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Abstract

Intracelluar Membrane Traffick of Class I Major Histocompatibility

Complex Molecules and Transferrin Receptor:

A Study of Viral and Dominant-Negative Inhibitors

Elizabeth McBain Bennett

Class I major histocompatibility complex molecules play a fundamental role in our

immune response against viral infection. As viruses and hosts have coevolved, viruses have

developed strategies to prevent class I MHC antigen presentation so as to escape immune

detection. We set out to more fully define mechanisms by which viruses inhibit class I MHC

expression. The project had two aims: to better define the effect of adenovirus E19 on class I

molecule assembly and to develop reagents and techniques to study constitutive and HIV Nef

induced class I endocytosis. Adenovirus E19 had previously been shown to bind class I heavy

chains and retain them in the endoplasmic reticulum. However, even class I alleles which do not

bind well to E19 are delayed in their maturation by E19. While investigating this phenomenon

we identified a novel function of E19 in inhibiting the interaction of class I molecules with TAP.

E19 is the first viral protein shown to affect class I assembly at this step. Inhibition of class I

molecule/TAP association may disrupt peptide loading of class I molecules and account for
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delayed maturation of class I alleles that do not bind tightly to E19. Tools to study class I

endocytosis were generated while investigating the role of endosomal clathrin-coated buds. The

role for these clathrin-coated buds is unclear, though participation in receptor sorting and

recycling has been proposed. Using the dominant-negative clathrin inhibitor Hub, we explored

the effect of clathrin inhibition on the trafficking of transferrin receptor and on the organization

of early endosomes. While we did not confirm a role for clathrin in receptor sorting and

recycling, we did identify two novel effects of clathrin inhibition: redistribution of early

endosomes into a perinuclear aggregate and disruption of the spatial relationship between AP2

coated vesicles and the actin cytoskeleton. These results support a model in which the actin

cytoskeleton maintains the peripheral distribution of endosomes, and in the absence of

association between endosomes and actin the early endosomal compartment collapses into the

perinuclear area. Together these projects set the stage to investigate viral inhibition of

membrane trafficking of class I MHC molecules.
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Chapter 1

Introduction

The text of Chapter 1 is the work of Elizabeth Bennett. Some of the figures were

created by others; some figures have been published and are reproduced here with

permission. Figures 1.1 and 1.2 are reproduced with permission from Immunological

Reviews, 1999, Volume 168:5-11, copyright Munksgaard International Publishers Ltd.

Figures 1.5 and 1.6 are modified with permission from Immunological Reviews, 1999,

Volume 168:199-215, copyright Munksgaard International Publishers Ltd. These figures

were all created by Elizabeth Bennett. Figure 1.4 was created by Elizabeth Bennett with

the help of Diane Wakeham, a graduate student in the lab. Figure 1.7 C was created by

Dr. John Heuser at the Washington University School of Medicine and is reproduced

with permission from The Journal of Cell Biology, 1987, Volume 105: 1999-2009,

copyright Rockefeller University Press. Figure 1.9 was created by Dr. Frances Brodsky.

Figure 1.10 was created by Elizabeth Bennett based on the work of Dr. Frederick
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Introduction

The interplay between a host's immune system and the immune evasion tactics of

infectious pathogens highlights the opposing evolutionary forces faced by pathogen and

host. Persistent threat of infection drives the immune system to develop elaborate

pathways for ridding the body of infectious agents. Pathogens, in response to an evolving

host immune system, must develop unique strategies to escape immune surveillance so as

to establish infection and avoid clearance. Consideration of this ongoing struggle offers a

unique and fascinating insight into the forces that drive evolution.

Bacteria and viruses have developed many mechanisms for immune evasion

(Andersson et al., 1985; Burgert and Kvist, 1985). These tactics range from accessing

immune-privileged sights to actively disrupting key components of the immune system.

Additionally, pathogens might utilize components of the immune system for their own

advantage. Strategies for immune evasion have been broadly grouped into three

categories--stealth, sabotage, and exploitation--as presented by Dr. Frances Brodsky

(Brodsky, 1999) (Fig. 1.1 and 1.2). The focus of this dissertation are sabotage tactics of

viruses which inhibit antigen presentation by class I major histocompatibility complex

(MHC) molecules.

While the primary focus of this work is viral inhibition of class I MHC molecule

expression, the results of an investigation into the role of clathrin and the cytoskeleton in



Figure 1.1
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Figure 1.1. Mechanisms of pathogen immune evasion.

Immune evasion strategies can be grouped into three categories: stealth, sabotage, and

exploitation. Stealth includes strategies to avoid immune detection. Sabotage includes

mechanisms to disrupt specific functions of the immune system. Exploitation includes

the ability of pathogens to use immunological processes to their own advantage.

Reproduced with permission from Immunological Reviews, 1999, Volume 168:5-11.



Figure 1.2

Pathogen deployment of immune evasion strategies
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Figure 1.2. Pathogen deployment of immune evasion strategies.

Pathogens which possess immune evasion strategies of stealth, sabotage, and exploitation

are shown. Pathogens which use more than one strategy are shown in regions of overlap.

Reproduced with permission from Immunological Reviews, 1999, Volume 168:5-11.



transferrin receptor trafficking will also be presented. This second project stemmed from

the development of tools to study the role of clathrin in class I MHC molecule

endocytosis. The two projects share a common theme of intracellular protein trafficking

pathways and the use of inhibitors to study these pathways.

This chapter is divided into three sections: Class I MHC molecules, Viral

inhibition of class I MHC expression, and the Role of clathrin and the cytoskeleton in

transferrin receptor trafficking. The first section will introduce class I MHC molecules,

their function and structure, and their assembly and intracellular trafficking. The second

section will introduce viral mechanisms for downregulation of class I molecules and

highlight evidence for the coevolution of virus and host. The final section will introduce

the intracellular trafficking pathway of transferrin receptor and the role of clathrin and the

cytoskeleton in receptor endocytosis and recycling.

Class I major histocompatibility complex molecules

MHC molecules play a crucial role in signaling to T cells the presence of

infectious pathogens. The MHC locus is located on the short arm of human chromosome

six. It encodes both class I and class II MHC molecules, as well as accessory proteins

necessary for the proper assembly and intracellular trafficking of MHC proteins (Parham,

1999) (Fig. 1.3). Class I MHC molecules mainly present peptides derived from

intracellular pathogens (e.g. viruses), while class II MHC molecules present
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Figure 1.3. Genetic organization of the human major histocompatibility complex.

The human MHC is found on the short arm of chromosome 6. The region is

approximately 4000 base pairs and is divided into three subregions: the class I MHC, the

class II MHC, and the class III MHC. Though class I and class II MHC molecules are

encoded in their respective regions, some accessory proteins involved in class I MHC

molecule assembly are encoded in the class II locus, including tapasin, the TAP1 and

TAP2 subunits, and low molecular weight proteins (LMP) 2 and 7 which are subunits of

the proteasome. Heat shock protein (hsp) 70-1, -2, and an hsp70 homolog are encoded in

the class III region and may be involved in antigen processing (Pierce et al., 1991).

Additional genes are encoded in the MHC region but are not shown in this figure.
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extracellularly derived peptides (e.g. bacterial peptides). The presentation of non-self

peptides by MHC molecules activates T cells, triggering an immune response against the

foreign pathogen.

Class I MHC molecules: Function and structure

Function

Class I MHC molecules are heterotrimeric membrane proteins consisting of a

polymorphic, membrane-bound heavy chain, a soluble, noncovalently associated light

chain called 32-microglobulin (32m), and a peptide of approximately 8-10 amino acids

(Fig. 1.4). Class I heavy chains are encoded in the MHC in loci designated human

leukocyte antigen (HLA)-A, -B, and -C (Fig. 1.3). Nonclassical class I heavy chains are

encoded in loci designated HAL-E, -F, and -G and exhibit more restricted expression

profiles and specialized functions compared to classical class I molecules (Le Bouteiller

and Blaschitz, 1999; Leibson, 1998; Wainwright et al., 2000). 3,m is nonpolymorphic

and is encoded outside the MHC on human chromosome 15.

Class I molecules present bound peptides at the plasma membrane to CD8’

cytolytic T cells (CTL) (Doherty and Zinkernagel, 1975; Zinkernagel and Doherty,

1975). The antigenic peptides displayed by class I molecules are derived primarily from

intracellular proteins and serve as a representative sampling of the protein population

within a cell. The presentation of exogenous antigens by class I MHC molecules has

11
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Figure 1.4. Crystal structure of HLA-A2 with decameric peptide.

(A) The class I MHC heavy chain contains three domains designated O., (red), o,

(yellow), and 0.3 (green). The O., and O2 domains form a peptide binding groove--the O.

helices of these domains form the edges of the groove, and the 3 sheet portions form the

floor. In this figure the peptide binding groove is occupied by a decameric peptide from

calreticulin (shown in blue). The membrane-proximal Q, domain and 3,m (shown in

purple) both adopt immunoglobulin-type folds.

(B) Top-down view of the class I MHC molecule peptide binding groove.

Figure 1.4 was generated from coordinates 2CLR deposited in the Protein Data Bank

(Collins et al., 1994) using Molscript (Kraulis, 1991) and Raster3D (Merritt and Murphy,

1994) at the Molecular Structure Group facilities at UCSF.

13



been reported (Rock, 1996), though the mechanisms by which exogenous antigens are

processed for presentation by class I molecules have not been fully determined.

Presentation of non-self peptides signals to CTLs the presence of a pathogen (most

commonly an intracellular virus). Non-self peptides activate CTLs to initiate a cytotoxic

attack against the antigen presenting cell (Harty et al., 2000). This system of peptide

recognition allows the immune system to selectively destroy cells harboring viruses and

other intracellular pathogens.

