)
must rebuild a debilitated immune response to now overcome the infection that it
could not initially control. Along this line, vaccine agents that are immunogenic
when administered to antigen naive individuals often fail to efficiently stimulate
immunity when provided prophylactically (Autran et al. 2004). Additionally, many
prophylactic vaccines rely on stimulating antibody production, whereas therapeutic
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vaccines will likely have to restore/stimulate antiviral T cell responses as well as
other immune parameters that are often refractory to further stimulation (Brooks
et al. 2008b; Ha et al. 2008; Wherry et al. 2005; Zuniga et al. 2008). The finding that
IL-10 actively inhibited T cell responses during persistent infection led us to
hypothesize that one reason therapeutic vaccination strategies have thus far failed
to resurrect/sustain T cell responses and control persistent infection is because they
do not alleviate the immunosuppressive environment. Consequently, even if T cell
responses could be restored, they would rapidly again succumb to the same con-
straints that had previously limited their responsiveness. Consistent with this
mechanism, we demonstrated that antibody blockade of IL-10 during an established
persistent viral infection permitted an otherwise ineffective DNA vaccine now
highly efficient at stimulating CD4 and CD8 T cell responses leading to accelerated
clearance of the persistent infection (Fig. 2) (Brooks et al. 2008b). In conjunction,
Rafi Ahmed’s group demonstrated that during persistent LCMV infection PD-L1
blockade similarly enhanced therapeutic vaccination with a live-replicating vaccine
vector (Ha et al. 2008). Together, our findings established the immunosuppressive
environment as an important factor inhibiting vaccination attempts to restore
antiviral T cell function during persistent viral infection and suggested that block-
ade of negative immune-regulatory molecules may ultimately prove a powerful
strategy to aid therapeutic vaccination and purge an established persistent viral
infection.

5 Past, Present, and Future

The initial discovery of IL-10 as an inhibitor of Thl differentiation has rapidly
diversified such that now IL-10 is widely considered a “master-regulator” of host
immunity. The conserved nature of IL-10-mediated suppression among evolution-
arily distinct species and the ability to boost immune function by blocking a single
factor, despite the presence of other very powerful negative immune regulators, is
quite astounding and speaks clearly to the significance of this pathway. However,
many important discoveries remain to be made concerning IL-10-mediated sup-
pression and how best to manipulate it for therapeutic benefit. The promiscuity of
IL-10 production and function suggests that its blockade could amplify multiple
antiviral mechanisms to control persistent virus replication. By understanding how
IL-10 regulates distinct components of the immune response, it may be possible to
block IL-10 production by or function on certain cells and unleash antiviral T cells
while maintaining regulation of those cells prevent immunopathology. Ultimately,
blockade of immune-regulatory factors holds great promise as an approach to
restore immunity and purge established persistent viral infections. The ability of
IL-10 and other inhibitory factors to operate at distinct levels of immune function
and on different cell subsets indicates the possibility of combinatorial blockade
cocktails to specifically enhance desired immune cell subsets and evoke different
immune responses; thus, paving the way into an age of rationale vaccine design.
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Abstract The Ly49 receptors, which are expressed in a stochastic manner on
subsets of murine natural killer (NK) cells, T cells, and other cells, are encoded
by the Klra gene family and include receptors with either inhibitory or activating
function. All of the inhibitory Ly49 receptors are characterized by an immunor-
eceptor tyrosine-based inhibitory motif in their cytoplasmic domain, which upon
phosphorylation recruits tyrosine or lipid phosphatases to dampen signals transmit-
ted through other activating receptors. Most of the inhibitory Ly49 receptors
recognize polymorphic epitopes on major histocompatibility complex (MHC)
class I proteins as ligands. Here, we review the polymorphism, ligand specificity,
and signaling capacity of the inhibitory Ly49 receptors and discuss how these
molecules regulate NK cell development and function.

M.T. Orr (D<) and L.L. Lanier (<)

Department of Microbiology and Immunology and the Cancer Research Institute, University of
California, San Francisco, CA 94143, USA

e-mail: mark.orr@ucsf.edu; lewis.lanier@ucsf.edu

R. Ahmed and T. Honjo (eds.), Negative Co-Receptors and Ligands, 67
Current Topics in Microbiology and Immunology 350, DOI 10.1007/82_2010_85
© Springer-Verlag Berlin Heidelberg 2011, published online: 3 August 2010



68 M.T. Orr and L.L. Lanier

1 Introduction

The Ly49 receptors are type II C-type lectin-like glycoproteins encoded by a
polygenic and polymorphic gene family designated Klra. The family includes
genes encoding both inhibitory receptors that contain a single immunoreceptor
tyrosine-based inhibitory motif (ITIM) and activating receptors that lack an intra-
cellular signaling motif but instead non-covalently associate with the DAP10
adapter and/or the immunoreceptor tyrosine-based activating motif (ITAM)-
containing adapter DAP12 (Orr et al. 2009; Smith et al. 1998). Expression of the
activating receptors is restricted to natural killer (NK) cells, whereas inhibitory
receptor family members are expressed predominantly by NK cells, but also by
subsets of NKT cells, CD4" T cells, CD8" T cells, and myeloid cells (Vivier and
Anfossi 2004). Although the Ly49 receptors are structurally related to the C-type
lectins, they lack a Ca**-dependent carbohydrate recognition domain and do not
bind to carbohydrate ligands. Instead, Ly49 receptors bind to major histocompati-
bility complex (MHC) class I and MHC class I-like proteins. Along with the MHC
class I molecules, the Ly49 family is the fastest evolving gene family in rodents.
Other species, including rats, cows, and horses, have multiple Ly49 genes in their
genomes, whereas cats, dogs, pigs, and orangutans possess only a single Ly49 gene
and in humans the only Ly49 locus, KLRAI, is a pseudogene (Gagnier et al. 2003).
In humans, the functional counterpart of the Ly49 family is the killer cell immuno-
globulin-like receptor (KIR) gene family, which encodes activating and inhibitory
receptors that bind HLA class I molecules as ligands.

2 Ly49 Haplotypes and Ligands

The Ly49 (Klra) gene family resides within the NK complex (NKC) on mouse
chromosome 6 (Yokoyama and Plougastel 2003). Four haplotypes of the Ly49
family have been determined in inbred mice (Fig. 1) (Carlyle et al. 2008). Since
MHC class I molecules are the predominant ligands for inhibitory Ly49 receptors, it
is important to consider both the Ly49 receptor haplotype and MHC class I
haplotype when studying NK cell functions. A minimal structure is conserved
among all four Ly49 receptor haplotypes, three pairs of framework inhibitory
receptors (a and ¢, g and i, and e and ¢) interspersed with a variable number of
genes encoding inhibitory or activating receptors, as well as pseudogenes, most of
which resemble activating receptor genes (Carlyle et al. 2008). Additionally, the
Klira2 (Ly49b) gene is retained in all strains, but lies outside of the Ly49 gene
cluster. The BALB/c (H-2%) Ly49 haplotype, shared with AKR (H-2%), DBA/2
(H-2%), C3H/He (H-2%), CBA/J (H-2%), and A/J (H-2%) stains of mice, contains
only the additional Ly49! activating receptor gene and the Ly49y pseudogene
(Proteau et al. 2004). C57BL/6 (H-2°) mice contain fifteen Ly49 genes, including
genes encoding the six framework inhibitory receptors, two additional inhibitory



Inhibitory Ly49 Receptors on Mouse Natural Killer Cells 69

ac | g i y e q

acom j I g /in h k d f X@-gqg

Pra’aa’s s ale i 2 2% 2 Sl

012p pd gl1u1 u r elqgy t s Irec,q, v \e \\g1
129

/a jc h mw p pdgniy P, i pg pdyg, iz u d f x\e\q
NOD

chré — I ) N R S

Ly49b Ly49 cluster Nkg2 cluster Cd94 Cd69 Nkrp1 /ClIr cluster A2m Kirg1

Fig. 1 Schematic of the Ly49 locus in different haplotypes. Activating Ly49 family members are
in green, inhibitory Ly49 family members are in red, and pseudogenes are in white. The locus is
drawn telomeric to centromeric with the direction of transcription indicated. The conserved
framework inhibitory receptors are connected via dashed lines

receptors (Ly49f and j), two activating receptors (Ly49d and h), and five pseudo-
genes (Brown et al. 1997; Depatie et al. 2000; McQueen et al. 1998, 1999; Smith
etal. 1994; Takei et al. 1997; Wilhelm et al. 2002; Wong et al. 1991). The 129 (H-2%
NKC shared with C57L/J (H-2"), FVB/N (H-2%), SJL/J (H-2*%), and Ma/My (H-2)
contains nineteen genes, three of which encode activating receptors (Ly49r, u,
and p), three unique inhibitory receptors (Ly49v, s, and f), and seven pseudogenes
(Makrigiannis et al. 2001, 2002). The framework a and ¢ genes have been replaced
with 0 and i2 in the 129 (H-2°) haplotype. The recently elucidated NOD/LtJ (H-287)
haplotype is the most diverse with seven genes encoding activating receptors
(Ly49h, m, w, pl, p3, u, and d) and eight pseudogenes, in addition to the six
framework inhibitory receptor genes (Belanger et al. 2008). Gene duplication and
conversion are the major mechanisms generating the diversity of the Ly49 receptor
repertoire, with the activating receptor genes being more recent in evolution and
arising from inhibitory receptor genes (Abi-Rached and Parham 2005; Hao and Nei
2004). The extracellular domain of the activating Ly49D receptor is quite similar to
that of the inhibitory Ly49A receptor, suggesting a common origin (Mehta et al.
2001a). The Klral6 gene encoding Ly49P likely arose by a gene conversion event
involving the exons encoding the transmembrane and intracellular domains of
Klra4 (Ly49d) and the extracellular domain of Klral (Ly49a) (Makrigiannis et al.
1999). Kliral2 (Ly49l) and Klra8 (Ly49h) likely arose from gene conversion
involving exons derived from Kira4 (Ly49d) and Kira7 (Ly49g) or Klra9
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Fig. 2 Generation of new Ly49 receptors by gene duplication and conversion. New Ly49 receptor
family members may arise by recombination events between existing family members. Ly49h may
have arisen by a duplication of Ly49i and a subsequent recombination between the exons encoding
the extracellular MCMV m157 recognition domain and the exons encoding the intracellular and
positively charged transmembrane (TM) domains of Ly49d

(Ly491), respectively (Fig. 2). The close proximity within the genome and high-
degree of sequence similarity in the Klra genes facilitates their very plastic
and dynamic reorganization to generate genes with new ligand specificities and
functions.

Klra genes encoding inhibitory Ly49 receptors are expressed largely in a
stochastic, mono-allelic fashion on subsets of NK cells, although some individual
NK cell clones demonstrate bi-allelic expression (Held and Kunz 1998; Held and
Raulet 1997; Held et al. 1995). In contrast, the genes encoding activating Ly49
receptors are frequently expressed in a bi-allelic manner (Rouhi et al. 2009). In
the steady-state Ly49 expression by individual mature NK cells is stable, but
under certain environmental conditions new Ly49 receptors can be induced on
mature NK cells (Dorfman and Raulet 1998); however, loss of Ly49 receptor
expression on individual mature NK cell clones has not been observed (Orr
et al. 2010).

The Ly49 receptors are expressed as disulfide-linked homodimers on the cell
surface and recognize proteins encoded by various H-2 alleles and genes, as well as
xenogeneic MHC class I and at least one virally encoded MHC class I-like
molecule (Table 1). Recognition of MHC class I molecules requires f2-microglo-
bulin and a peptide to be bound within the MHC class I groove. The identity of the
peptide presented may sometimes affect Ly49 binding, although the details of this
remain controversial. For example, replacement of all non-anchor residues in a
peptide binding to H-2D“ had no impact on recognition by the Ly49A®° receptor,
but Ly49C®® was sensitive to changes in non-anchor peptide residues (Correa and
Raulet 1995; Franksson et al. 1999; Hanke et al. 1999; Michaelsson et al. 2000). From
a biological perspective, there is no evidence that the presence of “foreign” peptides
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Table 1 Ly49 receptors and their known receptors

71

Common Gene Strain Function  Ligands Ligand excluded
name name haplotype
Ly49A  Kiral B6 Inhibiting H-2DY, DX, DP, H-2" ¢ "%Y H-2KY KX, Ld, H-2°
Ly49B  Kira2 B6 Inhibiting H2> ¢k far sy
Ly49C  Kira3 B6 Inhibiting H-2Kb,de, DY, D, H-2D°, LY
H_2 »(q, I, 8,V
Ly49D  Kira4 B6 Activating H-2D, Hm1-C4
Ly49E Kira5 B6 Inhibiting Urokinase plasminogen H-2> ¢k far sy
activator
Ly49F Kira6  B6 Inhibiting H-2K* H-2D%, L9,
H_2b, k., f,qrs, v
Ly49G2  Kira7 B6 Inhibiting H-2D? H-2K¢, L,
H_2b, k. f,qr s, v
Ly49H Kilra8  B6 Activating MCMV m157
Ly491 Kira9 B6 Inhibiting H-2K°, D¢, K¢, K*, MCMV m157,
H-2% "%V HO-LY, D, H-2f
Ly49]J Kiral0 B6 Inhibiting
Ly49Q  Kiral7 B6 Inhibiting H-2K" H-2» 4 ka
Ly49B  Kira2 129 Inhibiting
Ly49E Kira5 129 Inhibiting
Ly49G2  Kira7 129 Inhibiting H-2DY, DX, K¢, D° H-2K® K, L¢
Ly491 Klra9 129 Inhibiting H-2D*, K°, K, K MCMV H-2D", DY, L¢
ml57
Ly4912  Kiral0 129 Inhibiting
Ly490  Kiral5 129 Inhibiting H-2D°, DY, D¥, L¢ H-2K®, K9, KK
Ly49P Kiral6 129 Activating H-2D" in conjunction with
MCMV m04
Ly49Q  Kiral7 129 Inhibiting
Ly49R Klral8 129 Activating
Ly49S Kiral9 129 Inhibiting H-2" & K
Ly49T  Kira20 129 Inhibiting H-25 &k
Ly49U Kira2l 129 Activating
Ly49V  Kira22 129 Inhibiting H-2D®, DY, DX, K®, K¢,
K~ L¢
Ly49A  Kiral ~BALB/c  Inhibiting H-2D?
Ly49B Kira2 BALB/c Inhibiting
Ly49C  Kira3 BALB/c  Inhibiting H—2Kb,de, D DX, H-2D", L¢
H'2 ,(q, I, 8,V
Ly49E Klra5 BALB/c Inhibiting
Ly49G2  Kira7 BALB/c  Inhibiting H-2DY, D*
Ly491 Kilra9  BALB/c Inhibiting
Ly49L Kiral2 BALB/c Activating
Ly49Q Klral7 BALB/c Inhibiting
Ly49A  Kiral NOD Inhibiting
Ly49B Klra2  NOD Inhibiting
Ly49C  Kira3 NOD Inhibiting
Ly49D Klra4  NOD Activating
Ly49E  Kira5 NOD Inhibiting
Ly49G2  Klra7 NOD Inhibiting
Ly49H Klra8 NOD Activating
Ly491 Klra9  NOD Inhibiting
Ly49M  Kiral3 NOD Activating

(continued)
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Table 1 (continued)

Common Gene Strain Function  Ligands Ligand excluded
name name haplotype

Ly49P1 NOD Activating

Ly49P3  Klral6 NOD Activating

Ly49Q Kiral7 NOD Inhibiting

Ly4U Klra2l NOD Activating

Ly4W Kria23 NOD Activating

in the H-2 groove would be preferentially recognized over “self” peptides by Ly49
receptors.

Affinities for MHC class I as measured by tetramer binding and cell adhesion
vary with the Ly49 receptor and allele. Proteins encoded by different alleles of H-2
bind with different strength to the same Ly49 receptor, resulting in a wide array of
specificities and affinities between Ly49 receptors and MHC class I molecules. The
MHC class I specificity for the C57BL/6 inhibitory receptors Ly49A, C, I, and G2
have been the most extensively studied. The Ly49A receptor encoded by the
C57BL/6 allele of the Kiral gene (designated Ly49AP®) binds H-2DY, D, and
DP, as well as H-2 from f, q, r, s, and v haplotypes, but not H-2°, K9 KX, or LY (Takei
et al. 1997; Hanke et al. 1999; Daniels et al. 1994; Kane 1994; Karlhofer et al. 1992;
Olsson-Alheim et al. 1999). Ly49A®C has the highest affinity for H-2 with a Kp, of
~10 pM, followed in order of decreasing affinity by H-2", H-2*, H-29, and H-2°
(Jonsson et al. 2010; Natarajan et al. 1999). The allele encoding the Ly49A receptor
in BALB/c mice (Ly49ABA), which varies from Ly49AP® by four amino acids,
also binds H-2D¢, but with lower affinity than the Ly49AB® receptor (Mehta et al.
2001b). Ly49C®® and Ly49CBA-B which also differ by four amino acids, both bind
H-2Kb, Kd, Dd, and DX in addition to H-2 from the f, g, 1, s, and v haplotypes, but not
H-2D° or H-2L¢ (Hanke et al. 1999; Brennan et al. 1996; Lian et al. 1999; Raulet
etal. 1997). Ly49I®° binds H-2K", D¢, K¢, and K, as well as H-2 from g, r, s, and v
haplotypes, but not H-2", H-2L¢, or H-2D" (Hanke et al. 1999). Ly49I'*’ (the allele
of Klra9 in 129/J mice) recognizes the virally encoded m157 MHC class I-like
molecule encoded by the Smith strain of mouse cytomegalovirus (MCMYV), which
is also recognized by the activating Ly49H™®, but not by Ly491%¢ or Ly4913AMB
(Arase et al. 2002; Smith et al. 2002). Ly49G2®® binds H-2D?, but not H-2K¢,
H-2Ld, or H-2 from b, k, f, q, 1, s or v haplotypes (Hanke et al. 1999; Johansson
et al. 1998; Mason et al. 1995). Ly49G2*"® binds H-2D" with higher affinity
than Ly49G25, and also binds H-2D* (Silver et al. 2002). Importantly, neither
Ly49A®° nor Ly49G2®° have any measurable affinity for H-2" proteins and thus do
not recognize self-MHC class I in C57BL/6 mice.

