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Abstract
Cytomegaloviruses are ubiquitous host-specific pathogens that are capable of causing
life-long persistent infections in immunocompetent hosts. To maintain this persistence in
the presence of a functional immune system, both human and murine cytomegaloviruses
(HCMV and MCMYV, respectively) encode genes that modulate the host immune
response. These genes include the MHC class I homologs UL18 from HCMV and m144
from MCMYV. The host receptor for UL18 has been identified as LIR-1, a B cell,
monocyte and dendritic cell inhibitory receptor related to natural killer cell inhibitory
receptors, whereas the receptor for m144 remains unknown. In order to facilitate
understanding of the functions of UL18 and m144 in viral pathogenesis and immune
evasion, we have initiated structure/function analyses of m144, UL18 and LIR-1. We
show that soluble m144 associates with the MHC class I light chain, 32-microglobulin,
but unlike UL18 and class I MHC proteins, m144 does not associate with endogenous
peptides, presumably due to a large deletion in the peptide binding platform. Using
soluble versions of UL18, class I MHC molecules and LIR-1, we find that LIR-1 interacts
with the relatively non-polymorphic o3 domain of class I proteins and the analogous
region of UL18 using its N-terminal immunoglobulin-like domain. Recognition of the o3
domain, which is relatively non-polymorphic in class I MHC molecules, predicts that
LIR-1 can interact with most or all class I MHC molecules, consistent with previous

observations that LIR-1 binds a wide range of class I proteins. We also find that LIR-1
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binds UL18 with a >1000-fold higher affinity than it binds classical and non-classical

class I MHC proteins, illustrating how a viral protein can effectively compete with host

proteins to subvert the host immune response.
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Chapter 1: Introduction

1. Introduction

Cytomegaloviruses (CMVs) are ubiquitous, species-specific DNA viruses belonging to
the Betaherpesvirinae subfamily of the herpesviridae family. Human cytomegalovirus
(HCMV) is endemic in all human populations, infecting 50-90% of individuals in
developed countries and up to 100% of those in developing countries (Britt and Alford,
1996). CMV infection in immunocompetant hosts is often subclinical, and while an
immune response is made, it is insufficient to completely clear the infection. Instead, the
virus persists, often in a state of latency, throughout the lifetime of the host. CMV
infection in immunocompromised individuals such as neonates, transplant recipients and
AIDS patients can cause severe to fatal disease. Due to the morbidity and mortality
associated with CMV infection, strategies to prevent or resolve infection are of great
importance. Characterization of viral genes responsible for CMV pathogenicity is

necessary to advance the prevention and treatment of CMV disease.

2. Organization and Comparison of the Human and Murine CMV Genomes

The genomes of HCMYV (strain AD169) and murine CMV (MCMV) (strain Smith) have
both been sequenced (Chee et al., 1990; Rawlinson et al., 1996). Both contain a linear
double stranded DNA molecule, approximately 230 kb in length. HCMV encodes 208

predicted ORFs, MCMYV encodes 170 ORFs, of which 78 share significant amino acid



identity with HCMV genes. A common core of genes, conserved between CMVs, is
found in the center of both CMV genomes and is flanked by genes lacking in homology
to genes in other CMVs (Chee et al., 1990; Rawlinson et al., 1996). Many of the ORFs
in HCMV share a high degree of identity with neighboring genes forming families that
appear to be the result of gene duplication (Weber et al., 1988). The genome of HCMV
is composed of two unique regions (U), designated as long (U, ) and short (Uy), flanked
by inverted repeat sequences located internally (IR; and IR;) and terminally (TR, and
TRy) (Figure 1-1). The MCMV genome has only one unique region flanked by direct

repeats (Figure 1-1).

HCMV
U, U,

TR ULIS IR,| IR, TR

[} (] {]] (]
MCMV

ml44
| ] |
[ LI |

Figure 1-1. Schematic Representation of the Genomic Sequences of HCMV and
MCMV.

3. Virion Structure
CMYV DNA is enclosed within an icosahedral capsid, 100 nm in diameter, composed
primarily of one protein, UL86. The capsid is surrounded by a tegument, an amorphous

layer that fills the space between the nucleocapsid and an envelope. Neither the



structure nor the function of the tegument are clearly understood, although it contains
40% of the virion protein mass (Irmiere and Gibson, 1983), most of which is composed
of phosphoproteins (Gibson, 1983). The major tegument proteins include pp65 (UL83)
and pp150 (UL32). By comparison with other herpesviruses, it is predicted that pp150
and pp65 regulate viral gene expression and modify the host cell metabolism.
Surrounding the tegument is an envelope composed of host lipids derived from nuclear,
endosomal or cytoplasmic membranes (Mocarski, 1993; Tooze et al., 1993) and three to
eight different viral proteins (Farrar and Oram, 1984). Glycoprotein B (gB, ULSS5) is the
major envelope protein and the principal target of neutralizing antibodies (Britt et al.,
1990; Rasmussen et al., 1991). Differences in virulency between HCMV strains have
been attributed to differences in gB sequences (Bongarts et al., 1996; Fries et al., 1994);
five different gB genotypes have been identified (Shepp et al., 1998). Glycoproteins H
(gH, UL75) and L (gL, UL115) are also abundant in the viral envelope (Gretch et al.,

1988).

4. Host Cell Adhesion and Entry

The viral ligands and host cell receptors responsible for attachment and entry of CMV
into host cells have not been clearly defined. The initial event appears to be attachment
to extracellular heparan sulfate (Compton et al., 1993) followed by interaction with a

specific cellular receptor such as CD13 or annexin II (Sowadski, 1994; Wright et al.,



1995). The finding that HCMV is coated with the class I MHC light chain $2-
microglobulin led to the suggestion that MHC class I molecules were receptors for
HCMV (Grundy et al., 1987); however, no correlation between HCMV infection and
class I MHC expression has been observed (Polic et al., 1996). Instead gB is likely
involved in host cell penetration (Navarro et al., 1993) and the covalently linked gH and
gL together with gB are thought to contribute to fusion of the viral envelope with the

host cell membrane (Milne et al., 1998).

5. Viral Replication
CMV replication is tightly regulated (Mocarski, 1993). Gene products are expressed at
immediate early (IE), delayed early (E), and late (L) phases of the replication cycle in
infected cells. IE genes are transcribed following virus entry, independent of de novo
viral protein synthesis. E gene transcription then occurs only after expression of one or
more IE genes as IE proteins are required to transactivate E gene promoters. The L
phase of viral transcription is initiated by transactivation of L promoters by E gene
products and marks the beginning of viral DNA replication and synthesis of virion
structural proteins.

CMV has historically been described as a slow replicating virus based on the

time to appearance of cytopathicity in cell culture. Recent experiments demonstrate,



however, that the doubling time of CMV is in fact more rapid than previously thought,

being on the order of 1 day (Emery et al., 1999).

6. Viral Transmission

The high prevalence of CMVs is due to their efficient transmission between hosts. Once
infected, viral shedding is observed for extensive periods of time and recurrent shedding
is observed upon viral reactivation (Kumar et al., 1973). Humans are believed to be the
only reservoir for HCMV. Spread of HCMV occurs through exposure to infected body
secretions, including saliva, urine and milk (Britt and Alford, 1996). Children may
acquire HCMV transplacentally, during birth, from breast-feeding, in day care centers,
or in school (Britt and Alford, 1996). One study demonstrated that 80% of the children
at a group day care center acquired HCMV as opposed to 20% of children who received
care at home (Pass et al., 1984). While most individuals acquire HCMV during
childhood, adults may acquire HCMV sexually or through blood, bone marrow or solid

organ transplants (Britt and Alford, 1996).

7. Sites of Infection
It is not known how the virus moves from the site of infection into the bloodstream,
although one theory suggests that the virus may be transported by phagocytes (Bevan et

al., 1996). Once in the bloodstream CMV spreads to many tissues including the kidney,



liver, spleen, heart, brain, retina, esophagus, inner ear, lungs, colon and salivary glands
(Sinzger and Jahn, 1996). HCMV DNA is also detectable in monocytes, lymphocytes
and neutrophils, although the neutrophils are probably not infected, but are positive for

viral DNA because of phagocytosis of intact virions (Turtinen et al., 1987).

8. Latency and Reactivation

After primary infection, the immune system effectively controls disease progression and
terminates viral replication; however, the immune response is unable to completely
eliminate the virus from all tissues in the host. In the tissues that remain infected it is
unclear whether the virus establishes a chronic infection producing undetectable levels
of virus or whether the virus is truly latent, remaining dormant in cells and producing
virus only upon external stimulation. The prevailing theory is that CMV, at least in
some cells, can assume a true latent state. The site of latency is also unclear, although
HCMYV transmission has been shown to occur through blood transfusions, bone marrow
grafts and solid organ transplants (Britt and Alford, 1996). Examination of tissues
obtained from infected individuals indicates that peripheral blood mononuclear cells are
a viral reservoir (Meyers, 1986; Tegtmeier, 1989). Experiments suggest that
myelomonocytic progenitor cells become infected early in their development (Taylor-
Wiedeman et al., 1994) and HCMV persists in these cells in a non-lytic state, replicating

along with them as they proliferate and differentiate. This enables virus to spread



throughout the host from a limited number of infected cells and to persist for long
periods of time. While in the monocytic stage viral genes do not appear to be expressed;
however, viral reactivation may be achieved by allogeneic stimulation of monocytes and
infectious virus can be obtained from monocyte-derived macrophages (Soderberg-
Naucler et al., 1997).

Vascular endothelial cells (VECs) may also be sites of latency. HCMYV infection
in vitro of VECs results in continuous release of infectious virus without inhibition of
the cell cycle indicating that the virus and the cell coexist (Fish et al., 1998). VECs
interact with cells trafficking in the bloodstream and migrating into tissues. If infected,

they would provide an efficient means of disseminating virus.

9. Immune Response

Natural killer (NK) cells are important in restricting viral spread in the early phase (3-6
days) of viral infection. Their importance in control of HCMV infection was
demonstrated by a patient with a complete NK cell deficiency who suffered from an
unusually severe infection (Biron et al., 1989). They are also important in the control of
MCMV as mice depleted of NK cells by treatment with anti-GMI1 or anti-NK1.1
antibodies have increased levels of MCMYV in the spleen, liver and lung (Tay et al.,
1998) and genetic resistance to MCMV correlates with a single gene found within the

NK gene complex (Scalzo et al., 1990). However, by themselves, NK cells are not



sufficient to clear MCMYV infection. Recovery from MCMYV disease is dependent upon
a cellular immune response in which CD8+ T cells are dominant in limiting viral
replication and preventing tissue destruction in all organs except for the salivary glands,
where CD4+ T cells are necessary for viral control (Jonjic et al., 1990).

In humans, CD8+ and CD4+ T cells are also important in controlling HCMV
infection. Adoptive transfer of HCMV-specific CTLs provides protection from HCMV
disease (Reusser et al., 1991). The majority of the CTL response is directed against
matrix proteins combined with fewer responses to gB, gH, pp50 (UL44) and pp28
(UL98) as well as CD4+ responses to IE-1, gB, IE-2, pp71 (UL82) and UL18 (He et al.,
1995).

The importance of the antibody response to HCMV or MCMV is unclear.
Antibodies have not been shown to be necessary in controlling the primary infection;
however, they do appear to limit the severity of recurrent CMV disease (Winston et al.,

1982).

10. T Cell Recognition of Virally Infected Cells

That the host immune response is highly effective in limiting CMV infection is
evidenced by elimination of infectious virus from the bloodstream and restriction of viral
replication in the tissues following primary infection and by prevention of widespread

viral reactivation while the host remains immunocompetent. Therefore, to proliferate
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and spread during acute infection and reactivation, CMV has developed a number of
immune evasion mechanisms. As previously discussed, T cells are important in
controlling CMV infection. T cells survey host cells for the presence of intracellular
viruses, bacteria or other ills by expressing receptors that interact with either class I
MHC or class II MHC molecules on the surface of host cells (Rammensee et al., 1993).
Class I MHC molecules are expressed on nearly every cell in the body and are
recognized by CD8+ T cells (also known as cytotoxic T cells or CTLs); MHC class II
molecules are expressed on cells of the immune system and are recognized by CD4+ T
cells. As the CMV immune evasion tactics discussed below focus primarily on
modulating class I MHC expression and function, only class I MHC molecules will be
discussed here

Class I MHC molecules are composed of two polypeptide chains. One is an
MHC-encoded polymorphic heavy chain, typically 338 amino acids long with one N-
linked glycosylation site and a molecular mass of 44 kDa (reviewed in (Bjorkman and
Parham, 1990)). The extracellular region can be divided into three domains, a1, o2 and
03. The second polypeptide chain, 32m, is a non MHC-encoded, non-polymorphic, non-
glycosylated light chain, 99 amino acids in length with a molecular mass of 12 kDa.
These two molecules associate in the ER where they complex with a third moiety, a
peptide 8-9 amino acids in length that is derived from the degradation of cytosolic

proteins (Rammensee et al., 1993). Peptides bind to class I MHC molecules in a groove
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located between two a-helices that span an 8-stranded B-pleated sheet. Peptide termini
fit into pockets at each end of the groove that are lined with conserved residues
(reviewed (Stern and Wiley, 1994)). There are additional pockets in the groove that, due
to the chemical nature of the amino acids lining the pocket, can accommodate only
specific side chains. The MHC molecule, once loaded with peptide, proceeds to the cell
surface to present the peptide to the TCRs of CD8+ T cells; this is known as antigen
presentation (reviewed in (Pamer and Cresswell, 1998)). Recognition of a peptide in the
context of an MHC molecule may lead to the lysis of the host cell. It is therefore
advantageous for a pathogen to interfere with antigen presentation, especially since

CMV, due to its size, encodes many potential epitopes.

11. MCMYV Immune Evasion Mechanisms

MCMYV expresses a number of proteins that interfere with antigen presentation. The
gene product of the E gene m152 retains class I MHC molecules in a post-ER/early
Golgi compartment (Ziegler et al., 1997). gp48 (m06) binds B2m and targets class I
MHC molecules to the endosome/lysosome for degradation (Reusch et al., 1999). gp34
associates with class I MHC molecules and migrates with them to the cell surface,
perhaps preventing them from being recognized by T cells (Kleijnen et al., 1997).
MCMV also inhibits interferon (IFN)-y-stimulated MHC class II expression on

macrophages by inducing IFN-a or IFN-B (Heise et al., 1998). In addition, MCMV
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encodes an immunoglobulin G receptor (Thale et al., 1994) that could prevent antibody-
mediated detection of virally infected cells and possibly a chemokine receptor (Davis-

Poynter et al., 1997) that could prevent attraction of immune effector cells to the site of

infection.

12. HCMY Immune Evasion Mechanisms
To prevent antigen presentation throughout the HCMV replication cycle, HCMV
encodes several different genes that are active at each stage of viral replication. In the IE
stage, the matrix protein pp65 (UL83) inhibits presentation of the 72-kDa IE protein
through phosphorylation (Gilbert et al., 1996). While this prevents peptide presentation,
it does not affect the stability of the IE protein nor its ability to transactivate
transcription. The US3 gene product is expressed during the E stage and retains MHC
class I heterodimers in the ER (Ahn et al., 1996; Jones et al., 1996). The US2 and US11
gene products are also expressed during the E stage and direct newly synthesized MHC
class I molecules from the ER to the cytosol where they are deglycosylated and then
degraded by the proteasome (Wiertz et al., 1996). During the E/L phase, US6 is
expressed, which inhibits TAP-mediated translocation of peptides into the ER (Ahn et
al., 1997).

Other HCMV-mediated immune evasion strategies include interference with

IFN-y-stimulated MHC class II expression (Miller et al., 1998), expression of an



13

immunoglobulin G receptor (Murayama et al., 1989), expression of chemokine receptors
that may be important in preventing leukocyte migration to the site of infection (Bodaghi
et al., 1998) and expression of an o chemokine homolog that is hypothesized to attract

neutrophils for subsequent infection (Penfold et al., 1999).

13.  NK Cell Recognition of Cells with Down-Regulated Class I MHC
Molecules

Another strategy used by both HCMV and MCMV to prevent antigen presentation is
down-regulation of MHC class I expression. While this should hinder detection of
virally infected cells by T cells, down-regulation of class I expression may also make
virally-infected cells susceptible to NK cells lysis (Ljunggren et al., 1990). NK cells
express both activating and inhibitory receptors (Lanier, 1997). The activating receptors
may recognize either MHC or non MHC class I ligands, whereas the inhibitory receptors
specifically recognize class I MHC molecules (Lanier, 1997). The inhibitory response is
normally dominant; however, the target cell becomes susceptible to lysis if class I MHC
expression levels decrease (Ljunggren and Kirre, 1990). In humans, NK cell inhibitory
receptors belong to either the immunoglobulin (killer inhibitory receptors, KIRs) or C-

type lectin (CD94 and NKG2) superfamilies (Yokoyama, 1998). In mice, inhibitory



14

receptors are primarily members of the C-type lectin (Ly49) superfamily (Yokoyama,

1998).

14. CMV-Encoded MHC Class I Homologs
MCMV, HCMV and rat CMV (RCMV) encode MHC class I heavy chain homologs
(Beck and Barrell, 1988; Beisser et al., 1999; Rawlinson et al., 1996). The function of
these MHC class I homologs is not known, but it is appealing to speculate that these
proteins serve as decoy class I MHC molecules to engage NK cell inhibitory receptors,
thereby preventing lysis of infected cells that have down-regulated their class I proteins.
This idea, although attractive, has not been proven. Below is a summary of previous
speculations and findings that shaped the questions I wanted to address with my thesis
work.

The UL18 heavy chain was identified in HCMV by Beck and Barrel in 1988. In
1990 Browne et al. determined that the UL18 heavy chain associated with 32m and also
noted that endogenous MHC class I expression in HCMV-infected cells was severely
decreased. Based on these observations Browne et al. suggested that UL18 expression
might prevent surface MHC class I expression by sequestering 32m from MHC class I
heavy chains. However, a subsequent paper by Browne et al. (1992), using a mutant

HCMV in which the UL18 gene had been deleted, demonstrated that the UL18 gene was
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dispensible for replication and was not responsible for MHC class I down-regulation
(Browne et al., 1992).

Further characterization of UL18 by Fahnestock et al. (1995) showed that UL18,
like class I molecules, associates with peptides with characteristics similar to peptides
found associated with classical MHC class I molecules (Fahnestock et al., 1995). At this
time Fahnestock et al. also proposed that UL18 might be functioning as a surrogate class
I molecule, engaging NK cell inhibitory receptors and protecting those cells that, due to
down-regulation of surface MHC class I expression, would be susceptible to NK cell
lysis.

m144 was identified by Rawlinson et al. (1996) and later work by Farrell et al.
(1997), using a mutant MCMV lacking the m144 gene, demonstrated that m144
expression was important for preventing the clearance of virally infected cells by NK
cells in infected mice (Farrell et al., 1997; Rawlinson et al., 1996). This work supported
the hypothesis that the viral MHC class I homologs were modulating the anti-viral NK
cell response.

In 1997 Cosman et al. identified the host receptor for UL18 and found
surprisingly that it was not a KIR, but rather a member of the leukocyte
immunoglobulin-like receptor (LIR) family, LIR-1. Unlike KIRs, which are expressed
on NK cells and a subset of T cells (Lanier, 1998), LIR-1 is expressed predominantly on

monocytes, B cells and dendritic cells and on only a subset of NK cells and T cells
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(Borges et al., 1997; Colonna et al., 1997; Fanger et al., 1998). Despite the difference in
expression of LIR-1 and KIRs, the LIR and KIR family share many similarities. The
LIR family comprises nine members, each having either two or four extracellular Ig-like
domains (Borges et al., 1997) encoded on human chromosome 19ql3.4, in close
proximity to the KIR genes (Wende et al., 1999). Five of the LIRs have intracellular
ITIM motifs, three have short cytoplasmic tails with a charged arginine residue within
the transmembrane domain and one is predicted to be secreted (reviewed in (Cosman et
al., 1999)) (Figure 1-2). The function(s) of the LIR proteins are not known; however,
both LIR-1 and LIR-2 have been demonstrated to associate with MHC class I molecules
(Fanger et al., 1998).

LIR-1 shares ~40% overall sequence identity with the p58 NK cell killer
inhibitory receptors (KIR) (Cosman et al., 1997). These KIRs encode two extracellular
Ig-like domains; alignment of LIR-1 domains 1 and 2 (D1D2) with p58 KIRs reveals
37% identity and alignment of LIR-1 domains 3 and 4 (D3D4) with p58 KIRs reveals

44% identity (Figure 1-3).
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Figure 1-2. Schematic Representati i
FleaE I presentation of the LIR Family. Reproduced from (Cosman et
Alignment of KIR2DL3 with DI1D2
36.9% identity
EiRZDL3 GFFLLOGAWPHEGVHRKPSLRAHPGPLVKSEETVILQCWSDVRFEHFLLHR
D2  GHL------
GHL P = i KPTLWAEPGSVITQGSPVTLRCQGGQETQEYRLYR

§122DL3 EGKFKDTLRLIGEHHDGVSKANFSIGPMMODLAGTYRCY-GSVTHSPYQLS
2 EKKTAPWITRIPQ--ELVKKGQFPIPSITWEHAGRYRCYYGSDTAGR---S

KI
DlgzDL3 APSDPLDIVITGLYEKPSLSAQPGPTVLAGESVTLSCSSRSSYDMYHLSRE
ESSDPLELVVTGAYIKPTLSAQPSPVVNSGGNVTLQCDSQVAFDGFILCKE

KI
DlgzDL3 GE-AHERRFSAGPKVNGTFQADFPLGPATHGGT--YRCFGSFRDSPYEWSN
GEDEHPQCLNSQPHARGSSRAIFSVGPVSPSRRWWYRCYAYDSNSPYEWSL

KIR2DL3 SSD--PLLVS
D1D2 PSDLLELLVL
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Alignment of KIR2DL3 with D3D4
43.7% identity

KIR2DL3 GFFLLQGAWPHEGVHRKPSLRAHPGPLVKSEETVILQCWSDVRFEHFLLHR
D3D4 Grtmmess Sores = VSKKPSLSVQPGPIVAPEETLTLOCGSDAGYNRFVLYK

KIR2DL3 EGKFKDTLRLIGEHHDGVSKANFSIGPMMQDLAGTYRCY-GSVTHSPYQLS
D3D4 DGE-RDFLQLAGAQPQAGLSQANFTLGPVSRSYGGQYRCYGAHNLSS-EWS

KIR2DL3 APSDPLDIVITGLYEKPSLSAQPGPTVLAGESVTLSCSSRSSYDMYHLSRE
D3D4 APSDPLDILIAGQFYDRVSLSVQPGPTVASGENVTLLCQSQGWMQTFLLTK

KIR2DL3 GE-AHERRFSAGPKVNGTFQADFPLGPATHGGT--YRCFGSFRDSPYEWSN
D3D4 EGAADDPWRLRSTYQSQKYQAE-PMGPVTSAHAGTYRCYGSQSSKPYLLTH

KIR2DL3 SSDPL-LVS
D3D4 PSDPLELVV

Figure 1-3. Alignment of p58 KIR2DL3 with LIR-1 D1D2 and D3D4.

KIRs inhibit NK cell activation by engaging MHC class molecules followed by
association of their ITIM sequences with the tyrosine phosphatases, SHP-1 and/or SHP-
2 (Leibson, 1997). The ITIM domains of LIR-1 also associate with SHP-1 (Cosman et
al., 1997) and LIR-1 has been shown to function as an inhibitory receptor capable of
preventing calcium mobilization in monocytes and B cells, inhibiting target cell lysis by
NK cells and increasing the activation threshold of cytotoxic T cells (Colonna et al.,
1997; Fanger et al., 1998).

Yet unlike KIRs, which bind MHC class I molecules with allelic specificity,

LIR-1 and LIR-2 recognize a broad range of MHC class I molecules (Fanger et al., 1998;
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Navarro et al., 1999; Vitale et al., 1999). It is not known why monocytes, B cells and
dendritic cells would express an inhibitory receptor for MHC class I molecules or why it
would be advantageous for HCMV to express a molecule that specifically recognizes
this receptor. A portion of my thesis work was devoted to characterizing the UL18/LIR-
1 interaction in comparison to the MHC class I/LIR-1 interaction in an effort to address

these questions.

15. Goals of m144 Characterization

To characterize m144, my approach was to express m144 and compare the properties of
the purified protein to those of classical MHC class I molecules and UL18; e.g., analyze
the secondary structure, determine whether it associates with 32m and/or peptides. I also
wanted to crystallize m144 and compare the three-dimensional structure to that of
conventional MHC class I molecules and to generate reagents that could be used to
identify the m144 ligand (e.g., anti-m144 antibodies, m144-GFP fusion proteins,

biotinylated m144).

16.  Characterization of m144
In my characterization of m144 I compared soluble versions of m144, UL18 and
classical MHC class I molecules expressed in Chinese hamster ovary (CHO) cells. As

mentioned above, both conventional MHC class I molecules and UL18 associate with
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B2m and peptides derived from the degradation of cytosolic proteins, and while m144
does associate with B2m, I discovered that it does not associate with peptides.
Furthermore, m144 is stably folded in the absence of bound peptides, a property not
shared by either UL18 or class I MHC molecules (Chapman and Bjorkman, 1997;
Fahnestock et al., 1992). This suggested that either peptide binding was not a required
feature in the function of viral MHC class I homologs or that m144 and UL18 function
differently. In addition to lacking a peptide binding function, measurement of the far
UV CD spectrum of m144 revealed that m144 possesses secondary structural features
that distinguish it further from molecules with a canonical class I MHC fold (e.g., UL1S8,
H-2K‘, and FcRn). These studies are described in Chapter 2.

Determination of whether these structural differences between UL18 and m144
are indicative of a functional difference between the two viral homologs would be
greatly facilitated by identification of the m144 host receptor. In collaboration with
several other researchers, I have tried a number of different approaches without success.
Thus at this time the m144 field is still filled with more questions than answers, many of

which will be addressed in further detail in Chapter 3.
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17.  Experiments to Test Whether UL18 Engages NK Cell Inhibitory
Receptors

Prior to the discovery of LIR-1 as the UL18 receptor, I attempted to test the theory that
UL18 modulates the host immune response by interfering with the anti-viral NK
response (Fahnestock et al., 1995). My approach was to express UL18 in HLA class I-
null cells and determine whether or not UL18 expression in these cells provided
protection against NK cell lysis. These experiments were hampered by the fact that
UL18 is not expressed on the surface of these cells (Chapter 5). This problem was also
encountered by our collaborators who were attempting the same experiment (L.L.
Lanier, personal communication). In contrast, another laboratory published results
suggesting that UL18 expressed on the surface of the same class I negative cell line did
provide protection against NK cell lysis (Reyburn et al., 1997). This paper has been
called into question by a number of subsequent studies and is discussed in detail in

Chapter 5.

18.  Goals of UL18/LIR-1 and MHC Class I/LIR-1 Characterization

To characterize the UL18/LIR-1 interaction in comparison to the MHC class I/LIR-1
interaction, my approach was to first express soluble versions of each of the proteins:
ULI18, LIR-1 and several classical and nonclassical MHC class I proteins. I then

measured the affinity of the UL18/LIR-1 interaction, and determined whether variations
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in the degree of glycosylation of UL18 or peptide binding by UL18 would affect the
ULI18/LIR-1 interaction. I also wanted to map which domain(s) on LIR-1 encoded the
UL18 binding site and determine whether this is the same site recognized by MHC class
I molecules. And reciprocally, I wanted to identify the domain used for LIR-1 binding
on UL18 and determine whether this is the same domain used for LIR-1 binding of
MHC class I molecules. Similar experiments could not be done with m144 since the

ligand for m144 has not yet been identified.