Structure

The crystal structure of a class I MHC molecule (Collins et al., 1994) (Fig. 1.4)

reveals three heavy chain domains designated O.1, O2, and 0.3. Both 0.1 and O2 are

composed of a prominent alpha helix and an antiparallel 3-pleated sheet. These two

domains form a peptide binding groove which runs between the two alpha helices with

the B sheets serving as a floor. The membrane-proximal O-3 domain adopts an

immunoglobulin type fold, as does 3,m. 3,m associates with the class I heavy chain via

the O.3 domain and the underside of the 3 sheets of the O.1 and O2 domains.

Class I MHC molecules: Assembly and trafficking

The assembly of class I MHC molecules takes place within the lumen of the

14



endoplasmic reticulum (ER) where a variety of molecular chaperones and accessory

proteins aid in the folding and assembly of the class I molecule (Pamer and Cresswell,

1998; Solheim, 1999). Once assembled and loaded with peptide, class I molecules exit

the ER and traffic to the surface of the cell where displayed peptides can be monitored by

CTLs. The assembly pathway for class I molecules is shown in Fig. 1.5. The molecules

involved in class I assembly and the steps in the assembly process are presented below.

Components of the class I MHC assembly pathway

BiP

BiP is an hsp70 homologue which has been identified as both the immunoglobulin

heavy chain binding protein (Haas and Wabl, 1983) and the glucose regulated protein

grp78 (Pouyssegur et al., 1977). As part of the quality control machinery within the ER,

BiP interacts with nascent polypeptides during their translocation into the ER lumen.

Through ATP-dependent cycles of binding and release (Flynn et al., 1989), BiP prevents

protein aggregation and maintains polypeptides in a folding-competent state until they

achieve their native conformation (Gething and Sambrook, 1992). Upon achieving its

native conformation, the newly folded protein no longer displays accessible hydrophobic

patches to which BiP can bind, and the chaperone is released. BiP also associates in a

prolonged fashion with misfolded proteins (Hurtley and Helenius, 1989) and is thought to

play a role in targeting these proteins to the cytosol for degradation (Plemper et al.,
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Figure 1.5. Assembly and trafficking pathways of class I MHC molecules.

Class I MHC molecule assembly and trafficking are described in the test. Brackets

indicate areas of uncertainty with regard to the role of particular ER chaperons or the

order in which they interact with class I molecules. Question marks indicate processes

that are uncertain or for which mechanisms remain unclear. Modified with permission

from Immunological Reviews, 1999, Volume 168: 199-215.
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1997). BiP is found in association with free class I heavy chains (Kahn-Perles et al.,

1994; Nössner and Parham, 1995) and not with heavy chain-■ 3,m dimers, indicating that

BiP plays a role in the very early stages of class I heavy chain folding. Not surprisingly,

the association of BiP with nascent class I heavy chains was first observed the 3,m-

negative Daudi cell line (Sege et al., 1981). The discovery of class I heavy chain

retrograde transport (Wiertz et al., 1996a) and the association in yeast of BiP with the

Sec61p translocation machinery (Plemper et al., 1997) suggest that in addition to

stabilizing nascent class I heavy chains, BiP might aid in the transport of misfolded class

I molecules from the ER to the cytosol for degradation (Nössner and Parham, 1995).

In addition to BiP, other heat shock proteins have been implicated in the class I

assembly pathway. In particular, the heat shock protein grp96 has been hypothesized to

participate in peptide loading of class I molecules by acting as a peptide receptor in the

ER and transferring the peptides to empty class I molecules (Srivastava et al., 1994).

Calnexin

Calnexin is an ER-resident, membrane-bound chaperone that interacts with

nascent polypeptides and acts to both stabilize the proteins and retain unfolded proteins in

the ER (Bergeron et al., 1994). Like BiP, calnexin associates with free class I heavy

chains (Galvin et al., 1992; Nössner and Parham, 1995), though heavy chain-fl,m dimers
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have been observed in association with calnexin (Carreno et al., 1995). Calnexin

stabilizes free heavy chains and aids in their folding (Vassilakos et al., 1996). In mutant

cells that synthesize incompletely assembled class I molecules, class I heavy chains

accumulate in the ER and show a prolonged association with calnexin (Degen et al.,

1992) By retaining unfolded proteins in the ER (Rajagopalan and Brenner, 1994),

calnexin helps ensure that misassembled class I molecules do not traffic to the cell

surface. Association with calnexin is thought to account for the different ER-to-Golgi

transit times between different class I alleles, presumably because different alleles

achieve their native conformation and dissociate from calnexin with different kinetics

(Degen and Williams, 1991; Williams et al., 1985) Interestingly, an interaction with

calnexin is not obligatory for proper class I assembly, as class I peptide loading and

surface expression occur normally in calnexin-negative cells (Sadasivan et al., 1995;

Scott and Dawson, 1995). It is possible that BiP can compensate for the lack of calnexin,

suggesting a redundant role for the two chaperones.

Calnexin is a lectin and shows a marked preference for glycoproteins which carry

N-linked oligosaccharides (Ou et al., 1993; Williams, 1995) that have been processed to

the monoglucosylated form (Hammond et al., 1994). However, calnexin associates with

proteins which lack N-linked oligosaccharides (Rajagopalan et al., 1994), and the

association of calnexin with class I MHC molecules, which carry N-linked

oligosaccharide moieties, is mediated by a portion of the class I molecule that does not
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carry carbohydrate modifications (Margolese et al., 1993) A model has been proposed

whereby the initial interaction of calnexin with nascent polypeptides is mediated by

calnexin's recognition of monoglucosylated N-linked oligosaccharides, but subsequent

interactions depend more heavily on protein-protein interactions (Zhang et al., 1995).

Calnexin and BiP are found in association with different pools of free class I heavy

chains (Nössner and Parham, 1995) In light of BiP's proposed role in retrograde transport

of misfolded proteins, it has been proposed that calnexin interacts with class I molecules

on their way to forming functional complexes whereas BiP might interact with misfolded

class I molecules that are ultimately degraded.

Calreticulin

Calreticulin is a soluble ER-resident protein which, like calnexin, is a lectin and

associates with class I molecules in a carbohydrate-dependent manner (Krause and

Michalak, 1997), although calreticulin and calnexin associate with different glycoforms

of the class I heavy chain (Harris et al., 1998; Zhang and Salter, 1998). The association

of class I molecules with calreticulin temporally follows association with calnexin.

Whereas calnexin associates only with free class I heavy chains, calreticulin interacts

with heavy ammºn dimers and remains associated with class I dimers even as they

associate with the transporter associated with antigen processing (TAP) (Sadasivan et al.,

1996; Solheim et al., 1997). An association of calneticulin with 3,m in the absence of
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class I heavy chains has been observed, though the extent to which this result is due to the

presence of nonclassical class I molecules is unclear (Solheim et al., 1997). Though the

exact role for calreticulin in the assembly of class I MHC molecules is not well defined,

the chaperone is an integral part of the class I peptide loading complex (Cresswell et al.,

1999b) and presumably stabilizes empty class I dimers until they acquire peptide.

ERp57

ERp57 is a ER-resident protein which associates transiently with newly

synthesized polypeptides (Oliver et al., 1997) and is found in association with class I

MHC molecules (Hughes and Cresswell, 1998; Lindquist et al., 1998; Morrice and

Powis, 1998). Like calnexin and calreticulin, ERp57 requires a properly trimmed,

monoglucosylated glycoprotein as a substrate (Van der Wal et al., 1998), though ERp57

itself lacks lectin-like properties. The requirement for a glycosylated substrate may

reflect that ERp57 associates with substrate indirectly via calnexin or calreticulin (High et

al., 2000; Zapun et al., 1998). In fact, a model has been proposed whereby ERp57 acts in

concert with calnexin and calreticulin to aid in protein folding (Elliott et al., 1997; Oliver

et al., 1999).

ERP57 has been shown to possess both thiol-dependent reductase (Hirano et al.,

1995; Srivastava et al., 1991) and cysteine protease (Urade and Kito, 1992; Urade et al.,

1997) activities. ERp57 is a member of the thiol oxidoreductase family of proteins
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(Ferrari and Söling, 1999) and is thought to facilitate proper disulfide bond formation in

its substrates. Class I MHC molecules contain two intracellular disulfide bonds, and

association of class I molecules with ERp57 coincides with the formation of these bonds

(Farmery et al., 2000). One disulfide bond in particular, found in the O2 portion of the

peptide binding groove, is required for proper peptide acquisition by class I molecules

(Warburton et al., 1994). It has been hypothesized that formation of this disulfide bond is

needed for proper interaction of class I dimers with the peptide loading complex, and a

role for ERp57 in formation of this bond is under investigation (Cresswell et al., 1999a).

Additionally, the proteolytic activity of ERp57 may contribute to peptide trimming or

protein degradation in the ER (Otsu et al., 1995; Snyder et al., 1994).

Transporter associated with antigen processing (TAP)

TAP transports peptides from the cytosol to the lumen of the ER where they are

loaded onto newly synthesized class I MHC molecules (Elliott, 1997; Lankat-Buttgereit

and Tampé, 1999). TAP is a member of the ATP-binding cassette (ABC) family of

transporters (Higgins, 1992), which also includes the yeast sterile 6 protein (Kuchler et

al., 1989), the cystic fibrosis transmembrane regulator (Riordan et al., 1989), and P

glycoprotein (Horio et al., 1988). TAP is composed of two subunits termed TAP1 and

TAP2 (Androlewicz et al., 1994; Spies et al., 1992). The two subunits are 64%

homologous at the protein level (Lankat-Buttgereit and Tampé, 1999), and each contains
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six putative transmembrane domains (TMD) and a cytosolic ATP-biding domain. The

subunits come together to form a 12 TMD channel through which peptides pass in an

ATP-dependent fashion (Androlewicz et al., 1993; Neefjes et al., 1993). The transport of

peptides by TAP occurs in two steps (van Endert et al., 1994). First, peptides associate

with the cytosolic domain of TAP in an ATP-independent manner (Uebel et al., 1995)

followed by a conformational change in TAP and ATP hydrolysis which drives peptide

transport (Neumann and Tampé, 1999)

TAP exhibits selectivity in the peptides it transports (Uebel et al., 1997), which

affects the peptide repertoire bound by class I MHC molecules (Daniel et al., 1998) Most

of the peptides transported by TAP are generated in the cytosol by the proteolytic activity

of the proteasome (Rock et al., 1994), a multisubunit, ATP-dependent protease

(Baumeister et al., 1998). Two of the catalytic subunits of the proteasome (low

molecular weight proteins (LMP) 2 and 7) are encoded in the MHC (Glynne et al., 1991;

Kelly et al., 1991; Ortiz-Navarrete et al., 1991), and LMP2 and LMP7 knockout mice

display reduced class I MHC surface expression (Fehling et al., 1994; Van Kaer et al.,

1994). Other cytosolic proteases may contribute to peptide generation (Beninga et al.,

1998; Vinitsky et al., 1997), and additional trimming of peptides can occur in the ER

lumen (Elliott et al., 1995; Roelse et al., 1994; Snyder et al., 1994).