Whereas the interactions between several inhibitory Ly49 receptors expressed
on NK cells and classical MHC class I molecules have been extensively documen-
ted and their biological consequences well defined, the ligands of other members of
the Ly49 family that are expressed on other cell types are not well established.
Ly49FB6 binds weakly to H—2Kd, but not H-ZDd, H-2Ld, or H-2 from b, k, f, q, 1, s,
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or v haplotypes (Hanke et al. 1999). Ly49Q, which is expressed on myeloid cells,
but not NK cells or T cells, binds H-2Kb, but not H-2 from a, d, k, or q haplotypes
(Sasawatari et al. 2010; Tai et al. 2007, 2008; Toyama-Sorimachi et al. 2004).
Similarly, Ly49B, which is expressed by macrophages, does not bind H-2 molecules
of the b, d, k, f, q, 1, s, or v haplotypes (Hanke et al. 1999; Gays et al. 2006). Many
transcripts of Kiral0 (Ly49j) lack a transmembrane and thus may encode for an
intracellular protein and the specificity of Ly49J has not been determined (McQueen
etal. 1999). Ly49E is expressed on some Y0 T cells and fetal NK cells, but is rarely
expressed on adult NK cells (Fraser et al. 2002; Van Beneden et al. 2001, 2002).
Ly49E, which does not bind H-2 molecules of the b, d, k, f, g, 1, s, or v haplotypes,
recognizes cells expressing the urokinase plasminogen activator protein, although
an interaction between Ly49E and urokinase plasminogen activator protein has not
been shown directly (Van Den Broeck et al. 2008). The functional importance of
this interaction remains unknown.

The ligand specificities of the Ly49 receptors expressed by 129/J mice have also
been investigated using H-2°, H-29, and H-2" tetrameric reagents (Makrigiannis
et al. 2001). Ly49V'?° bound all H-2 tetramers tested: D°, D¢, D¥, K®, K¢, K, and
LY. Despite being 96% identical at the amino acid level to Ly49G25°®, Ly49G2'*
displays much broader reactivity to H-2 alleles than Ly49G2®°, binding H2-D¢, D,
K¢, and DP. Ly491'* displayed a similar affinity for H-2 as Ly49I®° (96% identity),
binding H2-D¥, K®, K¢, and K. Ly490'*” shares the highest identity with Ly49AP°
(93%) and recognizes H2-D®, D, D¥, and L°. The inhibitory receptors Ly49S'?’
and Ly49T'* did not bind any of the tetramers tested. Because of the different Ly49
gene content and differing Ly49 receptor affinities for H-2 alleles in C57BL/6 mice
compared with 129/J mice, the use of 129/J embryonic stem cells to ablate alleles
within or near the Klra loci may lead to difficulties in interpreting results if the
gene-deficient mice generated with 129/J embryonic stem cells are backcrossed
onto the C57BL/6 background because they will typically retain the 129/] NKC
genomic region. The affinities of the Ly49 receptors encoded by genes of the NOD/
LtJ genetic background have not been reported.

Some activating members of the Ly49 receptor family also bind MHC class I and
MHC class I-like molecules. The activating receptor Ly49D binds the Hm1-C4
MHC class I molecule from hamsters, accounting for Ly49D-mediated lysis of
CHO cells by NK cells from C57BL/6 mice (Merck et al. 2009). NK cells expres-
sing Ly49D recognize target cells expressing H-2D? but not other MHC class I
molecules, although direct binding of Ly49D to H-2D“ has not been reported
(George et al. 1999a, b). Ly49H®® directly recognizes the MCMV-encoded
m157 protein expressed on the surface of infected cells, but does not bind to any
H-2 ligand (Arase et al. 2002; Smith et al. 2002; Adams et al. 2007). Ly49p™*™Y
recognition of MCMV-infected cells is dependent on the expression of the viral
m04 protein and H-2D¥, but not H-2K" or other H-2 alleles (Desrosiers et al. 2005;
Kielczewska et al. 2009). MCMV mO04 binds to MHC class I molecules and traffics
to the cell surface and may modify the conformation of H-2D* allowing recognition
by Ly49P (Hengel et al. 1999).
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3 Inhibitory Signaling Events

All inhibitory receptors in the Ly49 family express in their cytoplasmic domains an
ITIM, which is characterized by the signature sequence, (I/L/V/S)xYxx (L/V)
(where x represents any amino acid, and slashes separate alternative amino acids
that may occupy a given position). The mechanisms by which NK cell inhibitory
receptors abrogate NK cell activation have been best worked out for the human
inhibitory KIR family. These signaling pathways are thought to be similar for
inhibitory Ly49 receptors, although this may not always be the case (Lanier
2008; Long 2008; MacFarlane and Campbell 2006). When the inhibitory receptors
on NK cells bind to their MHC class I ligands on potential target cells, the ITIMs
are phosphorylated by Src family kinases including Lck (Fig. 3) (Binstadt et al.
1996). The SH2-domain-containing protein tyrosine phosphatases 1 and 2 (SHP-1
and SHP-2) are recruited to the phosphorylated ITIMs at the immunological synapse
(Daws et al. 1999; Eriksson et al. 1999a; Fassett et al. 2001; Fry et al. 1996; Mason
et al. 1997; Nakamura et al. 1997; Olcese et al. 1996; Vyas et al. 2004; Vyas et al.
2001, 2002; Burshtyn et al. 1996). SHP-1 and -2 are normally in an inactive
conformation with the SH2 domain bound to the catalytic domain. Binding of
phosphorylated ITIMs releases the SH2 domain, allowing SHP-1 and -2 to become
catalytically active (Hof et al. 1998; Tonks and Neel 1996). SHP-1 and 2 dephos-
phorylate different substrates, and thus likely have differing, non-redundant roles in
NK cell inhibition (Mishra et al. 2002; Yang et al. 1998). The motheaten viable
mutation of SHP-1 is sufficient to abrogate Ly49A, Ly49C, and Ly49I inhibition of
NK cell activation; thus, SHP-1 may be the primary mediator of inhibition by Ly49
receptors (Orr et al. 2010; Nakamura et al. 1997). Although a number of proteins
including Src family kinases, PLCy, ZAP70, Vav, SLP76, LAT, Grb2, and PI3K
are dephosphorylated when inhibitory receptors are triggered, it is unclear whether
all of these are direct substrates of the recruited phosphatases or represent down-
stream abrogation of activation (Binstadt et al. 1996, 1998; Palmieri et al. 1999;
Stebbins et al. 2003; Valiante et al. 1996). However, Vav1 is a direct target of SHP-1
and is a critical target of dephosphorylation upon inhibitory receptor ligation
(Stebbins et al. 2003). Vavl is phosphorylated upon NK cell activating receptor
triggering and is necessary for cytoskeletal rearrangements, secretion of cytotoxic
granules, and release of effector cytokines and chemokines including IFN-y, TNF,
MIP1a, and RANTES (Long 2008). The SH2-domain-containing inositol polypho-
sphate 5’ phosphatase-1 (SHIP-1) is also recruited to the phosphorylated ITIMs of
Ly49 receptors, but not human KIRs (Daws et al. 1999; Gupta et al. 1997; Wang et al.
2002). SHIP-1 dephosphorylates PI-3,4,5-P; to PI-3,4-P, thus abrogating Ca**-
dependent signaling. Over-expression of SHIP-1 inhibits CD16-mediated antibody-
dependent cellular cytotoxicity (Galandrini et al. 2001).

In human NK cells, HLA class I binding to inhibitory KIRs induces phosphory-
lation of Crk, and disruption of the Crk-cCbl-C3G-p130CAS complex (Peterson
and Long 2008). Whether a similar mechanism of inhibitory signaling is active
upon inhibitory Ly49 triggering remains to be determined. B-arrestin has also been
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Fig. 3 Signaling by inhibitory Ly49 receptors. (a) Upon engagement with cognate ligands on
target cells activating receptors on NK cells signal via ITAM-containing adapter proteins or
DAPI10, an adapter protein containing an YINM motif, to phosphorylate Vavl, resulting in NK
cell activation. (b) Engagement with MHC class I on target cells recruits inhibitory Ly49 receptors
on the NK cell to the immunological synapse and results in phosphorylation of the ITIM domains.
SHP-1, normally in a closed, inactive state, binds to the phosphorylated ITIM domains via the SH2
domain, freeing the phosphatase domain to dephosphorylate Vav1 and dampen NK cell activation

implicated in the recruitment of SHP-1 and 2 to the phosphorylated ITIMs of KIR
(Yu et al. 2008). Whether B-arrestin is necessary for inhibitory Ly49 function
remains to be determined; however, NK cells from B-arrestin-deficient mice dis-
played increased cytotoxicity toward NK susceptible and resistant targets and
these mice controlled MCMYV infection better than wildtype mice in an NK cell-
dependent manner (Yu et al. 2008).

The strength of the inhibitory signal varies directly with the affinity of the
inhibitory receptor for the MHC class I ligand. For example, the affinity of
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Ly49A for H-2D® is much stronger than for H-2D, and Ly49A ligation of H-2D is
more inhibitory than ligation of H-2D* (Hanke et al. 1999; Jonsson et al. 2010).
Simultaneous engagement of multiple inhibitory Ly49 receptors increases the
strength of inhibition (Hanke and Raulet 2001). Interestingly, simultaneous engage-
ment of inhibitory Ly49 receptors by MHC class I by one potential target cell does
not prevent the same NK cell from being activated by and lysing a second target cell
that does not engage an inhibitory receptor (Eriksson et al. 1999b). This implies that
the inhibitory signaling events must be restricted to one subcellular location near
the cells surface of the NK cell, while allowing another site on the cell surface
interacting with another target cell to mediate NK cell activation unimpaired.

In addition to binding MHC class I in #rans on other cells, Ly49 receptors also
interact in cis with MHC class I on the same NK cell surface membrane. This cis
interaction impedes the binding of some antibodies against the Ly49 receptors
leading to an apparent “down-regulation” of these receptors by cis interactions
(Scarpellino et al. 2007). These cis interactions sequester inhibitory receptors away
from the immunologic synapse, reducing the inhibitory capacity of Ly49 receptors
that bind to self-MHC class I (Chalifour et al. 2009; Doucey et al. 2004). Addition-
ally, cis interactions require Ly49 receptors to adopt a different conformation from
the one used to bind MHC class I in frans and may result in different intracellular
signaling events that do not result in NK cell inhibition (Doucey et al. 2004; Back
et al. 2009).

4 Educational Impact of Ly49 Receptors on NK Cells

Ly49 receptors are expressed in a variegated, overlapping manner resulting in many
subsets of NK cells that express different constellations of inhibitory Ly49 recep-
tors or in some cases no Ly49 receptors on some NK cells (Raulet et al. 1997,
Kubota et al. 1999). For example, in C57BL/6 mice 30-50% of mature NK cells
lack Ly49C and Ly49I and thus do not recognize self-MHC class I via Ly49
inhibitory receptors. Although these cells are phenotypically indistinguishable
from cells that express Ly49C and/or Ly49I, they are less responsive to triggering
through their activating receptors (Fernandez et al. 2005). NK cells lacking Ly49C
and Ly49I are also impaired in their ability to acutely reject MHC class I-deficient
bone marrow (Fernandez et al. 2005). Similarly, responsiveness of Ly49A®° single-
positive NK cells correlated with expression of H-2D, which is a ligand of Ly49A,
but not H-2°, which is not ligated by Ly49A®° (Kim et al. 2005). NK cells from
MHC class I-deficient mice are hyporesponsive to activation through multiple
activating receptors and fail to reject MHC class I-deficient bone marrow (Fernandez
et al. 2005; Kim et al. 2005; Hoglund et al. 1991). Responsiveness can be restored
to the Ly49C subset of NK cells by from MHC class I deficient mice transgenic
expression of H-2K® in MHC class I-deficient mice (Kim et al. 2005). Thus, the
interaction between self-MHC class I and inhibitory Ly49 receptors engenders NK
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cell responsiveness and has been termed “licensing” or “arming” of NK cells by
inhibitory Ly49 receptors (Brodin et al. 2009a).

Expression of multiple self-reactive inhibitory receptors increases the responsive
capacity of NK cells, such that NK cells expressing both Ly49C and Ly49I are more
responsive than either Ly49C or Ly49I single-positive NK cells (Brodin et al.
2009b; Joncker et al. 2009). The affinity for self-MHC class I also affects the
functional responsiveness of the NK cell. For example, in Ly49A™ NK cells the
high affinity H-2D? ligand engenders more responsive capacity than low affinity
ligands such as H-2° (Jonsson et al. 2010). Expression of the inhibitory CD94-
NKG2A inhibitory receptor that binds the MHC class Ib molecule Qa-1 also
enhances NK cell responsiveness (Fernandez et al. 2005). Mutations to the ITIM
domain of Ly49 inhibitory receptors abrogate NK cell licensing or arming, indicat-
ing that licensing depends on signaling by the inhibitory Ly49 receptor (Kim et al.
2005). Licensing occurs independently of SHP-1 and SHIP signaling, suggesting
other signaling pathways must be engaged downstream of ITIM phosphorylation to
engender responsiveness (Orr et al. 2010; Kim et al. 2005). The hyporesponsiveness
of NK cells from mice lacking surface expression of MHC class I has been used to
explain why NK cells from mice lacking f2-microglobulin, TAP-1, or H-2K and
H-2D heavy chains do not exert overt autoimmunity (Hoglund et al. 1998; Liao
etal. 1991; Ljunggren et al. 1994), and why NK cells from B2m ™'~ mice fail to lyse
B2m™~ T cell blasts (Hoglund et al. 1991).

In mixed bone marrow chimeras containing MHC class I-sufficient and deficient
hematopoetic cells, NK cells of both genotypes are hyporesponsive against MHC
class I-deficient target cells and the chimerism is stable (Wu and Raulet 1997). This
suggests that licensing is not mediated by cis interactions with MHC class I
expressed on the NK cells, as has been recently suggested (Chalifour et al. 2009).
A transgenic mouse model expressing H-2D“ on only a subset of cells (mosaic
expression) also renders NK cells hypofunctional due to the presence of a large
number of cells not expressing the H-2D transgene (Johansson et al. 1997). These
results suggest that the hyporesponsiveness is dominant and inducible by lack of
MHC class I interactions with inhibitory Ly49 receptors. MHC class I-deficient
bone marrow is rejected by NK cells in MHC class I-sufficient recipients, suggesting
that bone marrow cells express at least one activating ligand that if not opposed by
MHC class I engagement of inhibitory receptors is sufficient to activate NK cells.
Thus, chronic exposure to activating ligands unopposed by inhibitory receptors for
self-MHC class I may “disarm” NK cells including Ly49C™ and Ly49I" NK cells
in C57BL/6 mice or all NK cells in MHC class I-deficient mice (Gasser and Raulet
2006). This would be consistent with the hyporesponsiveness of NK cells in the
mixed bone marrow chimeric mice containing MHC class I-sufficient and deficient
hematopoetic cells. It is unclear if lack of expression by MHC class I by a particular
cell type drives disarming of NK cells or whether it is simply an overwhelming
number of MHC class I-deficient cells that express one or more activating ligands.
Responsiveness of disarmed or unlicensed NK cells can be restored in a variety of
ways including culture in IL-2, stimulation with high doses of IL-12 and IL-18, or
in vivo by infection with Listeria monocytogenes or MCMV (Orr et al. 2010;
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Fernandez et al. 2005; Kim et al. 2005; Sun and Lanier 2008; Yokoyama and Kim
20006).

S Inhibitory Ly49 Receptors and Viral Infections

Inhibitory receptors regulate NK cell responses at the level of detection of altera-
tions in MHC class I expression. CD8" T cells are activated by T cell receptor
engagement of cognate MHC class I:peptide ligands. Inhibition of MHC class I
expression is a common immune evasion strategy employed by many viruses,
including herpesviruses, adenovirus, and HIV (Tortorella et al. 2000). Loss of
MHC class I on transformed cells is also a frequent event during malignancy
(Marincola et al. 1994). Both viral and transformation-induced loss of MHC class
I renders target cells invisible to recognition and clearance by CD8" cytotoxic T
cells. However, the loss of self-MHC class I, termed “missing self 7, removes the
inhibitory signals provided by Ly49 receptors on NK cells thereby allowing NK
cells to detect and eliminate infected or transformed cells that express one or more
ligands for activating NK cell receptors (Hoglund et al. 1991; Liao et al. 1991; Bix
et al. 1991; Karre et al. 1986; Lanier 2005).

To date there remains little in vivo evidence addressing the significance of
missing self-recognition to NK cell control of viral infection. MCMYV is the most
well studied example of viral control by NK cells in mouse models (Orr et al. 2010;
Arase et al. 2002; Bukowski et al. 1983; Dokun et al. 2001; Sun et al. 2009).
Although MCMYV encodes two proteins that impede expression of MHC class I on
the surface of infected cells, there are no reports of this enhancing NK cell control
of infection in vivo (Doom and Hill 2008). Conversely, NK cell activating receptors
play a critical role in the activation of NK cells and elimination of MCMV-infected
cells. Ly49H®® ligation by the MCMV-encoded m157 glycoprotein that is
expressed on the cell surface of infected cells activates NK cells and is necessary
for NK cell control of MCMYV infection (Arase et al. 2002; Smith et al. 2002).
During MCMV infection Ly49H™ NK cells proliferate extensively after recognition
of the cognate ligand MCMV-m157 (Dokun et al. 2001). Ly49C and/or Ly491
receptors restrain this Ly49H-driven proliferation by interacting with self-MHC
class 1 via inhibitory signaling through SHP-1 (Orr et al. 2010). Consequently,
licensed Ly49C/I* Ly49H" NK cells make very little contribution to viral control,
rather it is the unlicensed or disarmed Ly49C/I” Ly49H"* NK cells that control
MCMV replication (Orr et al. 2010). Thus, in the case of MCMV infection where
contact with the infected cells is required for NK cells to mediate immunity,
Ly49C/I-mediated inhibition of NK cell functions overrides the responsive benefit
gained by licensing, whereas the unlicensed or disarmed NK cells, likely activated
by the inflammatory milieu associated with infection, are competent to respond to
MCM V-infected cells, unimpeded by inhibitory Ly49 receptor signaling. It is possi-
ble that these competent NK cells that are not inhibited by self-MHC class I mediate
collateral damage by attacking uninfected cells expressing activating ligands.
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However, during MCMV infection Ly49H" NK cells upregulate the inhibitory
receptor KLRG1, which binds cadherins expressed on host cells, thus non-MHC
class I restricted inhibitory receptors may prevent auto-aggression by these cells (Sun
et al. 2009; Grundemann et al. 2006; Ito et al. 2006; Robbins et al. 2004). The
decrease in the frequency of NK cells in C57BL/6 mice expressing Ly49C and/or
Ly491 that occurs during MCMV infection has also been observed during other
infections including lymphocytic choriomeningitis virus, vaccinia, and mouse hepa-
titis virus, and is thus not unique to MCMYV infection (Orr et al. 2010; Daniels et al.
2001).