19.  Characterization of the UL18/LIR-1 and MHC Class I/LIR-1
Interactions

Using soluble versions of UL18, LIR-1 and several different classical and nonclassical
MHC class I molecules, I determined that LIR-1 binds UL18 with an affinity >1000 fold
higher than LIR-1 binds MHC class I molecules. I also determined that neither peptide
binding nor variations in the degree of glycosylation of UL18 were factors in LIR-1
recognition. I identified the N-terminal domain of LIR-1 to be the UL18 and MHC class
I binding site, and in collaboration with Astrid Heikema, a technician in the Bjorkman
lab, identified the o3 domain of UL18 and MHC class I moleculcs as the binding site for
LIR-1. Recognition of the a3 domain of class I molecules, which is relatively
nonpolymorphic, predicts that LIR-1 can interact with most or all MHC class I

molecules. Several previous studies have demonstrated that LIR-1 recognizes a wide
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range of molecules (Colonna et al., 1997; Fanger et al., 1998; Navarro et al., 1999) and
indeed I found that LIR-1 recognized all the classical and nonclassical class I molecules
I tested. LIR-1 did not, however, recognize three MHC class I homologs that are
structurally similar to, but functionally different from MHC class I molecules: the
hemochromatosis protein (HFE) (Lebron et al., 1998), the neonatal Fc receptor (FcRn)
(Burmeister et al., 1994) and the Zn-a2-glycoprotein (ZAG) (Sanchez et al., 1997).
None of these molecules associate with peptides and hence do not have a role in antigen
presentation and while HFE and FcRn associate with 32m, ZAG does not. Thus, from
these examples, it appears that LIR-1 is specific for peptide-binding class I molecules

that function in the immune system (Figure 1-4).

20.  Implications of the UL18/LIR-1, MHC Class I/LIR-1 Characterization

The UL18 molecule was likely acquired as an MHC class I molecule from an infected
host at a point during the evolution of HCMV with humans (Wiley, 1988). The fact that
there is now such a dramatic difference in the LIR-1/UL18 and LIR-1/MHC class |
interactions suggests that the original MHC class I molecule was modified to be specific
for LIR-1 and implies that there is a benefit for HCMV in modulating LIR-1 expression
and/or function. Yet before one can know what benefit UL18 is providing by derailing

normal LIR-1 function, one needs to know what that normal LIR-1 function is.
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As mentioned previously, LIR-1 is expressed on monocytes, B cells and dendritic

cells and recognizes MHC class I molecules. By expressing a receptor that is specific

HIEA-I HLA-G UL18

LIR-1 Binding;: Yes
Immune Function: Yes

HEFE

LIR-1 Binding: No No
Immune Function: No No

Figure 1-4. Schematic Showing the Molecules Tested for LIR-1 Binding, Their
Functional Status in the Immune System and Ability to Bind Peptides.

for class I molecules, LIR-1-expressing cells are able to monitor the MHC class I
expression of cells surrounding them. As T cells are effective at recognizing and
eliminating infected or defective cells by surveying peptides displayed in MHC class I

molecules, if a particular cell is expressing class I molecules and has not been eliminated
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by T cells, MHC class I expression is probably a good indicator that the cell is in good
health. As LIR-1 is an inhibitory receptor and interaction with MHC class I molecules
triggers an inhibitory response, interaction with cells expressing normal MHC class I
levels would presumably increase the activation threshold of LIR-1-expressing cells,
decreasing the likelihood of immune effector cell activation and protecting healthy cells

(Figure 1-5A). In contrast, interaction with cells expressing decreased class I expression

A. Normal MHC Class I Levels B. Down-Regulated MHC Class I Levels

LIR-1

MHC
Class 1

/

MHC
Class I Activation

Threshold

Activation
Threshold

Result: Inhibition Result: Activation

Figure 1-5. (A) Interaction of a LIR-1-expressing cell with cells expressing high levels
of MHC class I molecules results in an increased activation threshold and a decreased
likelihood of cell activation. (B) Interaction of a LIR-1-expressing cell with cells
expressing low levels of MHC class I molecules results in a decreased activation
threshold and an increased likelihood of cell activation.

levels (e.g., tumors, virally infected cells) would presumably decrease the activation

threshold of LIR-1 expressing cells, increasing the likelihood of immune effector cell
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activation and leading to elimination of defective cells (Figure 1-5B). The ability of
LIR-1 to recognize the i3 domain of class I molecules presents a means for LIR-1-
expressing cells to monitor the overall class I expression levels rather than the
expression levels of specific molecules or alleles. The weakness of the LIR-1/MHC
class I affinity requires that there be a high density of MHC class I expression in order to
trigger LIR-1-mediated inhibition.

The UL18 molecule binds LIR-1 specifically and with high affinity, implying
that the UL18 function is to modify either the expression and/or signaling of LIR-1.
Based upon the results described in Chapter 4, I have thought of three possibilities to
explain how UL18 could influence LIR-1 expression and signaling to benefit HCMV.

(1) UL 18 substitutes for class | MHC molecules on the infected cell and binds LIR-

1 expressed on immune effector cells. It is known that only very low levels of

UL18 are expressed on the surface of virally infected cells (Leong et al., 1998).

However, due to the the high affinity interaction of UL18 with LIR-1 only low

levels of UL18 would be needed to elicit a similar effect on LIR-1-bearing cells

as high numbers of MHC class I molecules. This may be a ploy used by HCMV
to prevent activation of LIR-1-expressing immune effector cells, perhaps to
prevent cytolysis of the infected cell or to prevent cytokine secretion that would

attract other immune effector cells to the site of infection (Figure 1-6A).
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3)
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UL18 and LIR-1 bind to each other on the surface of the same cell. HCMYV is
known to infect both B cells and monocytes (Zhuravskaya et al., 1997), thus
these cells will express both LIR-1 and UL18. By contrast, MHC class I
molecules expressed on the same cells as LIR-1 would not be expected to
constantly engage LIR-1 proteins on the same membrane because of their lower
affinity for LIR-1 compared to that of UL18 for LIR-1. By continuously
engaging LIR-1 molecules on the surface of an infected cell, LIR-1-expressing
immune effector cells could be made oblivious to the MHC class I expression
state of surrounding cells, possibly allowing infection to go unchecked (Figure 1-
6B). This sort of scenario would have a particular role in regulation of HCMV
latency and reactivation in monocytes, which are a reservoir of latent CMV
infection (Taylor-Wiedman et al., 1991). Virus is not produced in monocytes,
but when these cells are stimulated to progress to macrophages, infectious virus
is expressed and released (Soderberg-Naucler et al., 1997). If UL18 binds LIR-1
on the surface of a monocyte, the monocyte is less likely to become activated and
therefore HCMV would remain latent.

UL18 prevents expression of LIR-1 on the surface of an infected cell by retaining
it in an intracellular compartment. The majority of UL18 staining in virally
infected cells is intracellular (E. Mocarski, personal communication), thus it

appears that most UL18 molecules do not reach the surface of the cell, perhaps
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being retained in the ER/Golgi region. If newly synthesized UL18 binds LIR-1
in the ER/Golgi, the high affinity of this interaction could trap LIR-1, preventing
it from reaching the cell surface. Class I MHC molecules expressed in the same
cell as LIR-1 would not be expected to trap LIR-1 intracellularly because class I
molecules themselves are not retained. In contrast to the previous two scenarios,
which propose that UL18 expression results in enhanced LIR-1 activity, in this
scenario, UL18 expression results in decreased LIR-1 activity and therefore
increased likelihood of activation of the LIR-1-expressing cell. Activation could
result in cytokine production and attraction of immune effector cells, which
could themselves be infected, to the site of infection (Figure 1-6C). In
monocytes, retention of LIR-1 along with UL18 would lead to an increased
likelihood of activation, resulting in increased likelihood of HCMYV replication

and viral production. Figure 1-6 can be found on the next page.
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LIR-1
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ULI8 Activation
/ Threshold
X
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Result: Inhibition Result: Inhibition

LIR-1
UL18
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Threshold

Result: Activation
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Threshold

Figure 1-6. (A) Interaction of a LIR-1-expressing cell with cells expressing ULI8 in

place of MHC class I molecules could result in an increased activation threshold and a

decreased likelihood of cell activation. (B) UL18 and LIR-1 expression on the same

cell could result in high LIR-1 activation producing an increased activation threshold

and decreased likelihood of activation of the LIR-1-expressing cell. (C) ULI18-mediated

retention of LIR-1 in the interior of the cell could prevent LIR-1-mediated signaling,

lowering the activation threshold of the LIR-I-expressing cell and increasing the

likelihood of cell activation.
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Both human and murine cytomegaloviruses (HCMV and MCMYV) down-regulate expression of conventional
class I major histocompatibility complex (MHC) molecules at the surfaces of infected cells. This allows the
infected cells to evade recognition by cytotoxic T cells but leaves them susceptible to natural killer cells, which
lyse cells that lack class I molecules. Both HCMYV and MCMYV encode class I MHC heavy-chain homologs that
may function in immune response evasion. We previously showed that a soluble form of the HCMYV class I
homolog (U, 18) expressed in Chinese hamster ovary cells binds the class I MHC light-chain 32-microglobulin
and a mixture of endogenous peptides (M. L. Fahnestock, J. L. Johnson, R. M. R. Feldman, J. M. Neveu, W. S.
Lane, and P. J. Bjorkman, Immunity 3:583-590, 1995). Consistent with this observation, sequence comparisons
suggest that U, 18 contains the well-characterized groove that serves as the binding site in MHC molecules for
peptides derived from endogenous and foreign proteins. By contrast, the MCMYV homolog (m144) contains a
substantial deletion within the counterpart of its «2 domain and might-not be expected to contain a groove
capable of binding peptides. We have now expressed a soluble version of m144 and verified that it forms a heavy
chain—f2-microglobulin complex. By contrast to U; 18 and classical class I MHC molecules, m144 does not
associate with endogenous peptides yet is thermally stable. These results suggest that Uy 18 and m144 differ

Vol. 72, No. 1

structurally and might therefore serve different functions for their respective viruses.

Cytomegaloviruses (CMVs) are ubiquitous, host-specific
pathogens that are capable of establishing lifelong infections in
immunocompetent hosts. Although acute infection will elicit
an immune response, this response usually fails to completely
resolve the infection. Instead, the virus persists in the host,
often in a state of latency, and recurrent infections may be
observed if the animal becomes immunocompromised (5). In
order to maintain this degree of persistence, especially in the
face of a fully primed immune system, CMVs have developed
various means of modulating the host immune system. One
strategy used by both human and murine CMVs (HCMV and
MCMYV) is the down-regulation of host class I major histocom-
patibility complex (MHC) molecules (6). Class I MHC mole-
cules are polymorphic glycoproteins composed of a mem-
b‘rane-bound heavy chain associated with a nonpolymorphic
light chain, B2-microglobulin (32m). Class I molecules present
peptides derived from the degradation of cytoplasmic proteins
to cytotoxic T cells, thus enabling them to survey the status of
the interior of the cell (49). In an uninfected cell, MHC mol-
ecules bind peptides derived from self proteins to which T cells
are tolerant. However, in an infected cell, some MHC mole-
Clll_es are occupied by peptides derived from viral proteins, to
Which T cells react by killing the cell. By down-regulating MHC
C!EISS I molecules, viruses are able to elude viral-antigen-spe-
¢ific cytotoxic T cells.

Although interference with class I-mediated antigen presen-
fation or class I expression may enable infected cells to evade
Virus-specific T cells, it may also render these cells susceptible

\._—
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to detection and lysis by NK cells. NK cells express both acti-
vating and inhibitory surface receptors (31). The activating
receptors are predominantly triggered by non-MHC mole-
cules, while the inhibitory receptors recognize class I MHC
molecules (31). Stimulation of activating receptors leads to
target cell lysis unless the NK cell inhibitory receptors are able
to engage an adequate level of self class I molecules on the
target cell (27). Therefore, those cells that have down-regu-
lated their class I molecules to a level sufficient to avoid T cells
can be recognized and eliminated by NK cells.

As a possible means of undermining the host NK cell re-
sponse, both HCMV and MCMYV encode MHC class I ho-
mologs (2, 14, 39). It has been hypothesized that the role of
these homologs in a virus-infected cell is to engage NK cell
inhibitory receptors, thereby preventing the lysis that would
normally occur due to down-regulation of class I molecules
(11, 14, 40). In this way virus-infected cells are less susceptible
to lysis by both cytotoxic T lymphocytes and NK cells. The
HCMV-encoded homolog, Uy 18, is a 348-residue type I trans-
membrane glycoprotein whose extracellular region shares
~25% amino acid sequence identity with the extracellular re-
gions of human class I molecules (2) (Fig. 1A). Like class 1
MHC molecules, U} 18 associates with $2m (6). We previously
showed that a soluble form of U; 18 expressed in Chinese
hamster ovary (CHO) cells binds a mixture of endogenous
peptides with characteristics similar to those of peptides eluted
from class I molecules, that is, “anchor” residues, and a pre-
dominance of short peptides derived from cytoplasmic proteins
(11). The MCMV-encoded MHC homolog, m144, is a 383-
residue type I transmembrane glycoprotein whose extracellular
region shares ~25% amino acid sequence identity with the
corresponding part of murine class I MHC extracellular re-
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FIG. 1. Comparison of MCMV and HCMV class I homologs with class I
MHC molecules. (A) Sequence alignment of the mature extracellular regions of
m144 with a murine class I molecule (muMHC) and of U 18 with a human class
I MHC molecule (huMHC) (based on data from Fig. 1 in reference 14). Num-
bering is with reference to class I MHC molecules. Crystallographically deter-
mined secondary-structural elements in class I MHC molecules (3) are shown
above the sequences as arrows for B strands (strands 1 through 8 within the «l
and a2 domains are labeled B1 to B8, and strands 1 through 7 within the a3 domain
are labeled A to G) and spirals for a-helical regions. Positions of conserved ty-
rosines in the pocket that accommodates peptide N terminj (pocket A in class 1
MHC molecules [45, 47]) are marked with an asterisk, and potential N-linked
glycosylation sites are underlined. (B) Locations of U 18 and m144 sequence
insertions and deletions on the class T MHC structure. Ribbon diagrams of the
carbon-a backbone of the a1 and a2 domains of HLA-A2 (4, 45) are shown with
the locations of U, 18 or m144 insertions indicated by asterisks; class I regions
that are deleted in U, 18 or m144 are indicated by dashed lines. Conserved
tyrosines shared between Uy 18 and class 1 molecules are highlighted in the left
panel. This figure was generated by using Molscript (28) and Raster-3D (34).

gions (14, 39) (Fig. 1A). The two viral homologs are not closely
related to each other, sharing only 18% sequence identity, thus
Tequiring that m144 be separately characterized.

In this paper we describe the expression and biochemical
characterization of a soluble version of m144. We find that, like
UL18 and class I MHC molecules, m144 binds 82m, but unlike
these other proteins, it does not associate with endogenous
DPeptides. We further demonstrate that m144 is thermally sta-
ble in the absence of bound peptide, unlike both class I MHC
Molecules (13, 33, 46, 50) and U, 18. Taken together with a
Sequence comparison of m144 with class I MHC molecules,
these results suggest that the m144 counterpart of the MHC
Peptide-binding site differs from those of both class I mole-
Cules and U, 18 (Fig. 1B).

MATERIALS AND METHODS

g Construction of the m144 expression plasmid. Molecular cloning manipula-
l0ns were performed by standard protocols (43). PCR was used to insert a 5’

Xhol site, a 3" Notl site, and a stop codon after the codon corresponding to
amino acid 241 of the m144 gene (the HindIII fragment I of MCMYV strain K181
was kindly provided by Helen Farrell, University of Western Australia, Ned-
lands). Our numbering scheme starts with the first residue of the mature protein,
which is designated residue 1, and all other residues are numbered sequentially
(see “N-terminal sequencing of purified m144” below). The PCR product was
cloned into pBSIISK™ (Stratagene), and the sequence was verified. The modified
m144 gene was then removed from pBSIISK™ by using Xhol and Notl and was
subcloned into the unique Xhol and Notl sites of the expression vector PBJ5-GS
(16). PBJ5-GS carries the glutamine synthetase gene as a selectable marker and
as a means of gene amplification in the presence of the drug methionine sul-
foximine, a system developed by Celitech (1).

Construction of the murine B2m (b allele) expression plasmid. An expression
plasmid containing the a allele of murine 2m (mB2m?) was previously con-
structed in our laboratory (12). This allele of 32m, however, is not recognized by
the anti-mB2m monoclonal antibody (MAb) S19.8 (48). Originally anticipating
that m144-mB2m heterodimers could be purified by $19.8 immunoaffinity chro-
matography, we used site-directed mutagenesis to change mB2m?® to mp2mP®.
This mB2m® gene was excised by using Xbal and X#ol and was subcloned into the
same sites in pBSKS+ (Stratagene). The a and b alleles of mB2m differ by only
1 nucleotide, which changes residue 85 from Asp to Ala (15). The single nucle-
otide was altered by oligonucleotide-directed in vitro mutagenesis (29), and the
sequence was verified. The modified mB2m gene was then removed from pB-
SKS™ by using Xbal and Xhol and was subcloned into the unique Xbal and Xhol
sites of the expression vector PBJ1 (32). Unfortunately, the mp2m® epitope
recognized by the antibody S19.8 is inaccessible when the protein is complexed
to the m144 heavy chain, as verified in immunoprecipitation experiments (data
not shown).

Cell culture and transfection. The m144 expression plasmid was cotransfected
with either a human B2m (hB2m) (13) expression vector or the previously
described mp2m expression vector into CHO cells by a Lipofectin procedure
(GIBCO BRL). Cells resistant to 100 uM methionine sulfoximine were selected
according to the protocol established by Celltech, modification of which has been
previously described (16). Transfected CHO cells were maintained in glutamine-
free a minimal essential medium (Irvine Scientific) supplemented with 5% dia-
lyzed fetal bovine serum (GIBCO BRL), 100 uM methionine sulfoximine (Sig-
ma), penicillin (100 U/ml), and streptomycin (100 pg/ml). Cells secreting m144-
B2m heterodimers were identified by immunoprecipitation of supernatants of
cells metabolically labeled with [**S]methionine and [**S]cysteine (see below) by
using either an antibody against hpZm (BBM.1) (36) or anti-m144 antiserum.
Clones were considered positive if immunoprecipitation yielded a heavy chain of
44 kDa and a light chain of 12 kDa. The heavy chain was verified to be m144 by
N-terminal sequencing (see below).

358 metabolic labeling. m144-transfected CHO cell lines derived from colonies
were expanded into 12-well trays, grown to confluence, and incubated for 5 h in
1.0 ml of methionine- and cysteine-free medium (GIBCO BRL) plus 1% dia-
lyzed fetal bovine serum including 5 wCi of a [**SJmethionine and [**S]eysteine
(ICN) mixture. Supernatants were clarified by a 5-min spin in a microcentrifuge,
and either BBM.1 or anti-m144 antiserum (see below) was added. Immunopre-
cipitations were carried out by standard methods (21) with protein G-bearing
Sepharose beads (Pharmacia). Samples were boiled in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) running buffer and loaded onto
15% polyacrylamide gels, which were fixed, dried, and exposed to a Phosphor-
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Imager screen (Molecular Dynamics). The image was then developed with a
Molecular Dynamics 425E phosphorimage scanner.

Protein purification. m144-hB2m-and-m¥44-mp2m-secreting CHO cell lines
were grown to confluence in 50 10-cm plates. Supernatants were collected every
3 days for 1 month. Soluble m144-hB2m- heterodimers were purified from the
supernatants on a BBM.1 immunoaffinity column. This affinity column was pre-
pared by coupling 70 mg of the BBM.1 MAb to cyanogen bromide-treated
Sepharose 4B (Pharmacia) at approximately 10 mg of antibody/ml of resin
according to the protocol of the manufacturer. Supernatants were passed over
the affinity column, which was then:‘wa§hed with 50 column volumes of a solution
consisting of S0 mM Tris (pH 7.4),0.1% NaNj; and 1 mM EDTA. Free 32m and
m144-hB2m heterodimers were eluted from the BBM.1 column with 50 mM
diethylamine (pH 11.5) into;tubes containing 1.0 M Tris (pH 7.4). Free hB2m was
separated from m144-h@2m heterodimers by using a Superdex 200 HR 10/30 fast
protein liquid chromatography (FPLC) filtration column. Approximately 3 mg of
m144-hB2m heterodimers was recovered per liter .of transfected cell superna-
tants. Soluble m144-mB2m heterodimers were purified from the supernatants on
a 15C6 immunoaffinity column made by coupling an anti-m144 MADb (see below)
to Sepharose beads as described above. Supernatants from m144-mp2m-secret-
ing CHO cell lines were passed over the column, the column was washed, and the
protein was eluted as described above. A second protein migrating with an
apparent molecular mass of 93 kDa coeluted with the m144-mB2m heterodimer
and was separated by using a Superdex 200 HR 10/30 FPLC filtration column.
Approximately 1 mg of m144-mB2m heterodimer was recovered per liter of
transfected cell supernatants.

N-terminal sequencing of purified m144. N-terminal sequencing was per-
formed on 2.3 pg of purified soluble m144-hB2m or m144-mB2m in a phosphate
buffer dried onto a poly(vinylidene difluoride) membrane and inserted into an
Applied Biosystems model 476A sequencer reaction cartridge. Two sequences
were isolated from the m144-h@2m sample: the sequence IQRTPKIQVYSRH
PAEN, corresponding to the first 17 residues of mature hp2m (26), and the
sequence HGTEDSSESGLRYAYT, corresponding to the first 17 residues of the
mature m144 heavy chain (reference 14 and data not shown). Two sequences
were also isolated from the m144-mB2m sample: the sequence IQKTPQIQVYS
RHPPEN, corresponding to the first 17 residues of mature mB2m (17), and the
residues given above for the m144 heavy chain.

Acid elution and characterization of peptides. Purified secreted Uy 18, m144-
hp2m, m144-mB2m, FcRa (a class I MHC homolog that functions as a receptor
for the Fc portions of immunoglobulin G [16]), and H2-K9-h#2m (a murine class
I MHC heavy chain complexed with h2m [13]) proteins were analyzed for the
presence of bound peptides. All these proteins were produced in CHO cells as
described above for m144. In these experiments, FcRn served as the negative
control, since it had previously been established by biochemical and crystallo-
graphic methods that it does not associate with endogenous peptides (7, 37),
while U, 18 and K¢ served as positive controls, since endogenous peptides had
previously been characterized from samples of these proteins (11, 37). Acid
elutions and sequencing were performed by established methods (24, 42, 51).
Briefly, 0.25 mg of protein was concentrated to 100 !l in a Centricon 3 (molec-
ular weight cutoff, 3,000) ultrafiltration device (Amicon; Beverly, Mass.). After
dilution with 1.0 ml of 50 mM ammonium acetate (pH 7.5), the proteins were
again concentrated to 100 wl, and this procedure was repeated. The washed
protein was then treated with 1.0 ml of 12% acetic acid, heated to 70°C for 5 min,
and subsequently concentrated again to 100 pl in the ultrafiltration unit, with the
filtrate containing any eluted material. This elution step was then repeated. The
acid eluates were lyophilized and analyzed by automated Edman degradation
with an Applied Biosystems model 476A protein sequencer (see Table 1). Elu-
ates were also analyzed with a Perkin-Elmer/Applied Biosystems Inc. model 172A
microbore high-pressure liquid chromatograph (HPLC) and a Reliasil C,g (Reliasil
Column Engineering) column. Material was eluted by using a 3-ml gradient from
0.05% trifluoroacetic acid in water to 0.05% trifluoroacetic acid in 40% acetoni-
trile. Absorbance was monitored at 200 nm. The fractions containing peaks were
analyzed by matrix-assisted, laser desorption, time-of-flight mass spectrometry
with a PerSeptive Biosystems (Farmingham, Mass.) ELITE mass spectrometer.

CD analyses. An Aviv 62A DS spectropolarimeter equipped with a thermo-
electric cell holder was used for circular dichroism (CD) measurements. Wave-
length scans and thermal denaturation curves were obtained from samples con-
taining 10 uM protein in 5 mM phosphate at pH 7 by using a 0.1-mm path length
cell for wavelength scans and a 1-mm path length cell for thermal denaturation
measurements. The heat-induced unfolding of Uy 18, m144-hB2m, m144-mB2m,
and H2-K9-hB2m was monitored by recording the CD signal at 223 nm while the
sample temperature was raised from 25 to 75°C at a rate of approximately
0.7°C/min. The transition midpoint (7},,) for each curve was determined by taking
the maximum of a plot of d6/dT versus T (where 6 is ellipticity) after averaging
the data with a moving window of 5 points.

Production of MAbs and polyclonal antiserum. Three MAbs were generated
for the studies presented here, two specific for m144-B2m and one specific for the
UL 18 heavy chain. Of those that recognize m144-B2m, 15C6 was raised against
a gel slice of the m144 heavy chain and 19G4 was raised against the m144-hp2m
heterodimer. Female BALB/c mice (5 weeks old) were primed and twice boosted
at 2-week intervals by intraperitoneal injection of either a 5- by 10- by 1.5-mm
homogenized gel slice containing m144 or 100 wg of purified soluble m144-
hB2m. Serum was screened 1 week after each injection by enzyme-linked immu-
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nosorbent assay (ELISA). Three days preceding the fusion, one mouse was
boosted with a gel slice or 100 p.g of purified m144 in phosphate-buffered saline.
Splenocytes from the boosted mouse were fused with HL-1 murine myeloma
cells, and media from the hybridoma cultures were tested for antibodies against
the m144 heavy chain by ELISA. After subcloning of positive clones at clonal
density, ascites tumors were produced in pristane-primed BALB/c mice. In
addition, a rabbit antiserum recognizing m144 was raised against a gel slice of the
m144 heavy chain (Antibodies Incorporated, Davis, Calif.). Both MAbs and the
antiserum are effective reagents in an ELISA for detection of m144-82m, im-
munoprecipitation of soluble m144-B2m heterodimers, and Western blotting.
The Uy 18-specific MAb, 10C7, was prepared similarly to m144-specific MAbs;
however, the mice used were female OLA X BL6 h32m transgenic mice (a kind
gift of H. Ploegh, Massachusetts Institute of Technology) injected with enzymat-
ically deglycosylated Uy 18-hB2m heterodimers. Several previous attempts to
isolate an antibody against the Uy 18 heavy chain in nontransgenic mice failed,
presumably because Uy 18 is heavily glycosylated (13 potential N-linked glyco-
sylation sites [2]), so that an antibody recognizing a protein epitope within Uy 18
rather than B2m was difficult to isolate. Indeed, all hybridomas screened from
nontransgenic mice produced antibodies that recognized hB2m-instead of the
heavy chain. By using hp2m transgenic mice, many potential MAbs against the
heavy chain were generated. A rabbit antiserum recognizing U 18 was raised
against a gel slice of the Uy 18 heavy chain (HRP Inc., Denver, Pa.). Both the
MAD and the antiserum are effective reagents in an ELISA for detection of
Uy 18-hB2m, immunoprecipitation of soluble Uy 18-hB2m heterodimers, and
Western blotting.

Preparation of peptide-filled Uy 18 and H-2K®. U, 18 was purified from the
supernatants of Uy 18-hB2m-secreting cells (11) grown in a hollow-fiber biore-
actor device (Cell Pharm I; Unisyn Fibertec, San Diego, Calif.). Using this
system, only 35 to 40% of the molecules appear to contain endogenous peptides,
compared to Up18 produced from transfected cells grown on plates, which
appears to be fully occupied (11). As previously described (11), we calculated the
percent of Uy 18 occupied with peptide by comparing the amount of peptide
material eluted from H-2K¢ with the amount eluted from Uy 18 when the number
of picomoles of stafting protein is the same. The peptide ALPHAILRL, previ-
ously identified as a major component of Uy 18 acid eluates (11), was synthesized
with an Applied Biosystems 433A peptide synthesizer. The peptide was incu-
bated with Uy 18 at a 20:1 molar ratio for 12 h at room temperature. Unbound
peptides were separated from Uy 18 by passing the mixture over a Superdex 200
HR 10/30 FPLC size exclusion column. H-2K9 was purified from supernatants of
K9-hB2m-secreting cells grown on 10-cm plates. Previous characterization of
soluble K¢ established that ~70% of the protein is empty and ~30% is occupied
by endogenous peptide (13). The peptide SYIPSAEKI, previously identified as a
K9-binding peptide (12, 41), was synthesized and incubated with partially empty
K9, and unbound peptide was separated from K9-peptide complexes as described
above for preparation of peptide-filled U 18.