Within the ER lumen, class I heavy chain-■ 3,m dimers associate with TAP to

acquire antigenic peptide (Ortmann et al., 1994; Suh et al., 1994). Association of class I
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molecules with TAP has been shown to be via the TAP1 subunit (Androlewicz et al.,

1994). Though there is a report of class I molecules interacting with TAP2 (Powis,

1997), the particular TAP2 allele studied was from rat and may not reflect the situation in

human cells. The affinity of different class I alleles for TAP varies (Neisig et al., 1996),

though differences in TAP affinity may result from different affinities for tapasin or other

members of the class I loading complex. There are reports of 32m itself associating with

TAP (Fig. 2.4 and Solheim et al., 1997). The interaction may be mediated by

nonclassical class I molecules, though Solheim et al. addressed this possibility and

concluded that nonclassical molecules were not responsible.

Under physiological conditions TAP is phosphorylated, which seems to promote

formation of the class I peptide loading complex but inhibit the transport of peptides by

TAP (Li et al., 2000). Phosphorylation may regulate the activity of TAP as has been

observed for other members of the ABC family of transporters (Higgins, 1992).

Tapasin

Tapasin was first observed as a coprecipitating protein with TAP (Ortmann et al.,

1994) and was later identified as an ER-resident glycoprotein which binds independently

to both class I MHC molecules and TAP, serving as a bridge between the two molecules

(Li et al., 1997; Sadasivan et al., 1996). It has since been discovered that tapasin cements

the formation of a class I peptide loading complex, consisting of class I heavy chain-flim
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dimer, calreticulin, Erp57, tapasin, and TAP (Cresswell et al., 1999b) in a ratio of four

class I and tapasin molecules per TAP molecule (Ortmann et al., 1997). In addition to

bridging elements of the class I peptide loading complex to TAP, some data support a

role for tapasin in mediating the association of class I molecules with calreticulin and

ERp57 (Bangia et al., 1999; Hughes and Cresswell, 1998), though not all studies have

supported such a model (Lindquist et al., 1998; Solheim et al., 1997).

The absence of a functional tapasin molecule in the 721.220 cell line (Copeman et

al., 1998) results in a lack of class I-TAP interaction (Grandea et al., 1995) and

diminished class I expression on the cell surface (Grandea et al., 1995; Ortmann et al.,

1997), highlighting the importance of tapasin in the assembly of class I MHC molecules.

However, while tapasin is required for the assembly of most class I molecules, some

alleles are expressed on the cell surface in the absence of tapasin (Lewis et al., 1998; Peh

et al., 1998). The N-terminus of tapasin is responsible for association with class I MHC

molecules, calreticulin, and ERp57, while the C-terminus mediates interaction with TAP

(Bangia et al., 1999). Tapasin has been shown to affect the binding of peptides to the

cytosolic side of TAP (Li et al., 2000), consistent with an interaction between TAP and

the cytosolic, C-terminal domain of tapasin. Soluble tapasin, lacking its cytosolic

domain, associates with class I dimers but does not associate with TAP (Lehner et al.,

1998). Interestingly, soluble tapasin restores class I surface expression in 721.220 cells,

despite its inability to bind TAP.
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In addition to bridging elements of the class I peptide loading complex, tapasin

has also been credited with peptide editing (ensuring that class I molecules are loaded

with optimally biding peptides) (Barnden et al., 2000; Sijts and Pamer, 1997) and with

stabilizing empty class I dimers (Grandea et al., 1997) and retaining them in the ER until

they acquire peptide (Schoenhals et al., 1999). Though further study is needed to clarify

the myriad roles of tapasin, the protein clearly plays a prominent role in assembly of class

I MHC molecules (Androlewicz, 1999).

APLP2

Amyloid precursor-like protein 2 (APLP2) binds class I MHC heavy chain-fl,m

dimers and is the most recent ER protein implicated in the assembly of class I molecules

(Sester et al., 2000). The protein is a member of the mammalian amyloid precursor-like

protein family and shares homology with the amyloid precursor protein associated with

plaques seen in the brains of Alzheimer's patients. APLP2 was recently shown to be

identical to p100/110 which was found in association with class I MHC molecules in the

presence of the adenovirus E19 protein (Sester et al., 2000) (discussed in detail below).

In cells expressing adenovirus E19, murine class I MHC molecules show enhanced

association with a protein termed "p100/110" (Feuerbach and Burgert, 1993), and this

protein can be displaced by the binding of antigenic peptide to class I molecules. This

finding led to the idea that p100/110 might facilitate class I MHC peptide loading. With
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the identification of p100/110 as APLP2, it is now hypothesized that APLP2 plays a role

in peptide acquisition by class I molecules, though the function of APLP2 remains to be

fully elucidated.

Assembly of class I MHC molecules

The assembly pathway of class I MHC molecules is shown in Fig. 1.5. As class I

heavy chains are synthesized, they are targeted to the rough ER and enter the ER lumen

where they are modified by the addition of one N-linked oligosaccharide at position 86 of

the O.1 domain (Maloy, 1987). Class I heavy chains interact with BiP and calnexin, and

as they adopt a stable conformation they bind 3,m. Class I heavy chain-fl;m dimers then

interact with ERp57, calreticulin, APLP2, tapasin, and TAP.

Uncertainty remains about the exact order in which different chaperones interact

with class I molecules and whether various interactions are direct or indirect. For

example, the order in which class I molecules interact with ERp57 and calnexin has not

been resolved. Kinetic studies show that calnexin association with class I heavy chains

precedes association of ERp57 (Morrice and Powis, 1998). However, ERp57 has been

observed to coprecipitate with calnexin and to associate with class I heavy chains in the

absence of 3,m (Lindquist et al., 1998). These results suggest that ERp57 associates with

class I heavy chains very early, although these observations were made in murine cells.
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The proposal that ERp57 interacts with its substrate via calnexin or calreticulin may

reconcile these apparently conflicting results (Zapun et al., 1998) by allowing ERp57 to

bind calnexin- or calreticulin-associated class I molecules.

It is unclear to what extent association of ERp57 and calreticulin with class I

molecules is dependent upon tapasin. While some researchers have observed no

association of ERp57 or calreticulin with class I molecules in the tapasin-negative cell

line 721.220 (Hughes and Cresswell, 1998), others have observed coprecipitation of class

I molecules with ERp57 and calreticulin in the same cells (Lindquist et al., 1998; Solheim

et al., 1997).

The association of calnexin, calneticulin, ERp57, and TAP with class I molecules

are all sensitive to treatment with castanospermine (Lindquist et al., 1998; Sadasivan et

al., 1996; Vassilakos et al., 1996). Whether this indicates a direct, carbohydrate

dependent interaction of each of these molecules with class I MHC proteins or whether

certain castanospermine-sensitive chaperones mediate association of the class I molecules

with other components is unclear. There is already evidence that ERp57 interacts with

class I molecules via calnexin or calreticulin (Zapun et al., 1998) and that tapasin

mediates the association of class I molecules with calceticulin and ERp57 (Hughes and

Cresswell, 1998). Further study is needed to elucidate the exact nature of the interactions

between various components of the class I assembly pathway.

Despite the uncertainty as to the order in which these components participate in
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class I assembly, in the final stage of assembly tapasin cements the formation of a

multimeric peptide loading complex, and TAP-transported peptides are loaded onto class

I molecules. Trimeric class I complexes then exit the ER, traffic through the Golgi

apparatus, and follow a default pathway to the cell surface.

Generally only peptide-loaded class I complexes exit from the ER. Empty class I

dimers that progress beyond the ER recycle back from the intermediate compartment for

another opportunity to interact with TAP and acquire peptide (Bresnahan et al., 1997).

Class I molecules which ultimately fail to fold properly or acquire peptide are degraded.

Degradation of misfolded or empty class I MHC molecules

Degradation of class I MHC molecules which fail to properly assemble occurs in

the cytosol by the action of the proteasome. Retrograde transport of class I MHC

molecules from the ER to the cytosol was first demonstrated in cells expressing the

human cytomegalovirus US 11 gene product (Wiertz et al., 1996a). It was later shown

that retrograde transport proceeded via the same Sec61 complex responsible for

importing class I molecules into the ER (Wiertz et al., 1996b). These studies showed that

the class I heavy chain is first deglycosylated by the activity of an N-glycanase and then

degraded in the cytosol by the proteasome. The phenomenon of retrograde transport and

proteasomal degradation has also been demonstrated in cells which lack 3,m or are

deficient for peptide transport, indicating that this pathway functions normally in non
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virally infected cells as a way to degrade empty or misfolded class I molecules (Hughes

et al., 1997).

ER chaperones are thought to mediate the degradation of class I molecules.

Inhibition of class I-calnexin association accelerates degradation of class I molecules,

suggesting that calnexin stabilizes nascent class I molecules that would otherwise be

targeted for degradation before having time to properly assemble (Wilson et al., 2000).