6 Inhibitory Ly49 Receptors in Transplantation
and Malignancy

In bone marrow transplantation, NK cells play an important role in preventing
graft-versus-host disease (GVHD), while still conferring a beneficial graft-versus-
leukemia (GVL) effect (Glass et al. 1996; Asai et al. 1998). GVHD results when
donor allogeneic T cells included in the graft bone marrow are activated by
recipient antigen-presenting cells (APCs) displaying recipient MHC antigens.
GVHD can be prevented by depletion of donor T cells from the bone marrow
graft, but this often results in leukemia relapse (Shlomchik et al. 1999).
Co-transferred alloreactive donor NK cells are able to kill recipient APCs, thereby
preventing GVHD and enhancing engraftment of the donor bone marrow (Ruggeri
et al. 2002). Simultaneously, these NK cells kill residual allogeneic host leukemic
cells, thus increasing disease-free survival. NK cells lacking inhibitory Ly49
receptors for host H-2 mediate both the GVL effects and killing of host APCs to
prevent GVHD. Co-transfer of these uninhibited donor NK cells allows for transfer
of 20 times more donor T cells, which speeds up the reconstitution of the immune
system, limiting fatal infections after transplantation (Ruggeri et al. 2002). NK cell
prevention of GVHD can also be enhanced by siRNA knockdown of inhibitory
Ly49 receptors that recognize the recipient MHC class I (Cao et al. 2009). In the
case of MHC class I-matched donor bone marrow transferred into lethally irra-
diated hosts, such as BALB/c (H-2%) mice receiving B10.D2 (H-2% bone marrow,
host APCs prime donor T cells against minor histocompatibility antigens, resulting
in delayed GVHD. Adoptive transfer of Ly49C/I" Ly49G2~ NK cells from B10.D2
mice limited GVHD, whereas transfer of equal numbers of Ly49C/I" Ly49G2* NK
cells from B10.D2 had little effect because they are inhibited by recipient H-2¢
(Lundqvist et al. 2007). Thus, although Ly49C ®° and Ly491®° recognize H-2¢,
H-2%-mediated inhibition appears stronger for Ly49G2 than for Ly49C or Ly49l.
Similarly, in a model of lung metastases, adoptively transferred Ly49C/I" Ly49G2~
NK cells were more efficient than a similar number of Ly49C/T” Ly49G2* NK cells
in preventing the growth of the renal carcinoma cell line RENCA, which expresses
H-2¢, in BALB/c mice (Lundgqvist et al. 2007).
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“Missing self” recognition can be mimicked by blocking Ly49 interactions with
MHC class I by using Ly49 specific antibodies. Blockade of Ly49C and/or Ly491
by using F(ab’), fragments of the 5E6 monoclonal antibody enhanced endogenous
NK cell-mediated control of the H-2° leukemic cell line C1498 in vivo in C57BL/6
mice (Koh et al. 2001). Moreover, adoptive transfer of IL-2-activated NK cells
enhanced control of the C1498 tumor in vivo, and this was further enhanced by
blocking the Ly49C and Ly491 receptors (Koh et al. 2001). C57BL/6 NK cells are
also able to purge C1498 leukemic cells from bone marrow prior to infusion,
resulting in an increase in leukemia-free survival of irradiated recipient mice.
Blocking Ly49C and Ly49I during this conditioning period further reduced the
leukemic burden, increasing survival of recipient mice without damage to the
normal bone marrow cells (Koh et al. 2002). Co-culture of bone marrow containing
leukemia cells with NK cells from H-2¢ donors more efficiently eliminated leuke-
mic cells than NK cells from H-2° donors, resulting in increased leukemia-free
survival of irradiated recipients. Again, this was further enhanced by blocking
Ly49C and Ly49I during the ex vivo conditioning period (Koh et al. 2003).
Although it is unclear why H-2¢ NK cells were more efficacious than H-2° NK
cells, it is possible that Ly49C/I” NK cells expressing Ly49A and/or Ly49G2 are
licensed by the donor H—2d, but not donor H—2b, and are not inhibited by H-2° on the
leukemic cells and thus are more efficient at killing the leukemia targets.

In contrast to hematopoietic malignancies, NK cells are less efficient at
controlling solid organ tumors (Yu et al. 1996). This may be due to a failure of
NK cells to traffic efficiently to solid tumors, decreased expression of activating
ligands by solid organ tumors, and/or other mechanisms that may inhibit NK cell
function. The importance of tumor location is documented by the observation that
Ly49G?2 blockade using F(ab’), of the 4D11 monoclonal antibody enhanced rejec-
tion of the H-2" T cell lymphoma line B2-Sp3 when transferred intravenously into
AKR recipient mice (Ly49G2**® is identical to Ly49G2P*"® and ligates H-2D"),
whereas the same treatment did not enhance rejection when the same tumor was
implanted subcutaneously into the flank (Barber et al. 2008). With respect to solid
tumors, combining high-dose IL-2 therapy with blocking Ly49C and Ly49I by
using F(ab’), fragments limited the growth of B16-F10 (H-2b) melanomas, whereas
either therapy alone had minimal effect on tumor growth (Vahlne et al. 2010).
Despite resulting in tumor elimination, this combination therapy did not break
tolerance to normal self, suggesting that either normal self inhibits NK cells by
receptors other than Ly49C and Ly491 or that B16-F10 expresses activating ligands
not found on normal cells. Also, long-term blocking of Ly49C and Ly491 with SE6
F(ab’), did not render these NK cells “unlicensed” or “disarmed” (Vahlne et al.
2010). Collectively, these studies demonstrate that blocking the inhibitory receptors
for MHC class I enable NK cells to attack and eliminate both hematopoietic and
solid tumors, thereby providing a new therapeutic strategy for cancer immunother-
apy. One such blocking human monoclonal antibody (1-7F9) reactive with several
inhibitory human KIRs increased NK cell-mediated clearance of MHC class
[-expressing leukemia in humanized mice and is currently in phase I clinical trials
for cancer therapy (Romagne et al. 2009).
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7 Concluding Remarks

The Ly49 family of inhibitory receptors plays a critical role in controlling the
immune functions of NK cells, first by shaping the educational and tolerant state of
NK cells in the steady-state and then by augmenting or inhibiting NK cell responses
to both pathogens and tumors. Many outstanding questions remain. First, we need a
fuller understanding of the MHC class I ligand repertoire and affinities for the Ly49
receptors in haplotypes other than C57BL/6. Second, the molecular mechanism
controlling education via Ly49 receptors remains an unanswered question. Whether
developing NK cells gain responsive capacity only after expressing a self-reactive
inhibitory receptor (licensing or arming) or alternatively, whether NK cells are
innately responsive and hyporesponsiveness is a result of chronic stimulation
unchecked by inhibitory receptors (disarming) is presently unresolved. Moreover,
studies are needed to address the in vivo significance of viral down-regulation of
MHC class I on NK cell responses in vivo (the “missing self” or “reduced self”
hypothesis), as well as to determine whether the Ly49 receptors are involved in
immunity to viruses other than MCMV. Finally, the clinical use of induced missing
self through lack of inhibitory ligands to treat leukemia or blockade of inhibitory
receptors to treat both tumors and infections is an attractive application that requires
further consideration.
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Abstract Fc receptor-like (FCRL) molecules comprise a family of imunoregula-
tory transmembrane proteins that are preferentially, but not exclusively expressed
on B lineage cells. A strong regulatory potential on B cell activation has been
characterized for the different FCRL proteins, but their biological roles are just
beginning to be elucidated. We review recent advances in the understanding of
FCRL1-6 expression and function, and indicate their potential roles in the patho-
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1 Introduction

Adaptive immune responses serve as a key defense mechanism for the control
of infections in vertebrates. While immune responses must be of sufficient strength
to contain invading pathogens, antigen-specific responses require regulatory
mechanisms to ensure termination or downmodulation to avoid excessive damage
to the host tissue. For both branches of the adaptive immune system regulatory
molecules have been identified, which control the signaling cascades initiated by
engagement of the T cell and B cell antigen receptors. Elucidation of the functional
properties of immunoregulating elements of the immune system has important
implications for understanding natural immune responses, as well as those elicited
by vaccinations. This review concerns a family of six partially characterized
immunoregulators named Fc receptor-like (FCRL) molecules. The FCRLs have
garnered increasing interest due to their differential patterns of lymphocyte expres-
sion and potential involvement in the pathogenesis of autoimmune disorders,
immunodeficiency, and lymphoid malignancies in humans.

2 Identification of FCRL Molecules Reveals a New Level
of B Cell Regulation

The first report of FCRL genes by the laboratory of Ricardo Dalla-Favera described
a novel gene at a chromosomal translocation breakpoint in a multiple myeloma
(MM) cell line (Hatzivassiliou et al. 2001). The resulting fusion protein consisted of
the signal peptide and a small portion of the extracellular domain of the receptor,
now known as FCRL4, fused to the constant region domain of Iga. Sequence
analysis of a full-length cDNA for this novel gene suggested an immunoglobulin-
domain type receptor. Accordingly, the gene was named immunoglobulin super-
family receptor translocation-associated 1 (/IRTAI) (Hatzivassiliou et al. 2001). A
related neighboring gene identified in this study was named /RTA2. Independently,
Davis and co-workers identified these genes and three additional members of this
receptor family using a bioinformatics approach that was based on sequence
similarities to the classical Fc receptors FcyRI, FcyRII, and FcyRIIIL. The sequence
similarities to known Fc receptors coupled with their neighboring genomic locali-
zation and conserved organization led to the name Fc receptor homologs (FcRH)
1-5 (Davis et al. 2001). Members of this receptor family were also identified by
other research groups and given names that reflect the methodological approaches
leading to their discovery: IgSF-FcR-Gp42 (IFGP) as a result of sequence similarity
to the immunoglobulin domains of FcyRI (Guselnikov et al. 2002), SH2 domain-
containing phosphatase anchor protein 1 (SPAP1) indicating the ability upon
tyrosine phosphorylation to recruit the tyrosine phosphatase SHP-1 (Xu et al.
2001), and BXMASI reflecting the upregulation of the transcript in response to
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Table 1 Nomenclature of FCRL molecules

Name Species Alias

FCRLI1 Homo sapiens FcRHI, IRTAS, IFGP1, BXMAS1

FCRL2 Homo sapiens FcRH2, IRTA4, IFGP4, BXMAS?2, SPAP1
FCRL3 Homo sapiens FcRH3, IRTA3, IFGP3, BXMAS3, SPAP2
FCRL4 Homo sapiens IRTA1, FcRH4, IFGP2

FCRLS5 Homo sapiens IRTA2, FcRHS, IFGP5, BXMAS

FCRL6 Homo sapiens FcRH6, IFGP6

FCRLA Homo sapiens FCRL, FREB, FcRX

FCRLB Homo sapiens FcRL2, FREB2, FcRY

Ferll Mus musculus FcRH1, IFGP1, BXMASI1

Ferl5 Mus musculus FcRH3, mBXMH?2

Ferl6 Mus musculus FcRH6

Ferls Mus musculus FcRH2, IFGP2, MSR2

Fcrla Mus musculus Fcrll, FREB, FcRX

Ferlb Mus musculus Fcrl2, FREB2, FcRY

Adapted from (Maltais et al. 2006). Table lists the current nomenclature, species, and formerly
used names

ligation of the BCR (Nakayama et al. 2001). A unified nomenclature introduced in
2006 renamed these genes as FCRL genes (Maltais et al. 2006) (Table 1).

The FCRL genes belong to an ancient multigene family that is phylogenetically
conserved in vertebrate species, at least from amphibians onward (reviewed in
Davis 2007). In humans this gene family encodes six transmembrane receptors,
FCRL1-6, and two intracellular proteins, FCRLA and FCRLB (Chikaev et al.
2005; Mechetina et al. 2002). The genes for the six transmembrane proteins of
the FCRL family are highly conserved among humans and non-human primates,
whereas mice have orthologous genes for only two of the five B cell-specific Fcrl
family members (Fig. 1) and these do not display a high degree of sequence
conservation. Therefore, the FCRL proteins add to the list of differences between
the human and rodent adaptive immune systems (Mestas and Hughes 2004). The
immunoregulatory potential and expression patterns of the FCRLs suggest that,
with some notable exceptions, they govern primarily the activity of mature B
lymphocytes. In this review, we focus on the human FCRLI1-5 transmembrane
receptors that are preferentially expressed by B lineage cells and FCRL6, which is
expressed by T cells and NK cells.

3 FCRL Structural Properties

FCRL genes are located in close proximity to FcyRI and FceRI in the q21-q23
region of chromosome 1 in humans. The murine Fcrl region is divided into two loci
located on chromosomes 1 and 3. The similarities to the known Fc receptor genes
extend to genomic organization. Members of both FcR and FCRL families have a
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FCRL6

Mm

Fig. 1 Phylogenetic tree of FCRL family members in Homo sapiens (H), Pan troglodytes (C),
Macaca mulatta (M), and Mus musculus (Mm). Protein alignments were performed using the
ClustalW2 algorithm of the EMBL-EBI webserver. The graphic treefile was generated using the
drawtree application of the HMMER package version 3.0 of the webserver of the Institut Pasteur,
Paris

characteristic signal peptide coding sequence that is split into two exons, and each
extracellular Ig domain is encoded by a single exon.

The six FCRL molecules have three to nine extracellular Ig domains and
individual FCRs may be expressed in different isoforms (Fig. 2). For example,
FCRLS has splice isoforms indicative of secreted and GPI-anchored isoforms in
addition to the transmembrane isoform (Hatzivassiliou et al. 2001). Importantly, the
intracellular domains of the FCRL1-6 proteins in humans contain consensus
sequences for the immunoreceptor tyrosine-based activation motifs (ITAM; D/E-
x-X-Y-x-x-L/I-X¢_g-Y-x-x-L/I) and/or immunoreceptor tyrosine-based inhibitory
motifs (ITIM; I/V/L/S-x-Y-x-x-L) (Ravetch and Lanier 2000; Reth 1992; Vely
and Vivier 1997). The intracellular domain of FCRL1 has two ITAM sequences
and the intracellular domain of FCRL4 contains three ITIM sequences. The cyto-
plasmic tails of FCRL2, 3, and 5 contain both ITAM and ITIM motifs, which
suggest functional flexibility due to the potential for performing activating and
inhibitory functions in a context-dependent manner. This dual potential may extend
to FCRLA4, because its membrane proximal ITIM sequence has the characteristics of
an immunoreceptor tyrosine-based switch motif (ITSM) (Shlapatska et al. 2001).
Additionally, the membrane proximal ITIM sequence of FCRL4 could form a non-
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NK Cell
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Fig. 2 FCRL family members expressed on (a) human and murine B lymphocytes and (b) non-B
lineage cells. Extracellular Ig domains are indicated by colored ellipses with colors indicating
similarities between the Ig domains. Intracellular ITAM and ITIM sequences are indicated by
green squares and red squares, respectively

canonical ITAM in combination with the neighboring ITIM. The intracellular
domain of human FCRL6 has a single ITIM sequence that is not conserved in the
murine ortholog. Sequence similarities between the extracellular Ig domains are
greater for the membrane proximal Ig domains (indicated by the green ellipses in
Fig. 2), which share 53-83% identity versus 22—-59% identity for the more mem-
brane distal Ig domains. Despite the sequence similarities of FCRL molecules to the
classical Fc receptors, it is important to note that immunoglobulin-binding potential
has not been experimentally confirmed. Although cells overexpressing FCRLS
initially were reported to bind a mixture of IgG antibodies, none of the FCRL
molecules were found to bind purified immunoglobulins when assayed by flow
cytometry or Bio-Layer Interferometry (Polson et al. 2006; and our unpublished
observations). The identification of ligands for these orphan receptors and the cells
that express the ligands thus remains a high priority.
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4 FCRL Expression Patterns

The cellular expression patterns for FCRL family members have been investigated
by analysis of transcript levels by northern blots, RT-PCR, and in situ hybridizations,
and by protein expression assessment by flow cytometry and immunohistochemical
methods using both monoclonal and polyclonal antibodies. These studies indicate
that the FCRL1-5 molecules are expressed predominantly by B lineage cells of
the immune system, whereas FCRL6 is expressed by subpopulations of T and
NK lineage cells. Intriguingly, the FCRL1-5 family members are variably
expressed by B lineage cells according to their stages of maturation and tissue
localization.

FCRLI transcript and protein analyses indicate that this receptor is expressed by
pro-B and pre-B cells as well as by all mature B cell populations. Although in situ
hybridization analysis of tonsillar tissue initially suggested exclusive exp ression by
mantle zone B cells (Miller et al. 2002), quantitative RT-PCR analysis has indicated
relatively high FCRLI transcript levels in naive and memory B cells and lower
transcript levels in pre-germinal center (pre-GC), germinal center (GC), and plasma
cell (PC) populations (Leu et al. 2005). In accordance with its transcript expression
pattern, FCRL1 is detectable on all peripheral blood B cells but not on most of the
GC B cells (Leu et al. 2005; Polson et al. 2006).