RESULTS

Soluble m144 associates with h2m and mB2m. To investi-
gate whether m144 binds 82m and serves as a peptide receptor,
we expressed a soluble version of m144 in CHO cells together
with hB2m or mp2m. The soluble version of m144 was con-
structed by truncating the gene prior to the predicted trans-
membrane region (following residue 241 of the mature pro-
tein). Initial experiments were performed with the h32m gene
in order to facilitate detection of the protein product with the
antibody BBM.1 (36), which binds to hf2m but not to mB2m.
Transfected cells were screened by immunoprecipitating met-
abolically labeled supernatants with BBM.1. SDS-PAGE anal-
ysis of protein from positive clones revealed two bands, one
having an apparent molecular mass of 45 kDa (consistent with
its identity as truncated m144) and the other having an appar-
ent molecular mass of 12 kDa, corresponding to 32m. The
calculated molecular mass of truncated m144 is 27 kDa, but the
protein is glycosylated (4 potential N-linked glycosylation sites
[14, 39]) and would be expected to migrate with a higher
apparent molecular mass. Supernatants from positive clones
were passed over a BBM.1 immunoaffinity column, eluted,
then passed over a size exclusion column to separate free 32m
from B2m-heavy chain heterodimers. An SDS-PAGE gel of
the resulting purified protein is shown in Fig. 2. N-terminal
sequencing of purified heterodimers confirmed the sequences
of the first 17 residues of the mature forms of hg2m (26) and
m144 (14, 39).

Soluble m144 was used to produce MADbs that could be used
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FIG. 2. SDS-PAGE (15% polyacrylamide) analysis of U;18 and the two
forms of m144. Proteins were purified from the supernatants of transfected CHO
cells by passage over an immunoaffinity column followed by size exclusion chro-
matography. The heavy chains of both heterodimers migrate with a higher
apparent molecular mass than is suggested by the mass of their protein back-
bones due to the addition of N-linked glycosides (Uy 18 contains 13, and m144
contains 4, potential N-linked glycosylation sites).

to recognize m144 when complexed with mp2m. Two antibod-
ies were produced: 15C6, which was raised against a gel slice of
the m144 heavy chain, and 19G4, which was raised against
purified m144-hf2m heterodimers. CHO cells were trans-
fected with genes encoding truncated m144 and the b allele of
mpB2m. Cells expressing m144-mB2m heterodimers could be
identified by immunoprecipitation with either the anti-m144
MADs or a polyclonal anti-B2m antiserum that recognizes
mfB2m, but not by immunoprecipitation with the MAb §19.8
(48), which apparently does not react with mp2m® complexed
with m144. SDS-PAGE analysis of immunoprecipitated pro-
tein from cells expressing m144 and mB2m also reveals two
bands migrating at 45 and 12 kDa (data not shown). m144-
mP2m was purified from transfected cell supernatants on an
immunoaffinity column constructed with MAb 15C6 (Fig. 2).
N-terminal sequencing of purified protein established that the
heterodimer was composed of the mature forms of m144 and
mB2m. Sequences of hamster (16) and bovine (20) B2m were
not detected, indicating that m144 was not associating with
endogenous hamster B2m or exchanging with'bovine B2m in
the medium, as can occur when mouse class I MHC proteins
are expressed with mB2m in CHO cells (13).

m144 does not bind endogenous peptides. To determine if
either m144-hB2m or ml44-mPB2m binds peptides, purified
proteins were treated with acetic acid to dissociate potential
peptide material (24, 42, 51). Acid eluates were characterized
by N-terminal sequencing (see Table 1), HPLC, and mass
spectrometry. Soluble versions of other proteins expressed in
CHO cells (the murine class I MHC molecule H2-K* and two
other MHC class I homologs, U, 18 from HCMV and the rat
neonatal Fc receptor, FcRn) were subjected to the same treat-
ment. K and U, 18 had previously been shown to bind pep-
tides and were used as positive controls (10, 11, 37). FcRn does
not bind peptides (7, 37) and was used as a negative control.

The characteristics of the peptides isolated from K? and
U 18 were similar to those previously reported (11, 37) and
consistent with the known requirement for a tyrosine anchor at
position 2 for K (38) and a leucine or methionine anchor at
position 2 for U 18 (11) (Table 1). An aliquot of the Uy 18 acid
eluate was passed over a reverse-phase HPLC column, several
peaks were collected, and a number of these were character-
ized by mass spectrometry. This procedure resulted in identi-
fication of multiple peptides in the Up 18 acid eluate whose
exact molecular weights corresponded to the sequences of pep-
tides previously shown to be associated with Uy 18 (reference
11 and data not shown).
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By contrast, the low-molecular-weight acid eluates from
m144-h32m, m144-mB2m, and FcRn did not show the pres-
ence of peptides (Table 1). With the exception of cycle 1, which
is typically subject to high backgrounds, the total yield of the
amino acids from each cycle of pool sequencing of the acid
eluates remained nearly constant, and this yield was only
slightly above background. In addition, most of the peaks in
the HPLC profile of the m144-hB2m acid eluate were also
apparent in eluates extracted from FcRn, and all were barely
notable above the background- When the few peaks that dif-
fered between the m144-hBm and FcRn eluates were collected
and characterized by~mass spectrometry, these peaks were
found to contain low-molecular-weight material that did not
show proteinaceous characteristics (data not shown).

m144, but not U 18, is thermally stable in the absence of
peptides. Class I MHC heavy chains show decreased stability in
the absence of bound peptide (13, 33, 50). To ascertain if
m144-hB2m or m144-mB2m is unstable due to the absence of
bound peptide, we monitored the heat-induced unfolding of
these proteins by recording the CD signal at 223 nm while
increasing the sample temperature from 25 to 75°C (Fig. 3A).
The results were compared with melting curves of partially
empty and peptide-filled forms of the class I MHC molecule
H-2K¢ (Fig. 3B) (13). Two unfolding transitions are evident in
the curve derived from m144-hf2m. The first, with a T, of
55°C, corresponds to the unfolding of the m144 heavy chain,
while the second, with a T,, of 64°C, corresponds to the pre-
viously observed T,,, for hf2m (13) and represents the inde-
pendent unfolding of the light chain subsequent to heavy-chain
denaturation. m144-mB2m melts less cooperatively than m144-
hB2m and the derived T,,, for the heavy-chain unfolding (52°C)
is slightly lower, indicating that m144 complexed with mB2m is
somewhat less stable than m144 complexed with hR2m. In
addition, the downward-sloping transition for the melting of
B2m is not apparent in the melting curve of m144-mB2m,
perhaps being obscured by the CD signal from the melted
m144 heavy chain. Similar results were obtained for the melt-
ing of K¢ complexed with mB2m (12). The melting behavior of

TABLE 1. Amino acids recovered from acid elutions®

Yield (pmol) of:

Cycle
U_18 H-2K%hpg2m  FcRn  ml44-hp2m  mi44-mB2m®
1 86 84.5 59 13.7 73
2 75,17 51.14 4.7 0 15
3 36.9° 33.6 0.7 0.5 0.3
4 19.8 123 7.6 12 0.3
5 113 18.2 0 0.7 0.2
6 4.0 30.8 0 1.0 0.1
Tk 8.7 1.1 0.2 1.6 0.1
8 6.5 3.1 0.6 2.0 1.6
9 43 12.1 9.5 0.2 0.3
10 13 TS5 0.3 0.1 1.2
11 0.4 10.1 0.5 0.3 0.2
12 2.5 6.7 0.8 0.1 0.5

“ The total yield of amino acids from each sequencing cycle is presented for
acid eluates derived from equivalent amounts of soluble Uy 18, K-hp2m, FcRun,
m144-hf2m, and m144-mpB2m heterodimers. Only those amino acid residues that
showed an increase in the absolute amount recovered compared to the previous
cycle were considered significant. Results for the FcRn, K¢, and Uy 18 eluates are
similar to those previously reported (11, 37) in which soluble Uy 18 and K¢, but
not FcRn, were shown to bind endogenous peptides.

b Acid elution contributions from Asp, Glu, and Gly were not included in the
m144-mB2m tabulation because the first four cycles showed unusually high yields
that were also present in the negative control.

€ Leu, Met = 71.
4 Typ= 25,
¢Pro = 19.
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both forms of m144 is more similar to that of peptide-filled K
(T,, = 56°C for K®-mB2m; T,, = 57°C for K%-hB2m) than to
that of empty K¢ (T, = 42°C for K%m@2m; 7,, = 45°C for
K9-hp2m) (12, 13) (compare Fig. 3A and B), suggesting that
m144 is thermally stable in the absence of peptide.

By contrast, thermal-stability profiles of Uy 18 indicate that
U, 18 is only marginally stable in the absence of added peptide
(Fig. 3C). The U, 18 protein produced from transfected CHO
cells grown in a hollow-fiber bioreactor is estimated to be only
40% occupied with endogenous peptide (see Materials and
Methods). This form of Uy 18 melts with a 7,,, of 41°C. Upon
addition of a known Uy 18-binding peptide (11), the T,, in-
creases to 66°C (Fig. 3C).

.. CD spectral comparison of m144, U, 18, FcRn, and class I
MHC. The far-UV CD spectrum of m144 was compared with
spectra of other MHC homologs and a classical class I mole-
cule (Fig. 4). Far-UV CD spectra were previously used to
characterize the secondary structures of class I MHC mole-
cules and FcRn (16, 18, 30). The available crystal structures of
FcRn and class I molecules (7, 47) can be used to verify the
--conclusion derived from the CD spectra that the secondary-
structure arrangement of FcRn resembles, but is not identical
to, class I MHC structures. The spectra of all four molecules
(m144-hB2m, U, 18, FcRn, and H-2K?) show characteristics of
proteins that are composed primarily of B-structure with a
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FIG. 3. Thermal denaturation profiles. The CD signal at 223 nm is plotted as
molar ellipticity per mean residue after smoothing as a function of increasing
temperature. 7,,s (indicated by arrows) were determined by taking the maximum
of a plot of d6/dT versus T (where 6 is ellipticity) after averaging the data with a
moving window of 5 points. (A) m144-hB,m and m144-mB,m melting curves. (B)
K4-hB2m melting curves in the presence and absence of added peptide (see also
references 12 and 13). (C) U, 18 melting curves in the presence and absence of
added peptide.

minor a-helical conformation (25). However, the short-wave-
length portion of the m144 spectrum is red-shifted compared
with the H-2K® and U, 18 spectra and with part of the FcRn
spectrum. These results suggest that m144 has structural fea-
tures that distinguish it from U; 18 and classical class I mole-
cules. Since all three types of proteins share the common
feature of B2m binding, it is likely that structural differences
are localized to regions distal from B2m, such as the top sur-
face of the ala2 platform (Fig. 1).

DISCUSSION

HCMYV and MCMYV both encode class I MHC homologs.
Previous studies indicated that U, 18, the HCMV class I ho-
molog, binds the class I light chain f2m (6) and associates with
endogenous peptides (11). In this study, we expressed a soluble
version of the MCMYV class I homolog m144 and compared its
biochemical characteristics to those of class I molecules and
U, 18. We found that m144 expressed in CHO cells associates
with both hf2m and mB2m, implying that m144 heterodimer-
izes with host-derived B2m in virus-infected cells. However,
unlike Uy 18 and class I molecules, m144 does not bind endog-
enous peptides, since we do not detect peptide material asso-
ciated with either form of m144-B2m. Other class I MHC
homologs for which biochemical or structural studies do not
reveal the presence of endogenous peptides include FcRn (7,
37), human Zn-a2-glycoprotein (44), and the hemochromato-
sis gene product HFE (31a). In addition, human MICA and
mouse H-2T region-encoded molecules are stably expressed in
cells that lack a functional peptide transporter, suggesting that
they too do not bind conventional class I peptide ligands (9, 19,
23, 52).

A comparison of alignments of the m144 and U 18 se-
quences with class I MHC sequences reveals that Uy 18 is more
likely than m144 to adopt a fold that includes an MHC-like
peptide-binding groove (Fig. 1B). Peptides bind to class I
MHC molecules in a groove located between two a-helices
that span an 8-stranded B-pleated sheet. Peptide termini are
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FIG. 4. Far-UV CD spectra of peptide-filled U, 18, peptide-filled K¢, FcRn,
and m144 expressed as ellipticity per mean residue. CD spectra of the partially
empty versions of U 18 and K9 superimpose almost perfectly upon spectra of
their peptide-filled counterparts (data not shown).

accommodated in pockets at each end of the groove that are
lined with conserved residues (reviewed in reference 47). The
peptide N terminus binds in pocket A on the left side of the
groove (as depicted in Fig. 1B), in which four conserved ty-
rosines make critical hydrogen bonds to main-chain atoms of
the peptide (residues 7, 59, 159, and 171; class I numbering)
(Fig. 1A). These tyrosines are also found in the U, 18 se-
quence, suggesting a similar mechanism for interaction with
peptide N termini (11). While the U, 18 sequence shows some
gaps and insertions compared to class I sequences, these are
primarily confined to regions corresponding to the right side of
the groove and suggest that the U 18 structure may differ from
MHC structures in the region of the groove that interacts with
peptide C termini. Indeed, analysis of endogenous peptides
associated with Uy 18 revealed variability in the length of
bound peptides (11), whereas classical class I molecules show
a strong preference for binding octamer and nonamer peptides
(reviewed in reference 47). By contrast, only two of the four
pocket A tyrosines are conserved in the m144 sequence (Fig.
1A). Furthermore, the a2 domain of m144 is significantly trun-
cated compared to those of class I and U, 18 molecules, such
that B strands 6 and 8 are much shorter, there is no predicted
seventh strand, and there is a large deletion within the pre-
dicted a2 domain helix. These characteristics do not seem
compatible with formation of a functional peptide-binding
groove, and they imply that this region of m144 is structurally
distinct from class I molecules and U, 18. Far-UV CD spectral
differences support this prediction (Fig. 4).

Our finding that m144, unlike class I MHC molecules and
U_18, is thermally stable in the absence of bound peptide is
also consistent with a structural rearrangement in the counter-
part of its peptide-binding region. CD melting curves of m144
complexed with either hf2m or mB2m show that it is more
stable than either an empty class I molecule or partially empty
U, 18 (Fig. 3). The melting curves of the empty forms of class
I and U, 18 were characterized by 7,,s between 42 and 45°C,
while the 7, of the m144-hB2m curve was 55°C, closer to the
T, for peptide-filled K¢ (56 to 57°C) (12, 13). m144 is slightly
less stable when complexed with mpB2m (7,, = 52°C). This
effect was also noted for the complex of mB2m with K9, com-
pared with the complex of hB2m with K¢ (12), and more
dramatically, for the complex of mB2m with the nonclassical
murine class I protein T10 (9). We were able to analyze the
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effect of bound peptide on Uy 18 stability by taking advantage
of the fact that soluble U, 18 is only partially occupied with
endogenous peptides when it is expressed at high levels. Ad-
dition of a synthetic peptide corresponding to the sequence of
an endogenous peptide eluted from U 18 shifts the 7, to
66°C, thus formally demonstrating that U, 18 binds this peptide
and suggesting a general method for assaying peptide binding
by U 18.

The different properties of U; 18 and m144 revealed by this
study do not, in and of themselves, undermine the contention
that these molecules both function as surrogate class I pro-
teins, capable of engaging NK cell inhibitory receptors and
protecting cells that lack class I surface expression. Murine NK
cell inhibitory receptors are homodimeric C-type lectin super-
family proteins, whereas the majority of characterized human
inhibitory receptors are members of the immunoglobulin su-
perfamily (reviewed in references 22 and 35). It is therefore
conceivable that mouse NK inhibitory receptors would recog-
nize features of mouse class I MHC molecules different from
those recognized on human class I molecules by human inhib-
itory receptors. While there is no evidence yet of a direct
interaction between a mouse inhibitory receptor and m144,
recent results demonstrate that the presence of m144 inter-
feres with NK cell-mediated clearance of virus-infected cells in
vivo (14). The connection between Uy 18 and human NK cells
is less straightforward. A recent study reported that U; 18
expressed on a human class I-negative B-lymphoblastoid cell
line inhibited NK cell lysis through interaction with the C-
lectin-like inhibitory receptor CD94 (40). However, we and
investigators at other laboratories have been unable to detect
cell surface expression of Uy 18 when its gene was transfected
into the same B-cell line (31b). Additional results indicate that
the presence of Uy 18 on virus-infected fibroblasts slightly aug-
ments, rather than inhibits, NK cell-mediated lysis (31b). A
probable host ligand for U; 18 was recently identified as LIR-1,
a new immunoglobulin superfamily member related to human
NK inhibitory receptors (8). LIR-1 is expressed mainly on B
cells and monocytes, but only on a subset of NK cells; thus, it
is possible that the HCMV MHC homolog exerts its primary
effects on host cells other than NK cells. Further studies will be
necessary to resolve the roles of both m144 and U, 18 in the
interactions of their respective viruses with the immune sys-
tems of the infected hosts. However, currently available data
suggest that the two homologs function differently, a hypoth-
esis that is consistent with the biochemical and structural dif-
ferences between m144 and U 18 observed in the present
study.
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Chapter 3:

Efforts to Isolate the m144 Ligand and Advances
in the m144 Field

In this chapter I discuss my continuing efforts to identify the m144 ligand and recent

developments in the study of m144 and its function.
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Chapter 3

1. Continuing Efforts to Identify the m144 Receptor

As mentioned in the discussion of the previous chapter, the study by Farrell et al. (1997)
determined that m144 expression is important in protecting virally infected cells in vivo
from clearance by NK cells in the liver, spleen and lung during early points of infection.
Given the similarity between m144 and class I MHC molecules, it was hypothesized that
m144 could inhibit NK cell lysis by engaging NK cell inhibitory receptors. To test this
hypothesis, I tested m144 for binding to soluble versions of murine NK cell inhibitory
receptors expressed by Yang Liu, a fellow graduate student in the Bjorkman lab. I also
tested the interaction between m144 and PIR-A and PIR-B as the PIR proteins are a
family of receptors expressed by mice that share significant sequence identity with LIRs
(Kubagawa et al., 1999) and LIR-1 is the receptor for UL18. Like LIRs, some PIR
proteins have long cytoplasmic tails that encode ITIMs while others are short with a
charged amino acid in the transmembrane domain (Kubagawa et al., 1999). In addition
the expression pattern of PIR-A and PIR-B are similar to LIR-1 (monocytes,
macrophages, dendritic cells and mast cells) and the location of the PIR genes in the
mouse genome is sytenic to that of the LIR genes in the human genome (Kubagawa et
al., 1999). In collaboration with Dr. Peter Snow (Caltech Protein Expression Facility)

and Dr. Clinton White (previous Postdoctoral Fellow in the Bjorkman lab), we expressed
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soluble versions of both PIR-A and PIR-B using a baculovirus expression system and

tested both PIR-A and PIR-B for interaction with m144.

1.1.  Protein Expression. Soluble versions of the murine NK cell inhibitory receptors
Ly49A and Ly49I, each with an N-terminal histidine tag, were expressed by Yang Liu
using a baculovirus expression system. Both proteins were verified to be dimers.
Soluble m144 was produced as described in Chapman & Bjorkman, 1998 (Chapter 2).
PIR-A and PIR-B were expressed with C-terminal histidine tags by Dr. Peter Snow

using a baculovirus expression system.

1.2. Binding Assays. [ combined soluble m144 with either Ly49A or Ly49I,
incubated with mixing, followed by addition of either anti-His antibody or BBM.1, an
antibody specific for B2m (Parham et al.,, 1983). The antibody complex was
precipitated, after washing, with protein G-immobilized sepharose and analyzed by
SDS-PAGE. Neither assay revealed any indication of an interaction between either
Ly49 construct and m144 (data not shown). As this assay does not rule out the
possibility of a low affinity m144/Ly 49 interaction, I also tested the ability of m144 to
associate with Ly49A and Ly49I using a biosensor based assay. Ly49A and Ly491 were
each immobilized on a separate biosensor chip to a high density (1500 RU) using

standard amine chemistry and m144 was passed over at concentrations ranging from 100
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nM to 10 uM. Even at micromolar concentrations of m144, no apparent interaction was
observed between the proteins (data not shown).

To test binding of m144 to PIR-A and PIR-B, I combined soluble m144 with
either PIR-A or PIR-B, incubated with mixing followed by addition of BBM.1, an
antibody specific for B2m (Parham et al., 1983). The antibody complex was
precipitated, after washing, with protein G-immobilized sepharose and analyzed by

SDS-PAGE. Neither PIR-A nor PIR-B associated with m144 (data not shown).

1.3.  Results. Neither the Ly-49 molecules nor the PIR molecules were recognized by
ml44. The assays I used could not have detected very low affinity interactions;
however, they would have been sufficient to detect an interaction between MHC
molecules and TCRs (K ~ 2-60 uM) (Alam et al., 1996; Garcia et al., 1996; Matsui et
al., 1991) or class I MHC molecules and KIRs (K, ~ 10 uM) (Vales-Gomez et al.,
1998). If there is an interaction between m144 and either the Ly49 molecules or the
PIRs, it is of lower affinity than ~60uM. I therefore doubt that Ly49A or I or PIR-A or -
B are the ligand for m144. To make a comparison with the UL18/LIR-1 interaction
(Chapter 4 and 5), in which I believe it is the high affinity of LIR-1 for UL18 compared
to MHC class I molecules that is the basis of UL18's proposed immunomodulary effect,
I would expect m144 to have a high affinity for its ligand. It remains to be seen whether

the PIRs are actually murine analogs of the LIRs and whether there are other PIR family
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members that have not yet been isolated. Of the nine LIR molecules, only LIR-1
interacts with UL18; it is therefore not unreasonable that one PIR protein would
recognize m144 while another would not. In addition, there may be other unidentified
molecules that are analogous to the LIRs and bind m144, or it is possible that the m144

ligand is structurally and, possibly functionally, unrelated to LIRs.

1.4. Cell Based Assays Using m144 Tetramers. In collaboration with Dr. Chris
McMahon, a postdoctoral fellow in Dr. David Raulet's laboratory (UC Berkeley), I have
continued studies to identify the m144 counterstructure. Using m144 expressed in either
insect cells or bacteria, complexed with either human or murine 32m, Dr. McMahon and
I have generated tetramers of m144 using a biotinylated version of m144 bound to
tetrameric streptavidin (Braud et al., 1998).

Tetramers have previously been used to identify ligands in low affinity
interactions (Braud et al., 1998). Using the m144 tetramers, Dr. McMahon has screened
Cos-7 cells that transiently express high levels of Ly49 A, B, C, D, F, G2, H or |
molecules; but did not see any indication of binding. He has also screened B, T and NK
cells, macrophages and activated peripheral blood cells in addition to NK cell libraries
from CB17 and B6 mice. In each instance the m144 tetramers did not specifically

recognize any of the surface proteins expressed by these cells. He repeatedly observes
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weak staining of J774 macrophages, but has been unable to identify what is being

recognized.

2. Recent Studies of m144 Function

Recently published studies regarding the function of m144 continue to address the
hypothesis that m144 modulates the host anti-viral NK response. Kubota et al. (1999)
provided results which they argue demonstrate that m144 expression in the human
Burkitt lymphoma line, Raji, partially inhibited antibody-dependent cell-mediated
cytotoxic activity by IL-2-activated murine NK cells. However, the observed inhibition
was not complete (11.3-31.5%) and the difference in percent specific lysis between
ml44 transfected cells as compared to vector alone-transfected controls was constant
throughout the range of effector to target cell ratios, not even decreasing at low effector
to target cells ratios as one would expect if m144 was really providing protection from
lysis. I therefore doubt the authors’ conclusion that m144 expression protects target
cells from lysis by NK cells and suspect that their results are due to an inherent
difference in the stability of the m144- and vector alone-transfected clonal lines in the
>!Cr assays they used rather than an effect of NK cell lysis susceptibility. In addition, the
m144-mediated inhibitory effect was not reversed by addition of antibodies against Ly49
molecules A, C or G, nor was it affected by the addition of the anti-m144 antibody 15C6

(Chapman and Bjorkman, 1997). I would expect an antibody against m144 to block the
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inhibition, although it is possible that the anti-m144 antibody does not block the
functional epitope of m144 and would therefore not inhibit the observed inhibition. I
have sent the authors of this paper an anti-m144 antiserum, but have not yet heard
whether it was effective at blocking inhibition.

Cretney et al. recently published a paper investigating the effects of m144
expression in in vivo NK-mediated clearance of class I-negative cells (Cretney et al.,
1999). Their results show that NK-cell mediated rejection of RMA-S cells expressing
ml44 (RMA-S-m144) was reduced compared to wild type RMA-S cells. RMA-S cells
are defective in peptide loading of class I MHC molecules and express only low levels of
surface class I. As a result, they are highly susceptible to NK cell-mediated lysis. The
authors argue that the basis of the reduced rejection is that the number of NK cells
accumulating around the injected RMA-S-m144 cells was reduced and that the lytic
capacity of these NK cells was also reduced. However, analysis of the peritoneal
lavages collected from mice injected with RMA-S-m144 cells reveals that the total
number of cells, not just the number of NK cells, was reduced at the site of injection. In
my opinion, these results suggest that the effect mediated by m144 may affect a larger
body of immune effector cells and may not be specific for NK cells. This would explain
a second observation made in this same paper that in vitro, RMA-S-m144 cells were
only slightly protected against activated NK cells and even less protected against resting

NK cells.
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At this point the data regarding the function of m144 are difficult to interpret.
Despite the strength of the results by Farrell et al. (1997) correlating m144 expression
with protection against NK cell-mediated clearance in infected mice (Farrell et al.,
1997), it is not clear how m1l44 is providing this protection. In vitro experiments
designed to demonstrate a cell-cell interaction between m144-expressing cells and NK
cells have been difficult as m144 is not readily expressed on the surface of laboratory
cell lines (T. Chapman, P. Bjorkman unpublished observations; (Kubota et al., 1999))
and all previous studies presume that m144 is a cell surface ligand. However, there is
little evidence to suggest that m144 is expressed on the surface of virally infected cells
(Farrell et al., 1999). It is possible that m144 remains intracellular during MCMV
infection, despite its cell surface glycoprotein characteristics.

It is my opinion that m144 may be modulating the cytokine profile at the site of
infection. The results by Cretney et al. (1999) described above indicate that fewer
infiltrating and activated immune effector cells are found at the site of injected m144*
tumor cells suggesting that m144 expression may prevent the attraction and activation of
immune effector cells. In addition, continuing studies by Farrell et al. using wild type
MCMYV and the ml44-deletion virus suggest that m144 expression may affect the
cytokine profile in MCMV-infected mice (Farrell et al., 1999). In the original paper by
Farrell et al. (1997) which described the pathogenicity of wildtype MCMV compared to

the mutant m144 deletion virus, the replication rate of the mutant virus was restored to
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that of the wildtype virus by eliminating the NK cell population using an antibody
against an NK cell-specific protein. Although it was not demonstrated, the authors
suggested that m144 was able to protect infected cells from NK cell-mediated clearance
through direct interaction with NK cells, e.g., interaction of m144 with an NK cell
inhibitory receptor. Recent results, however, show that the replication rate of the mutant
virus can be restored by eliminating IL-12 or IFN-ylevels. IL-12 stimulates NK cells to
produce IFN-y and NK cell-produced-IFN-y has been shown to reduce MCMYV viral
titers. The significance of this result is twofold: one, it suggests that NK cell clearance
of MCMV-infected cells is mediated through cytokines as opposed to a direct
protein:protein interaction and two, it suggests that m144 may modulate the anti-viral
NK cell response by modulating the cytokines that affect NK cell activation, e.g., IL-12.
Both monocytes and macrophages are important sources of IL-12 and both are sites of
MCMYV infection.

Recently the role of the RCMV MHC class I homolog, r144, in RCMV
pathogenicity was addressed by comparing replication, dissemination and tissue
destruction of wild type RCMV with an r144-null mutant RCMV, RCMVAr144 (Beisser
et al., 1999). rl44 and ml144 appear to be closely related as they occupy similar
locations in the genomes of RCMV and MCMYV, respectively, share 30% sequence

identity (as compared to 18% shared sequence identity between r144 and UL18) and
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both have large deletions in the 2 domain (Beisser et al., 1999). It is enticing to think

that analysis of the r144 function might shed some light on the m144 function.