The observation in yeast of an interaction between BiP and the Sec61 translocation

machinery (Plemper et al., 1997) suggests that BiP might help mediate the transport of

misfolded class I molecules to the cytosol, as has been proposed by Nössner et al.

(Nössner and Parham, 1995).

In the absence of a functional TAP class I molecules have been shown to

accumulate in the intermediate compartment (Raposo et al., 1995). The association of

ubiquitin and ubiquitin-conjugating enzymes with the intermediate compartment suggests

that class I molecules might also be targeted for degradation directly from this post

ER/pre-Golgi compartment.

Endocytosis of class I MHC molecules

Compared to our substantial knowledge of class I MHC assembly, far less is

known about mechanisms that control levels of class I expression at the plasma

membrane. The fate of class I molecules following antigen presentation has not been
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elucidated. Some studies have hinted at internalization of class I molecules, while others

have suggested that class I molecules are clipped from the cell surface by the action of a

metalloprotease (Anderson et al., 1998; Demaria et al., 1994). Recent discoveries of viral

proteins which induce class I MHC internalization (Coscoy and Ganem, 2000; Ishido et

al., 2000; Schwartz et al., 1996) have heightened our interest in mechanisms of class I

endocytosis. One of the aims of this dissertation is to determine the role of clathrin

coated vesicles (CCV) in the endocytosis of class I MHC molecules in different cell types

and to determine whether internalized class I molecules recycle to the plasma membrane

or are degraded.

Prior studies of class I MHC molecule endocytosis have yielded contradictory

results, most likely attributable to species- and cell-specific differences and to

inconsistencies in experimental procedures. Clathrin-coated vesicles have been

implicated in class I endocytosis in T lymphocytes and macrophages (Dasgupta et al.,

1988; Machy et al., 1987b), while caveolae are thought to mediate uptake in fibroblasts

(Huet et al., 1980; Machy et al., 1987a; Stang et al., 1997). A dynamin-1 mutant which

inhibits clathrin-mediated endocytosis had no effect on the surface expression of class I

molecules in HeLa cells, indicating that in these cells clathrin is probably not involved in

constitutive class I endocytosis (Le Gallet al., 2000). Endocytosis of class I molecules in

T lymphocytes and macrophages is spontaneous (Dasgupta et al., 1988; Hochman et al.,

1991; Machy et al., 1987b; Tse and Pernis, 1984), but in fibroblasts crosslinking
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antibodies are required to induce endocytosis (Huet et al., 1980; Machy et al., 1987a;

Stang et al., 1997). No uptake of class I molecules is observed in murine B lymphocytes

(Machy et al., 1982; Tse and Pernis, 1984), although in human B cells endocytosis of

class I molecules is readily observed (Reid and Watts, 1990).

The intracellular fate of endocytosed class I MHC molecules is as unclear as the

mechanisms of class I endocytosis. In macrophages, endocytosed class I molecules can

be seen in the trans Golgi network (TGN) (Dasgupta et al., 1988). In B cells, class I

molecules are found in an early endosomal compartment along with class II MHC

molecules and transferrin (Chiu et al., 1999). In T cells and fibroblasts endocytosed class

I molecules are reported to be routed to the lysosome for degradation (Huet et al., 1980;

Machy et al., 1987b). Recycling of endocytosed class I MHC molecules from an

endosomal compartment to the plasma membrane has been observed in a variety of cells

types (Abdel Motal et al., 1993; Reid and Watts, 1990; Tse et al., 1986), and the TGN

localization of endocytosed class I MHC molecules in human macrophages is suggestive

of a recycling pathway (Dasgupta et al., 1988). Recycling of class I MHC molecules may

allow for the presentation of exogenous antigens which intersect the trafficking pathway

of class I molecules (Gromme et al., 1999). While class I molecules primarily present

intracellular antigens, the presentation of exogenous antigens is known to occur (Jondal

et al., 1996; Rock, 1996).

Many cell surface receptors contain specific sorting motifs in their cytoplasmic
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domains which mediate endocytosis. The role of the cytoplasmic tail of class I MHC

molecules (comprised of amino acids 314-341) remains unclear. Spontaneous uptake of

HLA-A2 molecules in a leukemia T cell line was found to be dependent on amino acids

325-340 (Vega and Strominger, 1989). In B cells endocytosis of chimeric class I

molecules consisting of the extracellular domain of HLA-C and the short cytoplasmic tail

of HLA-G (comprised of only 6 amino acids) is impaired compared to that of full-length

HLA-C (Davis et al., 1997). However, crosslinkage-induced endocytosis of truncated

HLA-A2 molecules (which terminated at amino acid 313) proceeded at levels at or above

that of full-length -A2 in the T cell line Jurkat (Gur et al., 1997). Recent studies of the

HIV Nef protein have revealed a cryptic sorting motif in the cytoplasmic domain of

HLA-A and -B alleles (Le Gall et al., 1998). Nef-induced internalization of class I

molecules was found to be dependent upon a tyrosine at position 320 of the class I

molecule. HLA-C lacks this crucial residue and is not affected by Nef. Interestingly,

deletion of exon 6, which encodes position 320, had no effect on spontaneous uptake of

HLA-A2 molecules in leukemic T cells (Vega and Strominger, 1989). More work is

necessary to better define the role of specific amino acids in the endocytosis of class I

MHC molecules.

That prior studies of class I MHC molecule endocytosis have been performed in

different cell types from different species, some under normal conditions and some using

crosslinkers to induce endocytosis, explains the disagreement among the data. To fully
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determine mechanisms of class I endocytosis and the fate of internalized class I

molecules a more unified and consistent approach will be necessary.

Understanding how levels of class I expression are regulated at the plasma

membrane will give us better insight into the role class I molecules play in the immune

system, perhaps in processes such as positive and negative selection in the thymus and in

the presentation of exogenous antigens. Determining whether viral proteins utilize

existing internalization pathways or are capable of redirecting class I molecules to

normally inaccessible pathways will give us a better understanding of mechanisms by

which viruses downregulate class I expression.

Viral inhibition of class I MHC expression

The discovery that adenovirus can prevent antigen presentation by retaining class

I MHC molecules in the ER (Andersson et al., 1985; Burgert and Kvist, 1985) has led to

an explosion of discoveries of other viral proteins which share the ability to disrupt class

I MHC expression (reviewed in (Früh et al., 1999; Miller and Sedmak, 1999) (Table 1.1).

Downregulation of class I MHC molecules is one of many immune evasion tactics by

which viruses gain a strategic edge in establishing infection (Alcami and Koszinowski,

2000). Class I downregulation also plays a role in maintaining persistent infection and

avoiding clearance by the host. For example, the ability of members of the

herpesvirus family to downregulate class I MHC molecules helps explain why patients
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Table 1.1. Viral inhibition of class I MHC expression.

Virus Protein Effect on class I MHC expression Reference

Adenovirus | E19 Binds and retains class I molecules in the ER. (Andersson

Binds TAP and inhibits class I MHC-TAP et al., 1985;

iati Burgert and
aSSOC1at1OI). Kvist, 1985)

HCMV US2, Induce retrograde transport of class I heavy (Wiertz et

US11 chains to the cytosol for degradation. al., 1996a;
Wiertz et al.,
1996b)

US3 Binds and retains class I molecules in the ER. (Ahn et al.,
1996a; Jones
et al., 1996)

US6 Binds TAP and prevents peptide transport. (Hengel et
al., 1996;
Lehner et

al., 1997)

UL18, Inhibit lysis by NK cells. (Farrell et
UL40 al., 1997;

Ulbrecht et

al., 2000)

pp65 Inhibits processing of HCMV IE 72 kD protein. (Gilbert et
al., 1996)

HIV Nef Induces accumulation of class I molecules in (Piguet et

the Golgi by increased endocytosis and/or º2000;
- Chwartz et

PACS-1-mediated transport. al., 1996)

Vpu Destabilized class I heavy chains. (Kerkau et
al., 1997)

EBV EBNA-1 || Resistant to proteasomal degradation. (Levitskaya
et al., 1997)

HSV ICP47 Binds TAP and competes for peptide binding. (Früh et al.,
1995; Hill et
al., 1995)

KSHV K3, K5 | Induce endocytosis of class I molecules. (Coscoy and
(HHV8) Ganem,

2000; Ishido
et al., 2000)
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carry these viruses for life (Roizman, 1996). While class I downregulation is detrimental

to the infected host, it has proven enlightening for scientists. By uncovering strategies

employed by viruses to disrupt the expression of class I MHC molecules, we have gained

insight into previously unknown processes involved in class I assembly and trafficking.

Adenovirus

Adenovirus types 2 and 5 (members of the group C adenoviruses) encode at least

five gene products dedicated to immune evasion, four of which are encoded in the E3

region of the viral genome (Wold and Gooding, 1991) E3-19K (E19), retains class I

MHC molecules in the ER, preventing their cell surface expression (Andersson et al.,

1985; Burgert and Kvist, 1985). The other four proteins, E3-10.5K/14.5K, E3-14.7K,

and E1B-19K affect the immune response at a later stage, preventing Fas- and tumor

necrosis factor-mediated cell death (Gooding et al., 1988; Gooding et al., 1991; Shisler et

al., 1997). The E3 region of the adenovirus genome is unique in that it contains an NFkB

binding site, allowing for transcription of this region in lymphoid cells (Williams et al.,

1990). Responsiveness to NFkB and the fact that the E3 region encodes proteins which

counteract immune surveillance explains why group C adenoviruses persists in lymphoid

tissue (Horwitz, 1996). The entire E3 region is dispensable for viral replication (Morin et

al., 1987), yet adenoviruses continue to maintain this portion of their genome (Adrian et

al., 1989a; Adrian et al., 1989b), indicating that the region confers a selective advantage
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to the virus. Surprisingly, deletion of the E3 region results in more severe viral pathology

in the lungs of cotton rats (Ginsberg et al., 1989). This finding is informative for two

reasons: first, that adenovirus pathology is due, at least in part, to the activity of the

immune system; second, that a milder pathology must be advantageous to the virus,

perhaps by promoting viral spread from hosts whose infection is not obvious to those

around them.