In contrast with FCRL1, in situ hybridization with FCRL2-specific probes
identifies intraepithelial and interfollicular lymphocytes in tonsillar tissue sections
and some of the centrocytes in the light zone of GCs (Miller et al. 2002). This tissue
distribution pattern of FCRL2 mRNA expression is concordant with the immuno-
fluorescence analysis of FCRL2 protein expression by tonsillar and peripheral
blood B cells. The composite data indicate that FCRL2 is preferentially expressed
by memory B cells (Huttmann et al. 2006; Polson et al. 2006) and at low levels or
not at all by GC B cells.

FCRL3 transcripts are found in memory, naive, and GC B cell populations
(Davis et al. 2001). In situ hybridization analysis reveals selective mRNA expres-
sion of FCRL3 by GC cells within the centrocyte-rich light zone (Miller et al.
2002). FCRL3 molecules are found in relatively low levels on peripheral blood
and tonsillar B cells and in higher levels on splenic B cells (Nagata et al. 2009;
Polson et al. 2006). Notably, FCRL3 represents the exception to the rule that
expression of the FCRLI-5 genes is limited to B lineage cells, in which FCRL3
expression has also been demonstrated on NK cells in the circulation (Polson
et al. 2006). Furthermore, FCRL3 expression has been demonstrated for a sub-
population of the CD25%/Foxp3* regulatory T cells (Nagata et al. 2009; Swainson
et al. 2010).

FCRL4 mRNA and protein expression levels indicate a more selective pattern of
cellular expression. FCRL4 transcripts have been demonstrated in memory B cell
populations by quantitative RT-PCR and in situ hybridization (Ehrhardt et al. 2003;
Hatzivassiliou et al. 2001). FCRL4 protein expression is limited to a subpopulation
of memory B cells that are found primarily in mucosa-associated lymphoid tissues
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(Ehrhardt et al. 2005; Falini et al. 2003; Polson et al. 2006). The FCRL4-positive
B cells are rarely found in blood, spleen, and bone marrow samples from healthy
individuals. Furthermore, this subpopulation of memory B cells is morphologically
and functionally distinct from its more abundant and broadly distributed FCRL4-
negative memory B cell counterparts. Comparative transcriptome analysis of
FCRL4" versus FCRL4™ memory B cells has revealed distinctive gene expression
profiles for these two memory B cell populations. The FCRL4" memory B cells
express relatively high mRNA levels for the chemokine receptors, CCR1 and
CCRS5, CD95, and the TNF superfamily member, RANKL; among B lineage
cells, they are uniquely positive for the CD11c integrin (Ehrhardt et al. 2008).
Adding to the list of differentially expressed transcripts, the src-family kinases
HCK and FGR are upregulated in the FCRL4" population, whereas the src-family
kinase LCK is upregulated in FCRL4™ memory B cells. Notably, most of the
FCRL4" memory B cells lack the commonly used CD27 memory B cell marker
(Ehrhardt et al. 2005; Johrens et al. 2005; Moir et al. 2008); variable levels of
FCRL4 and CD27 co-expression have been noted and this may reflect variability
between tissue samples from different individuals (Falini et al. 2003; Lazzi et al.
2006). Importantly, functional analyses indicate very different responses of the two
memory B cell subpopulations to T-dependent and T-independent stimulation.
Ex vivo analysis indicates that FCRL4™ memory B cells respond to antigen receptor
ligation as a means of simulating T cell-independent stimulation, as well as to
treatment with IL2, IL10, and CD40L, as a means of simulating T cell-dependent
stimulation. The FCRL4" memory B cells instead respond robustly to T cell-
dependent stimulation, but they fail to respond well to T cell-independent stimula-
tion (Ehrhardt et al. 2005).

FCRLS transcripts are expressed by cells in the tonsillar interfollicular and
intraepithelial regions, which are rich in memory B cells, and also within the
centrocyte-rich light zones of GCs (Hatzivassiliou et al. 2001). Immunofluores-
cence analysis of blood, spleen, and tonsillar tissues indicates a relatively low level
of FCRLS expression by GC B cells and higher expression levels in the naive and
memory B cell compartments (Polson et al. 2006). It is presently unclear why the
substantial protein expression levels on naive B cells indicated by immunofluores-
cence are not matched by FCRL5 mRNA expression by mantle zone cells in in situ
hybridization studies. FCRLS5 protein levels are highest in CD387"/CD138" PCs in
the bone marrow, tonsil, and spleen, suggesting an FCRLS immunoregulatory role
for PCs (Polson et al. 2006).

FCRLG6 is not expressed by B lineage cells, in striking contrast with the first five
members of the FCRL family. Using FCRL6-specific monoclonal antibodies,
FCRL6 expression instead has been demonstrated for mature CD56%™ NK cells,
a subpopulation of CD56"/CD3* NKT cells, and CD8" T cells of both effector and
effector memory subtypes (Wilson et al. 2007). FCRL6 expression has also been
shown for CD8"* v8 T cells and relatively rare cytotoxic CD4" T cells (Schreeder
et al. 2008).

The differential patterns for FCRL expression displayed by human B lympho-
cytes suggest that these receptors exert their functional roles primarily during the
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later stages of differentiation and on memory B cells in particular. The remarkably
restricted pattern of FCRL4 expression also highlights the heterogeneity of the
human memory B cell pool and suggests that distinctive control mechanisms may
govern activation of the FCRL4" versus FCRL4™ memory B cells.

5 FCRL Functional Properties

Co-receptors that have regulatory control over the activation status of cells belong-
ing to the immune system typically are characterized by the presence of ITAMs or
ITIMs. The FCRL family members have intracellular domain sequences that fit the
consensus ITAM and ITIM sequences, which indicated the immunoregulatory
potential of these receptors. Studies on FCRL1-bearing B cell lines and primary
B cells suggest a co-activator function on antigen receptor signaling for this
receptor (Leu et al. 2005). Co-ligation of FCRL1 with the BCR on Daudi B cells
results in increased calcium mobilization over that initiated by BCR ligation alone.
Stimulation of primary tonsillar B cells with anti-FCRL1 antibodies induces a
proliferative response and its co-ligation enhances the response to BCR ligation
(Leu et al. 2005). The two ITAM sequences in the intracellular domain of FCRL1
undergo tyrosine phosphorylation following antibody-mediated FCRL1 ligation
(Leu et al. 2005). Leu et al. have also observed association of the p85 subunit of
PI3kinase and the adaptor molecule Grb2 to the tyrosine phosphorylated intracel-
lular domain of FCRL1 (unpublished observations), thereby revealing a potential
mechanism for the activating function of FCRL1. Furthermore, the FCRL1 trans-
membrane domain is unique among the FCRL family members in containing a
negatively charged amino acid that could foster FCRL1 association with a posi-
tively charged transmembrane polypeptide to promote a co-activator role.

FCRL3 has been shown to inhibit BCR signaling when overexpressed and co-
ligated with the BCR on cells of a GC-derived cell line (Kochi et al. 2009). This
inhibitory activity was accompanied by binding of SHP-1 to the intracellular
domain of FCRL3. SHP-1 binding to synthetic phosphopeptide mimics showed
that binding of the phosphatase occurred chiefly on the ITIM sequence surrounding
tyrosine 692 of the intracellular domain of FCRL3, a finding that confirmed earlier
observations (Xu et al. 2001). Phosphopeptides corresponding to the ITAM
sequences in FCRL3 that are dually phosphorylated have been shown to associate
with the Syk and ZAP70 tyrosine kinases, thereby lending support for an activating
potential for this receptor (Kochi et al. 2009).

A variant B cell line has been used as a model system to evaluate the immuno-
regulatory activity of FCRL2, 4, and 5, all of which have consensus ITIM
sequences in their intracellular domains. The mouse memory B cell line A20-
ITA1.6 lacks expression of endogenous Fc receptors and was used originally to
demonstrate the inhibitory potential of the PD-1 receptor (Okazaki et al. 2001). For
our studies on the inhibitory potential of the FCRL ITIMs, a chimeric receptor
consisting of the extracellular and transmembrane domains of FcyRIIb fused to the
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intracellular domain of the FCRL of interest was stably expressed in the A20-IIA1.6
cells. Activation of the B cell receptor (BCR) on these cells with F(ab’), fragments
of BCR-specific antibodies leads to the activation of several downstream signal
transduction cascades. BCR ligation with intact anti-BCR antibodies instead
co-ligates the BCR with the chimeric FcyRIIb/FCRL fusion protein to allow
evaluation of the effects of the intracellular domains of FCRL molecules on BCR
signaling.

We observed a strong negative effect of FCRL4 co-ligation on BCR signaling
using the model system described above. Unlike the relatively modest dampening of
BCR-mediated signaling observed after co-ligation of the BCR with FcyRIIb (Muta
et al. 1994), which is mediated primarily by recruitment of the SHIP inositol
phosphatase, FCRL4 co-ligation with the BCR results in tyrosine phosphorylation
of the tyrosine residues in the two membrane distal ITIM sequences of the intracel-
lular domain of FCRL4, ablates almost completely the BCR-induced calcium
mobilization and strongly inhibits Akt and MAPK activation (Ehrhardt et al.
2003). This potent inhibitory effect reflects the recruitment of the intracellular
tyrosine phosphatases SHP-1 and/or SHP-2. As mentioned earlier, the two mem-
brane proximal ITIM sequences of the intracellular domain of FCRL4 could poten-
tially form a non-canonical ITAM recognition sequence. Although co-ligation of the
chimeric FcyRIIb/FCRL4 receptor did not lead to tyrosine phosphorylation of the
membrane proximal ITIM sequence, a phosphopeptide mimic of this potential
ITAM in which both tyrosine residues were phosphorylated was able to precipitate
PLCy. This finding suggests the possibility that in addition to its inhibitory function,
FCRL4 could assume an activating role in a context-dependent manner.

FCRLS co-ligation also inhibits BCR signaling in the model system described
above. This inhibitory effect is mediated via SHP-1 recruitment to the phosphory-
lated tyrosine residues at positions 924 and 954 in the FCRL5 ITIMs. The recruit-
ment of the SHP-1 tyrosine phosphatase leads to dephosphorylation of the Igo/B
signaling chains of the BCR complex, thus suggesting a potential mechanism for
FCRLS5-mediated inhibition of antigen receptor signaling. Importantly, the inhibi-
tion of BCR signaling in this in vitro model system could be reproduced by co-
ligation of endogenous FCRLS5 on primary memory B cells (Haga et al. 2007).
The inhibition was sensitive to the ex vivo pre-treatment of the primary B cells
with pharmacologic SHP-1 inhibitors. Unpublished work from our laboratory
(T. Jackson et al.) indicates an equally potent inhibitory potential for FCRL2 on
BCR signal transduction.

Although studies addressing the functional properties of the FCRL family
members have relied mainly on in vitro experiments involving artificial co-ligation
with the BCR, they convincingly demonstrate the regulatory potential of these
receptors. The data so far implicate the FCRL proteins primarily as elements for
negative regulatory control of B cell activation (see Fig. 3), although the ITAM-like
sequences present in most of these receptors may contribute flexibility in fine-
tuning the immune responses, especially for B lineage cells in the memory B cell
and PC stages during which most of the FCRLs are expressed.
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FCRL1 -4——— BCR ———— ™ FCRL2,34,5

|
Antigen receptor mediated signal intensity

Fig. 3 Signaling potential of FCRL family members. Co-ligation of FCRL2, 3, 4, and 5 leads to
inhibition of BCR signaling via recruitment of tyrosine phosphatases, whereas co-engagement of
FCRLI1 leads to increased BCR signaling via an as yet undefined mechanism. Effects on BCR-
mediated signaling are indicated by the bar at the bottom of the graphic, with green color
indicating activating potential and red color indicating inhibitory potential

6 FCRL Involvement in Human Diseases

The potent immunomodulatory potential of FCRL molecules suggested that these
proteins may have important roles in the regulation of immune responses. The
corollary implication is that the dysregulation of these receptors could contribute to
the pathogenesis of autoimmune disorders, hemopoietic malignancies, and severity
of infections. Indeed, a number of recent reports suggest involvement of FCRLs and
the cells that express them in several such disorders. Attention was attracted to
FCRL3 by a report that noted the correlation of a polymorphism in the promoter
region of the FCRL3 gene with increased susceptibility to rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), and autoimmune thyroid disease
(Kochi et al. 2005). This SNP is located in a weak NFkB-binding site in the
FCRL3 promoter and is associated with more efficient NFxB binding that enhances
transcription. This finding was initially supported (Ikari et al. 2006) and extended to
Grave’s disease (Simmonds et al. 2006), while some subsequent studies have not
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indicated significant correlation between this SNP and disease susceptibility
(Hu et al. 2006; Sanchez et al. 2006; Takata et al. 2008). The explanation for the
inconsistency may lie in the differences between study populations. In this regard, a
recent analysis indicated significant association of the investigated FCRL3 SNP
with RA in Asian study populations, but not for cohorts of European descent
(Lee et al. 2010).

Two recent studies have shown FCRL3 expression by a subpopulation of
naturally occurring regulatory T cells (nT,.;) whose members are characterized
by memory phenotype, high expression levels of programmed cell death 1
(PD-1), and impaired responsiveness to exogenous IL-2 (Nagata et al. 2009;
Swainson et al. 2010). One of these studies implicates an elevation of FCRL3
in the pathogenesis of autoimmune diseases. The levels of FCRL3 expression by
the nT,., subpopulation were shown to vary with the occurrence of a SNP noted
in the promoter region of the FCRL3 gene; a C/C constellation at position-196
correlated with a higher level of FCRL3 expression, a C/T constellation corre-
sponded with an intermediate FCRL3 expression level, and a T/T sequence was
associated with a lower FCRL3 expression level (Swainson et al. 2010). Impor-
tantly, the FCRL3" T, cells displayed reduced responsiveness to antigenic
stimulation in the presence of IL-2 and were impaired in their ability to suppress
T cell proliferation.

Patients with B cell lymphocytic leukemia (B-CLL), a malignancy characterized
by a rather homogenous phenotypical appearance, can be separated into those
individuals likely to have an indolent course versus those likely to have more
aggressive disease. The categorization is based on the somatic mutational status
of the antigen receptor and the expression levels of CD38 and ZAP70 (Damle et al.
1999; Hamblin et al. 1999). An indolent B-CLL course is predicted by mutated
antigen receptors and a lack of ZAP70 and CD38 expression, whereas an aggressive
course of the disease is indicated by an unmutated antigen receptor and expression
of CD38 and ZAP70 by the malignant cells. Several recent reports indicate
increased FCRL2 expression levels on B-CLL cells in patients predicted to have
the less aggressive phenotype (Huttmann et al. 2006; Li et al. 2008; Nuckel et al.
2009). It will be interesting to determine whether there is a causative interrelation-
ship between expression of the inhibitory FCRL2 protein and the indolent disease
course for this subgroup of B-CLL patients.

FCRL4 occupies a unique position among the FCRL family members by virtue
of its highly restricted pattern of expression by a tissue-based subpopulation of
memory B cells. Gene array data and immunofluorescence analyses also show that,
among the B lineage cells, FCRL4-bearing memory cells are uniquely positive for
CDl1c expression (Ehrhardt et al. 2008). Although commonly found on various
dendritic cell populations, CD11c is used as a hairy cell leukemia (HCL) marker
(Goodman et al. 2003). The presence of CD11c on primary FCRL4" memory B
cells may suggest that the elusive normal counterpart of the malignant HCL cells
belongs to this memory B cell population. Recent findings also implicate FCRL4-
bearing B cells in the immunopathology of combined variable immunodeficiency
(CVID). Analysis of peripheral blood mononuclear cells in these individuals



100 G.R.A. Ehrhardt and M.D. Cooper

indicated an expansion of B cells characterized by FCRL4 expression, low levels of
CD21 expression, and poor responsiveness to antigen receptor ligation. Unlike the
FCRL4-bearing memory B cells normally found in tonsils, the FCRL4" B cells
found in the circulation of CVID patients were shown to have unmutated antigen
receptor genes and therefore were postulated to represent an innate-like B cell
population (Rakhmanov et al. 2009).

Circulatory FCRL4* memory B cells have recently been implicated in the
immunopathology of two chronic infectious diseases, HIV and malaria. Although
normally restricted to tissues of the mucosal immune system, FCRL4" memory B
cells with characteristically low levels of CD21 expression and high levels of CD20
expression were abundant in blood samples of HIV-1 viremic individuals, but not in
HIV-1 aviremic individuals or healthy controls (Moir et al. 2008). These atypically
distributed memory B cells were found to have an exhausted phenotype in which
they did not respond to stimulation with the cytokines IL2/IL10 and CD40L as a
means for simulated T cell help. Importantly, the repertoire of the circulating
FCRL4" memory B cells in HIV-infected patients was shown to be enriched for
antibodies specific for the HIV-1 p120 envelope protein. CD21'%/CD20""/
FCRL4" memory B cells have also been found in the circulation of individuals
exposed to the malaria pathogen Plasmodium fulciparum (Weiss et al. 2009).
Although no direct involvement has been demonstrated for FCRL4 in the exhausted
B cell phenotype in HIV-1 viremic individuals, the above findings are reminiscent
of those observed for the other arm of the adaptive immune system in chronic viral
infections, wherein exhausted antigen-specific T cells are characterized by expres-
sion of the inhibitory PD-1 receptor. Moreover, interference of PD-1 binding to its
ligand PD-1L leads to re-invigoration of these exhausted T cells (Day et al. 2006). It
will be interesting to determine whether interference of FCRL4 binding to its
unknown ligands may lead to a similar re-invigoration of antigen-specific B cells
and enhanced immune responses to these persistent pathogens.

Finally, elevated levels of the secreted isoform of FCRLS5 have been found in
patients with several B cell malignancies using an ELISA-based monitoring system.
The levels of soluble FCRLS correlated with the tumor burden in patients with
HCL, B-CLL, MM, and mantle cell leukemia (Ise et al. 2005, 2007). The mecha-
nism for the abundance of soluble FCRLS5 in these disorders awaits clarification, but
these findings suggest that FCRLS5 may serve as a diagnostic marker and potential
therapeutic target for these malignancies.