3. r144 in RCMYV Infection

While the authors observed no major differences between wild type RCMV and the
mutant RCMVAr144, the authors did note that there were fewer infiltrating leukocytes in
the footpads of rats infected with RCMVAr144 as compared to the footpads of rats
infected with wild type RCMV (Beisser et al., 1999). This result is reminiscent of that
found by Cretney et al. who demonstrated fewer infiltrating immune effector cells
surrounding the injection site of m144-expressing tumor cells (Cretney et al., 1999).
Beisser et al. suggest that the presence of fewer infiltrating leukocytes in the footpads of
rats infected with RCMVArl144 is due to an interaction, either direct or indirect, between
r144 and macrophages (Beisser et al., 1999). Thus, limited data describing the function
of both m144 and rl44 seem to imply a function in the modulation of cytokine
production. However, in the absence of knowing the identity of either the m144 or r144

ligand, it is difficult to speculate about the function(s) of these proteins.

4. Are UL18 and m144 Performing Similar Functions?
Like m144, I think that UL18 may be important in modulating the cytokine profile at the

site of CMV infection. However, as described in the previous chapter, m144 and UL18
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are significantly different structurally (e.g., UL18 binds peptides, m144 does not; m144
and ULI18 are composed of different secondary structural elements as indicated by
differences in their far UV CD spectrums), and one needs to ask whether this structural
disparity implies a functional disparity as well. In addition a phylogenetic tree,
comparing the sequences of m144, UL18 and r144 with classical class I MHC molecules
from mice, humans and rats indicates that while m144 and r144 are closely related,
UL18 is relatively divergent from either m144 or r144 (Figure 2-1). This, coupled with

the observation that the m144 and r144 genes are located at similar locations in the

gpri44

gpm1i44

gpUL18

—— gpMC1080R

— gpMC2080R
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0.1
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Figure 1. A phylogenetic tree comparing UL18, m144, and r144 to three mammalian
MHC class I proteins as produced in (Beisser et al., 1999). gpMCI1080R and
gpMC2080R are MHC class I homologs from molluscum contagiosum virus type 1 and
2 (Senkevich et al., 1996; Senkevich and Moss, 1998).

MCMYV and RCMV genomes, respectively, while the UL18 gene is located at different

position in the HCMV genome, suggests that acquisition of UL18 for HCMV and m144
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and r144 for an ancestral rodent CMV were separate events (Beisser et al., 1999; Chee et
al., 1990; Rawlinson et al., 1996).

However, it has not been shown that different acquistion times necessarily
correlate with different functions for two separate proteins. Therefore, the fact that
ml44 and UL18 were acquired separately is not sufficient to prove that m144 and UL18
are performing different functions. With respect to the structural differences between
m144 and ULIS, it is unknown whether the locations of these structural differences are
actually relevant to the function of the molecules. I demonstrated that m144 does not
bind peptides due to a large deletion in the o2 region of the molecule. However, as will
be shown in Chapter 4, the primary LIR-1 binding site on UL18 and class I MHC is
located within the o3 domain of these molecules and, presumably, structural deviations
in the o2 region of UL18 or MHC class I molecules would not affect LIR-1 recognition
of these proteins. If the binding site of the m144 ligand is also in the o3 domain,
deletions in the o2 domain would probably be inconsequential for function. Amino acid
sequence comparisons of the extracellular region of m144 with that of murine MHC
class I molecules reveal that the a3 domain of m144 shares a much higher degree of
identity with murine class I molecules (32%) than either the ol or a2 domain (23% and
20%, respectively) (Farrell et al., 1997). It is possible that the functional epitope of

m144, like that of UL18, is located in the a3 domain and that there is an analogous
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receptor to LIR-1 in mice. Therefore, despite structural differences between UL18 and
m144, it is possible that both molecules may be performing similar functions for their

respective viruses.
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Chapter 4:

The Inhibitory Receptor LIR-1 Uses a Common
Binding Interaction to Recognize Class I MHC
Molecules and the Viral Homolog UL18

In this chapter I determine the affinities of the LIR-1/UL18 and LIR-1/MHC class I
interactions using a biosensor based assay. I also identify the binding site on LIR-1 for
UL18 and MHC class I molecules and in collaboration with Astrid Heikema, a technician
in the Bjorkman lab, identify the binding site on UL18 and MHC class I molecules for
LIR-1. The cell staining assays, as well as preparation of the DNA constructs used in the

cell staining assays, were done by Astrid Heikema.
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Summary

LIR-1 is a class | MHC receptor related to natural killer
inhibitory receptors (KIRs). Binding of LIR-1 or KIRs
to class I molecules results in inhibitory signals. Unlike
individual KIRs, LIR-1 recognizes many class | alleles
and also binds UL18, a human cytomegalovirus class
I MHC homolog. Here, we show that LIR-1 interacts
with the relatively nonpolymorphic a3 domain of class
| proteins and the analogous region of UL18 using its
N-terminal immunoglobulin-like domain. The >1000-
fold higher affinity of LIR-1 for UL18 than for class
| illustrates how a viral protein competes with host
proteins to subvert the host immune response. LIR-1
recognition of class | molecules resembles the CD4-
class Il MHC interaction more than the KIR-class |
interaction, implying a functional distinction between
LIR-1 and KIRs.

Introduction

Human cytomegalovirus (HCMV) is a widespread infec-
tious agent that infects 70%-90% of immunocompetent
adults (Wentworth and Alexander, 1971). While primary
infection elicits an immune response, the response is
insufficient to clear the virus, and lifelong infection en-
sues. To maintain viral persistence in the presence of a
fully primed immune system, HCMV has evolved strate-
gies that subvert the host immune system, including
downregulation of cell surface expression of host class
I MHC molecules (reviewed in Wiertz et al., 1997). Class
I MHC molecules are heterodimers composed of a poly-
morphic membrane-bound heavy chain associated with
the nonpolymorphic light chain B8,-microglobulin (8,m).
Peptides derived from degradation of cytoplasmic pro-
teins are presented to cytotoxic T cells bound to class
I molecules in a groove within the a1 and «2 domains
of the heavy chain (reviewed in Bjorkman and Parham,
1990). While downregulation of surface class | expres-
sion hinders recognition of infected cells by virus-spe-
cific T cells, cells that lack surface class | MHC expres-
sion are potential targets for natural killer (NK) cells.
NK cells express activating receptors, which can be
triggered by both non-MHC and MHC molecules, and
inhibitory receptors, which recognize class | MHC mole-
cules (reviewed in Lanier et al., 1997). Stimulation of
activating receptors leads to target cell lysis unless the

$To whom correspondence should be addressed (e-mail: bjorkman@
cco.caltech.edu).

NK cell inhibitory receptors engage an adequate level
of class | molecules on the target cell. Thus, the host
immune system ensures that those cells that have down-
regulated their class | MHC molecules to a level suffi-
cient to avoid detection by T cells can be recognized
and eliminated by NK cells.

As a strategy that may be involved in modulation of
the host immune response, HCMV expresses UL18, a
class | MHC homolog (Beck and Barrell, 1988). The pre-
dicted extracellular portion of UL18 can be divided into
three domains (a1, o2, and a3) that share ~25% amino
acid sequence identity with their class | counterparts.
Like host class | molecules, UL18 associates with 3,m
(Browne et al., 1990) and endogenously derived pep-
tides (Fahnestock et al., 1995). UL18 was proposed to
function as a decoy class | molecule capable of binding
NK cell inhibitory receptors and preventing lysis of in-
fected cells lacking surface class | expression (Fahne-
stock et al., 1995). However, the host cell ligand of UL18
was identified as leukocyte immunoglobulin-like recep-
tor-1 (LIR-1 or ILT2), a membrane glycoprotein ex-
pressed on only a subset of NK cells (Cosman et al.,
1997) and most or all monocytes, dendritic and B cells,
and some T cells (Borges et al., 1997; Colonna et al.,
1997; Fanger et al., 1998). LIR-1 is a member of a family
of proteins (LIR-1 to LIR-8) that contain two or four
extracellular immunoglobulin (Ig)-like domains related
to NK cell killer inhibitory receptor (KIR) domains (Borges
et al., 1997). The endogenous ligands of LIR-1, LIR-2,
and KIRs are class | MHC molecules. However, while
individual KIRs show allele-specific recognition of class
I molecules, LIR-1 and LIR-2 interact with a broad range
of classical and nonclassical class | MHC molecules
(Fanger et al., 1998; Navarro et al., 1999; Vitale et al.,
1999). Despite a high level of sequence identity between
LIR family members, only LIR-1 binds UL18 (Borges et
al., 1997).

The role of LIR-1 in the immune response to viruses
in general and HCMV in particular has not yet been
elucidated, but LIR-1 shows properties consistent with
an inhibitory function. In common with KIRs, several LIR
proteins contain inhibitory motifs in their cytoplasmic
tails, and LIR-1 associates with SHP-1, a tyrosine phos-
phatase that inhibits activating signals (Cosman et al.,
1997). LIR-1 engagement on NK and T cells by class |
MHC molecules protects target cells from lysis, and
concurrent recognition of LIR-1 with other receptors
results in inhibition of intracellular Ca?* mobilization (Co-
lonna et al., 1997). These studies demonstrate that LIR-1
can function as an inhibitory receptor and might there-
fore modulate activation signals in response to recogni-
tion of host cell class | molecules or UL18.

To better understand the functions of UL18 in evasion
of the host immune response and LIR-1 in the presence
and absence of CMV infection, we characterized the
LIR-1/UL18 and LIR-1/class | MHC interactions. We find
that LIR-1 binds UL18 with greater than 1000-fold higher
affinity than it binds classical and nonclassical class |
proteins; thus, even low levels of UL18 can efficiently
compete with residual host cell class | proteins on
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HCMV-infected cells for LIR-1 binding. The primary
binding site on LIR-1 for both class | molecules and
UL18 is its N-terminal domain, and this region interacts
with the «3 domain of class | proteins and UL18. Recog-
nition of the «3 domain, which is relatively nonpolymor-
phic, predicts that LIR-1 can interact with most or all
class | MHC molecules, consistent with previous obser-
vations that LIR-1 binds a wide range of class | proteins
(Colonna et al., 1997; Lanier et al., 1997; Fanger et al.,
1998; Navarro et al., 1999). These results suggest that
LIR-1 differs in recognition properties from KIRs, sharing
more characteristics with the T cell coreceptor CD4-
class Il MHC interaction than with the KIR-class | MHC
interaction.

Results

Production of Peptide-Filled, Empty, and Different
Carbohydrate-Containing Forms of Soluble UL18

We previously demonstrated that soluble UL18 pro-
duced in CHO cells associates with endogenously de-
rived peptides (Fahnestock et al., 1995). To investigate
the role of bound peptide in LIR-1 recognition of UL18,
we prepared peptide-filled and empty forms of soluble
UL18-human B3,m heterodimers produced in CHO cells
(hereafter referred to as UL18-complex carbohydrate or
UL18-CC [see below]) (Figure 1A). The empty form of
UL18-CC was prepared by removing endogenous pep-
tides from the peptide-filled form under denaturing con-
ditions and then refolding the protein in the absence of
peptide. Empty UL18-CC is thermally unstable com-
pared with the peptide-filled form (Figure 1B).

The extracellular portion of the UL18 heavy chain con-
tains 13 potential N-linked carbohydrate sites (Beck and
Barrell, 1988). The majority of these sites appear to be
utilized when the protein is produced in infected or
transfected cells since the heavy chain migrates on SDS
polyacrylamide gels with a higher than predicted appar-
ent molecular mass (Browne et al., 1990; Fahnestock et
al., 1995; Leong et al., 1998) (Figure 1A). Because a large
proportion of the surface of UL18 is likely to be occluded
by carbohydrate, we wished to examine the role of car-
bohydrate in recognition of UL18 by LIR-1. We therefore
expressed UL18 in insect cells, which attach high man-
nose or truncated trimannosyl N-linked glycans (Jenkins
et al., 1996), to compare with UL18 produced in CHO
cells, which attach complex N-linked carbohydrates

(Davis et al., 1993). A previously identified UL18-binding
peptide (Fahnestock et al., 1995) was added to insect
cell supernatants, resulting in peptide-filled UL18, here-
after referred to as UL18-high mannose or UL18-HM
(see the Experimental Procedures). The heavy chains of
UL18-CC and UL18-HM migrate with different apparent
molecular masses on an SDS-acrylamide gel: 77 to 97
kDa for UL18-CC and 50 to 53 kDa for UL18-HM (Figure
1A), consistent with molecular weights derived by mass
spectrometry (76 kDa for UL18-CC and 57 kDa for UL18-
HM; data not shown). The molecular weight difference
indicates that the two forms of UL18 differ in the compo-
sition of carbohydrates attached to potential N-linked
glycosylation sites.

Production of Soluble Forms of LIR-1 Containing
One, Two, and Four Ig-like Domains

The extracellular region of LIR-1 comprises four Ig-like
domains (D1, D2, D3, and D4). A soluble version of the
entire extracellular region (D1-D4) was expressed in
baculovirus-infected insect cells. Equilibrium analytical
ultracentrifugation demonstrated that purified D1-D4 is
monomeric at uM concentrations (data not shown). To
determine which region of LIR-1 interacts with UL18 and
class | MHC molecules, we prepared smaller versions
of LIR-1 corresponding to single domains (D1, D2, and
D3) or tandem domains (D1D2 and D3D4) (see the Exper-
imental Procedures). All of the fragments run in the ex-
pected position on a gel filtration column, and far UV
circular dichroism (CD) spectra indicate that each frag-
ment contains mainly 3-sheet secondary structure (data
not shown); thus, the fragments retain their native folds.
These results suggest that interdomain interactions are
not required for correct folding of the LIR-1 domains
and are consistent with an elongated structure for D1-
D4 (Figure 5).

LIR-1 and UL18 Form a 1:1 Complex in Solution

To determine the stoichiometry of the interaction be-
tween UL18 and LIR-1 in solution, various molar ratios
of UL18-HM and D1-D4 were passed over a Superose
6B column. When UL18-HM and D1-D4 were present at
equimolar ratios, a single peak corresponding to the
UL18/LIR-1 complex eluted from the column (Figure 2).
The 1:1 stoichiometry of the UL18/LIR-1 complex was
verified by equilibrium analytical ultracentrifugation,
which yielded molecular weights of 59 kDa (UL18-HM),
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Figure 2. Gel Filtration Chromatographic Demonstration that UL18
and D1-D4 Bind with 1:1 Stoichiometry

UL18-HM and D1-D4 were incubated at the indicated molar ratios
and then passed over a sizing column to separate UL18:D1-D4
complexes from free proteins. At a 1:1 molar ratio, virtually all of
the protein migrated as the complex. When the input ratio of UL18
to D1-D4 was greater than 1:1, there was excess UL18, and when
it was less than 1:1, there was excess D1-D4.

55 kDa (D1-D4), and 96 kDa (UL18-HM/D1-D4 complex)
(data not shown).

LIR-1 Binds UL18 with Higher Affinity Than It Binds
to Class | MHC Proteins

We used a surface plasmon resonance (SPR)-based
assay to determine the affinities of the interactions be-
tween D1-D4 and the various forms of UL18. Empty
UL18-CC, peptide-filled UL18-CC, and UL18-HM were
each immobilized on a biosensor chip, and the interac-
tion with injected D1-D4 was monitored (Figure 3A).
Binding of the various UL18 species over a D1-D4 cou-
pled biosensor chip was also assayed. As summarized
in Table 1, D1-D4 binds all forms of UL18 with an equilib-
rium dissociation constant (Kp) in the nM range. There
is a slight coupling dependence to the derived affinities,
such that injected LIR-1 binds immobilized UL18 with a
higher apparent affinity than injected UL18 binds immo-
bilized LIR-1. Coupling-dependent affinity differences
have been observed in other biosensor-based assays
(Kuziemko et al., 1996; Lebron et al., 1998). For the UL18
interaction with D1-D4, affinity constants derived from

either orientation demonstrate that the presence or ab-
sence of peptide and the nature of the carbohydrate on
UL18 have little effect on binding LIR-1. These results
suggest that the LIR-1 binding site on UL18 primarily
involves a protein, rather than carbohydrate, portion of
UL18 that is distinct from the peptide-binding site.

We also derived affinities for the interaction of D1-D4
with soluble versions of classical and nonclassical class
I MHC molecules (Figures 3C and 3D; Table 1). The MHC
proteins used in these binding assays contained eithera
mixture of endogenous peptides (HLA-B*2702) or single
defined peptides (HLA-Cw*0602, HLA-Cw*0301, HLA-
Cw*0702, HLA-G1, HLA-E). The proteins were either un-
glycosylated (HLA-Cw*0602, HLA-Cw*0301, HLA-G1,
HLA-E) or included complex N-linked glycans (HLA-
B*2702, expressed in CHO cells) or high mannose or
truncated trimannosyl N-linked glycans (HLA-Cw*0702,
expressed in insect cells). Each class | protein was im-
mobilized to a flowcell on a biosensor chip, and D1-
D4 was injected. Most of the binding reactions were
assayed only in this orientation because the class | pro-
teins were not generally available in sufficient quantities
to allow injections over immobilized D1-D4. We also
coupled soluble HFE, a B,m-containing heterodimer that
is structurally similar to class | MHC proteins (Lebrén et
al., 1998), to a similar density. We observed small but
significant binding responses for high concentrations
of D1-D4 injected over the immobilized classical and
nonclassical class | proteins, but no significant response
for injections over the HFE coupled flowcell (Figure 3C).
We also found no significant binding of D1-D4 to soluble
versions of two other human class | MHC homologs,
FcRn and ZAG (Sanchez et al., 1999) (data not shown).
To account for nonspecific interactions, the binding re-
sponse at equilibrium was calculated by subtracting the
response seen in the HFE-coupled flow cell for each
concentration of injected D1-D4 (Figure 3D). Affinity con-
stants derived from these data are summarized in Table
1. The approximate Kys for the interaction of D1-D4
with the classical and nonclassical class | molecules we
tested range from 15 to 100 wM. Thus, LIR-1 binds to
these host class | proteins >1000-fold more weakly than
it binds to UL18.

The Primary UL18 and Class | Binding Site on LIR-1
Is Located in D1

To localize the binding site(s) on LIR-1 for UL18 and
class | MHC proteins, we compared the binding of D1-
D4 with fragments of LIR-1 composed of one or two
Ig-like domains. As summarized in Table 1, the D1D2
fragment binds both UL18 and each of the class | pro-
teins tested with a similar affinity as D1-D4. In contrast,
D3D4 showed no detectable binding to either UL18 or
any of the class | proteins (Figures 3B and 3E). To further
localize the binding site on LIR-1, we analyzed the bind-
ing of individual domains, D1 and D2, to UL18 and class
| molecules. In all cases tested, D1 bound with only
slightly reduced affinity compared with D1D2 or D1-D4,
whereas D2 showed no detectable binding (Figures 3B
and 3E). These results indicate that the primary binding
site on LIR-1 for both UL18 and class | MHC proteins
is located within D1, with the possibility of minor contri-
butions from residues within D2. The finding that the
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same region of LIR-1 is used for binding both UL18 and
class | molecules is consistent with the observation that
preequilibration of D1-D4 with UL18 blocks binding to
immobilized HLA-Cw*0702 (data not shown).

LIR-1 Interacts with the «3 Domain of Both UL18
and Class | Molecules

To identify which portion of UL18 is recognized by LIR-1,
we constructed domain-swapped proteins in which do-
mains from HFE were exchanged into UL18. We made
the following four constructs: full-length (wild-type) ver-
sions of UL18 and HFE and «1x2UL18-a3HFE and
ala2HFE-a3UL18 (in which the a1 and a2 domains from
the first protein were fused to the o3, transmembrane,
and cytosolic domains of the second protein). Expres-
sion in transfected COS-7 cells was verified by staining
live and fixed cells with polyclonal antisera against UL18

and/or HFE. LIR-1 binding was assayed by staining with
His-tagged D1-D4 incubated with a FITC-labeled anti-
His tag antibody. The D1-D4 reagent stained cells ex-
pressing wild-type UL18 and a1a2HFE-a3UL18 but not
cells expressing a1a2UL18-a3HFE or whole HFE (Figure
4A), indicating that the UL18 a3 domain is a primary
interaction site for D1-D4.

To identify the LIR-1 binding site on a class | MHC
molecule, we made chimeras of HFE and the human
class | MHC molecule HLA-B*0702 (a1a2HFE-a3B7 and
al1a2B7-a3HFE) to compare with full-length HLA-B*0702
and HFE. Protein expression was verified using antisera
against HFE or a class | MHC-specific monoclonal anti-
body. Although wild-type HLA-B*0702 and the B7-HFE
swapped constructs were expressed in transfected
COS-7 cells (Figure 4B), none of the cells stained with
labeled D1-D4 (data not shown), which was used for
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Table 1. Biosensor Analyses of LIR-1 Binding to UL18 and Class | MHC Molecules

Ko (M)

k, (sec™'M™")

kq (sec™)

UL18 or Class | Immobilized
D1-D4—UL18-CC empty
D1-D4—UL18-CC + peptide
D1-D4—UL18-HM + peptide
D1-D4—HLA-B*2702
D1-D4—HLA-Cw*0702
D1-D4—HLA-Cw*0602
D1-D4—HLA-Cw*0301
D1-D4—HLA-G1
D1-D4—HLA-E

LIR-1 D1-D4 Immobilized
UL18-CC empty—D1-D4
UL18-CC + peptide—D1-D4
UL18-HM + peptide—D1-D4

(8.3 £ 0.5) x 10~°
(2.9 + 0.3) X 10~
(4.0 = 3) x 107°
(8,9) x 10-°
2,2 x 10°°
4,5) x10°8

9 X 10°°
1xX10™*

4 x 1075

(1.0 £ 0.1) x 107
(2.1 = 0.5) X 10°®
(1.4 £ 0.4) x 10°®

(6.1 = 0.9) X 10°
(5.8 = 0.8) x 10°
(5.2 = 1) X 10°

(1.1 £ 0.3) X 10°
(1.1 £ 0.8) x 10°
(1.5 = 0.5) X 10°

(5.0 = 0.9) X 10~2
(1.7 = 0.4) X 1072
(2.1 +0.5) X 107°

(1.1 £0.2) X 1072
(2.3 = 0.4) X 103
(2.1 + 0.6) x 10~°

HLA-Cw*0702—D1-D4 6 X 1075

UL18 and Class | MHC Binding to LIR-1 Domains
UL18-HM + peptide—D1D2 (1.6 £ 0.3) x 1078
UL18-HM + peptide—D1 6.1,7.7) X 1078

UL18-HM + peptide—D2 NB
UL18-HM + peptide—D3 NB
UL18-HM + peptide—D3D4 NB
D1D2—HLA-B*2702 5X 1075
D3D4—HLA-B*2702 NB
D1D2—HLA-Cw*0702 3 x 1075
HLA-Cw*0702—D1D2 3x10°°
HLA-Cw*0702—D1 8 X 10°°
HLA-Cw*0702—D2 NB
D3D4—HLA-Cw*0702 NB
D3D4—HLA-G1 NB
D3D4—HLA-E NB

(1.1 = 0.1) X 10°
(8.0, 6.6) X 10°

(1.7 = 0.3) x 1072
(4.9, 5.1) X 1072

The injected protein is indicated in front of an arrow pointing to the immobilized protein. When kinetic constants (k, and k) are reported, the
binding data were fit to a 1:1 binding model, and the K, was determined as ky/k,. Kps were determined from three or four independent
measurements, and the numbers after the * sign represent standard deviations. When no kinetic constants are reported, the K, was determined
from equilibrium binding data fit to a 1:1 binding model. Experiments were performed in duplicate if two K; values are listed. Due to insufficient
quantities of protein, the highest LIR-1 or class | concentration used was 100 pM, which was not sufficient to saturate binding; thus, the K;
values for LIR-1 binding to class | molecules are approximate. NB, no binding detected.

the staining of the UL18 expressing cells (Figure 4A).
Assuming that the inability to stain with monomeric D1-
D4 resulted from a low affinity between D1-D4 and HLA-
B*0702, as was found for the D1-D4 interaction with
other class | MHC proteins (Table 1), we used a bivalent
version of LIR-1 (a LIR-1 Fc fusion protein; LIR-1 Fc;
Cosman et al., 1997) in order to increase the avidity
between LIR-1 and HLA-B*0702. Labeled LIR-1 Fc stains
cells expressing wild-type HLA-B*0702 and o1«2HFE-
a3B7 but not cells expressing a1a2B7-a3HFE or wild-
type HFE (Figure 4B). We conclude that LIR-1 interacts
primarily with the «3 domain of HLA-B*0702 and that
this interaction is of lower affinity than the LIR-1 interac-
tion with the a3 domain of UL18.

Discussion

LIR-1 is an inhibitory receptor that is expressed on a
majority of B cells, monocytes, and dendritic cells, and
a small subset of NK and T cells (Borges et al., 1997;
Colonna et al., 1997; Cosman et al., 1997; Vitale et al.,
1999). Like the KIR and Ly49 families of NK inhibitory
receptors (Lanier et al., 1997), LIR-1 binds class | MHC
molecules, resulting in inhibition of activation signals
(Colonna et al., 1997; Navarro et al., 1999). Unlike these
NK receptors, which bind with allelic specificity (Lanier
et al., 1997), LIR-1 binds to a broad range of classical

and nonclassical class | molecules (Fanger et al., 1998;
Navarro et al., 1999; Vitale et al., 1999). In addition, LIR-1
binds to UL18 (Cosman et al., 1997), a peptide-binding
class | MHC homolog encoded by HCMV (Beck and
Barrell, 1988; Fahnestock et al., 1995). The functions of
both LIR-1 and UL18 remain obscure. To address how
LIR-1 functions in the absence of HCMV infection and
the role of UL18 in HCMV evasion of the host immune
response, we characterized the LIR-1 interaction with
class | MHC proteins and with UL18. Our studies reveal
the molecular basis for the broad class I-binding speci-
ficity of LIR-1 and shed light on the function of UL18.
Using soluble versions of LIR-1 and class | MHC pro-
teins, we found weak but significant binding between
the LIR-1 extracellular region (D1-D4) and every class |
protein tested, including three HLA-C alleles, one HLA-B
allele, and the nonclassical class | molecules HLA-G1
and HLA-E. These results are in general agreement with
binding and functional studies demonstrating LIR-1 in-
teraction with a broad range of class | proteins including
HLA-G (Fanger et al., 1998; Navarro et al., 1999; Vitale
et al., 1999) but are in apparent contrast with previous
reports that the LIR-1 Fc fusion protein does not bind
HLA-Cw*0702 (Fanger et al., 1998) and that HLA-E does
not induce LIR-1-mediated inhibition in a functional
assay (Navarro et al., 1999). We find that D1-D4 binds
to these alleles, but these binding events might not be
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detected using other assays and may have no functional
consequences. Although D1-D4 binds to every classical
and nonclassical class | protein tested in our assay, it
does not bind to HFE, FcRn, or ZAG, class | MHC homo-
logs that are structurally but not functionally similar to
members of the class | MHC family that function in anti-
gen presentation to T cells (Lebrén et al., 1998; Sanchez
et al., 1999). Thus, LIR-1 is specific for peptide-binding
class | molecules that function in the immune system,
supporting the proposed role of UL18 as a virally-
encoded immunomodaulator.

The LIR-1 interaction with host class | MHC proteins
is considerably weaker than its interaction with the viral
class | homolog UL18. D1-D4 binds to UL18 with a K,
in the nM range but binds to classical and nonclassical
class | molecules with >1000-fold reduced affinity (Table
1). The extensive N-linked glycosylation of UL18 (Beck
and Barrell, 1988) compared to that of class | molecules
(Bjorkman and Parham, 1990) suggested a possible ex-
planation for the increased affinity of LIR-1 for UL18
compared to its affinity for class | molecules. However,
LIR-1 binds different carbohydrate-containing forms of
UL18 with nearly equal affinities (Table 1), suggesting
that LIR-1 primarily recognizes a protein, rather than
carbohydrate, epitope on UL18 and class | molecules.
The recognition is independent of bound peptide, since
LIR-1 binds to peptide-filled and empty UL18 with similar
affinities (Table 1).

Although LIR-1 binds UL18 with much higher affinity
than it binds class | proteins, other aspects of the LIR-1

67

'HLA-B7/

Figure 4. Staining of Transfected COS-7
Cells

Fixed cells were stained with the indicated
FITC-labeled antibody or antiserum (green)
to verify expression and with a Cy-3-labeled
antibody bound to D1-D4 ([red]; cells ex-
pressing UL18-containing proteins) or LIR-1
Fc ([red]; cells expressing HLA-B*0702-con-
taining proteins; magnification, 63, zoomed
twice). Staining of live cells verified that the
constructs are expressed at the cell surface
(data not shown).