Adenovirus E19 binds class I MHC molecules and retains them in the ER

Adenovirus E19 is an ER-resident glycoprotein which binds class I MHC

molecules (Kvist et al., 1978; Signas et al., 1982) and retains them in the ER (Andersson

et al., 1985; Burgert and Kvist, 1985). In E19 cells class I MHC molecules fail to

progress through the Golgi apparatus and are not expressed on the cell surface. As a

result, the CTL response against E19 cells is greatly diminished (Burgert et al., 1987;

Cox et al., 1990).

E19 carries a dilysine-based (KKMP) ER-retention signal at its C-terminus

(Jackson et al., 1990; Nilsson et al., 1989). This discovery of this motif led to the

hypothesis that E19 retains bound class I molecules in the ER by virtue of its ER

retention signal and does not affect class I assembly (Cox et al., 1991). However, some

researchers have suggested that E19 prevents peptide loading of class I molecules
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(Feuerbach and Burgert, 1993). As discussed in the previous section, E19 enhances the

association of class I molecules with APLP2, and APLP2 can be released upon class I

peptide loading. While a direct effect of E19 on peptide loading has been difficult to

detect (see Chapter 2), the finding that the viral protein increases the interaction of class I

molecules with APLP2 suggests thate 19 may affect peptide acquisition by class I

molecules. This idea is supported by the data presented in Chapter 2 of this dissertation

which shows that E19 binds TAP and diminishes class I-TAP association (Bennett et al.,

1999) (Fig. 2.3).

E19's ER lumenal domain mediates class I MHC binding, while its

transmembrane and cytosolic domains are responsible for ER retention and dimerization

of the viral protein (Pääbo et al., 1986). E19 exhibits allelic specificity towards class I

MHC molecules (Beier et al., 1994; Burgert and Kvist, 1987). While E19 binds HLA-A2

and -B7 very well, it binds HLA-Aw68, -B27, and -Bw38 much less efficiently (Beier et

al., 1994). Although E19 impedes the intracellular transport of these latter alleles, a

fraction of HLA-Aw68, -B27, and -Bw38 molecules do eventually escape to the cell

surface. The allelic specificity of E19 may mean that individuals are differentially

susceptible to adenovirus infection, though this possibility has not been investigated.

Studies using chimeric class I alleles and antibodies against specific portions of the class

I MHC molecule have identified the O.1 and O2 domains of the class I heavy chain as the

E19 binding region (Beier et al., 1994; Burgert and Kvist, 1987; Feuerbach et al., 1994;
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Flomenberg et al., 1994; Jeffries, 1990). That this region is also the class I peptide

binding region further hints at a role for E19 in disrupting peptide loading of class I MHC

molecules.

Human Cytomegalovirus (HCMV)

Of all viruses capable of inhibiting class I MHC expression, HCMV is

unequivocally the most fascinating. Early studies of the effect of HCMV on the

expression of class I MHC molecules revealed that in HCMV-infected cells class I

molecules are inherently unstable and are degraded shortly after synthesis (Beersma et

al., 1993; Warren et al., 1994; Yamashita et al., 1994). Further studies revealed that

HCMV has multiple gene products capable of downregulating class I molecules (Jones et

al., 1995). It is now clear that HCMV launches a formidable attack on class I expression

by inhibiting multiple steps in the class I assembly pathway. HCMV has at least five

gene products dedicated to preventing class I antigen presentation (Barnes and Grundy,

1992; Warren et al., 1994; Yamashita et al., 1993) and two more to preventing lysis by

natural killer (NK) cells (Farrell et al., 1999; Tomasec et al., 2000). These immune

evasion strategies are reflected in the ability of HCMV to establish lifelong infection in

the host (Britt and Alfold, 1996). While HCMV infection is usually mild or asymptotic,

reactivation of latent virus in immunocompromised hosts (particularly HIV patients and

organ transplant recipients) is extremely problematic, making it of great medical interest

39



to better understand HCMV's immune evasion strategies. As a laboratory tool, HCMV

has revealed a cytosolic degradation pathway for class I MHC molecules following their

retrograde transport from the ER (Wiertz et al., 1996a; Wiertz et al., 1996b), illustrating

the usefulness of pathogens for studying constitutive cellular processes.

HCMV US2 and US11 induce retrograde transport of class I MHC molecules to the

cytosol for degradation

HCMV US2 and US11 are ER resident proteins capable of inducing the

retrograde transport of class I MHC heavy chains from the ER to the cytosol where they

are degraded by the proteasome (Wiertz et al., 1996a; Wiertz et al., 1996b). This model

is based on the fact that in cells expressing US2 or US11 an intermediate class I

degradation product can be recovered from the cytosol when cells are treated with

proteasome inhibitors. The degradation product is a deglycosylated class I heavy chain,

indicating that in US2’ and US11" cells class I molecules are inserted into the ER and

glycosylated but are quickly (within minutes (Wiertz et al., 1996a)) transported to cytosol

where an N-glycanase removes the N-linked oligosaccharide. In US 11" cells, £2m is

secreted into the cell medium, reflecting the dearth of heavy chain binding partners

(Wiertz et al., 1996a). While US2 associates primarily with free class I heavy chains,

heavy chain-■ 3,m dimers are also susceptible to retrograde transport and degradation

(Jones and Sun, 1997). In the presence of US2, the class I heavy degradation product
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associates with both the Sec61 complex and the proteasome (Wiertz et al., 1996b).

Association with the Sec61 complex and the fact that retrograde transport is ATP

dependent suggest that class I molecules exit the ER via the same transport complex

through which they enter. Association of class I molecules with the Sec61 complex can

be induced by treatment with DTT, which prevents proper folding of class I molecules,

indicating that even in normal cells a retrograde degradation pathway exists for misfolded

class I molecules (Wiertz et al., 1996b). This finding was confirmed using TAP and 3,m'

cell lines in which class I molecules cannot properly assemble (Hughes et al., 1997).

Treatment of these cells with proteasomal inhibitors resulted in the appearance of a class

I degradation product in the cytosol.

US2 has also been shown to induce the proteasomal degradation of class II MHC

molecules (Tomazin et al., 1999). Unlike class I molecules, in US2’ cells treated with

proteasome inhibitors class II molecules do not appear in the cytosol. Therefore class II

molecules seem to be transported directly from the ER into the lumen of the proteasome.

This model is supported by the observed association of the proteasome with the ER

membrane (Yang et al., 1998). Whether class I molecules can also pass directly into the

lumen of the proteasome remains to be established.

Though US2 and US11 exert the same effect on class I MHC molecules, some

differences do exist between the two proteins. A direct interaction with class I molecules

has only been observed for US2 (Wiertz et al., 1996b). Whether US11 interacts with
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class I molecules directly or indirectly and whether the two viral proteins act in concert

remains to be determined. Though the allelic specificity of US2 and US 11 has not been

studied in humans, the two viral proteins exhibit allelic preferences towards murine class

I alleles (Machold et al., 1997). Additionally, US2 has also been shown to escort class I

heavy chains into the cytosol, while US 11 remains in the ER (Wiertz et al., 1996b).

HCMV US3 binds class I MHC molecules and retains them in the ER

The HCMV US3 protein is an ER resident glycoprotein which binds class I MHC

molecules, resulting in their ER retention (Ahn et al., 1996a; Jones et al., 1996). Unlike

HCMV-infected cells, US3’ cells do not exhibit decreased stability of class I molecules.

Rather, in the presence of US3 class I molecules do acquire peptide (Ahn et al., 1996a)

but are impaired in their transport from the ER to the Golgi.

US3 is expressed during the immediate early phase of HCMV infection and

precedes the expression of US2 and US 11 (Tenney and Colberg-Poley, 1991). A viable

model for HCMV downregulation of class I MHC molecules is that US3 retains class I

molecules in the ER until US2 and US 11 can transport them to the cytosol for

degradation. This model is supported by the fact that US3-retained class I heavy chains

are susceptible to retrograde transport and degradation in the presence of US2 and US 11

(Jones and Sun, 1997).
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Comparison of HCMV US3 and adenovirus E19

ER-retention of proteins containing a KKXX ER-retention motif is due to

retrograde transport from the Golgi to the ER mediated by the COP1 coatomer complex

(Springer et al., 1999). Via this retrieval mechanism, E19-class I complexes that exit the

ER are retrieved from the Golgi and transported back to the ER. Unlike E19, the

cytosolic domain of US3 does not confer ER-retention to the viral protein. Instead, US3

associates only transiently with class I molecules and then progress to the Golgi,

ultimately being diverted to the lysosome for degradation (Gruhler et al., 2000). Rather

than functioning via an ER-retrieval mechanism, US3 seems to impair class I trafficking

by excluding class I molecules from forward transport. Because the association of US3

with class I molecules is only transient, a continuous pool of newly synthesized US3 is

necessary to cause persistent ER-retention of class I complexes. A crucial observation

leading to this model is that in radiolabeled cells the amount of US3 coprecipitated with

class I molecules declines with time, even though the class I molecules themselves

remain EndoH sensitive (Gruhler et al., 2000). This finding is similar to the data in Fig.

2.1, which shows that the levels of E19 which coprecipitate with class I molecules also

diminishes with time (Bennett et al., 1999). While the ER-retaining mechanisms of US3

and E19 are clearly distinct, the tendency for the viral proteins to associate transiently

with class I molecules before being replaced by newly synthesized protein seems to be a

shared phenomenon.
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HCMVpp65 and US6 inhibit peptide generation and transport by TAP

The HCMV 72K immediate early (IE) protein is expressed prior to HCMV

inhibition of class I MHC expression. However, although T cells stimulated in vitro can

lyse cells expressing IE, few IE-responsive CTLs are detected in HCMV-infected

individuals. An HCMV matrix protein, pp65, which is released into the cytosol upon

viral entry, phosphorylates IE, preventing IE from being processed by the antigen

processing machinery (Gilbert et al., 1996). Whether phosphorylation prevents IE from

interacting with the proteasome or diverts IE to a different degradation pathway is

unclear, though the result is that IE peptides are not presented by class I molecules. The

ability to prevent antigen processing is not unique to HCMV. The Epstein-Barr virus t

nuclear antigen (EBNA)-1 contains an internal glycine-alanine repeat motif which

prevents its own processing (Levitskaya et al., 1995). |

HCMV US6 is an ER-resident glycoprotein which binds TAP and inhibits the |

translocation of peptides into the ER (Hengel et al., 1996; Lehner et al., 1997). In the

presence of US6, class I molecules fail to bind peptide and do not elicit a CTL response.