7 Concluding Remarks

Although we are just beginning to understand the FCRL orphan receptors and their
functions, pathophysiological roles for several FCRL family members have been
implied in autoimmune disorders, malignancies, immunodeficiencies, and infec-
tious diseases, underscoring their potential importance in these health problems.
The high degree of conservation of FCRL genes in humans and non-human
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primates, combined with the absence of many of the FCRL genes in rodents,
indicates the need for future research in non-human primate models. This explora-
tion may be especially important for gaining an understanding of the dysregulation
of FCRL4" memory B cells in HIV and malaria, two infectious diseases that
together affect more than 300 million people worldwide. The cellular expression
profile of the FCRL family features a memory B cell centric pattern that extends to
the PC compartment in the case of FCRL5. Memory B cells and PCs are critical to
the establishment and maintenance of humoral immunity, and their FCRL expres-
sion subjects these cells to immunoregulatory mechanisms that are still not well
understood. Given the fact that most preventive vaccines function by eliciting
neutralizing antibodies, better understanding of the FCRL family of immunoregu-
lators could lead to novel insights in eliciting protective immune responses to
pathogens previously impervious to vaccine strategies.
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Abstract Genetic defects affecting the humoral immune response and especially
the production of antibodies of the immunoglobulin G (IgG) isotype result in a
heightened susceptibility to infections. Studies over the last years have demon-
strated the crucial role of Fc-receptors for IgG (FcyRs) widely expressed on innate
immune effector cells in mediating the protective function of IgG. During the last
years, additional ligands interacting with FcyRs as well as additional receptors
binding to IgG glycosylation variants have been identified. In this review, we
discuss how the interaction of these different ligands with classical and novel
Fcy-receptors influences the immune response and which strategies microorgan-
isms have developed to prevent them.
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1 Introduction

Apart from physical barriers, cells of the innate immune system, including mast cells,
neutrophils, monocytes, and macrophages represent one of the first lines of defense
against pathogenic microorganisms. Armed with a multitude of receptors, such as the
Toll-like receptor family, recognizing danger and pathogen associated molecular
patterns (DAMPs and PAMPs), they are able to recognize microorganisms directly
and thereby prevent an overwhelming infection (Iwasaki and Medzhitov 2010).
In the absence of adaptive immunity, however, many infections cannot be cleared,
emphasizing the importance of the interplay between the two arms of the immune
system. Antibodies, the hallmark of the adaptive immune response, are essential in
providing protection against recurrent infections (Ballow 2002). While low affinity
antibodies of the IgM isotype are characteristic for the early immune response,
antibodies of the IgG subclass dominate the later response and are typically of
higher affinity and exquisite specificity for the respective target antigen. Genetic
defects affecting the production of high affinity IgG antibodies often result in a
heightened susceptibility to microbial infections emphasizing the protective role of
this isotype (Ballow 2002). Studies performed in mouse model systems over the last
decade have led to the conclusion that the underlying mechanism of this protective
activity of IgG, which consists of four different subclasses in mice (IgG1, IgG2a/c,
IgG2b, 1gG3) and humans (IgG1-IgG4), is the recruitment and activation of innate
immune effector cells via receptors specific for the IgG Fc (fragment crystallizable)
domain (Fcy-receptors, FcyR) (Hogarth 2002; Nimmerjahn and Ravetch 2008b;
Takai 2002). Depending on the effector cell, crosslinking of these receptors results
in cell degranulation, release of different cytokines/chemokines, phagocytosis, or
antibody dependent cellular cytotoxicity (ADCC). Thus, Fc-receptors provide the
link between the high specificity of the adaptive immune system and the powerful
effector functions of cells of the innate immune system and target these proinflam-
matory activities to sites of infection or healthy tissues during autoimmune disease
(Hogarth 2002; Nimmerjahn and Ravetch 2008b; Takai 2002). In contrast to the
early IgM dominated immune response, which largely depends on the activation of
the classical complement pathway, marking microorganisms for phagocytosis via
complement receptors or initiation of bacterial lysis through the generation of lytic
membrane attack complexes, activation of the complement pathway is not essential
for IgG mediated effector functions, although it can enhance the activity of certain
IgG subclasses (Azeredo da Silveira et al. 2002; Carroll 2004; Clynes and Ravetch
1995; Nimmerjahn and Ravetch 2005; Ravetch and Clynes 1998; Sylvestre et al.
1996; Uchida et al. 2004). While this proinflammatory activity of IgG is desirable in
the case of an infection, it leads to severe tissue and organ damage if directed
toward healthy tissues during autoimmune disease (Hogarth 2002; Nimmerjahn and
Ravetch 2008b; Takai 2002). Several factors, including the individual IgG subclass
and the antibody glycosylation pattern, can influence the quality and strength of this
interaction (Nimmerjahn and Ravetch 2006). Besides IgG, other molecules such
as members of the evolutionary conserved pentraxin family can bind to FcyRs
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(Marnell et al. 2005; Woof and Burton 2004). More recently, it was shown that
certain antibody glycosylation variants can bind to other cell surface receptors
belonging to the family of C-type lectins unrelated to the family of classical
FcyRs (Anthony et al. 2008a, b; Kaneko et al. 2006b; Nimmerjahn and Ravetch
2008a). This review summarizes our current understanding of how the interaction
of these different ligands with cellular FcyRs is regulated and how this might help
develop novel therapeutic avenues for the optimization of antimicrobial and the
amelioration of autoreactive antibody responses.

2 The Family of Canonical Fcy-Receptors

FcyRs are a conserved family of glycoproteins that belong to the IgG superfamily
and are comprised of a ligand binding a-subunit consisting of two or three C2-type
extracellular domains (Fig. 1). In mice, monkeys, humans and other mammalian
species the family of FcyRs is comprised of several activating (FcyRIA, TIA, IIC,
IITA in humans; FcyRI, III, IV in mice) and one inhibitory (FcyRIIB) member
(Hogarth 2002; Nimmerjahn and Ravetch 2008b; Takai 2002; Willcocks et al.
2009). Whereas the inhibitory FcyR has an immunoreceptor tyrosine based inhibi-
tory motif (ITIM) in its cytosolic domain, the majority of activating FcyRs have to

classical MHC-I C-type lectin
FcyRl FcyRIll FcyRIV FcyRIIB FcRn SIGNR1
o
' N 0 ' @
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Fig. 1 The extended family of mouse and human Fcy-receptors. In mice and humans the family of
classical FcyRs consists of several activating and one inhibitory member. In addition, humans have
a GPI-linked FcyR (FcyRIIIB) exclusively expressed on neutrophils. The neonatal FcRn is
responsible for IgG half life in mice and humans and belongs to the family of major histocompati-
bility class I (MHCI) molecules. More recently, mouse SIGNR1 and its human orthologue
DC-SIGN joined the family of IgG binding proteins with a selective specificity for IgG glycoforms
rich in terminal sialic acid residues (see text for further details)
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associate with signaling adaptor proteins containing immunoreceptor tyrosine
based activation motifs (ITAM) such as the FcR common 7y-chain (y-chain). In
humans and monkeys, there are some exceptions to this rule as FcyRIIA and
FcyRIIC have an ITAM in their cytosolic domain and do not require signaling
adaptor molecules for cell surface expression and functionality (Fig. 1) (Willcocks
et al. 2009). Besides these differences in signal transduction, the other distinguish-
ing feature among the family members is the affinity and specificity for the different
IgG subclasses. In analogy to the high affinity Fc-receptor for IgE (FceR), there is
one high affinity receptor for IgG (FcyRI or CD64), which has nanomolar affinity
for select IgG subclasses (IgG2a/c in mice; IgG1/3 in humans) and is saturated in
the presence of serum IgG on cells such as monocytes in the blood. All the other
receptors have a low to medium affinity in the micromolar range and can only bind
to IgG if present in the form of immune complexes (ICs) (Nimmerjahn and Ravetch
2008b). Structural analysis of human IgG together with FcyRIITA showed that IgG—
FcgR binding occurs in a one to one ratio and that the sugar side chains of IgG and
FcyRs are critically involved in this binding (Ferrara et al. 2006; Mimura et al.
2001; Radaev et al. 2001; Sondermann et al. 2000). FcyRs are expressed on the
majority of innate immune effector cells such as basophils, eosinophils, mast cells,
monocytes, macrophages, NK cells and neutrophils. Among these cell lineages,
monocytes and macrophages express the broadest repertoire of activating FcyRs
(I, III, and IV), whereas neutrophils express FcyRIII and 1V, and NK cells selec-
tively express FcyRIIL. In addition, dendritic cells (DCs) essential for the initiation
of adaptive immune responses, and B cells do express FcyRs. Early studies have
also identified FcyR expression on some T cell populations although the role of
these receptors for T cell activity or development is unclear and requires further
analysis (Anderson and Grey 1974; Leclerc et al. 1977; Stout and Herzenberg
1975). A hallmark of this receptor family is the coexpression of activating and
inhibitory receptors on the majority of innate immune effector cells and DCs. Thus,
the simultaneous triggering of activating and inhibitory signaling pathways sets a
threshold for cell activation and regulates cellular effector functions. Indeed,
deletion of the inhibitory FcyRIIB resulted in heightened IgG dependent proin-
flammatory reactions, DC maturation and antigen presentation in vivo (Boruchov
et al. 2005; Dhodapkar et al. 2005; Kalergis and Ravetch 2002; Nimmerjahn and
Ravetch 2008b; Takai et al. 1996). An exception to this rule is NK cells which
solely express FcyRIIIA (CD16) in humans and FcyRIII in mice. Recently, a small
subpopulation of NK cells has been shown to express FcyRIIB, although the
functional role of this NK cell subset remains to be established (Dutertre et al.
2008). B cells do not express activating FcyRs, but express the inhibitory Fc-receptor,
which regulates positive signals initiated via the B cell receptor. The importance of
FcyRIIB on B cells was demonstrated by the development of autoantibodies and a
severe autoimmune disease similar to human systemic lupus erythematosus (SLE) in
mice deficient for this receptor (Baerenwaldt and Nimmerjahn 2008; Bolland and
Ravetch 1999, 2000; Daeron and Lesourne 2006; Ravetch and Lanier 2000; Takai
2002; Takai et al. 1996).
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Based on genomic localization and sequence similarity in the extracellular
portion, orthologous receptors can be identified between mice and humans (Hirano
et al. 2007; Nimmerjahn and Ravetch 2006). Thus, the high affinity receptors
FcyRIA/FcyRI and the low affinity receptors FcyRIIB cluster in the same group
(Fig. 1). Similarly, human FcyRIIIA/mouse FcyRIV and human FcyRIIA/mouse
FcyRIII share a high level of sequence homology in their extracellular domains
(Nimmerjahn and Ravetch 2006). Despite this similarity caution should be taken in
a one to one transfer of data obtained in mouse models to the human system as the
ligands (the IgG subclasses) and the cellular expression pattern of some of the
receptors differ between mice and humans. Thus, human FcyRI binds two IgG
subclasses (IgGland IgG3) with high affinity whereas mouse FcyRI only binds
IgG2a/c with nanomolar affinity. Similarly, mouse FcyRIV (not expressed on NK
cells) has the capacity to recognize IgE whereas human FcyRIIIA (expressed on
NK cells) does not (Hirano et al. 2007; Mancardi et al. 2008). Moreover, humans
express several allelic variants of the low affinity receptors FcyRIIA and FcyRIIIA
which greatly differ in their affinity for the different IgG subclasses (Bruhns et al.
2009; Ravetch and Nimmerjahn 2008). Thus, human IgG2 binds only to an
FcyRIIA variant carrying a histidine at position 131 (FcyRIIA-131H) whereas the
allele carrying an arginine allele (FcyRIIA-131R) has a very low affinity for this
IgG subclass. Similarly, FcyRIITA with a valine residue at position 158 (FcyRIITA-
158V) has a much higher affinity for IgG1 and IgG3 than its allelic counterpart with
a phenylalanine residue (FcyRIIIA-158F) at this position. Studies with human
patient cohorts suggest that these differences in affinity impact the outcome of
therapeutic success with antitumor antibodies, for example (Cartron et al. 2002;
Weng et al. 2004; Weng and Levy 2003). To mimic these allelic differences in the
future, novel mouse models carrying these allelic variants of the human FcyRs will
be essential. Nonetheless, classical mouse models have been and will continue to be
detrimental for deciphering the role of the family of FcyRs for antibody activity in
infection and autoimmunity which will be discussed in the following paragraphs.

3 Regulation of IgG Activity In Vivo

Given the crucial role of FcyRs for IgG mediated effector functions, several studies
have addressed the issue about which activating FcyRs were involved in mediating
the activity of the individual IgG subclasses. In vitro studies indicated that IgG1 can
only bind to FcyRIII, IgG2a/c can bind to all activating FcyRs and IgG2b binds to
FcyRIII and FcyRIV. IgG3, in contrast, did not bind with significant affinity to any
of the known FcyRs in C57BL/6 mice, although binding to an FcyRI allele in NOD
mice was described (Gavin et al. 1998). Consistent with these in vitro data, IgG1
activity was abrogated in mouse strains deficient in FcyRIII (Hazenbos et al. 1996;
Meyer et al. 1998; Nimmerjahn and Ravetch 2005, 2006). In contrast, the situation
for IgG2a/c and IgG2b is more complicated: in some model systems the activity of
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these subclasses was abrogated in FcyRIII knockout animals whereas in others it
was not. In models of IgG2b dependent platelet depletion, B cell depletion, and
nephrotoxic nephritis, for example, blockade of FcyRIV function prevented platelet
and B cell depletion and kidney inflammation (Hamaguchi et al. 2006; Kaneko et al.
2006a; Nimmerjahn et al. 2005; Nimmerjahn and Ravetch 2005). In the case of
IgG2b dependent autoimmune hemolytic anemia (AIHA), acute glomerular inflam-
mation and IC induced lung inflammation, both FcyRIII and FcyRIV were essential
for the activity of this IgG subclass (Baudino et al. 2008; Giorgini et al. 2008; Syed
et al. 2009). For IgG2a/c a similar picture emerges as for IgG2b with additional
contributions of the high affinity Fc-receptor depending on the system model used
(Baudino et al. 2008; Bevaart et al. 2006; Ioan-Facsinay et al. 2002; Otten et al.
2008). Together with the aforementioned correlation of allelic variants of FcyRIIA
and FcyRIITA with the activity of therapeutic antibodies in human cancer patients
this indicates that the low affinity FcyRs are critical for IgG dependent effector
functions in mice and humans.

While these studies confirmed the crucial role of FcyRs for IgG activity they did
not explain another observation that was made in several in vivo model systems of
autoimmunity and infection, suggesting that the different IgG subclasses have a
different activity in vivo. Using IgG subclass switch variants of platelet or red blood
cell (RBC) specific antibodies it was demonstrated that IgG2a/c and IgG2b were
superior to the other IgG subclasses in mediating phagocytosis of opsonized plate-
lets or RBCs compared to IgG1 and IgG3, respectively (Fossati-Jimack et al. 2000;
Nimmerjahn et al. 2005; Nimmerjahn and Ravetch 2005). Similarly, IgG2a/c
mediated depletion of B cells, syngeneic melanoma cells, and T cell lymphomas
was far more efficient compared to antibodies with an IgG1l Fc-fragment, for
example, consistent with earlier results obtained in vitro (Kaminski et al. 1986;
Kipps et al. 1985; Lambert et al. 2004; Nimmerjahn and Ravetch 2005; Uchida
et al. 2004). Further confirming this observation glomerular inflammation induced
by IgG subclass switch variants was most severe for the [gG2a/c subclass followed
by IgG2b and a much weaker activity of IgG1 (Giorgini et al. 2008). Similarly,
antimicrobial antibodies of the IgG2a/c subclass yielded enhanced protection from
the development of poliomyelitis following infection with lactate dehydrogenase
elevating virus or enhanced phagocytosis of opsonized Cryptococcus neoformans
(Markine-Goriaynoff and Coutelier 2002; Schlageter and Kozel 1990). A possible
explanation for this hierarchy of activities was afforded by the affinities of the
different IgG subclasses toward their triggering activating and inhibitory FcyR
pairs. Thus, IgG1 has a higher affinity for the inhibitory FcyRIIB than toward the
activating FcyRIII, resulting in a high threshold for activation. In contrast, IgG2a/c
and IgG2b have a much higher affinity for the activating FcyRIV than for the
inhibitory FcyR, thus being less influenced by cotriggering. Consistent with this
in vitro data, deletion of the inhibitory FcyRIIB most strongly enhances the activity
of IgG1 in models of platelet depletion and tumor cell destruction (Nimmerjahn and
Ravetch 2005). Of note, this affinity based model of IgG subclass activity can be
influenced by several factors, including the varying FcyR repertoire of individual
innate immune effector cells and DCs and cytokines that can alter the ratio of
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activating to inhibitory FcyR expression. Thus, TH1-type cytokines, LPS, and
the anaphylatoxin C5a have been shown to increase activating FcyR expression
(Nimmerjahn and Ravetch 2008b; Schmidt and Gessner 2005). In contrast, TH2-
signature cytokines such as IL4 had the opposite effect, with the exception of B
cells where IL4 was suggested to downmodulate expression of FcyRIIB (Nimmer-
jahn and Ravetch 2006). Apart from the expression level of the individual FcyRs,
recent studies have highlighted the role of the sugar side-chain of IgG which is
attached to the asparagine 297 (N297) residue in the IgG heavy chain in modulating
the affinity to activating FcyRs which will be discussed in the next chapter.