37-03HFE]

ol c2HFE-3B7 |

interaction with the two types of protein are similar. For
both UL18 and class | proteins, the primary binding site
on LIR-1 is within the first of its four Ig-like domains.
Thus, a fragment corresponding to the N-terminal do-
main alone (D1) binds with similar affinity as the entire
extracellular region of LIR-1 (D1-D4) (Table 1). This prop-
erty distinguishes LIR-1 from p58 KIRs, whose binding
site for class | molecules is at the interface between the
first and second lg-like domains (Lanier et al., 1997).
Indeed, the structure of the D1D2 portion of LIR-1 is
likely to be different from the structures of p58 KIRs, in
which an acute angle relating KIR D1 and D2 creates
extensive interaction between the domains (Fan et al.,
1997). The observation that D1D2 can be cleaved into
stable fragments corresponding to D1 and D2 (Figure
1) suggests that there are not extensive interdomain
interactions in this portion of LIR-1. A second similarity
in LIR-1 recognition of its viral and host ligands is that
LIR-1 recognizes the a3 domain of both UL18 and class
| molecules. In this respect, LIR-1 also differs from KIRs,
which bind to an epitope within the a1-a2 region of class
| molecules (Lanier et al., 1997). In class | proteins, the
«3 domain is relatively conserved between different al-
leles as compared with the polymorphic a1-a2 peptide-
binding region (Bjorkman and Parham, 1990), providing
arationalization for the broad binding specificity of LIR-1
compared with individual KIRs.

Our data suggest that the interaction between LIR-1
and class | molecules and the class I-related protein
UL18 can be schematically diagrammed as shown in
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Figure 5. Schematic Comparison of the
LIR-1-Class I, KIR-Class |, and CD4-Class I
Interactions

D1-D4 is likely to have an elongated structure
with minimal interdomain interactions (see
text). LIR-1 binds to the «3 domain of UL18
and class | proteins using its N-terminal do-
main (see text), analogous to the interaction
between D1 of CD4 and the B2 domain of
class Il MHC proteins (Leahy, 1995). By con-
trast, KIRs are bent, with extensive interdo-

ITIMEZ

main interactions, and bind to a region on
the class | a1 domain using residues at the

ITIMEZD CD4

LIR-1

p58 KIR

UL18 or
class I MHC

e

interface between domains (Fan et al., 1997;

x‘.\%;r

Lanier et al., 1997).
TCR

class II
MHC

Figure 5. Based upon the ability of isolated LIR-1 do-
mains to fold stably, we assume that there are not exten-
sive interdomain interactions and therefore depict LIR-1
as a four domain extended structure. In contrast, p58
KIR domains are arranged in a kinked structure with
extensive interdomain interactions, as revealed by crys-
tal structures (e.g., Fan et al., 1997). Based upon our
binding analyses, we show a 1:1 complex in which LIR-1
D1 interacts with the a3 domain of UL18 and class |
molecules. This interaction is reminiscent of the interac-
tion between CD4 and class Il MHC molecules, in that
the class Il binding site is localized primarily on the
CD4 N-terminal domain and CD4 binds to the class Il
counterpart of the class | o3 domain (class Il $2) (re-
viewed in Leahy, 1995). In its properties, LIR-1 can be
thought of as a hybrid between KIRs and the T cell
coreceptors CD4 and CD8. Like KIRs, LIR-1 functions |
as an inhibitory receptor and binds weakly to class | '
MHC molecules (KIR-class | MHC affinities are ~ 10 M)
(Valés-Gomez et al., 1998), but like the T cell corecep-
tors, LIR-1 responds to a region on MHC molecules that \{

does not involve the peptide-binding domains recog- )

=

nized by T cell receptors or KIRs.

The low affinity of the interaction between LIR-1 and
class | MHC molecules suggests that high local concen-
trations of class | molecules need to be present to trigger
LIR-1-mediated inhibition. However, class | MHC mole-
cules are downregulated by HCMV infection (Wiertz et
al., 1997). In the absence of a mechanism to engage
host cell LIR-1 molecules, B cells, monocytes, and den-
dritic cells would presumably be activated by a lower
threshold of stimulatory signals, leading to a stronger

|
|
/

antiviral immune response. Expression of UL18 by HCMV-
infected cells may be a mechanism whereby HCMV
avoids the consequences of downregulating LIR-1 li-
gands. In this respect, the high affinity between LIR-1
and UL18 may be significant, in that only a small amount
of UL18 on infected cells should be sufficient to bind
LIR-1 resulting in inhibition. Indeed, only small amounts
of UL18 are expressed on the surfaces of transfected
or HCMV-infected cells (Leong et al., 1998); thus, a high
affinity interaction with LIR-1 would be required for UL18
to exert an effect.

UL18 probably evolved from a host cell class | MHC
gene acquired by HCMV at some point during its evolu-
tion with its human host (Wiley, 1988). While UL18 has
greatly diverged from class | MHC molecules, as evi-
denced by sharing only ~25% amino acid sequence
identity (Beck and Barrell, 1988), it has retained and
improved upon the class | property of binding the inhibi-
tory receptor LIR-1. The higher affinity of LIR-1 for UL18
than for class | molecules provides an example of how
a viral protein is able to compete efficiently with host
proteins to subvert the host immune response.

Experimental Procedures

Production of Peptide-Filled, Empty, and Different
Carbohydrate-Containing Forms of UL18

We previously described the purification of a soluble form of UL18
(residues 1-284 of the mature UL18 heavy chain complexed with
human B,m) from the supernatants of transfected CHO cells (Fahne-
stock et al., 1995; Chapman and Bjorkman, 1997). For the experi-
ments described here, we modified the UL18 construct to include
a C-terminal 6x-His tag. The modified UL18 gene was sequenced
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and subcloned into PBJ5-GS, which carries the glutamine synthe-
tase gene as a selectable marker and means of gene amplification in
the presence of methionine sulfoximine (Bebbington and Hentschel,
1987). Selection and amplification of UL18-expressing cells were
done as described (Chapman and Bjorkman, 1997). UL18-CC was
purified from the supernatants of transfected CHO cells using Ni-
NTA chromatography (Ni-NTA superflow, Qiagen) followed by immu-
noaffinity chromatography using a column constructed with the anti-
8,m monoclonal antibody BBM.1 (Parham et al., 1983) as described
(Fahnestock et al., 1995). Although soluble UL18 expressed in CHO
cells contains endogenous peptides (Fahnestock et al., 1995), over-
expression of UL18 leads to secretion of some protein that is either
empty or does not contain an optimal peptide (Chapman and Bjork-
man, 1997). To ensure that all UL18-CC includes a bound peptide,
a synthetic peptide (ALPHAILRL) corresponding to a portion of actin,
which was previously shown to be a major component of UL18 acid
eluates (Fahnestock et al., 1995), was added during purification of
uUL18-CC.

Empty UL18-CC was prepared from peptide-filled UL18-CC as
described for H-2K? (Fahnestock et al., 1992). In brief, UL18-CC/
B,m heterodimers were denatured in 6.0 M guanidine hydrochloride
and separated from endogenous peptides by gel filtration chroma-
tography in 6.0 M guanidine hydrochloride on a Superdex 200 col-
umn (Pharmacia). Heavy and light chain peaks were pooled and
renatured in the presence of an ~3-fold excess of human p,m (ex-
pressed in bacteria; see below) by dialysis against 20 mM Tris (pH
7.4), 150 mM NaCl, 1 mM EDTA, and 0.2 mM phenyimethanesulfonyl
fluoride containing 8.0 M urea, and then twice against the same
buffer without urea. Renatured material was concentrated in a Cen-
tricon-10 (Millipore) and passed over a Superdex 200 column. Frac-
tions corresponding to unaggregated UL18-CC/B,m heterodimers
were pooled and concentrated.

A form of soluble UL18 containing high mannose or truncated
trimannosyl N-linked carbohydrates (UL18-HM) was produced in
baculovirus-infected insect cells. A construct encoding soluble
UL18 (corresponding to residues 1-284 of the mature protein with
the preceding hydrophobic leader sequence) plus a C-terminal Fac-
tor X, site and 6x-His tag was subcloned after sequencing into
the dicistronic baculovirus transfer vector pAcUW31 (PharMingen).
cDNA encoding human $,m plus its hydrophobic leader sequence
was subcloned into the second multiple cloning site of the transfer
vector. Recombinant baculovirus was generated by cotransfection
of the transfer vector with linearized viral DNA (Baculogold; Phar-
Mingen). UL18-HM/B,m heterodimers were purified from superna-
tants of baculovirus-infected High 5 cells after adding the UL18-
binding peptide ALPHAILRL (Fahnestock et al., 1995) using Ni-NTA
and immunoaffinity chromatography as described for UL18-CC.
UL18-HM exists as a complex with the ALPHAILRL peptide, as
suggested by its high thermal stability and confirmed by N-terminal
sequencing of acid eluates of purified UL18-HM (data not shown).

Far UV CD spectra of the empty UL18-CC, peptide-filled UL18-
CC, and UL18-HM are similar to each other (data not shown) and
to previously published spectra of UL18 and class | molecules
(Chapman and Bjorkman, 1997).

Expression and Purification of Class |

and Class I-like Molecules

Soluble HLA-B*2702/8,m heterodimers containing a mixture of en-
dogenous peptides were expressed in CHO cells and purified as
described (Raghavan et al., 1996).

Soluble HLA-Cw*0702 (residues 1-274 of the mature protein com-
plexed with human g,m) was expressed in baculovirus-infected in-
sect cells as described for UL18-HM. HLA-Cw*0702 was purified
from infected cell supernatants after adding a Cw*0702-specific
peptide (AYADFVYAY) (Sidney et al., 1995) by Ni-NTA chromatogra-
phy followed by gel filtration using a Superdex 200 column (Phar-
macia).

Truncated HLA-E and HLA-G1 (residues 1-275 of the mature pro-
tein containing a C-terminal 6x-His tag) were expressed in Esche-
richia coli as described (Garboczi et al., 1996) (H. Shen and P. J. B.,
unpublished data). HLA-E and HLA-G1 were refolded from inclusion
bodies together with human B,m (expressed in E. coli using a plas-
mid provided by Drs. D. N. Garboczi and D. C. Wiley) and the appro-
priate peptides (VMAPRTVLL for HLA-E [Braud et al., 1997] or
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MQPTHPIRL for HLA-G [Lee et al., 1995]). Refolded class | hetero-
dimers were purified from aggregates and free B,m by gel filtration
chromatography using a Superdex 200 column.

HLA-Cw*0301 and HLA-Cw*0602 were provided by Dr. Jongsun
Kim (Yonsei University College of Medicine, Seoul, Korea). These
proteins were expressed in E. coli and refolded from inclusion bodies
as described (Kim et al., 1997).

Soluble human FcRn (A. P. West and P. J. B., unpublished data),
ZAG (Sanchez et al., 1999), and HFE (Lebrén et al., 1998) were
expressed and purified (in the case of FcRn and HFE) or purified
from human serum (in the case of ZAG) as described.

All of the classicial, nonclassical, and class I-like MHC molecules
migrated in the expected positions on a gel filtration column and
were at least 95% pure as judged by SDS-PAGE (data not shown).
After immobilization on a biosensor chip (see below), the HLA-B,
HLA-Cw, HLA-E, and HLA-G proteins were recognized by W6/32, a
monoclonal antibody that binds to correctly folded classical and
nonclassical class | heterodimers (Parham et al., 1979), and FcRn
and HFE bind to their ligands (IgG and transferrin receptor, respec-
tively) (A. P. West and P. J. B., unpublished data; Lebron et al., 1998)
(data not shown).

Expression and Purification of LIR-1 Proteins

D1-D4 was expressed in baculovirus-infected insect cells as de-
scribed for UL18-HM. PCR was used to modify the cDNA encoding
LIR-1 (gift of D. Cosman, Immunex) to introduce a stop codon and
a 6x-His tag after the codon for His458 (numbered according to
Cosman et al. [1997]; see our numbering scheme below). The modi-
fied gene, which encodes the hydrophobic leader sequence and
residues 1 to 435 of the mature protein, was subcloned after se-
quencing into the baculovirus transfer vector pVL1393 (Pharmacia).
D1-D4 was purified from supernatants of baculovirus-infected High
5 cells using Ni-NTA and gel filtration chromatography as described
for HLA-Cw*0702. N-terminal sequence analysis yielded the se-
quence GHLPKPTLWAE; thus, the leader sequence was cleaved
during the secretion process. In our numbering scheme, the N-ter-
minal residue of the mature protein is residue 1; previous publica-
tions referred to this glycine as residue 24 (Cosman et al., 1997).

D1D2 (an initial methionine plus residues 1-197 of the mature
protein) was expressed in E. coli strain BL21(DE3)pLysS using the
expression vector pEt23a (Novagen). The protein was renatured
from inclusion bodies as described (Garboczi et al., 1996). The N-ter-
minal sequence of purified D1D2 was GHLPKPTLWAE, the same as
that of D1-D4; thus, the methionine residue added to allow produc-
tion inside E. coli was lost.

To prepare D1 and D2, 1 mg of D1D2 was incubated in 50 mM
NaHCO; and 100 mM NaCl with 0.05 mg trypsin (Worthington Bio-
chemical) at 37°C for 3 hr. Cleavage products were isolated on a
Uno Q anion exchange column. Two peaks were recovered and
identified as D1 and D2 by matrix-assisted, laser desorption, time-
of-flight mass spectrometric analyses (molecular mass of D1,
11122.5 Da; molecular mass of D2, 7516.4 Da) and N-terminal se-
quencing (D1 sequence, GHLPKPTLWAE; D2 sequence, IKPTL
SAQPPV) (data not shown). D1 begins at the first residue of D1D2
and is predicted from the mass spectrometry-derived molecular
weight and the N-terminal sequence of D2 to end after residue 99, a
tyrosine. (Cleavage after tyrosine is usually caused by chymotryptic
activity in trypsin preparations.) D1 contains all of the first Ig-like
domain and four residues of the second domain as defined by Cos-
man et al. (1997). D2 begins at residue 100 (an isoleucine) and
ends at Arg-169, as determined from the mass spectrometry-derived
molecular weight. No evidence of contamination with uncleaved
D1D2 was found by either mass spectrometry or N-terminal se-
quence analyses of purified D1 or D2.

D3 and D3D4 were expressed in CHO cells as described for UL18-
CC. Constructs encoding D3 (residues 198-295) or D3D4 (residues
198-396), each with a C-terminal 6x-His tag, were subcloned into
a modified version of pBJ5-GS, which included the hydrophobic
leader sequence from rat IgG2a upstream of the multiple cloning
site (W. L. Martin, H. Shen, and P. J. B., unpublished data). Cell
lines secreting D3 or D3D4 were identified after precipitation of
transfected cell supernatants with Ni-NTA beads. D3 and D3D4 were
purified as described for HLA-Cw*0702.
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Far UV CD spectra of D1-D4, D1D2, D3D4, and D3 were similar
and demonstrated that each fragment was folded and composed
of mainly B-sheet secondary structure (data not shown). Transition
midpoints (T,s) derived from CD-monitored thermal denaturation
curves ranged from 57°C to 71°C (data not shown), demonstrating
that all fragments are folded.

CD Analyses

An AVIV 62A DS spectropolarimeter equipped with a thermoelectric
cell holder was used for CD measurements. Samples containing 10
1M protein in 5 mM phosphate at pH 7 were used for wavelength
scans (0.1 mm path length cell) and thermal denaturation curves
(1.0 mm path length cell). Heat-induced unfolding of D1-D4, smaller
LIR-1 fragments, or the various forms of UL18 were monitored by
recording the CD signal at 223, while the sample temperature was
raised from 25°C to 75°C at a rate of approximately 0.7°C/min. T,s
were determined by taking the maximum of a plot of d6/dT versus
T (where 6 is ellipticity) after averaging the data with a moving
window of five points.

Determination of D1-D4/UL18 Stoichiometry
Protein concentrations were determined spectrophotometrically at
280 nm using the following extinction coefficients: D1-D4, 43543
M~'cm~"; UL18-HM, 64951 M~'cm™, derived as described (Lebrén
et al., 1998). For determining the LIR-1/UL18 stoichiometry by gel
filtration, molar ratios from 1:3 (300 pmol D1-D4:900 pmol UL18-
HM) to 3:1 (900 pmol D1-D4:300 pmol UL18-HM) of D1-D4 and UL18-
HM were incubated for 30 min at room temperature in 20 mM Tris
(pH 7.4), 150 mM NaCl, and 0.05% NaN,, in a total volume of 100
wl. Samples were injected onto a Superose 6 column (Pharmacia)
and eluted with the same buffer at 0.5 ml/minute. The composition
of each fraction was analyzed by SDS-PAGE (data not shown).
Sedimentation equilibrium analytical ultracentrifugation was per-
formed with a Beckman Optima XL-A analytical ultracentrifuge, us-
ing data analysis software provided by the manufacturer. Separate
solutions of D1-D4, UL18-HM, and D1-D4/UL18-HM, each at 0.6
mg/ml, were centrifuged for =36 hr at 20°C with a rotor speed of
10,000 rpm. Molecular masses were determined by nonlinear least
squares fits of the equilibrium gradients (absorbance versus radius)
using the model of single ideal species (Hansen et al., 1994), and
partial specific volumes of 0.725 (D1-D4), 0.724 (UL18-HM), and
0.725 (D1-D4/UL18-HM), calculated from the amino acid composi-
tion and the carbohydrate content (Zamyatnin, 1972).

Biosensor-Based Affinity Measurements

A Biacore 2000 biosensor system (Pharmacia LKB Biotechnology)
was used to assay interactions between UL18 or class | molecules
and D1-D4 or fragments of LIR-1. Binding between a molecule cou-
pled to a biosensor chip and a second molecule injected over the
chip results in changes in the SPR signal that are read out in real
time as resonance units (RU) (Karlsson and Falt, 1997). UL18, class
I, D1-D4, or LIR-1 fragments were covalently immobilized at pH 5.5
on a CM5 chip (Pharmacia LKB Biotechnology) using standard
amine coupling chemistry as described in the Biacore manual.
Higher coupling densities were achieved by increasing the time of
exposure of the protein solutions to the activated flowcell. Proteins
were injected over coupled biosensor chips at room temperature
in 50 mM PIPES (pH 7.0), 150 mM NacCl, and 0.005% Biacore surfac-
tant P20. All samples were purified by size exclusion chromatogra-
phy to minimize SPR signal resulting from aggregated protein. All
injections were followed by an identical injection onto a mock-cou-
pled flowcell or a flowcell coupled with an irrelevant protein in order
to subtract out significant nonspecific responses.

Binding interactions between UL18 and all species of LIR-1 were
assayed using short injection times (2-4 min) with fast flow rates
(100 pl/min) over biosensor chips coupled to low densities (~100
RU) (kinetics-based approach). These conditions were chosen to
minimize mass transport effects upon the kinetics of the binding
reactions (Karlsson and Falt, 1997). Kinetic constants were derived
from sensorgram data using BlAevaluation version 3.0, which simul-
taneously fits the association and dissociation phases of the sen-
sorgrams and globally fits all curves in the working set. Sensorgrams

were fit to a binding model that assumes a single class of noninter-
acting binding sites in a 1:1 binding interaction. Equilibrium dissocia-
tion constants (Kps) were derived from the ratios of rate constants
(ks and kg) as Ky = ky/k,. For binding interactions involving class |
proteins, HFE, FcRn, and ZAG, we derived K;s using an equilibrium-
based approach that is not affected by mass transport effects. For
these experiments, we used long injection times (15-40 min) with
slow flow rates (5 pl/min) over biosensor chips coupled to high
densities (1500-2000 RU), and the binding reactions were allowed
to closely approach or to reach equilibrium. Kys were derived by
nonlinear regression analysis of plots of R, (the equilibrium binding
response) versus the log of the injected protein concentration, and
the data were fit to a 1:1 binding model as described (Lebrén et al.,
1998). Comparison of the kinetics-based versus equilibrium-based
methods for determining Kys demonstrated that both methods
yielded comparable values for the same binding interaction (Lebrén
et al., 1998).

Expression of UL18, HLA-B*0702, HFE, and Domain-Swapped
Proteins on the Surface of COS-7 Cells

Full-length cDNAs corresponding to wild-type UL18, HLA-B*0702,
or HFE were subcloned into the expression vector PBJ5-GS (UL18
and HLA-B*0702) or PBJ1-neo (HFE). Genes encoding the following
fusion proteins were prepared using PCR: a1a2UL18-a3HFE (UL18
hydrophobic leader sequence plus residues 1-188 fused to HFE
residues 182-345); a1a2HFE-a3UL18 (HFE hydrophobic leader se-
quence plus residues 1-181 fused to UL18 residues 189-349);
a1a2B7-a3HFE (HLA-B*0702 hydrophobic leader sequence plus
residues 1-180 fused to HFE residues 182-345); and a1a2HFE-a3B7
(HFE hydrophobic leader sequence plus residues 1-181 fused to
HLA-B*0702 residues 181-341). (The numbering system for HFE is
from Lebron et al. [1998]). Bridge PCR products were subcloned
after sequencing into PBJ5-GS. The expression vectors were co-
transfected into COS-7 cells (ATCC) with a human B,m expression
vector (Fahnestock et al., 1992) using a Superfect procedure (Qia-
gen). Transfected cells were maintained in a minimal essential me-
dium (Irvine Scientific) supplemented with 5% dialyzed fetal bovine
serum (GIBCO BRL), 2 mM glutamine, penicillin (100 U/ml), and
streptomycin (100 p.g/ml) for 48 hr, at which point protein expression
was assayed by cell staining (see below).

Immunofluorescence

Transfected cells were washed three times with growth medium
and twice with phosphate-buffered saline, 0.52 mM MgCl,, and 0.9
mM CaCl, (PBS-MC). Cells were stained after fixing to increase the
signal or stained live and then fixed to verify cell surface expression.
For fixed cell staining, cells were incubated for 10 min in 2.5% (v/v)
paraformaldehyde in PBS-MC and then washed twice with PBS-
MC and once with PBS-MC containing 1% (w/v) BSA (BSA buffer).
Live cells or fixed cells were incubated with primary antibody, D1-
D4, or LIR-1 Fc (see below) in BSA buffer for 15-30 min on ice (live
cells) or at room temperature (fixed cells) followed by two washes
with PBS-MC and one wash with BSA buffer. Secondary antibody
incubations were done in BSA buffer for 30 min at 4°C followed by
three washes with PBS-MC. Live cells were fixed after staining in
100% methanol at —20°C for 15 min. Following staining, cells were
mounted in Fluoromount (Southern Biotechnology Association) con-
taining n-propyl! gallate to reduce photobleaching and viewed in a
Zeiss Axiophot fluorescent microscope. Images were recorded us-
ing software written by S. E. Fraser, J. Stollberg, and G. R. Belford
(Biological Imaging Center, Caltech) on an Imaging Technology se-
ries 151 image processor. All experiments were repeated four times
with similar results.

Expression was assayed by incubating transfected cells with a
1:10 dilution of a rabbit anti-UL18 antiserum (Chapman and Bjork-
man, 1997; for wild-type UL18, a1a2UL18-a3HFE, or ala2HFE-
«3UL18) or 50 wl of 1:10 dilution of a rabbit anti-HFE antiserum (J. A.
Lebrén and P. J. B., unpublished data; for wild-type HFE, a1a2B7-
«3HFE, or a1a2HFE-a3B7) followed by labeling with 50 | of a FITC-
conjugated donkey anti-rabbit antiserum (15 p.g/mi) (Jackson Immu-
noResearch). HLA-B*0702 expression was assayed by staining with
50 pl FITC-labeled W6/32 (20 n.g/ml) (Sigma), a mouse monoclonal
antibody that recognizes human class | MHC molecules (Parham et



Immunity
612

al., 1979). Untransfected cells were stained under equivalent condi-
tions (data not shown).

For cells expressing wild-type UL18 or UL18 domains, D1-D4
binding was assayed by incubating transfected and nontransfected
control cells with 50 pl of His-tagged D1-D4 (100 pg/ml), followed
by addition of 50 ul of a murine anti-His-tag monoclonal antibody
(20 pg/ml) (Qiagen) and then 50 .l of a Cy3-labeled donkey anti-
mouse antiserum (3 pg/ml) (Jackson ImmunoResearch). For cells
expressing wild-type HFE, wild-type B*0702, or B7 domains, D1-D4
binding was assayed by incubating with 50 pl of LIR-1 Fc (100 pg/
ml) (gift of D. Cosman, Immunex) followed by 50 .l of Cy3-labeled
goat anti-human IgG antiserum (3 pg/ml) (Jackson ImmunoRe-
search). (Results of staining fixed cells expressing UL18 and UL18-
containing domains with the D1-D4 reagent are shown in Figure
4A. Equivalent results were obtained by staining with the LIR-1 Fc
reagent; data not shown).
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Chapter 5:

Does the UL18/LIR-1 Interaction Augment
HCMYV Infection?

In this chapter I discuss the results of experiments I performed prior to the time the UL18
ligand was identified and discuss the biological implications of the high affinity

UL18&/LIR-1 interaction.
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Chapter 5

1. UL18 is Not Expressed on the Surface of Class I-Null Cells

It was proposed by Fahnestock et al. (1995) that UL18 expression could protect HCMV-
infected cells that had down-regulated surface class I MHC expression from lysis by NK
cells by engaging NK cell inhibitory receptors (Fahnestock et al., 1995). In
collaboration with Dr. Lewis Lanier at DNAX (currently University of California, San
Francisco) we sought to address this proposal by expressing UL18 in an HLA-A, -B, -C
null lymphoblastoid line (721.221) (Shimizu and DeMars, 1989) followed by incubation
with NK cells to determine whether UL18 would indeed provide protection against NK
cell lysis.

Three UL18 expression vectors were prepared for transfection of 721.221 cells:
full length UL18, UL18 in which the transmembrane and cytoplasmic domains were
replaced with a glycosylphosphatidylinositol anchor, and UL18 in which the
transmembrane and cytoplasmic domains were replaced by the transmembrane and
cytoplasmic domain of HLA-A2. 721.211 cells were electroporated with each of these
constructs along with a vector for 32m and transfectants that had taken up the ULI18-
containing vector were selected using neomycin and established protocols (Soderstrom
et al.,, 1997). I used a PCR assay (Burden and Whitney, 1995) to verify the presence of

the UL18 gene in the genome of transfectants (data not shown). Cells that were positive
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for the UL18 gene by PCR were screened for cell surface expression of UL18 by flow
cytometry using an anti-UL18 monoclonal antibody that I generated (Chapman and
Bjorkman, 1997). I did not detect UL18 on the surface of cells transfected with any of
the three forms of UL18 after screening ~20 different clones of each. I also tried
screening transfectants using BBM.1, a monoclonal antibody that recognizes human

B2m (Parham et al., 1983), assuming that expression of UL18 at the cell surface might
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Figure 5-1. FACS plots showing (A) a non-transfected 721.221 cell stained with a
control IgG (black), an anti-UL18 antibody, 10C7 (red) and anti-32m, BBM.1 (blue) and
(B) a UL18-transfected cell stained with a control IgG (black), an anti-UL18 antibody,
10C7 (red) and anti-32m BBM.1 (blue). Although the UL18-transfected cells stain more
brightly with BBM.1 than the non-transfected cells, UL18 is not being expressed on the
cell surface as is evidenced by the fact that these cells are not stained by 10C7.
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increase the amount of cell surface $2m. Representative results using the anti-UL18 and
anti-B2m monoclonal antibodies are shown in Figure 5-1. As can be seen, there is a
small increase in the level of B2m surface expression in transfected compared with
untransfected cells, but this increase is not due to UL18 surface expression since the
cells do not stain with anti-UL18. Brian Corliss, a technician in Dr. Lanier's lab, also
transfected 721.221 cells with a UL18 expression vector and was unable to detect
surface expression, and Peter Cresswell’s laboratory was unable to detect UL18 at the
surface of transfected 721.221 cells (P. Cresswell, personal communication to Pamela
Bjorkman). We therefore conclude that UL18 does not get to the surface of 721.221
cells, which may indicate that other viral proteins are required for cell surface expression
of UL18. However, even HCMYV infected cells express only low levels of UL1S, with
most of the protein remaining intracellular (Leong et al., 1998).