US6 interacts with TAP via its lumenal domain (Ahn et al., 1997) and is found in

complexes with class I dimers, tapasin, calnexin, calreticulin, and TAP, although the

presence of class I heavy chain and tapasin is not required for US6-TAP association

(Hengel et al., 1997). US6 does not affect the binding of peptides to TAP but inhibits the

transporter from importing peptides into the ER.
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HCMV infection increases TAP phosphorylation

It was recently shown that in HCMV-infected cells TAP is phosphorylated and

peptide transport is reduced by 25% (Li et al., 2000). As discussed above,

phosphorylation of ABC transporters regulates their activity, and phosphorylation of TAP

may control levels of peptide transport. HCMV is the first virus known so far to exploit

this feature of TAP.

HCMV UL18 and UL40 inhibit NK cell recognition

Natural killer cells express receptors which recognize class I MHC molecules on

target cells and transmit an inhibitory signal to the NK cell (Lanier, 1998). In the absence

of class I molecules, NK cells are activated and mount a cytotoxic attack against class I

negative cells. This phenomenon has been referred to as the "missing self" hypothesis

(Kärre, 1995) and provides a model for how our immune system deals with pathogens

which downregulate class I MHC expression. HCMV is a member of the herpesvirus

family, and NK cells are known to play a crucial role in immunological control of these

viruses (Biron et al., 1989). However, HCMV-infected cells do not seem to be

susceptible to lysis by NK cells, indicating that the virus must have evolved mechanisms

for escaping NK cell recognition. HLA-C alleles are resistant to the degratory effects of

US2 and US 11, and their presence on the cell surface may be sufficient to prevent an NK

cell response (Schust et al., 1998). Additionally, two HCMV proteins may ward off an
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NK cell attack. HCMV UL18 is a class I homologue that binds [3,m and peptide and can

prevent NK cell-mediated lysis of a target cell (Beck and Barrell, 1988; Browne et al.,

1990; Fahnestock et al., 1995; Farrell et al., 1997). HCMV UL40 contains a leader

sequence that can be presented to NK cells by HLA-E (Ulbrecht et al., 2000). HLA-E

expression is actually upregulated during HCMV infection (Tomasec et al., 2000) and

might play a vital role in inhibiting an NK cell response against HCMV-infected cells.

Herpes Simplex Virus (HSV)

HSV ICP47 inhibits TAP

Though all herpes viruses establish lifelong infection in the host (Roizman, 1996),

HSV is perhaps the best known virus to possess this ability. HSV-infected cells show

reduced levels of class I MHC expression and are resistant to CTL lysis (Hill et al., 1994;

Jennings et al., 1985; Koelle et al., 1993). The gene product responsible for loss of class

I surface expression was identified as the cytosolic protein ICP47 (York et al., 1994).

ICP47's cytosolic location and the instability of class I molecules in cells expressing the

viral protein (York et al., 1994) hinted at a role for ICP47 in preventing the generation or

translocation of antigenic peptides. This hypothesis was confirmed when it was found

that TAP-mediated transport of peptides does not occur in ICP47" cells (Früh et al., 1995;

Hill et al., 1995). Studies of the interaction of ICP47 with TAP revealed that ICP47

binds the peptide binding domain of TAP and competes with peptide for binding to the
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transporter (Ahn et al., 1996b; Tomazin et al., 1996). In the absence of transported

peptide, class I molecules do not properly assemble and are not expressed on the surface

of the cell.

Human Immunodeficiency Virus (HIV)

In one sense, HIV circumvents the need for creative immune evasion strategies by

infecting T cells and crippling the immune system. However, even HIV expresses at

least two proteins which prevent class I MHC expression. The HIV Vpu protein

degrades class I heavy chains early after their synthesis by an uncharacterized mechanism

(Kerkau et al., 1997). HIV Nef diminishes surface expression of class I molecules,

inhibiting the CTL response against Nef cells (Collins et al., 1998; Schwartz et al.,

1996). The effect of Nef on class I expression is discussed below.

HIV Nef induces class I MHC endocytosis and accumulation in the TGN

The HIV Nef (negative factor) protein has been ascribed numerous functions, including

increased viral infectivity, disruption of cellular signaling pathways, and internalization

of cell surface proteins (Peter, 1998). The fact that Nef is required for efficient HIV

replication and AIDS induction (Kestler et al., 1991) has led to intense efforts to better

define the role of Nef in HIV pathogenesis.

Nef has been shown to decrease the surface expression of both class I MHC
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molecules and CD4, the primary receptor for HIV (Dalgleish et al., 1984; Garcia and

Miller, 1991; Schwartz et al., 1996). Downregulation of class I MHC molecules is

clearly advantageous to the virus form an immunological standpoint by preventing CTL

lysis of HIV-infected cells (Collins et al., 1998). The purpose of CD4 downregulation

was first hypothesized to be prevention of superinfection with HIV (Benson et al., 1993).

However, recent evidence points to a role for Nef in increasing virion release and

infectivity by preventing CD4 from interacting with the HIV envelope protein gp120

during virion budding from the cell (Lama et al., 1999; Ross et al., 1999). Nef does not

affect the biosynthesis or transport of class I or CD4 molecules(Garcia and Miller, 1991;

Mangasarian et al., 1997; Sanfridson et al., 1994; Schwartz et al., 1996); instead

enhanced endocytosis of these proteins is the mechanism of Nef-induced downregulation

(Garcia and Miller, 1991; Schwartz et al., 1996). Nef-induced endocytosis is best t

characterized for CD4, which is internalized in clathrin-coated vesicles in the presence of s

the viral protein (Mangasarian et al., 1997). The mechanism of Nef-induced class I MHC

endocytosis is still being elucidated.

Early studies of the effect of Nef on class I molecule internalization focused

mainly on the role of CCV. These studies followed investigations of Nef-induced CD4

internalization, which occurs via CCV. The evidence for a clathrin-mediate Nef-induced

endocytic mechanism came from studies which showed that Nef colocalizes and

associates with components of the clathrin adaptor proteins (AP) (Bresnahan et al., 1998;
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Gallet al., 1998; Greenberg et al., 1998a; Greenberg et al., 1997; Piguet et al., 1998)

(adaptor proteins are discussed in the next section) and that Nef causes an increase in the

formation of clathrin-coated pits (Foti et al., 1997) and the accumulation of endosomes in

T cells (Sanfridson et al., 1997). In the presence of Nef, CD4 colocalizes with AP2

(Greenberg et al., 1997), accumulates in early endosomes (Schwartz et al., 1995), and is

degraded in an acidic compartment (Sanfridson et al., 1994), further supporting a

clathrin-mediated, Nef-induced endocytic pathway. A model has been developed which

proposes that Nef induces clathrin-mediated internalization of CD4 by connecting CD4 to

components of the clathrin sorting machinery (Mangasarian et al., 1997; Oldridge and

Marsh, 1998). However, mutations in Nef that inhibit internalization of CD4 do not

inhibit Nef-induced class I MHC internalization (Greenberg et al., 1998a; Greenberg et

al., 1997), and different Nef motifs mediate downregulation of CD4 and class I MHC

molecules (Greenberg et al., 1998a; Mangasarian et al., 1999; Riggs et al., 1999).

Therefore results from studies of the effect of Nef on CD4 cannot be directly extrapolated

to studying the effect of Nef on class I MHC expression.

Studies of Nef-induced class I MHC internalization in lymphoid cells have

suggested that like CD4, class I MHC molecules are internalized via CCV in the presence

of Nef. In Nef CEM cells class I molecules localize to endosomes and are degraded

(Schwartz et al., 1996). However, a clathrin-mediated mechanism of Nef-induced class I

MHC internalization has not been universally supported. In Nef fibroblasts class I
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molecules are internalized from the cell surface, accumulate in the TGN, and colocalize

with AP1 (Greenberg et al., 1998b). Using the epithelial cell line HeLa, Le Gallet al.

have shown that while Nef-induced CD4 internalization is dynamin-1-dependent, the

internalization of class I MHC molecules induced by Nef occurs independently of

dynamin (Le Gall et al., 2000). Dynamin plays a role in the formation of CCV (as

discussed in the following section). Therefore these data strongly point to a non-clathrin

mediated pathway for Nef-induced class I internalization in certain cell types. A role for

caveolae in Nef-induced endocytosis has not yet been investigated, but in light of the fact

that caveolae are implicated in class I endocytosis in some cell types, the interaction of

Nef with caveolae could be an interesting area of study.

Studies of Nef-induced class I internalization have revealed a cryptic sorting

motif in the cytosolic domain of HLA-A and -B alleles, which contain a tyrosine at

position 320, alanine at position 324, and aspartic acid at position 327 (Cohen et al.,

1999; Le Gallet al., 1998). HLA-C lacks tyrosine 320, and HLA-E lacks the alanine and

aspartic acid residues, making these alleles resistant to Nef-induced downregulation and

enabling them to prevent an NK cell attack (Cohen et al., 1999). Thus HIV, like HCMV,

has evolved mechanisms not only to prevent class I antigen presentation but also to

respond to our immune system's backup defenses by preventing an NK cell response as

well. Le Gall et al. have mutated the YaxoSQA324 motif to further elucidate mechanisms

of class I endocytosis (Le Gallet al., 2000). They created HLA-A2 molecules with
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prototypic tyrosine-based internalization motifs: YaxoSQL and YaxoSQI. YXXq) motifs,

where X represents any amino acid, and q is a residue with a hydrophobic side chain,

have been shown to mediate clathrin-dependent protein trafficking by interacting with the

pu subunits of AP1 and AP2 (Ohno et al., 1995). When HLA-A2 molecules containing

such motifs were expressed in HeLa cells they showed reduced cell surface expression.