4 Influence of Antibody Glycosylation and Novel Fcy-Receptors

All immunoglobulin isotypes are glycoproteins with a varying amount of sugar
side chains attached to the protein backbone. In contrast to IgM, IgA, and IgE
which contain multiple exposed sugar side chains, the IgG associated sugar domain
is constrained by the groove formed by the two individual IgG heavy chains
(Nimmerjahn and Ravetch 2008b). Deletion of this sugar domain results in an
altered conformation and severely impaired binding to cellular FcyRs and dimin-
ished activation of the complement pathway (Shields et al. 2001). Compared to the
homogeneous composition of the sugar domain of the other Ig isotypes the IgG
associated sugar moiety is heterogeneous. Thus, in a healthy individual more than
30 different IgG glycosylation variants can be detected in the serum of mice and
humans (Arnold et al. 2007). This heterogeneity stems from variable additions of
terminal and branching sugar residues such as sialic acid, galactose, N-acetylglu-
cosamine and fucose. Interestingly, this glycosylation pattern of serum IgG changes
during active autoimmune disease in mice and humans where glycoforms rich in
terminal sialic acid and galactose residues were diminished (Bond et al. 1990;
Kaneko et al. 2006b; Mizuochi et al. 1990; Nimmerjahn and Ravetch 2008a).
A similar change in serum IgG glycosylation pattern was observed with older
age, whereas during pregnancy IgG glycoforms rich in terminal sialic acid and
galactose residues were increased and correlated with remission of disease (Arnold
et al. 2007; Rook et al. 1991; van de Geijn et al. 2009). Although the function of this
altered glycosylation pattern is not fully understood, recent evidence points toward
an important role of differential IgG glycosylation in modulation of IgG activity
(Jefferis 2009). The absence of the branching fucose residue, for example, results
in a selective increase of affinity of IgG subclasses to human FcyRIITA and its
mouse orthologue FcyRIV (Nimmerjahn and Ravetch 2005; Shields et al. 2002;
Shinkawa et al. 2003). This increased affinity results in enhanced in vivo activity as
demonstrated by the ability to prevent tumor growth in various model systems
(Nimmerjahn and Ravetch 2007a). In contrast, the presence of high levels of
terminal sialic acid residues diminished the affinity of human and mouse IgG for
the family of classical FcyRs, consistent with a lower proinflammatory activity
(Anthony et al. 2008a; Kaneko et al. 2006b; Scallon et al. 2007). Importantly,
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however, sialic acid rich IgG glycovariants not only display reduced proinflamma-
tory activity, as a result of the diminished binding to classical FcyRs, but they
actually gained an active anti-inflammatory activity of IgG, which was able to
suppress the proinflammatory activity of other autoantibodies (Anthony et al.
2008a, b; Kaneko et al. 2006b; Nimmerjahn and Ravetch 2007b). This finding
might explain the long known anti-inflammatory activity of infusion of high doses
of pooled serum IgG from several thousands of donors (IVIg therapy), which has
been in use for nearly three decades as an efficient symptomatic treatment of
different human autoimmune diseases, including thrombocytopenia, rheumatoid
arthritis and chronic inflammatory demyelinating polyneuropathy (Nimmerjahn
and Ravetch 2008a). A recent study identified SIGNR-1 (specific ICAM3 grabbing
nonintegrin related 1) and its human orthologue DC-SIGN (dendritic cell specific
ICAM3 grabbing nonintegrin) as cellular receptors that can specifically bind to IgG
glycovariants containing high levels of terminal sialic acid residues. Consistent
with this in vitro binding, IVIg lost its anti-inflammatory activity in SIGNR-1
knockout mice in a model of rheumatoid arthritis (Anthony et al. 2008b). During
the steady state SIGNR-1 expression is most dominant on splenic marginal zone
macrophages characterized by expression of another cell surface receptor called
MARCO (macrophage receptor with collagenous structure) (Fig. 2). Consistent
with an important function of this SIGNR-1 positive splenic macrophage popula-
tion, splenectomized mice, mice with a disturbed splenic structure or osteopetrotic
op/op mice lacking this macrophage subpopulation were no longer protected by
IVIg (Anthony et al. 2008b; Bruhns et al. 2003). Thus, in analogy to the family of
Toll-like receptors which can recognize microbial as well as self ligands, these
studies highlight the dual function of receptors such as SIGNR1 and DC-SIGN in
recognition of microbial and self ligands. Further studies showed that IVIg infusion
changes the threshold for innate immune effector cell activation through ICs
through an upregulation of the inhibitory FcyRIIB and a downregulation of activat-
ing FcyRs in different mouse model systems and in patients with chronic inflam-
matory demyelinating polyneuropathy (Fig. 2) (Bruhns et al. 2003; Kaneko et al.
2006a, b; Samuelsson et al. 2001; Tackenberg et al. 2009). It is tempting to
speculate that pathogens, such as HIV and Mycobacterium tuberculosis, which
bind to DC-SIGN use this anti-inflammatory pathway to escape an initial immune
response. Besides the important function of sialic acid residues, it has been pro-
posed that the additional lack of galactose residues, which exposes the mannose
rich core sugar structure, would result in the capacity to activate the lectin pathway
of complement activation via mannan binding lectin (MBL) and thereby enhance
the proinflammatory activity of this so called IgG-GO glycovariant (lacking termi-
nal sialic acid and galactose residues) (Malhotra et al. 1995). However, recent
in vivo studies using MBL1/2 knockout animals could not confirm these previous
in vitro observations and rather suggest that IgG glycoforms with or without
galactose are still fully dependent on cellular FcyRs and do not gain proinflamma-
tory activity through the MBL pathway of complement activation (Nimmerjahn
et al. 2007).
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Fig. 2 Model for the anti-inflammatory activity of IgG. Immunoglobulin G glycovariants rich in
terminal sialic acid residues (SA-rich IgG) loose affinity for classical FcyRs but gain the capacity
to bind to C-type lectin receptors such as mouse SIGNR1 and human DC-SIGN. Binding of SA-
rich IgG to splenic resident MARCO positive macrophages heightens the threshold for innate
immune effector cell activation by upregulation of inhibitory FcyRIIB expression and lowering
expression of activating FcyRs. In humans, DC-SIGN positive dendritic cells or macrophages
might be involved in the IgG dependent anti-inflammatory pathway

5 Role of FcyRs for Infection

A role for IgG antibodies in the prevention of infection is demonstrated by the
heightened susceptibility of patients with hypogammaglobulinemia or hyper-IgM
syndrome to recurrent infections with encapsulated bacteria, viruses and with some
protozoan infections (Ballow 2002; Wood 2009). Major efforts have been under-
taken to identify broadly neutralizing antibodies capable of protecting the host from
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infection with a wide range of microorganisms (especially highly pathogenic
viruses such as influenza and HIV) from the same or different species (Karlsson
Hedestam et al. 2008; Walker and Burton 2008). One general issue with respect to
many human pathogens is that they do not infect mice. Therefore, one has to rely on
in vitro model systems and readouts to evaluate the capacity of pathogen specific
antibodies to prevent infection of host cells. Such an approach may be severely
biased by the choice of target cells used in such an assay. For example, HIV infects
both T cells and myeloid cells, of which only the latter cell lineage expresses
FcyRs. In screening for neutralizing antibodies by using T cells as a readout one
selectively screens for antibodies preventing the interaction of viral ligands with
cellular receptors such as CD4 expressed on T cells, which would be solely
dependent on the specificity (the F(ab)2 fragment) of the antibody. By doing so
one might miss a potential role for the antibody Fc-fragment and FcyRs in antibody
mediated protection from a productive infection or viral replication (Fig. 3). Along
these lines, it was recently demonstrated that different cell lines used for in vitro
neutralization assays with antibodies specific for the anthrax toxin express different

Inhibition of Phagocytosis Phagocytosis
Attachment and degradation and infection

neutralization ADE

Fig. 3 Pathways of IgG dependent pathogen neutralization or enhancement of infection. Pathogen
specific IgG can either block infection (neutralization) of host cells (A, B) or lead to antibody
dependent enhancement (ADE) of pathogen infectivity (C). (A) Binding of IgG to the surface of
bacterial or viral receptors essential for the attachment to host cells blocks pathogen entry and
prevents an infection. This mechanism of neutralization is solely dependent on the specificity of
the antibody and independent of the Fc-fragment. (B) Opsonized pathogens or pathogen specific
IgG binding to infected cells results in pathogen clearance via phagocytosis and destruction of the
microorganism in acidic endosomal/lysosomal vesicles or to killing of infected host cells by
effector cells via antibody dependent cell-mediated cytotoxicity (ADCC). (C) For some opsonized
microorganisms FcyR dependent uptake results in enhanced infection of target cells instead of
degradation in lysosomal vesicles (see text for further details)



FcyRs in Health and Disease 115

levels of FcyRs and that toxin neutralization was more efficient in the cell line
expressing higher levels of FcyRs (Verma et al. 2009). Moreover, blocking FcyRs
impaired IgG dependent anthrax toxin neutralization in this in vitro assay. Thus,
in vitro neutralization assays should screen for both, FcyR dependent and indepen-
dent mechanisms of neutralization to ensure the highest level of predictability for
in vivo functionality. The importance of ADCC or other FcyR dependent pathways
for inhibition of viral replication and spread (also referred to as antibody dependent
cell-mediated viral inhibition; ADCVI) in vivo have only recently become appre-
ciated. Thus, y-chain deficient mice lacking the activity of all activating FcyRs
were more susceptible to influenza virus infection due to reduced phagocytosis and
ADCC dependent killing of infected cells (Fig. 3) (Huber et al. 2001). Along the
same lines, the capacity of immune serum to trigger ADCC in vitro has been
associated with protection from HIV infection in some (but not all) studies and
nonneutralizing antibodies (as defined by classical in vitro assays) were able
to inhibit HIV replication in human macrophages in vitro (Florese et al. 2006;
Gomez-Roman et al. 2005; Holl et al. 2006a). More recently it was demonstrated
that the protective activity of the broadly neutralizing HIV specific antibody b12
directed against the CD4 binding site of gp120 mediates its activity at least in part
via engaging activating FcyRs but not the complement pathway in vivo (Hessell
et al. 2007). Several studies have addressed the role of individual activating FcyRs
for this antiviral activity and have suggested that especially FcyRIA and FcyRIIA
were involved in conferring protection (David et al. 2006; Forthal and Moog 2009;
Holl et al. 2004, 2006b; Perez-Bercoff et al. 2003). Apart from a simple ADCC and
phagocytosis followed by destruction of antibody bound virus in endosomal/
lysosomal vessicles, other mechanisms such as FcyR dependent induction of
transcription factors are discussed to be involved in inhibition of virus infection
and replication (Bergamaschi et al. 2009). Although more studies are necessary to
elucidate the molecular pathways involved in FcyR dependent protection from
virus infection, the available data suggest a critical involvement of IgG-Fc depen-
dent pathways in parallel to the IgG-F(ab)2 dependent interference with virus
binding to cellular receptors (Fig. 3).

Consistent with the results obtained for HIV and influenza, antibody dependent
phagocytosis of Bordetella pertussis was enhanced via FcyRs but not via comple-
ment receptor 3 (CR3) in mouse models in vivo and with human effector cells
in vitro (Hellwig et al. 2001; Rodriguez et al. 2001). With respect to parasitic
infections, mice deficient in activating FcyRs were less efficient in clearing micro-
filariae of Brugia malayi and showed a decreased antibody mediated phagocytosis
of Plasmodium bergei and enhanced susceptibility to infection in this murine
malaria model (Gray and Lawrence 2002; Yoneto et al. 2001). Confirming the
role of the inhibitory FcyRIIB in setting a threshold for cell activation, mice
deficient in the inhibitory FcyR were more efficient in the phagocytosis of bacteria
and showed enhanced resistance to infection with Plasmodium chabaudi chabaudl,
Staphylococcus aureus and Streptococcus pneumoniae (Clatworthy and Smith
2004; Clatworthy et al. 2007; Gjertsson et al. 2002). Another line of evidence for
an involvement of FcyRs in antibacterial responses in humans comes from IgG
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subclass deficiencies. An IgG2 deficiency, for example, predisposes to infections
with microorganisms such as Haemophilus influenzae (causing upper respiratory
tract infections and pneumonia), S. pneumoniae (causing pneumonia, peritonitis and
meningitis) and Nisei meningitides (causing meningitis and septicemia) (Ballow
2002; Pathan et al. 2003). IgG2 is a poor activator of the complement pathway and
selectively binds the FcyRIIA-131H allele (Ravetch and Nimmerjahn 2008). Sup-
porting a role for this activating FcyR in phagocytosis of opsonized bacteria of
these species, it was demonstrated that humans with the low affinity FcyRIIA-131R
allele had a higher susceptibility to invasive pneumococcal disease and higher risk
for fulminant meningococcal septic shock (Bredius et al. 1994; Fijen et al. 2000;
Rodriguez et al. 1999; Willcocks et al. 2009; Yee et al. 2000; Yuan et al. 2003).
Moreover, neutrophils of FcyRIIA-131H donors were more efficient in phagocy-
tosing opsonized bacteria in vitro (Fijen et al. 2000; Pathan et al. 2003; Rodriguez
et al. 1999). Consistent with this finding murine IgG1 antibodies against cell wall
components of S. pneumoniae, which cannot activate the complement pathway,
could protect mice from lethal infection (Briles et al. 1984a, b). Taken together,
there is evidence that FcyRs are involved in antibody dependent control at least of
certain bacterial and viral infections in mice and humans. For genetic association
studies in humans, larger patient cohorts will be essential to provide convincing
evidence as some of the current studies show contradicting results (Smith et al.
2003). Of note, FcyRs are not only involved in protection from microbial infections
but can also be responsible for promoting susceptibility of the host, a phenomenon
that has been termed antibody mediated enhancement (ADE) of infection (Fig. 3).
Thus, Leishmania major infection of susceptible mouse strains is severely impaired
in y-chain knockout animals (Kima et al. 2000; Padigel and Farrell 2005). Similar
results have been obtained for many viruses including HIV and members of the
dengue virus family (Brouwer et al. 2004; Littaua et al. 1990; Loke et al. 2002;
Takeda et al. 1988) . Despite this FcyR dependent effect of ADE, this does not
preclude the use of neutralizing antibodies to block virus infection. Thus, dengue
virus specific IgG was efficient in protecting animals from infection if used in
an aglycosyl form which can no longer interact with cellular FcyRs (Balsitis
et al. 2010).

6 Microbial Immune Escape Mechanisms Targeting
the IgG-FcyR Interaction

Further evidence that the interaction of antimicrobial antibodies with FcyRs is
of importance is provided by the fact that several viruses and bacteria have
developed strategies to interfere with this interaction. Prime examples are protein
A (S. aureus) and protein G (Streptococcus spec.) which immobilize IgG to inacti-
vate its effector functions (Langone 1982). Herpes simplex virus (HSV) as well as
cytomegalovirus express viral FcyRs which compete with cellular FcyRs for IgG
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binding and thereby prevent direct virus recognition and detection of infected cells
through innate immune effector cells (Atalay et al. 2002; Dubin et al. 1991; Frank
and Friedman 1989; Sprague et al. 2008). As demonstrated for gp68 of human
cytomegalovirus (HCMV), viral FcyRs bind to IgG independent of the N297
attached sugar moiety, which is crucial for binding to cellular FcyRs. In contrast
to classical FcyRs which bind to IgG in the CH2/hinge domain in a one to one ratio,
HCMYV gp68 binds IgG more closely to the CH3 domain with nanomolar affinity
and in a two to one stoichiometry (Sprague et al. 2008). More recently, several
secreted glycosidases and proteases derived from Streprococcus pyogenes with a
high specificity for the IgG attached sugar moiety or the IgG Fc-fragment have been
identified (Collin and Olsen 2001; Johansson et al. 2008). Thus, Endoglycosidase S
(EndoS) efficiently cleaves the N297-attached sugar moiety after the first N-acet-
ylglucosamine residue, which results in a decreased binding to cellular FcyRs. In a
variety of models of IgG dependent autoimmune disease, injection of purified
EndoS resulted in decreased autoantibody activity and reduced tissue damage,
suggesting that EndoS might help S. pyogenes to inactivate the antimicrobial
activity of IgG (Albert et al. 2008; Allhorn et al. 2008; Nandakumar et al. 2007a).
Interestingly, EndoS treatment showed an IgG subclass specific activity and was
not able to impair the activity of the most potent subclass IgG2a/c (Albert et al.
2008). In contrast, the protease Ide S efficiently cleaves the IgG Fc-fragment of all
human IgG subclasses and of mouse IgG2a/c, resulting in inactivation of (auto)
antibody activity in vitro and in vivo (Johansson et al. 2008; Nandakumar et al.
2007b). Taken together, pathogenic microorganisms have evolved several
mechanisms to escape the potent effector pathways initiated through the IgG Fc-
fragment. These studies may provide the basis to develop not only novel antimicrobial
therapies, but also be helpful to limit the destructive potential of autoantibodies during
autoimmune disease (Allhorn and Collin 2009; Nandakumar and Holmdahl 2008).

7 Other Ligands for Fcy-Receptors

Apart from IgG, there is evidence that other proteins unrelated to IgG can bind to
FcyRs and use the potent effector functions initiated via these receptors. The most
prominent examples are members of the pentraxin superfamily which are evolu-
tionary conserved proteins with a multimeric cyclic structure (Agrawal et al. 2009).
Two members of this family, C-reactive protein (CRP) and serum amyloid P (SAP),
have been shown to bind to human and mouse FcyRs (Bharadwaj et al. 1999, 2001;
Lu et al. 2008; Marjon et al. 2009; Thomas-Rudolph et al. 2007). Whereas these
proteins are present only in minute amounts in the serum in the steady state they
become greatly upregulated during inflammatory responses such as microbial
infections. Similar to antimicrobial antibodies, CRP and SAP can directly bind to
a variety of pathogens including bacteria, fungi and viruses marking them for
phagocytosis by neutrophils and macrophages of the host (Agrawal et al. 2009;
Marnell et al. 2005). Besides the activation of the classical complement pathway
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through these pentraxins a role of FcyRs in the CRP dependent phagocytosis of
microorganism was suggested by in vitro studies with FcyR expressing cell lines
and more recently by a cocrystal structure of SAP together with FcyRIIA, demon-
strating that CRP and SAP can bind to the low affinity FcyRITA and FcyRIIB and to
the high affinity FcyRI (Bharadwaj et al. 1999, 2001; Lu et al. 2008). Although the
relevance of this binding for the phagocytosis of CRP opsonised microorganisms
in vivo remains to be established it was recently demonstrated that FcyR dependent
uptake of CRP opsonised S. pneumoniae enhances the immune response against
this microorganism (Thomas-Rudolph et al. 2007). In addition to this antimicrobial
function CRP has also been shown to have an anti-inflammatory activity which
seems to be dependent on cellular FcyRs. Thus, mice deficient in FcyRs are not
protected from lethal LPS challenge, nephrotoxic nephritis and ITP by injection of
human CRP. For the latter two autoimmune models it has been shown that FcyRI
was crucial for this CRP dependent suppression of autoimmune disease although
the exact mechanism of this activity requires further studies (Marjon et al. 2009;
Rodriguez et al. 2007).