After we completed these studies, Reyburn et al. published a paper claiming that
UL18 expression protected 721.221 cells from NK cell-mediated lysis (Reyburn et al.,
1997). They transfected 721.221 cells with a UL18 expression vector, isolated stable
transfectants after a drug selection and sorted for cells expressing increased levels of
B32m using BBM.1. They found marginal increases in B2m expression (Figure 5-2),
comparable to the increases that we observed on cells that did not stain with the anti-
UL18 monoclonal antibody (Figure 5-1). As discussed above, BBM.1 binding is an

indirect means of detecting UL18 since BBM1 recognizes B2m, which could be
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associated with class I MHC molecules that are induced during the selection procedure.
Indeed, subsequent data have shown that 721.221 cells express the nonclassical class I
MHC molecule, HLA-E, which is a ligand for the CD94/NKG2A inhibitory receptor
(Braud et al., 1998). Although the HLA-E is normally intracellular in 721.211 cells, it
can be expressed on the cell surface if provided with a proper peptide (typically a
peptide derived from a class I MHC signal sequence) (Long, 1998). As Reyburn et al.
were only screening for the presence of a molecule that associated with $2m, it is quite

possible that the cells they isolated were HLA-E* (HLA-E associates with 2m)
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Figure 5-2. FACS plot published by Reyburn et al. (1997) showing BBM.1 (anti-B2m)
staining of non-transfected 721.221 cells (721.221), UL18-transfected 721.221 cells
(.221/UL18) and HLA-Cw6 (an MHC class I molecule)-transfected 721-221 cells
(.221/Cw6). Reyburn et al. conclude that UL18 is being expressed on the surface of the
UL18-transfected cells on the basis of the increase in BBM.1 staining.
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as opposed to UL18", and that they were selecting for cells that express increased levels
of HLA-E by sorting for BBM1+ cells. This would correlate with the finding that their
observed protection from lysis could be inhibited by an antibody against CD94 (Reyburn

etal., 1997). The only direct evidence Reyburn et al. provide of UL18 expression in
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Figure 5-3. ULI8-transfected and HLA-Cwe6-transfected 721.221 cells were
biotinylated and immunoprecipitated with BBM.1. This gel is taken from (Reyburn et
al., 1997). The biotinylated proteins were visualized with avidin-ECL after SDS-PAGE
immunoblotting. Reyburn et al. claim that the 66 kDa protein in lanes 2 and 3 represents
UL18; however, the band is much more compact than would be expected for a protein
with 13 potential N-linked glycosylation sites. In addition, this band also appears in
lanes 4 and 5 that were derived from the lysates of cells transfected with HLA-Cw6. We
suspect that this band is bovine serum albumin, an abundant protein in the serum used to
culture 721.221 cells. A faint band at approximately 43 kDa can be seen in the UL18-
transfected lanes that may be HLA-E. 721.221 cells express HLA-E and as it associates
with B2m it is likely to be coprecipitated with the 32m brought down by the BBM.1
antibody. The +/- indicators at the top of the gel indicate whether the proteins have been
treated with Endo H.
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721.221 cells is an SDS-PAGE gel showing the results of a BBM.1 immunoprecipitation
of biotinylated 721.221 cells (Figure 5-3). In the lanes derived from ULI18*
transfectants, there is a band corresponding to 32m and another that migrates at ~66 kDa
which they claim to be UL18. The 66 kDa protein migrates as a tight band, which seems
unlikely for a protein with 13 potential N-linked glycosylation sites. (See for
comparison SDS-PAGE gels containing UL18 on pages 40 and 59 and the migration
profile of HLA-Cw6 (one potential N-linked glycosylation site) in lanes 4 and 5 of
Figure 5-3 as compared to 32m (no N-linked glycosylation sites)). We note also that the
66 kDa band appears in other lanes of the gel, which are immunoprecipitations of non-
ULI18 transfected cells. We suspect that the 66 kDa band is biotinylated bovine serum
albumin (MW 66.2 kD), a protein that is abundant in the media used for culturing
721.221 cells and that tends to stick to other proteins. We sent our anti-ULI8
monoclonal antibody to these authors in April of 1998, but have yet to hear whether they
achieved staining with our antibody. In the absence of that result, we believe that there
is no evidence that UL18 is expressed at the surface of 721.221 cells, nor that it confers

protection to 721.221 cells from NK lysis or interacts with CD94/NKG2A
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2. UL18 Confers Susceptibility to, Rather Than Protection From, NK Cell
Lysis
Subsequent studies by Leong et al. ((Leong et al., 1998), see appendix B) question the
importance of UL18 in protection of infected cells from NK cell killing. In these
studies, UL18 was expressed and class I MHC molecules were down-regulated in the
course of HCMYV infection, rather than expressing UL18 in class I-null cells. Fibroblasts
were infected with wildtype HCMV and an HCMV mutant in which the UL18 gene had
been deleted and NK cell lysis of the two types of infected cells was compared. In these
experiments UL18 expression did not provide protection from NK cell lysis, rather it
seemed to enhance NK cell-mediated killing. Fibroblasts infected with wild type
HCMYV (AD169) were found to be more susceptible to NK cell killing than fibroblasts
infected with virus in which UL18 had been deleted (A18). In addition, ULI8
expression on 293EBV, COS-7 and CHO-K1 cells rendered these cells more susceptible
: to NK cell-mediated lysis than non-UL18 expressing cells. ULI18 is transcribed late in
the HCMYV replication cycle, at a time when virus should be nearly mature. One
possible benefit of making UL18-expressing cells more susceptible to lysis would be to

facilitate release of virus.
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3. NK Cell Susceptibility: More a Function of Adhesion Molecule Up-
regulation than Class I MHC Down-regulation?

While fibroblasts infected with mutant HCMYV in which UL18 had been deleted
(A18) were less susceptible to NK cell lysis than those infected with AD169, both
infected populations were more susceptible to lysis than non infected fibroblasts. Using
antibodies against adhesion/costimulatory molecules, Leong et al. (1998) observed that
intracellular adhesion molecule (ICAM) 1 was up-regulated in virally infected cells.
Lysis of infected fibroblasts could be prevented by blocking ICAM-1 from interacting
with its ligand, lymphocyte function-associated antigen (LFA)-18. These results suggest
that adhesion molecule up-regulation, more than MHC class I down-regulation,
determines whether an infected cell is susceptible to NK cell lysis.

The importance of adhesion molecules in determining the susceptibility of CMV-
infected cells to NK cell lysis is emphasized by Fletcher et al. (1998). Using seven
different CMV strains and several different cell types, the authors demonstrate that
susceptibility to lysis correlates with surface levels of LFA-3, not with surface levels of
class I MHC molecules. CMV strains AD169, C1F and R7 up-regulated LFA-3 and
were lysed while strains Towne, Toledo, Davis and C1FE down-regulated LFA-3 and
were resistant to lysis. Expression levels of class I MHC molecules were down-

regulated to a similar extent by all viruses. These studies suggest that class I MHC
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down-regulation does not affect NK cell lysis of CMV-infected cells and that UL18 is
not a factor in protecting those cells at risk of lysis.

Instead of directly modulating the anti-viral NK cell response, my work and work
by others suggest that UL18 may be important in regulating the activation state of
monocytes, B cells and dendritic cells by either masking or enhancing LIR-1 signaling.
By masking LIR-1 signaling, UL18 could decrease the activation threshold of LIR-1-
expressing cells making immune effector functions (e.g., cytokine secretion, cytolytic
activity) more likely and potentially increasing the likelihood of CMV reactivation. In
contrast, by enhancing LIR-1 signaling, UL18 could increase the activation threshold of
LIR-1 expressing cells making immune effector functions and CMV reactivation less
likely. The high affinity of UL18 for LIR-1 provides an example of a viral protein that

can effectively compete with host proteins to subvert the host immune response.
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Chapter 6:

LIR-1 D1D2 Structure

In this chapter I discuss the preliminary structure for LIR-1 D1D2. Dr. Anthony West

guided me through data collection, data processing and solving the structure.
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Chapter 6

1. Expression, Purification and Crystallization of D1D2

Domains 1 and 2 (D1D2) of LIR-1 were expressed in E. Coli and purified as described in
Chapter 4. Crystals (space group P4,2,2; a = 68.3 A, b = 68.3 A, ¢=129.7 A, one
molecule per asymmetric unit) of D1D2 were grown in 1:1 hanging drops D1D2 (8
mg/ml) and 0.7 M potassium sodium tartrate, 0.1 M tris chloride (pH 8.5) then improved
by microseeding. Crystals were soaked 30 seconds to 5 minutes in a cryoprotectant
containing 20% ethylene glycol, 0.7 M potassium sodium tartrate and 0.1 M tris chloride

(pH 8.5).

2. Data Collection

Data were collected at -150°C from a single crystal to 2.1A using a Quantum CCD
Research detector at the Stanford Synchrotron Radiation Laboratory beamline 9-2. Data
were processed and scaled using DENZO and SCALEPACK (Otwinowski and Minor,

1997) (Table 6-1).

3. Structure Determination
A preliminary structure was determined by molecular replacement using AmoRe (Figure

6-1) (Navaza, 1994). Cross-rotation and -translation functions (20-3.0A) using individual
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domains of the 1.7A structure of KIR2DL1 (Fan et al., 1997) (PDB code INKR with
nonconserved side chains truncated to alanine, residues 1-6, 54-59 and 80-91 omitted) as

a search model yielded a solution.

Table 6-1. Data Collection Statistics

Unit cell dimensions

a,b,c(A) 68.3, 68.3, 129.7
Space group P4,2,2
Temperature (°C) -150

Data Processing

Resolution (A) 20-2.1 (2.15-2.07)
Completeness (%) 99.5 (99.4)

I/c 18.8 (4.7)

B T 6.0 (29.7)

Preliminary Structure of LIR-1 D1D2

Figure 6-1. Preliminary Structure of LIR-1 D1D2.
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4. Structure of LIR-1 D1D2

The overall structure of LIR-1 D1D2 is similar to that of the p58 KIRs (Figure 6-2) (Fan
et al.,, 1997; Maenaka et al., 1999; Snyder et al., 1999) in that both structures are
composed of two domains resembling Ig-like domains containing two antiparallel beta-
sheets. In Chapter 4 we proposed that D1 and D2 would be in an extended conformation
due to our ability to express individual domains stably; however, the D1D2 structure
reveals that the two domains are bent with respect to one another. The angle between
two domains is defined as the angle between the major axes of the domains and is
specified as the elbow angle (Fan et al., 1997). The elbow angle between KIR domains
varies from 60° to 80° (Fan et al., 1997; Snyder et al., 1999) with conserved residues Leu-
17, Met-69, Val-100, Ile-101, Thr-102, His-138, Phe-178, Ser-180, Pro-185, Tyr-186 and
Trp-188 being integral in stabilizing the domain interface. The elbow angle between D1
and D2 of LIR-1 is similar to the 80" angle of the KIR2DL2 (Figure 6-2), and of the 11
conserved residues listed above that have been shown to be located in the KIR D1/D2
interface, only 5 (Val-100, Thr-102, Pro-185, Tyr-186 and Trp-188) are conserved in the

LIR-1 D1D2 sequence.
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D Residues Involved in Ligand Binding
KIR residues important in MHC class I recognition include 44, 45, 70, and 183 (Maenaka
et al., 1999). These residues are all located in the hinge region between D1 and D2

(Figure 6-3, next page).

Superposition of LIR-1 DID2 and KIR2DL1

Figure 6-2. Superposition of the KIR2DL1 Structure on the LIR-1 D1D2 Structure.

Sequence comparisons between LIR family members and characterization of site-directed
mutants (A. P. Heikema, T. L. Chapman and P. J. Bjorkman, unpublished results) suggest
that the MHC class I binding site on LIR-1 includes residues Tyr-76, Asp-80 and Arg-84.

These residues are located in near the tip of LIR-1 D1 (Figure 6-3, next page) suggesting
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that despite the structural similarity between LIR-1 D1D2 and the p58 KIRs, different

regions of the two molecules are responsible for ligand binding.

KIR2DL1 Structure

Putative MHC class I binding
epitope for KIRs

.- Met 44 Putative MHC class 1
binding epitope

for LIR-1

/

Figure 6-3. Regions Involved in MHC Class I Binding. Residues involved in MHC class
I recognition by p58 KIRs are shown in comparison to residues involved in MHC class I
recognition by LIR-1.
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Appendix A:

Modulation of Natural Killer Cell Cytotoxicity in
Human Cytomegalovirus Infection: the Role of
Endogenous Class I Major Histocompatibility

Complex and a Viral Class I Homolog.

This paper describes studies done in collaboration with Dr. Lewis Lanier's lab at DNAX
and Dr. Ed Mocarski's lab at Stanford to show that surface UL18 expression does not
protect cells from NK cell-mediated lysis. My contributions include determination that
721.221 cells cannot be used for stable transfection of UL18, generation of UL18-

producing CHO-K1 cells and generation of a UL18-specific antibody.



93

Modulation of Natural Killer Cell Cytotoxicity in Human
Cytomegalovirus Infection: The Role of Endogenous
Class I Major Histocompatibility Complex and a Viral
Class I Homolog

By Clement C. Leong,* Tara L. Chapman,* Pamela J. Bjorkman,*

Danuska Formankova,$ Edward S. Mocarski,$ Joseph H. Phillips,*
and Lewis L. Lanier®

From the * Department of Immunobiology, DNAX Institute of Molecular and Cell Biology, Palo Alto,
California 94304; the * Division of Biology 156-29 and Howard Hughes Medical Institute,
California Institute of Technology, Pasadena, California 91125; and the SDepartment of Microbiology
and Immunology, Stanford University, Stanford, California 94305

Summary

Natural killer (NK) cells have been implicated in early immune responses against certain vi-
ruses, including cytomegalovirus (CMV). CMV causes downregulation of class I major histo-
compatibility complex (MHC) expression in infected cells; however, it has been proposed that
a class | MHC homolog encoded by CMV, UL18, may act as a surrogate ligand to prevent NK
cell lysis of CMV-infected cells. In this study, we examined the role of UL18 in NK cell recog-
nition and lysis using fibroblasts infected with either wild-type or UL18 knockout CMV virus,
and by using cell lines transfected with the UL18 gene. In both systems, the expression of
UL18 resulted in the enhanced killing of target cells. We also show that the enhanced killing is
due to both UL18-dependent and -independent mechanisms, and that the killer cell inhibitory
receptors (KIRs) and CD94/NKG2A inhibitory receptors for MHC class I do not play a role
in affecting susceptibility of CMV-infected fibroblasts to NK cell-mediated cytotoxicity.

Key words:
cell * cytotoxicity

Human cytomegalovirus (h(CMV)! is an extremely
widespread infectious agent. Healthy individuals ac-
quiring hCMV' postnatally are usually asymptomatic, al-
though the virus persists in the host for life (1). Both T and
NK cells play a critical role in controlling the initial infec-
tion and the disease that follows viral reactivation in immu-
nocompromised individuals (2, 3). The importance of NK
cells is highlighted by the fact that patients with an NK cell
deficiency are extremely susceptible to hCMV infection
and its associated diseases (4). In addition, NK cells also
play an important role in the control of mouse CMV (5).
Strain-dependent mouse CMYV resistance or susceptibility
has been mapped to the NK complex (NKC) region of
murine chromosome 6 (6). The NKC region contains

! Abbreviations used in this paper: B;M, B,-microglobulin; CHO, Chinese
hamster ovary; clg, control Ig; hCMV, human cytomegalovirus; HFF,
human foreskin fibroblasts; ICAM-1, intracellular adhesion molecule 1;
KIR, killer cell inhibitory receptor; MOI, multiplicity of infection.
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cytomegalovirus * class I major histocompatibility complex * UL18 * natural killer

genes involved in modulating murine NK cell functions
and codes for molecules that can trigger (NKR-P1) or in-
hibit (Ly49) NK cell-mediated cytotoxicity (7). Murine
Ly49 molecules and their human functional counterparts,
the KIRs (killer cell inhibitory receptors) and CD94/
NKG2A receptors, inhibit NK cell cytotoxicity after cog-
nate interaction with class I MHC molecules (8). Since
many viruses downregulate host cell class | MHC expres-
sion upon infection, the hypothesis that NK cell inhibitory
receptors serve as a physiological means to monitor for viral
infection is compelling.

Both human (9) and mouse CMV (10) encode glycopro-
teins with homology to class I MHC heavy chains, desig-
nated UL18 (human) and M144 (mouse), respectively. It
has been suggested that these molecules serve as surrogates
for class I MHC molecules to engage inhibitory NK cell
class I MHC receptors. In support of this hypothesis, Farrel
et al. (10) have shown that mouse CMV lacking the M 144
gene is more virulent in vivo. Transfection studies using
the human CMV UL18 gene have implicated this protein

J. Exp. Med. © The Rockefeller University Press * 0022-1007/98/05/1681/07 $2.00
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in the protection of B lymphoblastoid cells from lysis by
NK cells expressing CD94/NKG2A receptor (11). In addi-
tion, Cosman and coworkers (12, 13) have recently dem-
onstrated that UL18 is specifically recognized by LIR-1, a
membrane of the Ig receptor superfamily, which is pre-
dominantly expressed on monocytes, B cells, and a minor
subset of NK cells (12, 13). In this study we examined the
roles of endogenous class I MHC and an hCMV encoded
class I homolog (UL18) in modulating NK cell-mediated
cytotoxicity during hCMV infection.

Materials and Methods

Cell lines, NK Cell Lines, and Clones. 293EBV is a human
kidney cell line expressing the EBNA-1 nuclear antigen (Invitro-
gen, Carlsbad, CA). COS-7, Chinese hamster ovary (CHO)-K1,
293EBV, and human foreskin fibroblast (HFF) cell lines were
maintained in RPMI (MediaTech, Herndon, VA) supplemented
with 10% FCS (GIBCO BRL, Bethesda, MD). NK cells were
cloned and cultured as previously described (14, 15). HFF cell
lines were prepared and cultured as previously described (16).

Constructs. The UL18 open reading frame was subcloned
into the EBV episomal expression vectors pREP10 and pCEP4
(Invitrogen). The cDNA for CD32 and CD94 were cloned into
pBJneo. The hCMV gB (UL55) cDNA in the pPRcCMV vector
(Invitrogen) was a gift from Dr. L. Pereira (University of Califor-
nia San Francisco, San Francisco, CA).

Transient Transfection. 293EBV were plated at 60-80% con-
fluence and transfected with pREP10 UL18 using Lipofectamine
(GIBCO BRL). 48 h after transfection, cells were trypsinized and
stained with anti-UL18 mAb (10C7), followed by PE-conjugated
goat anti-mouse IgG. Viable UL18 positive cells were sorted and
cultured for 48 h before use in cytotoxicity assays. COS-7 and
CHO-K1 were transfected with pCEP4 UL18 and sorted as
above. Flow cytometry was performed as previously described (17).

Antibodies. 10C7 (mouse IgG1) was generated by immuniz-
ing mice with soluble, partially deglycosylated UL18. The mAbs
against KIRs were: DX9 (KIR3DL1); DX27 (KIR2DL?2,
KIR2DL3, and KIR2DS2); DX30 (KIR3DL1, KIR3DL2);
DX31 (KIR3DL2); and HP-3E4 (KIR2DL1, KIR2DS1, and
KIR2DS4). DX22 mAb is against CD94. Anti—class I mAbs
(DX15, DX16, and DX17) have been previously described (18).
Anti-CMV UL55 (gB) was purchased from the Goodwin Insti-
tute (Goodwin Institute, Plantation, FL). Anti-hCMV IE mAb
was purchased from Chemicon (Temecula, CA). All other mAbs
were provided by Becton Dickinson Immunocytometry Systems
(San Jose, CA).

Cytotoxicity Assays. Cell-mediated cytotoxicity was assessed
using 4-h !Cr-release assays. In these assays, effector cells at vari-
ous concentrations were incubated with 5 X 10° target cells in
U-bottomed 96-well microtiter plates at 37°C. Percentage of lysis
was determined as previously described (18). Spontaneous 5'Cr
release was <10% of total counts. Only cells with >80% viability
were used for labeling. The spontaneous release of 293EBV
UL18 cells and 293EBV controls were similar.

Western Blot.  Infected HFFs were lysed in 0.5 ml of lysis
buffer (Tris buffered saline, 50 mM Tris, 150 mM NaCl, pH 8.0,
with 1% NP-40). Lysates were resolved by SDS-PAGE on 12%
gels. Western blots were performed using 10C7 anti-UL18 or
anti-hCMV IE mAbs, followed by horseradish peroxidase—conju-
gated second antibodies as previously described (19).
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hCMYV Infection. AD169 and A18 (20) viruses were titered
and propagated in HFFs as previously described (16). HFFs were
infected at a multiplicity of infection (MOI) of 3-5. After adsorp-
tion of the virus for 1 h at 37°C, the inoculum was removed and
medium containing 10% FCS was added. Viral stocks were ti-
tered using classical cytopathic effect as an end-point.

Results and Discussion

The Role of Endogenous Class I in Modulating NK Cell Kill-
ing of Infected and Uninfected HFFs.  Fibroblasts downregu-
late class I MHC expression upon hCMV infection (21). In
Fig. 1 A, we show that class I MHC is downregulated 10-
fold in hCMV-infected HFFs, but a significant level of class
I MHC is still present on the cell surface. This downregula-
tion was seen by 24 h and was maintained for the duration
of the studies (5 d, data not shown). The ‘missing self hy-
pothesis stipulates that the loss of class | MHC expression
confers susceptibility to NK cell killing (22). The expecta-
tion from this hypothesis is that infected cells would be-
come more susceptible to NK cell-mediated lysis. To ad-
dress this question, we performed NK cell cytotoxicity
assays using hCMV-infected and mock-infected cells. In
repeated experiments, NK cells efficiently lysed hCMV-
infected HFFs, but not mock-infected cells (Fig. 1 B). This
inability to efficiently kill mock-infected HFFs may be due
to their high level of class | MHC expression. If NK cells
were restrained from killing uninfected HFFs by a class |
MHC-dependent mechanism, blocking the KIRs and/or
CD94/NKG2A receptors on the effector cells or class |
MHC on the fibroblasts should reverse the protection. Ex-
periments performed with anti—class I or a cocktail of mAbs
against CD94 and KIRs did not induce killing (Fig. 1 C).
This inability to kill was evident using a variety of NK
clones and lines (data not shown). The KIR and CD94/
INKG2A receptors expressed by these NK cells were func-
tional against B lymphoblastoid target cells transfected with
relevant class | MHC genes, with the target cell protection
being reversed using anti—class | MHC or anti-CD94 +
anti-KIR mAbs. Therefore, class | MHC expression alone
by HFFs does not prevent NK cell-mediated killing. It can
be argued that mock-infected HFFs lack positive signals
needed to trigger NK cells, and that class | MHC may be
functional in the context of infected cells, which have up-
regulated ligands for the ‘triggering’ receptors. To address
this, we repeated these experiments using hCMV-infected
HFFs. Again, blocking class | MHC, KIRs, or CD94 nei-
ther augmented nor attenuated NK cell-mediated cytotox-
icity (Fig. 1 D).

The Role of a Virus-encoded Class I MHC Homolog in NK
Cell Killing. hCMV encodes a glycoprotein with homol-
ogy to class I MHC (9). This molecule is able to form a
complex with B,-microglobulin (8,M)(23) and contains a
peptide-binding groove (24). KIR recognition of class I
MHC requires the formation of a trimeric complex com-
prising class I MHC, B,M, and peptide (25, 26). It was
therefore hypothesized that UL18 would interact with NK
cell class I receptors to inhibit killing of CMV-infected

Modulation of NK Cell Cytotoxicity in hCMV-infected Cells
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Figure 1. (A) Downregulation of class I MHC in hCMV-infected

HFFs. AD169 or mock-infected HFFs were stained with anti—class I
(DX17) or control Ig (clg), followed by PE-conjugated goat anti-mouse
Ig. HFFs were infected with AD169 at an MOI of 3, and cells were
stained at 24 h after infection. (B) NK cell cytotoxicity assay against
hCMV or mock-infected HFF cells. hCMV or mock-infected HFFs were
used as targets in a 4-h 5'Cr-release assay. HFFs were infected at an MOI
of 3 and used at 48 h after infection. Mock-infected, white squares;
AD169, black diamonds. (C) Blocking class I MHC, KIR, or CD94 does
not induce NK cell killing of uninfected HFFs. Normal HFFs were incu-
bated in the presence of NK cells and with clg or a mixture of mAb
against class ] MHC (DX15, DX16, and DX17 at 20 pg/ml) or a mixture
of anti-KIR mAbs (DX27, DX30, DX31, and HP-3E4) and anti-CD94
mAb (DX22), each at 20 pg/ml. clg, black bars, anti-KIR/CD94, gray
bars; anti—class I, hatched bars. (D) AD169 or mock-infected HFFs were in-
cubated in the presence of NK cells with clg or mAb directed at class
MHC (DX15, DX16, and DX17 at 20 pg/ml) or a cocktail of mAbs
against KIR and CD94. Cytotoxicity assays were performed at E/T ratios
of 5:1. As controls, 721.221 class I HLA transfectants expressing HLA-
B*0702 or HLA-Cw*0702 were analyzed, using NK clones expressing
the relevant CD94/NKG2A or KIR, respectively. clg, white bars; anti-
KIR/CD94, black bars; anti—class I, hatched bars.
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cells. We examined this by infecting HFFs with wild-type
AD169 CMV virus or A18 (a mutant virus with the UL18
gene deleted). The level of class | MHC downregulation
by the two viruses was comparable (Fig. 2 A). A 69-kD
UL18 protein was detectable by 24 h in AD169-infected
HFFs by Western blot analysis, but not in Al8-infected
HFF lysates (Fig. 2 B). Although UL18 protein was readily
detected by Western blot analysis in HFF infected with
AD169 virus, analysis by flow cytometry suggested that
very little UL18 was expressed on the cell surface (data not
shown). The amounts of hCMV IE protein (Fig. 2 B) and
class I MHC (data not shown) in lysates prepared from
A18-infected HFFs were comparable to those detected in
HFF infected with AD169 wild-type CMV. Furthermore,
the titer of AD169 and A18 viruses were comparable, as as-
sessed by plaque formation assays (data not shown) and the
HFFs were homogeneously infected as assessed by the uni-
form downregulation of class I in all the cells (Fig. 2 A).
Many NK cell lines and clones killed AD169-infected cells
somewhat better than they did Al8-infected cells (Fig. 2
C). However, HFFs infected with AD169 or A18 showed
enhanced killing when compared with mock infected cells
(Fig. 2 ©). Therefore, UL18 confers a slight enhancement
of susceptibility to NK cell killing, although UL18-inde-
pendent mechanism(s) also exists.

To examine directly the ability of UL18 to confer in-
creased susceptibility to NK cell killing in the absence of
viral infection, we transfected 293EBV cells with a UL18
expression vector. Fig. 2 D shows the expression of UL18
on the surface of transfectants using a UL18-specific mAb.
In a series of experiments, 203EBV UL18 cells consistently
showed enhanced lysis compared with 293EBV (Fig. 2 E).
In addition, UL18-dependent enhancement of NK cell
killing could also be demonstrated in transfected COS-7
and CHO-KI1 cells (data not shown) using several NK
clones and lines. These clones included those expressing
functional KIRs and CD94 (Table 1). Inhibition of NK
cell killing by UL18-expressing target cells was never ob-
served in any of these experiments. The enhanced lysis of
293EBV cells transfected with UL18 was not affected by
mAbs against CD94 or KIR (data not shown), although it
should be noted that not all KIR isoforms are recognized
by the available mAbs. The enhanced killing of 293EBV
UL18 transfectants versus 293EBV was not due to changes
in the level of class | MHC or adhesion molecules (data not
shown). As controls, cells were transfected with expression
constructs encoding CD32, CD94, an hCMV surface gly-
coprotein (gB), or vector only; none of these transfectants
showed enhanced susceptibility to NK cell lysis (data not
shown).