Surface expression could be decreased even further by the expression of Nef, indicating

that Nef and the clathrin machinery act upon class I molecules via different class I

determinants. Class I molecules with prototypic internalization motifs were internalized

to the Golgi and colocalized with AP1 and rabó. This localization is identical to that for

wildtype class I alleles internalized in the presence of Nef. However, while wildtype

class I alleles do not show evidence of recycling from this location, alleles containing

internalization motifs did recycle back to the plasma membrane, and Nef had no effect on

their recycling. These data further indicate that, at least in HeLa cells, Nef acts on class I

molecules via a mechanism that is distinct from clathrin-mediate processes.

Piguet et al. recently shed light on the mechanism of Nef-induced class I

accumulation in the TGN (Piguet et al., 2000). Three regions of Nef are required for the

viral protein to exert its effect on class I expression: a myristylation signal which tethers

Nef to the plasma membrane, an SH3-binding, proline-based repeat, and a conserved

cluster of acidic residues (Greenberg et al., 1998b). Nef's acidic cluster shares homology
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with the PACS (phosphofurin acidic cluster sorting protein)-1 binding domains of furin

and mannose-6-phosphate receptor (M6PR). PACS-1 is a coat protein which mediates

trafficking of furin and M6PR from endosomes to the Golgi apparatus by linking these

molecules to AP1 (Wan et al., 1998). In cells expressing antisense PACS-1 and Nef, Nef

fails to relocate class I molecules to the TGN, and instead class I molecules remain on the

cell surface. Nef was shown to coprecipitate with PACS-1 and seems to act as a

connector between endocytosed class I molecules and the PACS-1 sorting machinery.

The model presented by Piguet et al. points to a role for Nef in redirecting endocytosed

class I molecules to the TGN, though whether Nef actually induces accelerated

endocytosis of class I molecules is unclear. The internalization of class I molecules in the

presence of Nef is not as rapid as that of CD4, and it may be that Nef exerts it primary

effect on class I molecules not by accelerating their endocytosis but by redirecting

endocytosed molecules to the TGN. Le Gallet al. found that class I molecules are

endocytosed quite slowly in HeLa cells, with only 5% of the molecules endocytosed in 5

minutes (Le Gall et al., 2000). Class I alleles containing prototypic internalization motifs

were endocytosed at a much higher rate, with 50% of the molecules internalized in 5

minutes. Although Nef increased the rate of endocytosis of class I molecules, even after

30 minutes up to 70% of the molecules remained on the cell surface. The minor effect of

Nef on the rate of class I MHC endocytosis suggests that Nef's primary role is in

redirecting class I molecules once they have been endocytosed.
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The mechanism of Nef-induced class I MHC downregulation is a focus of this

dissertation. To better understand how Nef affects trafficking of class I molecules more

work is needed to first identify constitutive pathways for class I endocytosis and to

determine the fate of internalized class I molecules. It will then be necessary to

determine whether Nef utilizes (or alters) these pathways or accesses novel pathways.

Additionally, both constitutive and Nef-induced class I endocytosis should be studied in

different cell types, as mechanisms of endocytosis clearly vary with cell type. Of

particular interest is the effect of Nef on class I MHC molecules in cells commonly

infected by HIV, such as T cells and macrophages. Studies in these cell types will help

us understand the role that class I MHC downregulation plays during actual HIV

infection. Experiments to address these issues are proposed in Chapter 4.

Kaposi's sarcoma-associate herpesvirus (KSHV)

KSHV 3 and 5 induce class I MHC endocytosis

KSHV (also called human herpes virus 8) is associated with the development of

Kaposi's sarcoma (Whitby and Boshoff, 1998). Two KSHV proteins, K3 and K5, have

recently been shown to cause enhanced endocytosis of class I MHC molecules (Coscoy

and Ganem, 2000; Ishido et al., 2000). In the presence of K3 or K5, class I molecules

assemble, acquire EndoH resistance, and traffic to the surface of the cell but are then

quickly internalized and degraded in a lysosomal compartment. K3 and K5 differ in their
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ability to downregulate class I molecules: K3 downregulates all class I alleles, while K5

is inhibited in its ability to induce endocytosis of HLA-C and -E alleles (Ishido et al.,

2000). The transmembrane and cytosolic domains of the class I heavy chain appear to

mediate K3/K5-induced endocytosis (Ishido et al., 2000), though no association of the

viral proteins with class I molecules has been observed (Coscoy and Ganem, 2000). It is

not even clear where the viral proteins are localized in the cell, as they have been

reported to reside primarily in the cytosol and at the plasma membrane (Ishido et al.,

2000) as well as being associated with the ER membrane (Coscoy and Ganem, 2000).

Further work is necessary to determine the mode of action of K3 and K5, although

preliminary results indicate that K5-mediated class I downregulation is via endocytosis in

clathrin-coated pits (Coscoy and Ganem, 2000).

Evidence for coevolution

That so many viruses have developed strategies to inhibit class I MHC expression

Speaks to the fact that viruses face a constant challenge from the host's immune system.

Immune evasion genes are often dispensable for viral replication; viruses have acquired

these genes over the course of evolution and seem to maintain them only in the face of

evolutionary pressure from the host. The existence of NK cells highlights the

*Volutionary pressure on the host to maintain backup lines of defense against pathogens

which disrupt class I MHC expression. Even here coevolution is evident, as viruses such
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as HCMV, HIV, and KSHV have all evolved such that their class I downregulating

processes do not affect HLA-C and -E, class I alleles known to inhibit an NK cell

response (Borrego et al., 1998; Colonna et al., 1993). As our immune system continues

to coevolve with viral pathogens, it will be interesting to see if in the next million years it

adapts to uniquely recognize cells which express only HLA-C and -E alleles.
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Figure 1.6. Viral inhibition of class I MHC molecule assembly and trafficking and

NK cell-mediated lysis.

Viral gene products which inhibit class I MHC expression act at the following steps:

(1) HCMV US2 and US 11 induce retrograde transport of class I heavy chains into the

cytosol for degradation by the proteasome. (2) HIV Vpu causes degradation of nascent

class I heavy chains by an uncharacterized mechanism. (3) HCMV pp65 phosphorylates

the HCMV IE 72 kD protein, preventing its antigen processing. EBV EBNA-1 contains

an internal gly-ala repeat motif which prevents its own proteasomal degradation.

(4) HSV ICP47 and HCMV US6 inhibit TAP, ICP47 competes with peptides for TAP

binding. US6 prevents peptide transport. (5) Adenovirus E19 inhibits the association of

class I molecules with TAP. (6) Adenovirus E19 and HCMV US3 retain class I

molecules in the ER. (7) HIV Nef and KSHV K3 and K5 induce endocytosis of class I

molecules. (8) In certain cell types HIV Nef causes accumulation of class I molecules in

the TGN by inducing PACS-1-mediated transport from endosomes. (9) In certain cell

types HIV Nef- and KSHV K3- and 5-induced endocytosis leads to class I degradation in

the lysosome.

Viral gene products which inhibit NK cell-mediated lysis act at the following steps:

(10) HCMV UL18 acts as a class I MHC mimic at the cell surface. (11) HCMV UL40

contains a leader sequence which can be presented by HLA-E. (12) HIV, HCMV, and
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KSHV selectively affect HLA-A and -B class I alleles, allowing HLA-C and -E alleles to

inhibit an NK cell response.

Modified with permission from Immunological Reviews, 1999, Volume 168: 199-215.
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The role of clathrin and the cytoskeleton in transferrin receptor endocytosis and

recycling

Eukaryotic cells contain numerous membrane-bound compartments with

specialized functions. These compartments require specific protein components to

maintain their function. In addition, the protein composition of the plasma membrane

must be regulated to control signaling events and maintain proper uptake and secretion of

various molecules. The need for temporal and spatial control of protein distribution calls

for an elaborate system of protein trafficking within a cell (Rothman and Wieland, 1996).

The transport of proteins between membranes occurs via membrane vesicles which

acquire cargo proteins by budding from a donor membrane and deliver the proteins to a

target membrane by membrane fusion. Coat proteins mediate membrane budding and

trafficking events, with distinct coats responsible for protein trafficking between different

membranes (Schekman and Orci, 1996). The clathrin coat mediates receptor-mediated

endocytosis at the plasma membrane and lysosomal targeting of proteins from the TGN.

Chapter 3 of this dissertation addresses the role of clathrin in receptor recycling following

RME.

Clathrin and adaptor proteins

Clathrin-coated vesicles mediate the selective transport of integral membrane

proteins between cellular membranes (reviewed in Kirchhausen, 2000). At the plasma
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membrane, clathrin mediates receptor-mediated endocytosis (RME), targeting surface

receptors to the endosomal compartment. At the TGN, clathrin targets lysosomal

proteins to the lysosome. Clathrin molecules form triskelion subunits composed of three

clathrin heavy chains and three clathrin light chains which polymerize on membranes into

the distinctive polyhedral structure of a CCV. Fig. 1.7 shows the structure of the clathrin

triskelion and an image of a clathrin-coated vesicle budding from the plasma membrane.

Completion of the polyhedral clathrin cage causes budding vesicles to dissociate from the

membrane. After an uncoating step, vesicles fuse with target organelles, delivering cargo

proteins to their destination.