8 Conclusions

Work over the last years has highlighted the central importance of FcyRs in
mediating the proinflammatory activity of IgG. By setting a threshold for innate
immune effector cell activation activating and inhibitory FcyRs modulate the
strength of the immune response and prevent an unwanted activation of the immune
system which might result in destruction of healthy tissues. The identification of
novel IgG glycosylation variants involved in the long known but poorly understood
anti-inflammatory activity of IgG was an important step toward a more complete
picture of the underlying mechanism of this activity. It is tempting to speculate that
molecules such as SIGNR-1 which have the capacity to recognize pathogens
directly during an infection might have another function during the steady state
and help to maintain the immune system in a resting state. The immune escape
mechanisms which have been developed by different microorganisms are as com-
plex as these novel pathways responsible for IgG effector functions. It is a safe
assumption that many more microbial molecules that target the I[gG—FcyR interac-
tion will be identified in future studies, which might not only be useful for fighting
microbial infections but also for the development of novel strategies to interfere
with the deleterious activities of IgG during autoimmune disease.
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Abstract Transforming growth factor-f (TGF-B) has been shown to play an
essential role in establishing immunological tolerance, yet recent studies have
revealed the pro-inflammatory roles of TGF-f in inflammatory responses. TGF-f3
induces Foxp3-positive regulatory T cells (iTregs), while in the presence of IL-6, it
induces pathogenic IL-17 producing Th17 cells. TGF-f inhibits the proliferation of
T cells as well as cytokine production via Foxp3-dependent and independent
mechanisms. On the one hand, little is known about molecular mechanisms
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involved in immune suppression via TGF-3; however, recent studies suggest that
Smad2 as well as Smad3 play essential roles in Foxp3 induction and cytokine
suppression, whereas Th17 differentiation is promoted via the Smad-independent
pathway. Mutual suppression of signaling between TGF-f and inflammatory cyto-
kines has been shown to be necessary for the balance of immunity and tolerance.

1 Introduction

Dysregulated immune suppression often results in immune disorders, such as auto-
immunity and inflammatory diseases. Development of these diseases is due to both
enhanced immune reactions and decreased immune suppression. Such balance is
achieved by the interaction between effectors cells for positive immune reactions
and suppressor cells for negative immune reactions. Helper T (Th) cells are known to
function as central regulators of immune responses. After activation by antigenic
stimulation, naive helper T cells differentiate into either effector T cells responsible
for positive reactions or regulatory T cells (Tregs) responsible for the negative
reactions. The balance between effector T cells and Tregs seems to play an important
role in the establishment of immunity or tolerance (Sakaguchi 2004).

Active immune suppression is also mediated by cytokines. The pleiotropic
cytokines, transforming growth factor-p (TGF-f), and interleukin-10 (IL-10) play
critical roles in suppressing the immune response (Li et al. 2006a; Wan and Flavell
2007; Moore et al. 2001; Li and Flavell 2008a). Recently, a direct connection
between Treg and TGF-B has been discovered (Chen et al. 2003; Li and Flavell
2008b). TGF-B has been shown to induce Foxp3, a master regulator of Tregs
in naive T cells. However, TGF-f has also been identified as an inducer of effector
T cells, such as Th17 cells (Korn et al. 2007a; Rubtsov and Rudensky 2007). It has
been shown that Tregs and Th17 cells are interchangeable at least in, in vitro
systems (Dong 2008). Thus, T cell development, tolerance, homeostasis, and
differentiation are highly dependent on a regulatory network that is modulated by
TGF-. In this review, we will focus on the regulation of both helper T cells
functions and differentiation via TGF-f and its signals.

2 TGF-B and Signal Transduction

TGF-B1, -B2, and -B3 are the three isoforms that have been identified in mammals.
Among these three isoforms, TGF-B1 is predominantly expressed in the immune
system and an important pleiotropic cytokine with potent immunoregulatory proper-
ties (Chang et al. 2002; Govinden and Bhoola 2003). Mice deficient in TGF-1
develop a multiorgan autoimmune inflammatory disease and die a few weeks after
birth (Shull et al. 1992; Kulkarni et al. 1993). T cells have been shown to play
important roles in this severe inflammtion, since such neonatal death and inflamma-
tion were eliminated by depleting mature T cells (Diebold et al. 1995; Bommireddy
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etal. 2004). Various transgenic mice whose T cells are unable to respond specifically
to TGF-B have also been shown to develop autoimmunity, indicating that TGF-f3
signaling is essential for T cell homeostasis (Gorelik and Flavell 2000; Marie et al.
2006; Li et al. 2006b). Thus, in this review, TGF-f1 will be representative of all
TGF-Ps unless otherwise specified.

TGF-B is synthesized in an inactive form, the pre-pro-TGF-f precursor. The dimeric
proprotein is called the latency-associated peptide (LAP). The LAP/TGF-3 complex
binds to the latent TGF-B-binding protein (LTBP), a 125- to 160-kDa protein, and the
LTBP/LAP/TGF- complex is then secreted from cells and bound to collagen and
other tissue matrix proteins (Taylor 2009; Annes et al. 2003). It has also been shown
that the LAP/TGF-3 complex is highly expressed in Tregs. Additional stimuli, such as
low pH, proteolysis, and binding to the cell surface processing proteins are required to
liberate active TGF-P (Nakamura et al. 2004; Chen et al. 2008).

The major signaling pathways of the TGF-f receptors (TGF-BR) are relatively
simple (Massague 1998). TGF-f first binds to the TGF-BR, which then primarily
activates Smad transcription factors, including three structurally similar proteins: two
receptor-associated Smads, Smad2 and Smad3; and one common Smad, Smad4
(Huse et al. 2001). Smad2 or Smad3 is directly phosphorylated and activated
by TGF-BR and heterodimerizes with Smad4 or TIF1y (Li and Flavell 2008b;
He et al. 2006). The activated Smad-complex translocates into the nucleus, and, in
a cooperative manner with other nuclear cofactors, regulates the transcription of
target genes (Fig. 1). Apparently, however, there exist Smad-independent pathways
(Derynck and Zhang 2003; Yu et al. 2002). Through mechanisms yet to be deter-
mined, TGF-B induces rapid activation of Ras-extracellular signal-regulated kinase
(Erk), TGF-B-activated kinase-mitogen-activated protein kinase (MAPK) kinase 4-c-
Jun N-terminal kinase (TAK-MKK4-JNK), TAK-MKK3/6-p38, Rho-Rac-cdc42
MAPK, and phosphatidylinositol 3-kinase (PI3K)-Akt pathways (Fig. 1). Therefore,
TGF-f exerts its regulation of target cell function via a range of mechanisms.

3 How TGF-f Inhibits Immune Responses

Multiple types of immune cells can be regulated by TGF-f. The following mechanisms
are proposed: (1) Suppression of effector helper T cell differentiation. (2) Conversion
of naive T cells into regulatory T cells. (3) Inhibition of the proliferation of T cells and
B cells. (4) Inhibition of effector cytokine production, such as IL-2, IFN-y, and I[L-4. (5)
Suppression of macrophages, dendritic cells (DCs) and natural killer (NK) cells. These
are summarized in Fig. 2.

One of the most important effects of TGF-f3 on T cells is the suppression of
IL-2 production (Brabletz et al. 1993), which leads to the anti-proliferative effect
on activated T cells. Moreover, the addition of exogenous IL-2 partially relieved
TGF-B-mediated suppression (Ruegemer et al. 1990). However, TGF- still inhi-
bits the effect of IL-2, indicating that TGF-B inhibits both the production and
intracellular signaling of IL-2.
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Fig. 1 Signal transduction of TGF-f Active TGF- binds to a tetrameric complex composed of
TGF-B receptor II (TGF-BRII) and TGF-f receptor I (TGF-BRI) and initiates signaling pathways
that are dependent on the kinase activity of the receptors. Activated TGF-BRI phosphorylates the
transcription factors Smad2 and Smad3, triggering their translocation into the nucleus in complex
with the proteins Smad4. Smad complexes with additional transcription factors bind to the
regulatory sequences in target genes and regulate gene expression. In addition, TGF- activates
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Fig. 2 Effect of TGF-p on immune cells. TGF-f inhibits proliferation of various immune cells,
inhibits Th1l and Th2 differentiation, induces Th17 and iTregs, and inhibits maturation of other
cells such as CD8*CTL, NK cell, denderitic cell (DC), and macrophages
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TGF- also regulates cell proliferation through controlling the expression of cell
cycle regulators, including cyclin-dependent kinase inhibitors (CKIs), such as p15,
p21, and p27 (up-regulate), and cell cycle promoters, such as c-myc, cyclin D2,
CDK2, and cyclin E (down-regulate) (Hannon and Beach 1994; Wolfraim et al.
2004; Polyak et al. 1994). TGF-f inhibits naive T-cell proliferation more pro-
foundly than that of activated T cells, which may be due to reduced TGF-f receptor
II expression on activated T cells (Cottrez and Groux 2001).

In addition to T cells, TGF- modulates the development and functions of
various immune cells. DCs are potent antigen-presenting cells that activate naive
T cells and induce their proliferation and differentiation. TGF-f is necessary for the
development of Langerhans cells (LCs), which are resident DCs present within
epithelial cells in the epidermis (Jaksits et al. 1999; Zhang et al. 1999). TGF-p also
regulates the maturation of differentiated DCs and DC-mediated T cell responses
(Strobl and Knapp 1999; Strobl et al. 1996). Additionally, it regulates the antigen-
presentation function of differentiated DCs in vitro (Geissmann et al. 1999).
Autocrine TGF-f§ has been shown to be necessary for tolerogenic future of
DCs by inducing indoleamine 2,3-dioxygenase (IDO), which is an enzyme that
inhibits T cell proliferation (Belladonna et al. 2008). TGF-f inhibits macrophage
activation, such as induction of inducible nitric-oxide synthase (iNOS) and matrix
metalloproteinase (MMP)-12 via the Smad3 pathway (Werner et al. 2000) and
also inhibits MyD88-dependent TLR signaling pathways (Naiki et al. 2005).
Macrophages are also an important producer of TGF-f, which is activated by the
phagocytosis of apoptotic cells. Usually, uptake of apoptotic cells elicits anti-
inflammatory effect. Thus, induction of TGF-f is a mechanism involving the
anti-inflammatory effect of apoptotic cells (Fadok et al. 1998).

TGF- also suppresses NK cells, mast cells, granulocytes and also controls
CD8" T-cell proliferation and effector functions (Li et al. 2006a; Laouar et al.
2005). Recent studies have shown that TGF-f is important for Treg-induced
inhibition of the exocytosis of granules and the cytolytic function of CD8" T cells
(Mempel et al. 2006).

Helper T cells play central roles in the immunosuppresive effect of TGF-f,
because the neonatal lethality of TGF-f1-deficient mice was eliminated by the
depletion of CD4" T cells (Rudner et al. 2003), and the crossing of TGF-B1-
deficient mice onto a major histocompatibility complex (MHC) class II null back-
ground prevented this inflammation (Letterio et al. 1996). We will therefore focus
on the effect of TGF-f on helper T cells in the following sections. See Fig. 3 for the
role of cytokines in the helper T cell differentiation.

4 Induction and Regulation of Treg-Differentiation by TGF-3

TGF-f has been shown to induce Foxp3 during naive T cell activation (Chen et al.
2003). Foxp3 is a master transcriptional factor of Treg cells (Sakaguchi 2004).
Foxp3 in CD4" T cells is responsible for the suppression activity of regulatory
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Fig. 3 Schematic overview of helper T cell differentiation. Upon antigen stimulation, CD4*helper
T (Th) cells follow distinct developmental pathways, attaining specialized properties and effector
functions. Cells of the Thl lineage, which evolved to enhance eradication of intracellular patho-
gens (e.g., intracellular bacteria, viruses and some protozoa), are characterized by their production
of IFN-v, a potent activator of cell-mediated immunity; cells of the Th2 lineage, which evolved to
enhance elimination of parasitic infections (e.g., helminths), are characterized by production of IL-
4, IL-5, and IL-13, which are potent activators of B-cell immunoglobulin (Ig)E production,
eosinophil recruitment and mucosal expulsion mechanisms (mucous production and hypermoti-
lity). Immune pathogenesis that results from dysregulated Thl responses to self or commensal
floral antigens can promote tissue destruction and chronic inflammation, whereas dysregulated
Th2 responses can cause allergy and asthma. Th17 cells secrete a distinctive set of immunoregu-
latory cytokines, including IL-17A, IL-17F, IL-22, and IL-21. These cytokines collectively play
roles in inflammation and autoimmunity and in elimination of extracellular bacterial and fungal
pathogens. Immature Th17 cells are differentiated by TGF- +IL-6, and IL-23 is necessary
for the pathogenic maturation of Th17 cells. TGF-f also induces differentiation of naive T cells
into Foxp3+ Tregs (iTregs) in the periphery. Transcription factors involved in helper T cell
differentiation are also shown

T cells (Tregs). Thymus-derived Tregs are called naturally-occurring regulatory
T cells (nTregs), while Foxp3-positive CD4*T cells from Foxp3-naive T cells are
called induced Tregs (iTregs). IL-2 is necessary for the proliferation of iTregs as
well as nTregs (Fig. 3). Foxp3 inhibits secretion of proinflammatory cytokines,
including IL-2, IFN-vy, IL-4 and IL-17, enhances expression of anti-inflammatory
cytokines, such as IL-10, and TGF-B, and upregulates an inhibitor for co-stimu-
lation, CTLA4 (Fontenot et al. 2003; Bettelli et al. 2005; Zhou et al. 2008). Thus,
induction of iTregs could be an important immunosuppressive activity of TGF-3.
TGF-f has also been implicated in the maintenance of Foxp3 in nTregs. TGF-1
deficient mice showed normal nTreg development in the thymus but the periph-
eral Tregs were significantly reduced in number (Marie et al. 2005). Recently,
however, TGF-B has been implicated in the development of nTregs during the
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neonatal stage in the thymus (Yongzhong et al. 2008). The role of TGF-§ in
nTreg generation is still unclear.

When naive T cells were stimulated with DCs in the presence of TGF-f3, antigen-
specific Foxp3+iTregs were generated (Yamazaki et al. 2006). These in vitro-
generated iTregs can prevent experimental autoimmune diseases (Yamazaki et al.
2006). DCs in the presence of TGF-f or specific DC subsets (CD8; CD205+DCs)
also promote nTreg expansion by selectively suppressing effector T cell expansion
(Yamazaki et al. 2008).

S Molecular Mechanism of Foxp3 Induction by TGF-3

Foxp3 expression is tightly regulated by various factors. The Foxp3 promoter/
enhancer region contains three evolutionary conserved non-coding sequence
(CNS) elements where several essential transcription factors bind. Rudensky’s
group described the function of three Foxp3 CNS elements (CNS1-3) in Treg cell
fate determination in mice using a knockout strategy (Zheng et al. 2010). CNS1,
which contains a TGF-B-NFAT response element, is superfluous in nTreg cell
differentiation, but plays a prominent role in iTreg cell generation in gut-associated
lymphoid tissues.

We, and others, have found Smad-binding elements in the CNS1 region of the
Foxp3 promoter (Takaki et al. 2008; Tone et al. 2008). This region contains two
consecutive Smad-binding elements and one NF-AT binding site. Previously,
Smad3, but not Smad2, was implicated in the induction of Foxp3 (Tone et al.
2008) because Smad2 has a low DNA-binding activity compared to that of Smad3.
However, using Smad2-deficient T cells, we demonstrated that both Smad2 and
Smad3 are essential for TGF-B-mediated induction and maintenance of Foxp3
expression (Takimoto et al. 2010). Like TGF-f1 knockout mice, T-cell specific
Smad2- and Smad3-deficient mice possess normal nTreg cells in the thymus, but
their number was decreased at the periphery (Takimoto et al. 2010).

TGF-B mediated Foxp3 expression is regulated by various factors. The IL-2/
STATS signal is an essential factor for iTreg generation (Davidson et al. 2007; Yao
et al. 2007; Burchill et al. 2007), whereas inflammatory cytokines IL-6 and IL-4
suppress iTreg (Takaki et al. 2008; Bettelli et al. 2006). STAT6 activated by IL-4
may bind to the Foxp3 promoter, thereby inducing chromatin remodeling (Takaki
et al. 2008). Recently, retinoic acid, RA, has been discovered as a potent inducer
and preserver of Foxp3 in iTregs (Mucida et al. 2007). The retinoic acid receptor
directly interacts with the foxp3 promoter (Takaki et al. 2008). A reporter assay
using a series of deletion mutants revealed that an RA-responsive element (RARE)
was present between +2114 to +2350 and interacts with the RA receptor complex,
RARa/RXRa. This region was 300 bp upstream of a putative STAT6-binding site
(Takaki et al. 2008). The mechanisms by which IL-6/STAT3 inhibits Foxp3
expression are still unknown.
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STATI seems to have different effects on TGF-B-mediated Foxp3 gene expres-
sion in humans and mice. The STATI-activating cytokines IL-27 and IFN-y
amplify TGF-B-induced FOXP3 expression in human T cells (Ouaked et al.
2009). This study shows STAT1 binding elements within the proximal region of
the human FOXP3 promoter. While IFNvy-activated STAT1 has been shown to
inhibit Foxp3 induction in murine T cells (Caretto et al. 2010; Chang et al. 2009);
the reason for this difference has not been clarified.