Hence, the hypothesis that UL18 replaces class I MHC
molecules to prevent NK cell lysis does not seem to apply
to hCMV-infected HFFs and transfected epithelial and
ovary cells (293, COS-7, and CHO-K1). It was recently
reported that UL18 inhibits NK cell lysis of 721.221 B
lymphoblastoid targets, mediated through CD94 (11). In
repeated studies, we never observed inhibition of NK cell
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Figure 2. (A) Downregulation of class ] MHC after A18 and AD169 hCMV infection of HFFs. HFFs were infected with A18 or AD169 at an MOI of
5. At 48 h after infection cells were stained with anti—class ] MHC or clg, followed by PE-conjugated goat anti-mouse second step. (B) Expression of
UL18 in AD169 but not A18 cell lysates. Lysates were prepared from HFF-infected with A18 or AD169 at 48 h after infection and blotted with anti-
UL18 or anti-hCMV IE mAb, followed by horseradish peroxidase-conjugated second step. (C) AD169-infected HFFs were lysed more efficiently than
were Al18-infected HFFs. HFFs were infected with AD169 or A18 at an MOI of 5, and used as targets at 48 h after infection in 4-h 5!Cr-release assays.
Assays were performed at an E/T ratio of 20:1, 10:1, and 1:1. Standard deviation between triplicates was <10%. A18, black circles; AD169, black diamonds;
mock-infected, black squares. (D) Surface UL18 expression on 293EBV transfectants. 293EBV cells were transfected with pPREP10 UL18. Cells were cul-
tured for 48 h before use in cytotoxicity assays. Histograms of sorted UL18-positive cells. Cells were stained with anti-UL18 mAb 10C7 followed by PE-
conjugated goat anti-mouse Ig. (E) 293EBV transfectant expressing UL18 were lysed at an enhanced level compared with parental controls. UL18-trans-
fected 293EBV cells were used as targets in NK cell cytotoxicity assays. Experiments were performed at an E:T ratio of 5:1. All transfectants other than
vector only were positively sorted using mAb directed against the protein encoded by the transfected cDNA. Cells were cultured for 48 h and used in 4-h
cytotoxicity assays as described above.

killing against UL18 expressing targets using clones with
functional CD94 or KIR. In view of this discrepancy, sev-
eral aspects of the previous report should be highlighted.
First, in the prior study UL18 was transfected into 721.221  Table 1. Phenotype of NK Cell Lines and Clones
targets; however, transfectants were isolated on the basis of

surface [3,M expression, not UL18. Second, we have failed ~ Clones KIRs CD94
to generate stable UL18 transfectants in 721.221 or in 15
other human or mouse lines, because it seems that pro- Al10 DX9—, DX24+ CD94
longed expression (>2 wk) of UL18 results if] ce?l deatk'l. A23 DX9—. DX24+ CD94
We could only generate UL18 transfectants in high effi-
; ; : A26 DX9+, DX24+ ND
ciency transient transfection systems such as 293, COS-7, ND
and CHO-K1. Notably, 721.221 cells express low levels of A25 DX9+, DX24+
HLA-E (27) and -F (28). Since Reyburn et al. (11) sorted ~ BR KIR— CD94/NKG2A
UL18-transfected 721.221 on the basis of §,M surface ex- B8 KIR— CD94/NKG2A
pression, rather than UL18, cells expressing HLA-E or -F  Bl1 KIR— CD94/NKG2A
may have been inadvertently enriched and could be re- B19 KIR—- CD94/NKG2A

sponsible for the protection against NK cell lysis. In fact, a
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recent study demonstrated that the endogenous HLA-E ex-
pressed by 721.221 cells can protect these target cells from
lysis by NK cells expressing the inhibitory CD94/NKG2A
receptor (29). Although HLA-E molecules bind peptides
derived from the leader segments of certain other MHC
class I proteins (27), the leader of UL18 does not conform
to the preferred peptide bound by HLA-E. Therefore, it is
possible that Reyburn et al. (11) simply selected for a vari-
ant of 721.221 that expressed higher levels of the endoge-
nous HLA-E protein.

Recent studies by Cosman and coworkers (12, 13) have
shown that the human CMV UL18 protein interacts with a
membrane receptor designated ILT2 (30) or LIR-1 (12,
13), which is expressed predominantly on monocytes, B
cells, and a subset of NK cells. Binding of a UL18-Ig Fc fu-
sion protein to NK cells and monocytes was completely
blocked using an anti-ILT2/LIR-1 mAb, suggesting that
ILT2/LIR-1 is the predominant, if not exclusive, receptor
for UL18 expressed on leukocytes (12). It is possible that
ILT2/LIR-1 on NK cells might interact with UL18 on
CMV-infected cells, preventing NK cell-mediated cyto-
toxicity. However, it should be appreciated that ILT2/
LIR-1 is expressed on only a minor subset of NK cells (12,
31); therefore, the physiological significance of ILT2/LIR-1
on NK cells during a CMV infection is uncertain. Al-
though prior studies of UL18 and its mouse homolog
M144 have focused on a potential role for these proteins in
NK cell-mediated immunity (10, 11), an alternative possi-
bility is that these molecules may be more important in af-
fecting monocyte and dendritic cell function during CMV
infection. For example, interactions between ULI8 and
ILT2/LIR-1 on monocytes or dendritic cells during a
CMV infection may suppress IL-12 production, which
would in turn limit IFN-y secretion by NK cells and thus
alter the early host immune response. This scenario could
potentially explain the increased virulence of mouse CMV
virus lacking M 144 (10). This is of particular interest given
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Figure 3. (A) Upregulation
of ICAM-1 on hCMV-infected
cells. AD169 or mock-infected
HFFs were stained (24 h after in-
fection) with FITC-conjugated
anti-ICAM-1 (LB2 mAb) or
FITC-conjugated clg. Mean flu-
orescence intensity of ICAM-1
increased from 351 to 705. (B)
Enhanced cytotoxicity against
hCMV-infected HFFs was re-
versed with anti-LFA-1B3 (CD18).
hCMV or mock-infected HFFs
were incubated with clg or anti—
LFA-18 (20 pg/ml). 4-h 51Cr-
release assays were performed at

an E/T ratio of 5:1.
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the recent finding that dendritic cells may serve as the res-
ervoir for latent CMV infection (32).

Upregulation of Cell Surface Adhesion Molecules in hCMV-
infected HFFs. Since enhanced killing was observed in
HFF infected with both AD169 and A18, other molecules
in addition to UL18 were also playing a role. To examine
what molecules were upregulated after infection, we
stained mock-infected and hCMV-infected HFFs with a
panel of mAb against cell surface adhesion/costimulatory
molecules. The only molecule examined that was consis-
tently upregulated in the infected cells was intracellular ad-
hesion molecule 1 (ICAM-1; CD54) (Fig. 3 A). Blocking
of ICAM-1 interaction with its ligand using anti-LFA-1
(CD18) was able to prevent the killing of infected HFF
(Fig. 3 B). These data suggest that ICAM-1 is a crucial
component in NK cell-mediated killing of hCMV-infected
cells, but does not exclude the existence of other molecules
capable of triggering NK cell cytotoxicity.

Based on our observations, the hypothesis that KIRs and
CD94/NKG2A class I MHC inhibitory receptors are a
physiological surveillance mechanism for viral infection
may not be universally applicable. Similarly, we have previ-
ously shown that in certain target cells (e.g., Jurkat and
K562), the expression of an appropriate class [ MHC allele
recognized by KIR3DL1 (i.e., HLA-B*5801) was insuffi-
cient to prevent killing of these transfected target cells (14).

hCMYV has evolved many strategies that allow its highly
successful dissemination throughout the population. Al-
though infected individuals are generally clinically asymp-
tomatic (1) further viral transmission still occurs. In cases
where the infection is not effectively controlled, death of-
ten results, thereby limiting the opportunity for further vi-
ral dissemination. Therefore, the UL18-dependent and in-
dependent mechanisms may serve to limit the severity of
CMV-induced disease by rendering infected cells more
susceptible to immune destruction.
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Appendix B:

Characterization of the Interaction Between the
Herpes Simplex Virus Type I Fc Receptor and
Immunoglobulin G

This paper describes characterization of the HSV-1 Fc receptor done in colloboration
with Dr. Malini Raghavan from the University of Michigan and Dr. Sherrie Morrison
from UCLA. We show that truncated forms of gE and gl assemble into stable
heterodimers with a 1:1 stoichiometry, determine the affinity of the gE-gl-IgG interaction
and demonstrate that histidine 435 at the C,2-C,;3 domain interface of IgG is a critical
residue for IgG binding to gE-gl. My contributions to this work include expression and

purification of gE and gl and determination of the stoichiometry of the interaction.
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Herpes simplex virus type I (HSV-1) virions and HSV-
1-infected cells bind to human immunoglobulin G (hIgG)
via its Fc region. A complex of two surface glycoproteins
encoded by HSV-1, gE and gI, is responsible for Fc bind-
ing. We have co-expressed soluble truncated forms of gE
and gl in Chinese hamster ovary cells. Soluble gE-gI
complexes can be purified from transfected cell super-
natants using a purification scheme that is based upon
the Fc receptor function of gE-gl. Using gel filtration
and analytical ultracentrifugation, we determined that
soluble gE-gl is a heterodimer composed of one molecule
of gE and one molecule of gl and that gE-gl het-
erodimers bind hIgG with a 1:1 stoichiometry. Biosen-
sor-based studies of the binding of wild type or mutant
IgG proteins to soluble gE-gl indicate that histidine 435
at the Cx2-Cyx3 domain interface of IgG is a critical res-
idue for IgG binding to gE-gl. We observe many similar-
ities between the characteristics of IgG binding by gE-gI
and by rheumatoid factors and bacterial Fc receptors
such as Staphylococcus aureus protein A. These obser-
vations support a model for the origin of some rheuma-
toid factors, in which they represent anti-idiotypic an-
tibodies directed against antibodies to bacterial and
viral Fe receptors.

The expression of viral proteins that counter immune re-
sponses of the host is well documented. Viral factors have been
identified that can potentially inhibit or modify the antiviral
effects of antibodies, complement proteins, cytokines, and cy-
totoxic T cells (1). Characterization of viral proteins that inter-
act with specific components of the immune system is likely to
provide insights into immune mechanisms involved in host-
virus interactions and into the molecular basis of viral persist-
ence in the presence of a functional immune system. Herpesvi-
ruses, in particular, have evolved multiple mechanisms for
interfering with humoral as well as cell-mediated immune re-
sponses (reviewed in Refs. 2 and 3). The present studies focus
upon the herpes simplex virus type I-encoded Fc receptor
(FcR),! a protein complex that has been suggested to interfere

* This work was supported by a grant from the American Heart
Association (to M. R.), the University of Michigan Multipurpose Arthri-
tis and Musculoskeletal Diseases Center (to M. R.), and a National
Defense Science and Engineering Predoctoral Fellowship (to T. L. C.).
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

** To whom correspondence should be addressed. Tel.: 734-647-7752;
Fax: 734-764-3562; E-mail: malinir@umich.edu.

! The abbreviations used are: FcR, Fc receptor; FcyR, Fey receptor;
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with antibody-mediated viral clearance (4). HSV-1 virions, as
well as cells infected with HSV-1, bind to immunoglobulins of
the IgG subclass via the Fc region (5). The glycoprotein gE of
HSV-1 was identified as the IgG-binding polypeptide of HSV-1
(6, 7). It was subsequently shown that gE associates with a
second viral glycoprotein, gI (8, 9), and that cells transfected
with genes encoding both gE and gl have enhanced IgG binding
activity compared with cells transfected with gE alone (10-12).
Both gE and gI are type I transmembrane proteins, with an
N-terminal extracellular portion, a single transmembrane do-
main, and a C-terminal cytoplasmic domain. Homologous gly-
coproteins encoded by other a-herpesviruses, including pseu-
dorabies virus (PRV) (13) and varicella zoster virus (14), have
been shown to possess species-specific FcR activity.
HSV-1-infected cells acquire low levels of FcR activity imme-
diately upon exposure to virus (in the absence of viral gene
expression), presumably by the transfer of virion gE-gI to the
cell surface during viral entry (7). The HSV FcR may thus be
particularly significant for protection of virally infected cells
from early immune destruction (2). Recent in vivo studies dem-
onstrated that passively transferred anti-HSV IgG greatly re-
duced viral titers and disease severity in mice infected with a
mutant HSV-1 that lacked FcR activity. By contrast, anti-HSV
IgG was ineffective in reducing viral titers and disease severity
in mice infected with wild type virus with intact FcR activity
(15). These observations indicate that the HSV-1 FcR activity
facilitates evasion of antibody-mediated viral clearance in vivo.
Several means of evading antibody-mediated immune re-
sponses could arise from the Fc binding function of gE-gI (16—
18). Binding of nonimmune IgG by gE-gl present on HSV-1
virions can inhibit virus neutralization by anti-viral antibodies
(19). Engagement of the Fc portion of anti-HSV antibodies can
protect virally infected cells from antibody-dependent cell-me-
diated cytotoxicity (ADCC) (20) as well as complement-medi-
ated lysis (21). Inhibition of ADCC has been suggested to occur
by a phenomenon called antibody bipolar bridging (21), a mech-
anism whereby antibodies bound via their Fab ends to HSV-1
glycoproteins on surface membranes of infected cells would
simultaneously interact with the viral Fc receptors of the same
infected cell. By engaging the Fc domain, the HSV-1 FcR could
interfere with recognition by FcyRs on immune effector cells.
Antibody bipolar bridging has also been suggested to facilitate
antiviral antibody-induced patching, capping, and extrusion of

PRV, pseudorabies virus; ADCC, antibody-dependent cell-mediated cy-
totoxicity; PCR, polymerase chain reaction; CHO, Chinese hamster
ovary; FACS, fluorescence-activated cell sorting; FITC, fluorescein iso-
thiocyanate; hIgG, human IgG; PAGE, polyacrylamide gel electrophore-
sis; RF, rheumatoid factor(s); HSV, herpes simplex virus; HSV-1, HSV,
type 1.
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viral glycoproteins from the surface of cells infected with PRV
(13). Antibody-induced shedding of viral glycoproteins may rep-
resent a strategy for rendering virally infected cells refractory
to antiviral antibodies and for inhibiting the presentation of
viral antigens via class II major histocompatibility complex
molecules.

A second function attributed to gE-gI is that of facilitating
cell-to-cell spread of virus. Recent studies suggest that gE and
gl are required for transneuronal transport of PRV from the
retina to the visual centers of rats (22), for cell-to-cell spread of
PRV, and for full virulence of PRV (23). Furthermore, studies
with mutant HSV-1 virions indicate that gE and gl of HSV-1
facilitate cell-to-cell spread of virus in vivo and viral spread
across junctions of cultured cells (24-26). It has been proposed
that the cell-to-cell spread-promoting functions of gE-gl are
unrelated to the Fc binding activity and that the HSV-1-
encoded gE-gl glycoproteins and the analogous proteins of
other a-herpesviruses may interact with other ligands, ena-
bling viral transport across cells (24, 25). Such ligands remain
to be identified.

To better understand the mechanisms by which IgG binding
by gE-gl facilitates immune evasion, we initiated a molecular
characterization of IgG binding by gE-gl. We expressed soluble
forms of gE and gl and showed that the glycoproteins assemble
into a stable heterodimer. The soluble receptor heterodimer
binds to human IgG (hIgG) with relatively high affinity and can
be purified to homogeneity using an hIgG-based affinity ma-
trix. We determined a 1:1 binding stoichiometry for the gE-
gl-IgG complex, and also determined that a histidine residue at
the Cyx2-Cy3 domain interface is a critical determinant of IgG
binding specificity. The implications of the gE-gl binding site
on IgG and the gE-gI-IgG complex stoichiometry are discussed.

EXPERIMENTAL PROCEDURES

Construction and Expression of Soluble gE, gI, and gE-gI—Molecular
cloning manipulations were performed by standard protocols (27). PCR
was used to insert a 5’ Xhol site, a 3’ NotI site, and a stop codon after
the codon corresponding to amino acid 399 of the gE gene and amino
acid 246 of the gl gene (the HindlIII fragment containing the gE gene
and the BamHI fragment containing the gl gene of HSV strain KOS
was kindly provided by H. Ghiasi, Cedar Sinai Medical Center). Our
numbering scheme starts with the first residue of the mature protein,
which is designated residue 1, and all other residues are numbered
sequentially (see “N-Terminal Sequencing and Mass Spectrometric
Analysis of Purified gE-gI”). The gE PCR product was cloned into pCRII
(Invitrogen), and the gl PCR product was cloned into pBSIISK* (Strat-
agene). Both sequences were verified. The modified gE and gl genes
were excised using Xhol and NotI enzymes and individually subcloned
into the unique Xhol and NotI sites of separate PBJ5-GS expression
vectors (28). PBJ5-GS carries the glutamine synthetase gene as a se-
lectable marker and as a means of gene amplification in the presence of
the drug methionine sulfoximine, a system developed by Celltech (29).
Expression vectors carrying gE, gI, or both gE and gl were transfected
into CHO cells using a Lipofectin procedure (Life Technologies, Inc.).
Cells resistant to 100 uM methionine sulfoximine were selected accord-
ing to the protocol established by Celltech, modification of which has
been previously described (28). Transfected CHO cells were maintained
in glutamine-free a-minimal essential medium (Irvine Scientific) sup-
plemented with 5% dialyzed fetal bovine serum (Life Technologies), 100
uM methionine sulfoximine (Sigma), penicillin (100 units/ml), and
streptomycin (100 pg/ml). Cells secreting gE, g, or both gE and gl were
identified by immunoprecipitation of supernatants of cells metaboli-
cally labeled with [**S]methionine and [**S]cysteine (see below) by
using either an antibody against gE (1108 (Goodwin Institute) or Fd172
(30) (kindly provided by Subbu Chatterjee) or an antibody against gl
(Fd69 (31), kindly provided by Subbu Chatterjee) Clones were consid-
ered positive if immunoprecipitation yielded a protein of approximately
56 kDa corresponding to gE or a protein of approximately 43.5 kDa
corresponding to gl. The identity of each protein was verified using
N-terminal sequencing (see below).

358 Metabolic Labeling—gE-, gl-, and gE-gl-transfected CHO cell
lines derived from colonies were expanded into 12-well trays, grown to
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confluence, and incubated for 5 h in 1.0 ml of methionine- and cysteine-
free medium (Life Technologies) plus 1% dialyzed fetal bovine serum
including 5 uCi of a [*®S]methionine and [**S]cysteine (ICN) mixture.
Supernatants were clarified by a 5-min spin in a microcentrifuge, and
either anti-gE or anti-gl antibodies were added. Immunoprecipitations
were carried out by standard methods (32) with protein G-bearing
Sepharose beads (Amersham Pharmacia Biotech). Samples were boiled
in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) running buffer
and loaded onto 15% polyacrylamide gels, which were fixed, dried, and
exposed to a PhosphorImager screen (Molecular Dynamics, Inc., Sunny-
vale, CA). The image was then developed with a Molecular Dynamics
425E PhosphorImager scanner.

Co-Expression of Full-length gE and gI—PCR was used to insert a 5’
Xhol site and a 3’ NotI site into the genes encoding gE and gI. The PCR
products were sequenced and subsequently individually subcloned into
the unique Xhol and NotI sites of separate PBJ5-GS expression vectors.
The two constructs were co-transfected into CHO cells, and cells resist-
ant to 100 uM methionine sulfoximine were selected. Cells expressing
both gE and gl were sorted using fluorescence activated cell sorting
(FACS) analysis with FITC-labeled hIgG. Individual clones from the
sort were amplified and subsequently shown to express both gE and gl
by FACS analysis with 1108 or Fd69 as the primary antibodies and a
goat anti-mouse IgG as the secondary antibody. Sorting and analysis
were performed on a Coulter Epics Elite flow cytometer.

Purification of Soluble gE-gI Heterodimers—gE-gl-secreting CHO
cell lines were grown to confluence in 50 10-cm plates and introduced
into a hollow bioreactor device (Cell Pharm I; Unisyn Fibertec, San
Diego, CA) in serum-free medium, and supernatants were collected
daily. Soluble gE-gl heterodimers were purified from supernatants on
either a human Fc or hIgG affinity column. The human Fc column was
prepared by coupling 20 mg of human Fc¢ (Jackson ImmunoResearch
Laboratories, Inc.) to cyanogen bromide-treated Sepharose 4B (Amer-
sham Pharmacia Biotech) at approximately 10 mg of protein/ml of resin
according to the protocol of the manufacturer. The hIgG column was
prepared similarly using 70 mg of hIgG (Sigma). Supernatants were
passed over the affinity column, which was then washed with 50 column
volumes of a solution consisting of 50 mM Tris (pH 7.4), 0.1% NaN,, and
1 mm EDTA. Bound gE-gl was eluted from the column with 50 mm
diethylamine (pH 11.5) into tubes containing 1.0 M Tris (pH 7.4). gE-gl
heterodimers were further purified using a Superdex 200 HR 10/30 fast
protein liquid chromatography (FPLC) filtration column. Approxi-
mately 10 mg of gE-gI heterodimers were recovered per liter of trans-
fected cell supernatants.

N-terminal Sequencing and Mass Spectrometric Analysis of Purified
gE-gI—N-terminal sequencing was performed on 2.5 pg of purified,
soluble gE-gl in a phosphate buffer dried onto a polyvinylidene difluo-
ride membrane and inserted into an Applied Biosystems model 476A
sequencer reaction cartridge. Two sequences were isolated from the
gE-gl sample: the sequence GTPKTSWRR, corresponding to the first 9
amino acids of mature gE (33), and the sequence LVVRGPTVS, corre-
sponding to the first 9 amino acids of mature gl (33). The molecular
masses of gE and that of gl were determined by matrix-assisted, laser
desorption, time-of-flight mass spectrometry with a PerSeptive biosys-
tems (Farmington, MA) ELITE mass spectrometer.

CD Analyses—An AVIV 62A DS spectropolarimeter equipped with a
thermoelectric cell holder was used for CD measurements. Wavelength
scans and thermal denaturation curves were obtained from samples
containing 10 uM protein in 5 mM phosphate at pH 7 by using a 0.1-mm
path length cell for wavelength scans and a 1-mm path length cell for
thermal denaturation measurements. The heat-induced unfolding of
gE-gl was monitored by recording the CD signal at 223 nm, while the
sample temperature was raised from 25 to 80 °C at a rate of approxi-
mately 0.7 °C/min. The transition midpoint (7,) for unfolding was
determined by taking the maximum of a plot of d6/dT versus T (where
0 is ellipticity) after averaging the data with a moving window of 5
points.

Gel Filtration Analyses of gE-gI-hIgG Stoichiometry—Protein concen-
trations were determined spectrophotometrically at 280 nm using the
following extinction coefficients: gE-gl, 88816 M~* cm™?; hIgG, 202,500
M~! em~. The extinction coefficient for the gE-gl heterodimer was
calculated from the amino acid sequences as described (34), and the
extinction coefficient for hIgG is known (32). A,5, measurements for a
fixed amount of each protein were then compared in 6 M guanidine HCI
and aqueous solutions, and the extinction coefficients were adjusted as
necessary. For determining the gE-gl'hIgG stoichiometry, various mo-
lar ratios from 1:3 (300 pmol of gE-gI:900 pmol of hIgG) to 3:1 (900 pmol
of gE-gI:300 pmol of hIgQG) of gE-gI and hIgG were incubated for 30 min
at room temperature in 20 mMm Tris, pH 7.4, 150 mM NaCl, 0.05% NaN,
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in a total volume of 100 wl. Samples were injected onto a Superose 6B
FPLC column (Amersham Pharmacia Biotech) and eluted with the
same buffer at 0.5 ml/min. The composition of each fraction was ana-
lyzed by SDS-PAGE (data not shown).

Equilibrium Analytical Ultracentrifugation—Sedimentation equilib-
rium was performed with a Beckman Optima XL-A analytical ultracen-
trifuge, using data analysis software provided by the manufacturer.
Experiments were performed using 0.6 mg/ml gE-gI at both 4 and 20 °C
at a rotor speed of 10,000 rpm, with equilibrium times of at least 36 h.
Molecular masses were determined by nonlinear least square fit of the
equilibrium gradient, absorbance versus radius (Fig. 3), using the model
of single ideal species, and a partial specific volume, 0.69, calculated
from the amino acid composition and the carbohydrate content (35).

Equilibrium Column Chromatography—The equilibrium column
chromatography method of Hummel and Dreyer (36) was used to ob-
serve the interaction between gE-gl and hlgG. A Superdex 200 PC
3.2/30 gel filtration column of 2.4 ml was connected to an Amersham
Pharmacia Biotech p Precision pump system. Absorbance of the eluant
was monitored at 280 nm with an Amersham Pharmacia Biotech p
Peak monitor. The column was equilibrated with five different concen-
trations of purified hIgG (Sigma): 250 nM, 500 nM, 1 uM, 2.5 uM, and 5
uM each in 20 mM Tris, pH 7.4, 150 mM NaCl. At each concentration,
four 20-pl injections in the appropriate column equilibration buffer
(including the relevant concentration of hIgG) were performed. These
four injections included gE-gl at a concentration equal to that of the IgG
in the column buffer plus no additional hIgG or hIgG at a concentration
equal to 1, 2, or 3 times that of the IgG concentration contained in the
column buffer. Binding experiments were done at 20 °C with a flow rate
of 100 pl/min.

Biosensor Studies—Biosensor studies were performed on a Biacore
2000 instrument. Purified gE-gI was diluted in 10 mm acetate buffer,
pH 4.1, for amine-based coupling to a Biacore chip. Immobilization was
accomplished by initial activation of the sensor chip with 0.2 M N-ethyl-
N'-(dimethylaminopropyl)-carbodiimide and 0.05 M N-hydroxysuccin-
imide. The N-hydroxysuccinimide-ester was then reacted with gE-gl
using the manual injection mode to allow for better control of immobi-
lization levels. Typically, an immobilization level of 200—-300 response
units was used for kinetic analyses described in Table I. The remaining
unreacted ester groups were inactivated by 1 M ethanolamine (pH 8.5).
Different concentrations of the chimeric IgG molecules were injected
over the immobilized gE-gl surface, as well as a control protein surface
(murine IgG). A citrate buffer, pH 3.5, was used for regeneration of the
surface between sequential injections. Sensorgrams obtained for IgG
binding to the control surface were subtracted from those obtained for
IgG binding to the gE-gl surface. The BIAevaluation version 3.0 soft-
ware package was used for kinetic analysis. Kinetic constants were
derived by simultaneous fitting to the association and dissociation
phases of the subtracted sensorgrams and global fitting to all curves in
a working set (Fig. 5). A working set consisted of injections of four or five
different concentrations of a hIgG construct over a surface containing
immobilized gE-gl. S.D. values are reported from experiments per-
formed in duplicate or triplicate on different sensor chips (Table I). In
all cases, a 1:1 binding model was used for curve fitting.

The expression of chimeric hIgG molecules was described previously
(37, 38). These molecules are composed of a murine anti-dansyl Vi
domain fused to the constant domains (Cy1 through Cy3) of hIgG4. An
expression vector containing ¢cDNA encoding the hybrid chain was
co-transfected into a non-Ig-producing mouse myeloma line along with
an expression vector containing ¢cDNA encoding a chimeric K light
chain (composed of a murine anti-dansyl Vi region fused to the human
Ck region). Site-directed mutations were introduced into the chimeric
heavy chain gene to make the hIgG4H435R mutant and the
hIgG3R435H mutant. The hlgG3-hIgG4 chimeras were generated by
exon shuffling as described previously (38).