The Notch and TGF-f signaling pathways cooperatively regulate Foxp3 expres-
sion and regulatory T-cell maintenance (Samon et al. 2008). Pharmacologic inhibition
of Notch signaling using 7y-secretase inhibitor (GSI) treatment blocks TGF-p1-
induced Foxp3 expression (Samon et al. 2008). In addition, the binding of Notchl,
CSL, and Smad to conserved binding sites in the foxp3 promoter can be inhibited by
treatment with GSI. Since Smads interact with various transcription factors, additional
factors will undoubtedly be involved in the generation of iTregs.

6 TGF-B and Th17 Differentiation

Recently, a novel helper T cell subset that produces IL-17 (Th17) has been
described and has been identified as a subset distinct from Thl or Th2 cells
(Infante-Duarte et al. 2000; Aggarwal et al. 2003). Th17 cells secrete a distinctive
set of immunoregulatory cytokines, including IL-17A, IL-17F, IL-22, and IL-21
(Langrish et al. 2005; Harrington et al. 2005; Park et al. 2005a). These cytokines
collectively play roles in inflammation and autoimmunity and in the elimination of
extracellular bacterial and fungal pathogens. Murine autoimmue models, such as
experimental autoimmune encephalitis (EAE) and collagen-induced arthritis (CIA),
have been shown to be dependent on Th17 cells.

Th1 polarization is primarily driven by IL-12 and IFN-y, while Th2 polarization
is primarily driven by IL-4. These respective cytokines signal via STAT4, STAT]I
and STATS6 to directly control the transcription factors T-bet and GATA3, which, in
turn, determine Th1 and Th2 differentiation, respectively (Glimcher and Murphy
2000). Th1 cells produce IFN-v, which facilitates their differentiation while inhi-
biting IL-4-mediated Th2 differentiation. Reciprocally, Th2 cells produce IL-4 and
IL-10, which strongly inhibit IL-12/IFN-y-driven Th1 differentiation.

The Th17 differentiation of naive T cells is initiated by IL-6 and TGF-3 (Mangan
et al. 2006; Veldhoen et al. 2006a) (Fig. 3). In addition, IL-23, as well as IL-21, is
thought to be a key cytokine for the maturation and/or maintenance of Th17 cells
(Langrish et al. 2005; Nurieva et al. 2007; Korn et al. 2007b). IL-6, IL-21 and IL-23
all activate STAT3, which is thought to be essential for Th17 differentiation (Cho
et al. 2006; Yang et al. 2007; Chen et al. 2006). It has also been reported that TGF-f3
and STATS3 play critical roles in the induction of the orphan nuclear receptor, RORYt,
which directs Th17 cell differentiation by inducing the IL-23 receptor (Ivanov et al.
2006). The critical role of STAT3 in Th17 differentiation was also confirmed in
human patients lacking functional STAT3 (Milner et al. 2008; Ma et al. 2008;
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de Beaucoudrey et al. 2008). Th17 differentiation is strongly suppressed by STATI,
STAT4 and STAT6, but the molecualr mechanism has not been clarified.

7 Regulation of Effector Th-Differentiation by TGF-

TGF-P inhibits Thl and Th2 differentiation from naive T cells in vitro (Li et al.
2006a). TGF-B blockade of Thl cell differentiation is associated with reduced
IL-12 receptor B2 (IL-12RB2) and T-bet expression (Gorelik et al. 2002a). T-bet
is required for the induction of IL-12R2 (Afkarian et al. 2002). Therefore, reduced
IL-12RP2 levels upon TGF-p treatment is probably due to its inhibition of T-bet
expression, which is dependent on the IFN-y /Statl pathway (Afkarian et al. 2002).
TGF- also inhibits Th2 differentiation by suppressing Gata-3 expression and IL-4
mediated STAT6 activity (Gorelik et al. 2002b; Heath et al. 2000). It has been
suggested that the role of TGF-f3 in Th17 differentiation is the suppression of Thl
and Th2 differentiation (i.e., suppression of the production of IFN-y and IL-4),
since these cyokines strongly inhibit Th17 differentiation. This is supported by a
report showing that IL-6 alone was sufficient in inducing robust differentiation of
Th17 cells in Stat-6(-/-)T-bet(-/-) mice, which are unable to generate Th1 and Th2
cells (Das et al. 2009). TGF-, however, may play a specific role in Th17 differen-
tiation, other than Th1 and Th2 suppression, because antibodies against IFN-y and
IL-4 could not completely replace TGF-$ (Bettelli et al. 2006), and RORyt, the
master regulator of Th17, was induced by TGF-f alone (Ichiyama et al. 2008).

Interestingly, TGF-f partially inhibits IFN-y production and IL-12 mediated
STAT4 phosphorylation in fully-differentiated Thl cells, while IL-4 production
and IL-4 mediated STAT6 activation in fully-differentiated Th2 cells were unaf-
fected by TGF-p (Ludviksson et al. 2000). Recently, it has been shown that TGF-f3
induces robust IL-9 production in the presence of IL-4, which are now called Th9
cells (Veldhoen et al. 2008) (Fig. 3).

8 Treg Is a Major Source of Pro-TGF-3, and TGF-f3
Is One of the Effector Molecules of Tregs

Endogenous TGF-B during T/DC interaction participates in maintaining the bal-
ance between effector T cells and Tregs. For example, we have shown that SOCS3-
deficient DCs, in which STAT3 was constitutively activated, selectively enhance
expansion of nTregs (Matsumura et al. 2007). This effect was canceled in the
presence of anti-TGF-f antibody. SOCS3-deficient Tregs produced higher levels
of TGF-B than did WT DCs. TGF- promoter analysis revealed that STAT3
binds to the region of the TGF-f promoter (Kinjyo et al. 2006). Adoptive transfer
of SOCS3-deficient DCs suppresses EAE (Matsumura et al. 2007). Thus, TGF-f
during T/DC interaction is important for the determination of immunity or tolerance.
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Local TGF-f activation through Treg/DC interaction has been shown to be
necessary for Th17 generation. T cell specific TGF-B1 knockout revealed that T
cell-produced TGF-B1 promoted Th17 cell differentiation and was essential for the
induction of the EAE model (Li et al. 2007). Local, but not systemic, administration
of anti-TGF-f antibody inhibited EAE development (Veldhoen et al. 2006b).

Tregs express LAP on their membrane surface at high levels (Nakamura et al.
2004; Chen et al. 2008). The CD25" CD4" LAP" T cells are more potent in their
regulatory activity than are CD25" CD4" LAP™ T cells, and the LAP" cells are
considered to be a major source of active TGF-B. CD25~ CD4" LAP' T cells also
produce TGF-B. To be expressed on the cell surface as LAP, the TGF-f precursor
must be cleaved by the endopeptidase furin in the Golgi. It has been shown that
conditional deletion of furin in T cells allows for normal T-cell development but
impairs the function of regulatory and effector T cells, which, in turn, produce less
TGF-B. Furin-deficient T regulatory (Treg) cells are less protective in a T-cell
transfer colitis model and fail to induce Foxp3 in T cells (Pesu et al. 2008). The
LAP-activating receptors, such as CD36/TSP-1 and integrin oy, are expressed on
monocytes, endothelial cells, and DC, but not on T cells (Taylor 2009). Thus, LAP/
TGF-P on Tregs will be activated via the interaction between Tregs and APCs. This
is consistent with reports showing that conditional knockout of integrin o ¢ or
oy Pg on DCs resulted in autoimmune diseases (Travis et al. 2007; Aluwihare et al.
2009). TGF-B produced by Tregs was required to inhibit Thl-cell differentiation
and inflammatory-bowel disease in a transfer model (Marie et al. 2006). These data
suggest that the major source of TGF-f in the immune system is regulatory T cells,
which are activated by Treg/DC interaction (Fig. 4).

9 Smad-Dependent and Smad-Independent Regulation
of Th Differentiation by TGF-3

The downstream mechanism for the regulation of T cells by TGF-f remains
unclear. It has been reported that Smad2 or Smad3 regulates a distinctive sets of
genes in fibroblasts and tumor cells (Massague 1998). Smad2-knockout (KO) mice
are embryonic-lethal (Nomura and Li 1998), and Smad3-KO mice exhibit inflam-
matory diseases (Yang et al. 1999), suggesting that Smad?2 is involved in mediating
signals during development, while Smad3 is important for anti-inflammation.
Moreover, the disruption of Smad4, specifically in T cells, results in colitis and
an increased susceptibility to spontaneous colo-rectal tumorigenesis (Kim et al.
2006). These reports suggest that the Smad3/4 pathway is an important mediator of
TGF-B signaling in immune regulation. However, the phenotypes of Smad3- or
Smad4-deficient mice were much milder than those of T cell-specific TGF-BRII
knockout mice (Li et al. 2006b), suggesting that Smad2 may also play a role in
immune regulation.

T cell-specific Smad2 conditional knockout mice revealed unexpected overlap-
ping functions of Smad2 and Smad3 in TGF-f-induced Foxp3 induction as well as in
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Fig. 4 Potential pathway of TGF-B activation in immunity. TGF-B is synthesized as dimeric
precursor form. C-terminal region is cleaved by Furin in the Golgi, then expressed on the cell
surface of Tregs or stored in the extracellular matrix (ECM).This latent form comprises a TGF-f3
dimer associated with the latency-associated protein (LAP) and latent TGF-B-binding protein
(LTBP). Interaction of LAP with integrins expressed by DCs triggers degradation of LAP
(mediated by unidentified proteases) and the release of the active form of TGF-f. This TGF-
promotes Th17 and iTreg generation from naive T cells

Th functions (Takimoto et al. 2010). Smad2/Smad3-double knockout mice, but not
single knockout mice, developed fatal inflammatory diseases, with higher IFN-y
production and reduced Foxp3 expression in CD4* T cells at the periphery (Taki-
moto et al. 2010). TGF-B mediated induction of Foxp3, as well as suppression of
IFN-y and IL-2 was partialy impaired in Smad2-deficient T cells and Smad3-
deficient T cells, and was completely eliminated in Smad2/3-double knockout T
cells (Takimoto et al. 2010). Thus, Smad2 and Smad3 are redundantly essential for
iTreg induction and Th suppression (Fig. 5).

Recent studies have demonstrated that TGF-B-induced Foxp3 antagonizes
RORyt, which is also induced by TGF-f, to inhibit Th17 cell differentiation
(Zhou et al. 2008; Ichiyama et al. 2008). It has not yet been clarified, however,
how TGF-f induces both the transcription factor Foxp3 and RORYt, which have
diametrically opposed physiological functions: one interacts with anti-inflamma-
tory Tregs and the other induces inflammatory Th17 cells. It has been suggested
that RORyt induction by TGF-f is independent of Smad4 (Yang et al. 2008).
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Fig. 5 Role of TGF-f signaling pathways in Th17 and iTreg differentiation. Both Foxp3 and
RORyt is induced by TGF-f, however, Foxp3 induction is Smad-dependent, while RORyt
induction is not. IL-6 inhibits Foxp3 expression by unknown mechanisms, and enhances RORyt
expression via IRF4 and c-Maf. The Smad pathway also inhibits IFN-y, IL-2, IL-4 production,
thereby promoting Th17 differentiation

Takimoto et al. (2010) also demonstarted that both Smad2 and Smad3 were
dispensable for the induction of RORYt (Takimoto et al. 2010) (Fig. 5).

Interestingly, however, Th17 development was indirectly regulated by Smad2/3
signaling. Th17 cell development was reduced in Smad-deficient CD4* T cells
because of the higher production of Thl7-inhibitory cytokines, such as IL-2 and
IFNy, from these T cells. Therefore, Smad signaling indirectly promotes the
inducing of Th17 cell differentiation by suppressing Th17 inhibitory cytokine
production (Fig. 5).

It is important to understand the role of IL-6/STAT3 in the generation of Th17
differentiation in the presence of TGF-f. IL-6 is apparently necessary for the
suppression of Foxp3 and for maintaining high levels of RORyt (Zhou et al.
2008; Ivanov et al. 2006). STAT3 may suppress Foxp3 expression via a direct
binding (Chaudhry et al. 2009). In addition, IRF4 (Huber et al. 2008) and c-Maf
(Yang et al. 2005; Bauquet et al. 2009), which are upregulated by STAT3, have
been shown to be necessary for RORyt expression. Since Foxp3 inhibits the
transcriptional activity of RORyt, in the absence of IL-6/STAT3 signals, Foxp3
will overwhelm the activity of RORyt. Regulation of Th17 and iTregs through
Smad-dependent and independent mechanisms are illustrated in Fig. 3.

10 Smad-Mediated Suppression of the Cytokine Production

TGF-B mediated suppression of IFNy, IL-2 and IL-4 production was partially
impaired in Smad2-KO T cells and Smad3-KO T cells (Takimoto et al. 2010;
McKarns et al. 2004), and completely eliminated in Smad2/3-double KO T cells
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(Takimoto et al. 2010). Therefore, suppression of cytokine production by TGF-f is
Smad2/3-dependent.

TGF-P suppresses IL-2 production in T cells potentially through direct inhibition
of IL-2 promoter activity. A cis-acting enhancer DNA element was identified as
critical in suppressing IL-2 production via TGF-f (Brabletz et al. 1993). Tob, a
member of an anti-proliferative gene family, was shown to bind to Smad2, thereby
inhibiting IL-2 production (Tzachanis et al. 2001). The interaction between Tob and
Smad3, however, was not observed. Runx1/3 also play essential roles in cytokine
production from CD4" T cells, and may be potential interaction partners of Smad2
and/or Smad3 (Miyazono et al. 2004). It is notable that an essential NF-AT binding
site is present, adjacent to the Smad binding elements in the Foxp3 promoter
(Takaki et al. 2008; Tone et al. 2008). However, the interactions between these
transcription factors for both Smad2 and Smad3 have not been identified.

TGF-B inhibits IFN-y production by suppressing T-bet, which is a transcription
factor critical for IFN-y production and Thl differentiation of CD4" T cells
(Gorelik et al. 2002a). T-bet expression is induced by STAT1 and STAT4, thus
Smads may inhibit IFNy production by suppressing STAT1 and STAT4. TGF-
inhibits IL-4 production probably by suppressing IL-4-mediated STAT6 activation.
The molecular mechanism by which Smads inhibit STAT have not been well
understood. One paper has suggested that TGF-B1 suppresses IFN-y-induced
T-bet expression through the hemopoietic protein tyrosine phosphatase (PTP) Src
homology region 2 domain-containing phosphatase-1 (Shp-1) (Park et al. 2005b).
Shp-1 was shown to play a vital role in TGF-B1’s suppressive effects, because the
suppression activity of TGF-p was completely eliminated in Shp-1 deficient CD4*
T cells. The way in which Smads are involved in the induction of Shp-1, however,
still remains unclear.

11 Reciprocal Regulation of TGF-3 Signaling and IFN-vy
Signaling

There is extensive crosstalk between the TGF-B1/Smad signaling and the JAK-
STAT pathway (Eickelberg et al. 2001; Ulloa et al. 1999). For example, IFN-y
suppresses TGF-B1 signaling through upregulation of the inhibitory Smad7. IFN-y
also inhibits TGF-B1 responses via STAT1-mediated sequestration of the nuclear
coactivator p300/CREB-binding protein, preventing its association with Smads and
blocking Smad transcriptional activity (Ghosh et al. 2001). In contrast, little is
known about the suppression mechanisms of the JAK-STAT pathway via TGF-B1.
TGF-B1 suppresses NO production from macrophages stimulated with LPS and
IFN-v, and TGF-B1 functions as a negative autocrine feedback regulator to prevent
tissue injury caused by excessive NO (Ding et al. 1990; Nelson et al. 1991).
Previous reports have suggested that TGF-f1 reduces IFN-y-induced iNOS
mRNA and protein levels (Ding et al. 1990; Mitani et al. 2005). We have also
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found that TGF-B1 not only accelerated proteosomal degradation of iNOS but also
inhibited iNOS mRNA transcription by suppressing STAT1 activation (Takaki
et al. 2006). Additional analyses showed that TGF-BRI interacted with and phos-
phorylated IFNGR1, which is a novel mechanism of STAT1 repression by TGF-$1
(Takaki et al. 2006). Another study suggested that TGF-f inhibits IFN-y mediated
STATI1 activation via the induction of STATI-PIAS1 (a protein inhibitor of
activated STAT1) interaction (Reardon and McKay 2007).

SOCSI1 is a potent inhibitor of signaling events stimulated by both IFN-y, and in
the absence of the SOCS1 protein, STAT1 is highly activated, and, subsequently,
T cells are unconditionally hyperactivated (Yoshimura et al. 2007; Kubo et al.
2003). SOCS1-deficient mice die within three weeks after birth due to very severe
inflammtion, just as TGF-f1-deficient mice do. We therefore hypothesized that
TGF- signaling was impaired in SOCS1-deficient T cells. SOCS1-deficient T cells
were resistant to all effects of TGF-p. TGF-B could not suppress Thl-differentia-
tion or IFN-y production very efficiently in SOCS1-deficient CD4™T cells (Tanaka
et al. 2008). Moreover, TGF-3 mediated induction of Foxp3 and RORyt was
impaired in SOCS1-deficient T cells (Tanaka et al. 2008; Horino et al. 2008).
Such TGF-p resistance was IFNy-dependent, because TGF-f functioned normally
in SOCS1/IFNy-DKO T cells. In other words, SOCS1 is necessary for proper
TGF-p signaling by protecting cells from the strong antagonistic effect of IFN-y.
Although the precise molecular mechanism for STAT1-mediated Smad suppres-
sion is still unknown, it is apparent that the reciprocal suppression of IFN-y and
TGF- is significant in the detemination of immunity or tolerance.

12 Conclusions

The importance of active immune suppression is widely acknowledged. Studies on
TGF-B and Tregs have shed light on immune suppression applications. Advances in
these areas have been and are currently being translated into clinical benefits.
Further investigations are warranted to clarify the mechanism through which
TGF-B and Tregs control immune responses. In addition, as TGF-fs function in
non-lymphoid systems, further studies on both the roles of TGF-3 and Foxp3 in
non-lymphoid systems and on the interaction between lymphoid and non-lymphoid
systems are essential for achieving a more comprehensive view of our immune
system.
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