Determination of Kp, Values by Cell Binding Assays—Chimeric hIgG4
was iodinated to a specific activity of 16.1 uCi/ug using the chloram-
ine-T method. CHO cell lines expressing full-length gE and gl were
grown to confluence in tissue culture plates. Cells were detached by
incubation with phosphate-buffered saline (pH 7.5), 5 mm EDTA for
20-30 min and collected in binding buffer at pH 7.0 (Hanks’ balanced
salt solution, 10 mm HEPES, 0.25% bovine serum albumin). The cells
were pelleted, washed once with binding buffer (pH 7.0), and resus-
pended in binding buffer (pH 7.0). Cells (1 X 10°) were mixed in
duplicate or triplicate assays with labeled hIgG4, different concentra-
tions of unlabeled hlgG4, and binding buffer (pH 7.0) to a total volume
of 0.5 ml. The samples were incubated for 2 h at room temperature.
After completion of the incubations, cells were pelleted for 5 min at
14,000 rpm in an Eppendorf microcentrifuge, the supernatants were
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FiG. 1. Soluble gE and gl assemble into a stable complex. Cells
producing gE, gl, or both gE and gl or nontransfected CHO cells were
labeled with [3°S]methionine/cysteine, and cell supernatants were an-
alyzed. A, SDS-PAGE (10%) analysis of protein isolated from superna-
tants of 2*S-labeled cells producing gE, gI, or gE-gl using antibodies
against either gE (lanes I and 2) or gl (lanes 3 and 4). B, SDS-PAGE
(10%) analysis of gE, gl, and gE-gI binding to either Sepharose-immo-
bilized rat IgG (lanes 1-4) or higG (lanes 5-8).

aspirated, and 1.0 ml of cold binding buffer was added. After removal of
the supernatants by aspiration, the tubes were placed in vials, and the
levels of radioactivity were determined using a Beckman Gamma 5500
counter. Nonspecific binding was determined by a similar treatment of
wild type CHO cells. The binding data were analyzed using Scatchard
plots. Assays were performed in triplicate, and the average of the two
most similar readings was used to compute the concentration of bound
1gG.

RESULTS

Co-Expression of Truncated gE and gl Results in Assembly of
a Stable Heterodimer—We constructed soluble versions of both
gE and gI by truncating each of the genes prior to their pre-
dicted transmembrane regions (following the codons for amino
acid 399 of mature gE and amino acid 246 of mature gI). The
modified genes were co-transfected into CHO cells. Transfected
cells were screened by immunoprecipitating supernatants from
metabolically labeled cells with antibodies against either gE or
gl (Fig. 1A4). SDS-PAGE analysis of immunoprecipitated pro-
tein from gE-gI positive clones revealed two bands with appar-
ent molecular masses of 56 and 43.5 kDa using either the
anti-gE or anti-gI antibody. The calculated molecular mass of
truncated gE is 42 kDa, and that of gI is 26 kDa; however, both
proteins are glycosylated (two potential N-linked glycosylation
sites in the sequence of gE and three potential sites in the
sequence of gI) and would be expected to migrate with a higher
apparent molecular mass.

HSV-1-infected cells have previously been shown to encode
proteins that bind hIgG but not rodent IgG (39). To investigate
the binding characteristics of soluble gE, gI, and the gE-gl



104

6914
A B ,
1gG/gE-gl 1gG/gE-gl |
1:3
1:2 L_
1:1
gE-gl

1gG

FIG. 2. Stoichiometry determination of the gE-gI'IgG complex
using conventional gel filtration. gE-gl and IgG were incubated for
30 min at pH 7.4 at the indicated molar ratios and then passed over a
size exclusion column to separate the gE-gl'IgG complex from uncom-
plexed proteins. At a 1:1 molar ratio of gE-gI to IgG, all of the protein
chromatographs as a single complex. When the input ratio of gE-gI to
IgG is greater than 1:1, there is excess gE-gl (A), whereas when the
input ratio of IgG to gE-gl is greater than 1:1, there is excess IgG (B)
(verified by SDS-PAGE analysis; data not shown). C, gE-gl and IgG
each elute as a single peak and can be distinguished from one another
on the basis of their retention times.

heterodimer, metabolically labeled supernatants from gE-, gl-,
or gE-gl-secreting cells were incubated with Sepharose-immo-
bilized hIgG or rat IgG. SDS-PAGE analysis revealed that
while none of the proteins bind rat IgG, the gE-gI complex
efficiently bound to the hIgG matrix. gE alone bound only
weakly to the human IgG matrix, while gl alone showed no
specific interaction (Fig. 1B).

A purification scheme based upon the FcR activity of gE-gl
was used to isolate soluble gE-gI heterodimers for biochemical
studies. Supernatants from cells expressing gE-gl were passed
over an hlgG affinity column, eluted at high pH, and then
further fractionated by size exclusion chromatography using a
Superose 6B gel filtration column. A single homogenous peak
corresponding to a gE-gl complex was obtained, demonstrating
that any free gE or gl present in the supernatants does not
efficiently associate with the hIgG matrix. By contrast, gE is
not purified when supernatants from cells expressing only gE
are passed over the hIgG column.

Soluble gE-gI migrates on the gel filtration column slower
than predicted by the molecular mass of a 1:1 heterodimer (100
kDa). Indeed, the retention time for gE-gI is greater than that
for IgG (165 kDa) (Fig. 2C). The increased retention might arise
because gE-gl is not a 1:1 heterodimer or because of anomalous
migration of a 1:1 heterodimer with an elongated or otherwise
nonspherical shape. In order to determine the stoichiometry of
soluble gE-gI, we analyzed the protein by N-terminal sequenc-
ing and equilibrium analytical ultracentrifugation. N-terminal
sequencing of purified gE-gI confirmed the presence of the
correctly processed forms of both proteins in approximately
stoichiometric amounts (data not shown). The molecular mass
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FiG. 3. Sedimentation equilibrium analysis of gE-gl. gE-gI at
0.6 mg/ml was centrifuged at 10,000 rpm until equilibrium was reached
(36 h). The gradient formed can be best fit to a single species with a
mass of 83.4 kDa. The errors of the fit, shown in the residuals plot, are
small and random.

of soluble gE-gI determined by equilibrium analytical ultracen-
trifugation is 83.4 kDa (Fig. 3), in close agreement with the
predicted molecular mass of a 1:1 gE-gl heterodimer calculated
using molecular masses of each monomer determined by mass
spectrometry (gE, 48.4 kDa; gI, 33.5 kDa). To investigate the
stability of soluble gE-gI, we used a circular dichroism-based
thermal unfolding assay, from which we determined that the
heterodimer denatures cooperatively with a 7', of 66 °C (data
not shown).

Taken together, these results indicate that gE-gl is a stable
heterodimer with 1:1 stoichiometry and that the heterodimer,
but neither free gE nor free gI, binds to monomeric hIgG with
high affinity. Thus, the observed interaction of free gE with IgG
reported here (Fig. 1B, lane 5) as well as previously (10) must
be low affinity or specific for aggregated IgG (11).

The Stoichiometry of the gE-gI"-IgG Complex Is 1:1—The stoi-
chiometry of the gE-gl-hIgG complex was determined to be 1:1
using a non-equilibrium-based gel filtration assay and con-
firmed using an equilibrium column chromatography method
(36). As shown in Fig. 2, gE-gl, IgG, and the gE-gI-hIgG com-
plex each elute as single peaks from a Superose 6B column and
can be distinguished from one another on the basis of their
retention times. To determine the stoichiometry of the gE-
gl'IgG complex, various molar ratios of gE-gl to IgG were
pre-equilibrated and then passed over the Superose 6B column.
When gE-gI and IgG were present at equimolar ratios, a single
peak corresponding to the gE-gl-IgG complex eluted from the
column (Fig. 2, A and B). SDS-PAGE analysis of the eluted
material revealed that both gE-gI and IgG were present in the
peak (data not shown), indicating that gE-gI and IgG form a
stable complex under these conditions. When the input ratio of
gE-gI to IgG was greater than 1:1, a peak corresponding to
excess gE-gl was observed in addition to the gE-gI-IgG complex
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FiG. 4. Stoichiometry determination of the gE-gl-IgG complex using equilibrium gel filtration. A Superdex 200 column was equili-
brated with 20 mm Tris, 150 mm NaCl, pH 7.4 containing either 250 nM hIgG (A) or 5 uM hlgG (B). A, 250 nm gE-gI was injected in equilibration
buffer (20 mm Tris, 150 mm NaCl, pH 7.4, 250 nm hIgG) along with the indicated additional concentrations of hIgG. B, 5 uM gE-gl was injected in
equilibration buffer (20 mm Tris, 150 mM NaCl, pH 7.4, 5 uM hIgG) along with the indicated additional concentrations of hIgG.

peak, whereas a peak corresponding to excess IgG was ob-
served in addition to the complex peak when the input ratio
was less than 1:1 (Fig. 2, A and B).

To verify the 1:1 stoichiometry of the gE-gI-hIgG complex, we
also used an equilibrium-based method. In this method, a gel
filtration column was equilibrated with buffer containing a
uniform concentration of hIgG (equilibration buffer). gE-gI and
hIgG mixtures in equilibration buffer were injected over the gel
filtration column. Four injections were made, containing gE-gI
at a concentration equal to that of hIgG in the equilibration
buffer and either no additional hIgG or 1, 2, or 3 mol eq of hIgG.
In all cases, all of the injected gE-gl binds to hIgG, migrating as
the gE-gl-IgG complex. When the amount of additional higG
injected is less than or greater than the amount required for
formation of the gE-gI-IgG complex, a trough (in the case of too
little hIgG) or a peak (in the case of excess hIgG) should be
observed at the position where free hIgG migrates. When the
amount of additional hIgG injected is equal to that required for
formation of the gE-gl-IgG complex, a flat base line should be
observed at the position where hIgG migrates. Over the con-
centration range from 250 nm (Fig. 44) to 5 um (Fig. 4B),
injections of additional hIgG in an amount equivalent to that of
gE-gl in the sample result in a flat base line at the higG
migration position. These results verify that the stoichiometry
of the gE-gl'hIgG complex is 1:1 over a protein concentration
range of 250 nM to 5 uMm.

Residue 435 at the Cy2-Cr3 Domain Interface Is Critical for
gE-gl'lgG Binding—Previous IgG binding studies with HSV-1-
infected cells indicated that hIgG1, hIgG2, and hIgG4 bind to
the HSV-1 FcR, while many hIgG3 allotypes do not bind (39—
41). This subtype binding preference resembles the binding
preferences for IgG binding by Staphylococcus aureus protein A
(protein A) and certain classes of rheumatoid factors (RF; an-
tibodies that bind to the Fc portion of Ig) (38, 42—45). We used
biosensor-based assays to quantitate the affinity between gE-gl
and hIgG subtypes and to characterize the molecular basis of
the observed binding specificities. Purified soluble gE-gI was
immobilized on the surface of a Biacore biosensor chip using an
amine-based coupling chemistry, as described in the Biacore
Methods manual. We analyzed the binding of chimeric murine-
hIgG molecules composed of the variable domains of a murine
anti-dansyl immunoglobulin fused to the constant domains of
hIgG1, higG2, higG3, or hIgG4 (37, 38). The chimeric hIgG
subtypes were analyzed for binding to immobilized gE-gI at low
coupling densities of gE-gI (100—-300 response units), condi-
tions under which mass transport-limited binding is not signif-
icant (46). The derived binding constants are summarized in

TABLE I

Binding of hIgG constructs to gE-glI immobilized on a Biacore chip

Kinetic constants were derived from sensorgram data using simulta-
neous fitting to the association and dissociation curves and global
fitting to all curves in a working set. Kinetic analysis was performed
using the BIAevaluation version 3.0 package. The equilibrium con-
stants, K;,, were determined from the ratios of the kinetic constants.
For hlgG3, hIgG4H435R, and 3—4-3-3, signals of less than 4 RU were
observed at protein concentrations of 3.0 uM.

By x 1074 kg X 10° Kp
Ms™! g™ nM

hlgGl 1.87 = 0.51 5.09 = 0.77 282 * 36
hlgG2 1.96 = 0.51 6.03 = 0.08 327 = 80
hlgG3
hlgG4 175 = 0.21 3.64 = 0.44 199 = 35
hlgG3R435H 1.55 = 0.44 12.31 = 4.09 947 = 533
hlgG4H435R
3-4-3-3
3-3-44 2.02 = 0.35 4.66 = 0.36 240 = 60
4-3-44 1.62 * 43 2.94 +2.04 231 * 188

Table I. Chimeric hIgG1, hIgG2, and higG4 bind to immobi-
lized gE-gI with equilibrium dissociation constant (Kj,) values
of 200—-400 nm. Of the different hIgG subtypes, hIgG4 has the
highest affinity for gE-gI, while hIgG3 does not show detectable
binding (>5 response units) at concentrations up to 3.0 um
(Table I and Fig. 5, A and B).

For an independent verification of the biosensor-derived af-
finities, full-length gE and gl were expressed in CHO cells (Fig.
6), and the binding affinity for hIgG4 was derived using iodi-
nated hIgG4. Scatchard analysis of the binding data yields a
K, value of 40.4 + 13 nM, compared with 199 + 35 nM in the
biosensor-based analysis (Fig. 7). The 5-fold lower affinity de-
termined using the biosensor assay could reflect that covalent
immobilization of gE-gI results in reduced affinity for IgG or
that the membrane-bound form of gE-glI has a higher affinity
for IgG than the soluble version. Although biosensor assays
may underestimate the true binding affinity of gE-gI for IgG,
they allow quantitative comparison of the relative binding af-
finities of different hIgG mutants for gE-gI.

Position 435 of hIgG sequences contains a polymorphism
that distinguishes many hIgG3 allotypes from higG1l, higG2,
and hlgG4. In many hlgG3, residue 435 is an arginine; a
histidine is found in all other subclasses. Histidine 435 is a
contact residue for protein A binding to IgG Fc (47) and is also
important for the binding of some rheumatoid factors to IgG
(38, 48, 49). The inability of some RF to recognize hIgG3 can be
reversed if the G3m(st) allotype is used. Recognition of this
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Fic. 5. Biosensor analysis of the binding of hIgG3, hIgG4, and the corresponding residue 435 mutants. Soluble gE-gl was immobilized
on the surface of a Biacore chip using a primary amine-based coupling protocol. The injected samples were 188 nM to 1.5 um hIgG3 (A), 46-366
nM higG4 (B), 70.8-566 nM hIgG3R435H (C), or 250 nM to 2 uM hIgG4H435R (D). For each set of binding experiments, sensorgrams are overlaid
with the calculated response using a 1:1 binding model. One representative set of injections from experiments performed in duplicate or triplicate

is shown for each interaction.

hIgG3 correlates with the presence of histidine at position 435,
while nonbinding hIgG3 have an arginine at position 435 (38,
48). Histidine 435 is located at the interface between the Cyx2
and the Cyx3 domains of IgG (Fig. 8). The Cy2-Cyx3 domain
interface of IgG has previously been implicated as the binding
site for HSV-1 FcR, based upon inhibition studies with a pro-
teolytic fragment of protein A (50). Alteration of residue 435
could therefore account for the observed differences in gE-gl
binding to the hIgG isotypes. Alternatively, since hIgG3 has an
extended hinge compared with other hlgG isotypes, hinge-
proximal structural differences might account for the observed
subtype-specific binding preferences. To investigate these pos-
sibilities, we used biosensor assays to examine the binding of
gE-gl to mutant hIgG3 and hIgG4 proteins and switch variants
in which the constant domains of different subclasses were
exchanged by exon shuffling (37, 38).

To investigate the effect of residue 435 upon gE-gl-IgG affin-
ity, the binding of gE-gI to hIgG3 and hlgG4 mutants was
examined. The hIgG3 mutant, hIgG3R435H, contains a histi-
dine at residue 435 in place of an arginine in the wild type
protein, while the hIgG4 mutant, hIgG4H435R, contains an
arginine at residue 435 in place of the histidine in the wild type
protein (38). The single residue change of arginine to histidine
at residue 435 of hIgG3 is sufficient to restore binding from
undetectable in the case of the wild type protein to an affinity
of 947 + 533 nM in the case of the single site mutant (Fig. 5, A
and C, and Table I). The reciprocal change in hIgG4, histidine
to arginine at position 435 (hIgG4H435R), results in no binding
at concentrations up to 3 uM, as compared with a binding

affinity of 199 *+ 35 nm for wild type hIgG4 (Fig. 5, B and D, and
Table I).

To probe for differences in affinity due to hinge-proximal
structural effects, the binding of gE-gI to switch variants of IgG
was examined. As described previously, switch variants have
been generated by exchanging the constant domains of differ-
ent subclasses by exon shuffling (38). The switch variants used
in these studies were 3-3-4-4 (Cyx1 and hinge domains of hIgG3,
Cy2, and Cyx3 domains of hIgG4), 4-3-4-4 (Cyxl, Cyx2, and Cy3
domains of hIgG4, hinge of hIgG3), and 3-4-3-3 (Cy1, Cy2, and
the Cy3 domains of hIgG3, hinge of hIgG4). Biosensor assays
indicate that the switch variants 3-3-4-4 and 4-3-4-4 bind gE-gl
with an affinity comparable with that of wild type hIgG4 (Table
I). By contrast, the switch variant 3-4-3-3 does not bind at
concentrations up to 3.0 um (Table I). These results demon-
strate that histidine 435 at the Cy2-Cy3 domain interface of
IgG is critical for gE-gI binding and that the presence of the
extended hinge in the chimeric hIgG3 does not significantly
hinder binding.

DISCUSSION

We have initiated a molecular characterization of IgG bind-
ing by the herpesvirus gE-glI protein. gE and gl are known to
associate in HSV-1-infected cells and upon co-expression in
heterologous systems (8, 9). Here we show that gE and gl
assemble into a stable complex when expressed as soluble
proteins. We also show that the soluble gE-gI complex can be
purified to homogeneity based upon its Fc receptor function,
using IgG affinity chromatography. Gel filtration and analyti-



107

Immunoglobulin G Binding by a Viral Fc Receptor

B¢

>

cell number

l

relative fluorescence intensity

6917
Gt

LA AW s

Tt R

R
TN o
=

——
o T =

|

B
A o o
- 5 . o o

FiG. 6. Expression of full-length gE and gl in CHO cells. CHO cells transfected with genes encoding gE and gl were assayed for surface
expression of both proteins using flow cytometry. Untransfected (dotted lines) or transfected (solid lines) cells were stained with FITC-labeled
human IgG (A), the mouse anti-gE antibody 1108 followed by FITC-labeled goat anti-mouse antibody (B), or the mouse anti-gl antibody fd69
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Fic. 7. Cell binding assay for determination of the binding
affinity of membrane-bound gE-gI for IgG. 1 X 10° CHO cells
expressing membrane-bound gE-gl were incubated with different con-
centrations of *?*I-labeled chimeric hlgG4. Binding data are presented
as a Scatchard plot. Each point represents the average of two duplicate
measurements. Three independent experiments yielded an average
binding constant of 40 + 13 nM.

cal ultracentrifugation experiments establish that soluble
gE-gl is a 1:1 heterodimer, consistent with observations for
gE-gl complexes derived from other a-herpesviruses (e.g. vari-
cella zoster virus (51)). These results demonstrate that the
transmembrane and cytoplasmic domains of gE and gl are not
required for gE-gl heterodimer assembly and that the extra-
cellular domains are sufficient for the assembly of gE and gI
into a stable heterodimer.

Whereas neither gE nor gl alone efficiently bind monomeric
hlgG, the gE-gI heterodimer binds hIgG with relatively high

F1G. 8. The location of histidine 435 on the structure of human
Fe. A ribbon diagram of the Cy2 and Cy3 domains of hIgG are shown
(47). The side chain of histidine 435 is shown on the carbon-a back-
bone. The figure was prepared using Molscript (75) and rendered using
Raster 3D (76).

affinity. Biosensor-based studies using immobilized gE-gI show
that soluble gE-gI binds to hIgG1, hIgG2, and hlgG4 with
affinities in the range of 200-400 nM. Results from binding
assays using CHO cells expressing membrane-bound gE-gI are
in close agreement with the binding constant of 50 nM reported
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for the interaction of rabbit IgG with HSV-1-infected cells (52).
In addition, the observed binding specificities for the gE-gI
interaction with different hIgG subclasses and rodent IgG par-
allels the binding specificities reported for IgG interaction with
HSV-1-infected cells (39, 53). Thus, our results confirm that the
FcR activity induced by HSV-1 infection of cells corresponds to
IgG binding by cell surface gE-gl heterodimers. The relatively
high affinity interaction between gE-gl and the hIgG subtypes
1, 2, and 4 indicates that nonimmune monomeric hIgG can coat
HSV-1 virions at the high concentrations of hIgG present in
serum (60-70 pum), thereby inhibiting virus neutralization by
antiviral antibodies.

Antibody bipolar bridging by gE-gl on HSV-1-infected cells
has been implicated in inhibition of ADCC mediated by mam-
malian FcyRs (20). Human peripheral blood mononuclear cells
have been shown to mediate lower levels of ADCC activity
against target cells infected with wild type HSV-1 compared
with cells infected with a gE-negative HSV-1. These differences
were attributed to the engagement of the Fc regions of cell
surface-associated antibodies by cognate gE-gI rather than by
the FcyR present on opposing immune effector cells. Among
mammalian receptors, FeyRI (K, ~0.5 X 107° M) is a high
affinity receptor, and FeyRII and FeyRIII (K, <1 X 10~ M) are
low affinity receptors (reviewed in Refs. 54 and 55). Thus,
based upon affinity considerations alone, the formation of a
gE-gl'IgG complex is likely to inhibit ADCC mediated by
FeyRII and FcyRIIL In addition, the observed 1:1 stoichiome-
try for IgG interaction with gE-gl, FcyRI, and FcyRIII, as well
as the fact that only one of two available binding sites on IgG is
a high affinity site in the FcRn-IgG complex (reviewed in Refs.
54 and 55), suggests a marked asymmetry in the Fc regions of
receptor-bound IgGs, such that only one of the binding sites is
in an optimal conformation for binding to many receptors. The
observed 1:1 stoichiometry of the gE-gI-IgG complex at micro-
molar concentrations of the proteins indicates that the asym-
metry of the gE-gl-IgG complex may prevent high affinity in-
teraction with a second gE-gl molecule. Similar mechanisms
could also account for a reduced reactivity of the gE-gl'IgG
complex with other Fcy binding proteins, irrespective of the
binding site location.

The 1:1 stoichiometry of the gE-gl'IgG complex could have
implications for signaling mediated by IgG binding to cell sur-
face gE-gl. Specifically, binding of monomeric IgG would not be
expected to induce dimerization of gE-gl heterodimers. How-
ever, aggregated IgG (such as IgG in immune complexes) or
anti-gE and anti-gl antibodies could result in gE-gI multimer-
ization. In addition, IgG involved in antibody bipolar bridging
(21) could result in the oligomerization of gE-gI with other viral
glycoproteins. A conserved YXX(L/V) motif is observed in the
cytoplasmic domains of gE from HSV-1, HSV-2, and PRV (33,
56, 57). In mammalian receptors, the YXX(V/L) motif is respon-
sible for various signaling events such as the internalization of
endocytic receptors from the plasma membrane, protein target-
ing to various cellular compartments (58), mediation of im-
mune cell activation (59), and inhibition of cellular immune
responses (60). The importance of the YXXI. motif in mamma-
lian immune responses raises the question of whether the
gE-encoded YXXL motif is functional in signal transduction
mediated by Fc binding. The FcR activity of gE-gI has been
suggested to initiate signaling events that facilitate capping
and extrusion of PRV glycoproteins, induced by a polyclonal
mixture of porcine anti-PRV antibodies (13). Whether anti-
HSV antibodies can mediate glycoprotein capping and extru-
sion in HSV-infected cells remains an important question to be
addressed. If antibody-induced capping and extrusion of viral
glycoproteins occurs in HSV-1-infected cells, the importance of
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Fc binding by gE-gI for the occurrence of the process can be
rigorously investigated with the current knowledge of gE-glI
binding specificities for different IgG and the interaction stoi-
chiometry. These studies will allow a better understanding of
the mechanisms by which the FcR activity of a-herpesviruses
could modify the protective effects of antiviral antibodies.

Antibody bipolar bridging has been implicated in inhibition
of ADCC by HSV (20) as well as in anti-PRV antibody-mediated
glycoprotein capping and extrusion (13); but is antibody bipolar
bridging sterically probable? Can an IgG molecule simulta-
neously use its Fab and the Fc regions in interactions with
antigens and Fec receptors? Although direct evidence for the
occurrence of antibody bipolar bridging is lacking, fluorescence
energy transfer studies indicate that the IgG molecule is highly
flexible (61), suggesting that simultaneous interactions of the
Fab and Fc domains as postulated in antibody bipolar bridging
are feasible.

Using mutant forms of hIgG, we show that histidine 435 at
the interface between the Cy2 and Cyx3 domains of IgG is
critical for the binding interaction. Other proteins known to
interact at the Cy2-Cy3 domain interface include protein A
(47), protein G (62), the neonatal Fc receptor (63), and RF (44).
Crystal structures have been reported for Fc complexes with
protein A (47), protein G (64), neonatal Fc receptor (65), and a
Fab fragment derived from a human IgM RF antibody (RF-AN)
(49, 66). From comparisons of the binding characteristics ob-
served for the gE-gl'IgG complex and IgG complexes with pro-
tein A, protein G, neonatal Fc receptor, and RF, it appears that
the gE-gl-IgG complex most closely resembles IgG complexes
with certain rheumatoid factors. The similarities include a lack
of binding of several hIgG3 allotypes, the species specificity
(binding to human and rabbit IgG, but lack of binding of rodent
IgG (39, 53, 66)), and the importance of histidine 435 in the
binding interaction. That the IgG binding specificity of gE-gl
closely resembles that of some RF is significant in understand-
ing the origin of RF, since it has been suggested that some RF
arise as anti-idiotypic antibodies against antibodies to bacterial
or viral Fcy-binding proteins, in a process known as idiotypic
networking (44, 67, 68).

Anti-idiotypic antibodies recognize the idiotypic determi-
nants expressed in the V region of a particular antibody or the
V regions of a group of related antibodies. It has been proposed
that anti-idiotypic antibodies are expressed in order to regulate
the expression of antibodies that dominate the response to a
particular antigen (69). Suppression of B cells expressing these
dominant antibodies would allow for the proliferation of other
antibodies using alternative V region sequences and ultimately
to the diversification of the antibody response (70). While the
expression of anti-idiotypic antibodies would normally decline
with the decreased expression of the antibodies to which they
are responding, anti-idiotypic antibodies that cross-react with
something so ubiquitous as self-IgG have the potential to be
continually propagated. This model of idiotypic suppression
provides a possible explanation for the production of RF as a
result of HSV-1 infection. Expression of gE-gI on the virion and
on the surface of HSV-1-infected cells would lead to production
of anti-gE-gI antibodies and subsequently to the production of
anti-anti-gE-gl antibodies that have the potential to be RF if
the epitope recognized by the anti-gE-gI antibody is the region
on gE-gl that interacts with IgG-Fc. In addition, persistence of
HSV-I infection may lead to continual production of RF.

The similarities we observe between the gE-gl-IgG complex
and IgG complexes with certain classes of RF support the
hypothesis that some RF might be anti-idiotypic antibodies
against antibodies to gE-gl and provide the basis to more
closely examine the linkage between herpesviral infections and
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pathogenic RF production. Further support comes from studies
by Tsuchiya et al. (71), which show that some RF share idio-
typic determinants with gE-gI, suggesting that these RF may
be anti-idiotypic antibodies against antibodies to gE-gl. How-
ever, whether the observed similarities in binding characteris-
tics of gE-gl-IgG and the RF-IgG complexes will correspond to
similarities in the interactions at the atomic level remains to be
determined from crystallographic comparisons of gE-gl'IgG
with RF-IgG complexes that show the closest resemblance in
binding characteristics.

Recent studies suggest that antibodies are highly protective
against herpes infections in human neonates (72). Based upon
the binding studies reported here and previous studies with
HSV-1-infected cells (39, 40, 53), gE-gl can mitigate the effects
of antiviral antibodies of the IgG1, IgG2, and IgG4 subtypes,
whereas IgG3 allotypes might confer the greatest protection to
a host due to the inability of many IgG3 allotypes to bind gE-gI.
HSV-specific antibodies of the IgG1, IgG3, and IgG4 subclasses
have been detected in genital herpes infections (73). Because
human neonatal Fc receptor (the receptor responsible for trans-
placental IgG transfer (74)) binds the four human IgG isotypes
with similar affinities,? IgG3 is likely to be transferred to the
fetus with equal efficacy compared with the other isotypes that
are generated, and it may constitute the isotype that confers
the greatest protection against neonatal herpes. However, it is
possible that anti-HSV hIgG3 antibodies are not produced or
are not effective in certain HSV infections, and therefore, a
virus expressing an IgG3-binding FcR would not experience a
selective advantage. This may explain the lack of hIgG3 bind-
ing to gE-gl and the evolution of the viral FcR with specificity
for other higG subclasses.
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