Adaptor proteins in the cytosol facilitate the association of clathrin triskelions

with membrane proteins (Pearse and Robinson, 1990) and from a layer between the

invaginating membrane and the surrounding clathrin coat (Vigers et al., 1986). AP1 acts

at the TGN, while AP2 functions at the plasma membrane to mediate RME. The domain

structures of AP1 and AP2 are shown in Fig. 1.8. The complexes consist of a core

domain joined to two ear domains via a region called the hinge domain. The hinge

region of the AP2 [3 subunit has been shown to associate with the terminal domain of

clathrin (Greene et al., 2000; Shih et al., 1995), while the O. subunit mediates interaction

with lipid membranes (Chang et al., 1993). Fig. 1.9 shows the steps involved in AP2

mediated clathrin-receptor association at the plasma membrane and the subsequent

vesicle budding and uncoating steps.
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Figure 1.7

Clathrin structure and assembly
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Figure 1.7. Clathrin structure and assembly.

(A) The clathrin triskelion is composed of three clathrin heavy chains (192 kD, shown in

red) and three clathrin light chains (25-29 kD, shown in purple). The three heavy chains

interact with each other via their trimerization domains (shown in blue) and with adaptor

proteins and accessory molecules via their terminal domains (shown in green). Hub

(outlined in orange) comprises the C-terminal third (proximal leg and trimerization

domain) of the clathrin heavy chain.

(B) Clathrin triskelions self assemble into a repeating lattice. Clathrin heavy chains are

nonplanar, such that polymerization on a membrane induces membrane curvature. The

final polyhedral lattice of a clathrin-coated vesicle is composed of repeating pentagonal

and hexagonal units. Light chains are incorporated into the final clathrin coat, though for

simplicity they are not shown in this figure.

(C) Deep-etch image of the cytosolic side of a plasma membrane showing the polygonal

lattices of a clathrin-coated pit and an invaginating clathrin-coated vesicle (scale bar 33

nm). Reproduced with permission from The Journal of Cell Biology, 1987, Volume 105:

1999–2009.
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Figure 1.8

Structure of clathrin adaptor protein complexes
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Figure 1.8. Structure of clathrin adaptor protein complexes.

Clathrin adaptor proteins are composed of four subunits: O., 3), or, and put for AP1 and Y,

3, o, and pu, for AP2. The four subunits adopt a structure consisting of three types of

domains: a core domain, two ear domains, and two hinge domains which connect the ears

to the core. Adaptor proteins act to connect clathrin to membrane proteins and

concentrate protein cargo in developing clathrin-coated pits. AP1 functions at the TGN;

AP2 functions at the plasma membrane.
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Figure 1.9. Clathrin-mediated endocytosis.

The sequence of events involved in clathrin-mediated endocytosis is shown in numbered

steps. (1) Plasma membrane receptors (only some of which contain an AP2 recognition

motif) and an unknown docking factor for AP2. (2) AP2 complexes interact with an AP2

docking factor on the plasma membrane. (3) AP2 complexes interact with motifs in the

cytoplasmic domains of receptors (which contain an AP2 recognition motif) and nucleate

clathrin assembly. Clathrin assembly organizes the AP-associated receptors and sorts

them from non-interactive receptors. (4) The fully polymerized clathrin-coated vesicle

detaches from the membrane. (5) Clathrin and AP complexes are progressively uncoated

from the internalized CCV. (6) Vesicle contents are fused into an early endosome.
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Early endosomal compartment: Sorting endosomes and the recycling compartment

Following RME, receptors and their ligands are delivered to an early endosomal

compartment, comprised of both sorting and recycling endosomes (Ghosh et al., 1994).

Sorting endosomes have a tubulovesicular morphology (Geuze et al., 1983) and contain

endocytosed materials that are to be recycled to the plasma membrane as well as

materials destined for the lysosome (Dunn et al., 1989). This mildly acidic compartment

(Yamashiro and Maxfield, 1987) serves as the primary sorting site from which

endocytosed receptors and ligands are directed to their ultimate cellular destinations.

Some receptors progress to the late endocytic pathway, ultimately residing in the

lysosome where they are degraded. Epidermal growth factor (EGF) receptor follow this

route (Carpenter and Cohen, 1976; Fox and Das, 1979), with lysosomal degradation

serving a way to regulate EGF signaling. Other receptors, such as transferrin (Tf), low

density lipoprotein (LDL), and O.2-macroglobulin receptors, are sorted from the endocytic

pathway and recycle to the plasma membrane for subsequent reutilization (Anderson et

al., 1982; Hopkins and Trowbridge, 1983; Kaplan, 1980). These receptors are sorted

from the sorting endosome to the interconnected tubules (Yamashiro et al., 1984) of the

recycling compartment (Dunn et al., 1989; Mayor et al., 1993). Though still acidic,

recycling endosomes maintain a slightly higher pH than sorting endosomes (Presley et

al., 1993), and the two compartments are distinguishable by optical and electron

microscopy (Dunn et al., 1989; Marsh et al., 1995; Marsh et al., 1986; Yamashiro et al.,
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1984) and by their characteristic marker proteins (Daro et al., 1996; Sheff et al., 1999;

Trischler et al., 1999). While the movement of receptors and ligands through the early

endocytic compartment has been extensively studied, the mechanisms controlling their

trafficking have not been fully elucidated.

Intracellular trafficking of transferrin receptor and low density lipoprotein receptor

Transferrin receptor (TfR) is the prototypical recycling receptor (Hopkins and

Trowbridge, 1983.) It binds iron-loaded (holo) Tf at the cell surface, where neutral pH

favors this interaction (Dautry-Varsat et al., 1983; Klausner et al., 1983a). Upon

endocytosis, TfR and Tf are delivered to sorting endosomes. Under acidic conditions

iron dissociates from Tf and is released to the cytosol for storage or use (Dautry-Varsat et

al., 1983; Klausner et al., 1983b; Rao et al., 1983). Apotransferrin, devoid of iron,

remains bound to TfR at acidic pH (Dautry-Varsat et al., 1983; Klausner et al., 1983a),

and travels with the receptor through the recycling compartment back to the cell surface

(Karin and Mintz, 1981; Klausner et al., 1983b), where neutral pH favors the binding of a

new holotransferrin molecule. In this manner, an individual TfR molecule may cycle up

to 300 times before eventually being degraded in the lysosome (Omary and Trowbridge,

1981).

Like TfR, the LDL receptor (LDLR) recycles to the plasma membrane following

endocytosis (Anderson et al., 1982). An individual LDLR molecule may cycle up to 150
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times in its lifetime (Brown et al., 1982). However, in the acidic environment of the

endosome, LDL is released from its receptor and progresses to the lysosome (Davis et

al., 1987). Because Tf and LDL are both internalized via RME to sorting endosomes and

then separate from one another, with Tf traveling to the recycling compartment and LDL

progressing to the lysosome, these two ligands can be used as markers to monitor

endocytosis, sorting, and recycling. The trafficking pathways of Tf, TfR, LDL, and

LDLR are shown in Fig. 1.10. *
º

The existence of compensatory or complementary trafficking pathways for both

the endocytosis and recycling of TfR has been hypothesized. It has been shown that TfR º

gº

can enter the cell, though in a delayed fashion, despite disruption of its interaction with º

clathrin (Jing et al., 1990; McGraw and Maxfield, 1990). Endocytosis of TfR is greatly

diminished but not abolished in the presence of clathrin inhibitors (Damke et al., 1994)

and Chapter 3 of this dissertation). The detachment of CCV from the plasma membrane -

requires the activity of dynamin (Schmid et al., 1998). Dynamin associates with clathrin

coated pits by wrapping around the neck of a forming vesicle. Via a GTPase activity

dynamin induces detachment of a CCV from the plasma membrane. Damke et al. have

identified a clathrin- and dynamin-independent pathway for TfR pinocytosis from the

plasma membrane (Damke et al., 1995). This pinocytic mechanism may account for the

lack of complete inhibition of TfR internalization when clathrin-mediated endocytosis is

impaired.
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Figure 1.10

Endocytosis and recycling pathways
of transferrin and low density lipoprotein receptors
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Figure 1.10. Endocytosis and recycling pathways of transferrin and low density

lipoprotein receptors. The intracellular trafficking of TfR and LDLR is described in

detail in the text. Briefly, TfR and LDLR are endocytosed from the plasma membrane in

clathrin-coated vesicles. Upon entering the sorting endosome, LDL is released from

LDLR, and iron is released from Tf. LDL progresses to the lysosome. LDLR and

TfR/Tf traffic through the recycling compartment back to the plasma membrane. At the

plasma membrane Tf is released from TfR, and both TfR and LDLR bind new ligands

and cycle again. Based on the work of Dr. Frederick Maxfield, Physiological Reviews,

1997, Volume 77: 759–803.

Key: LDL, low density lipoprotein. LDLR, low density lipoprotein receptor. Tf,

transferrin. TfR, transferrin receptor.
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In addition to a secondary route of TfR internalization there are at least two

pathways for TfR recycling, resulting in fast and slow pools of recycling receptors which

access the recycling compartment to different degrees (Ghosh and Maxfield, 1995;

Hopkins, 1983; Hopkins et al., 1994; Hopkins and Trowbridge, 1983; Sheff et al., 1999).

Some studies have even found evidence for TfR recycling via the Golgi apparatus (Snider

and Rogers, 1985; Stoorvogel et al., 1988; Woods et al., 1986), though this model has not

been supported some studies (Hedman et al., 1987). The existence of multiple trafficking

pathways for TfR complicates studies aimed at determining the role of clathrin in TfR

transport. It must be kept in mind that experimental systems which alter protein

trafficking may skew TfR distribution between its alternative trafficking routes.

The role of clathrin in receptor recycling

While it is known that recycling receptors such as TfR, LDLR, and O2

ºnacroglobulin receptor are endocytosed in CCV (Anderson et al., 1977; Bleil and

Bretscher, 1982; Willingham et al., 1979), the degree to which clathrin mediates the

*Orting and subsequent recycling of the proteins has been a subject of debate. Under

°onditions which inhibit clathrin-mediated internalization of TfR, recycling of the

*ceptor occurs with normal kinetics, suggesting that receptor recycling is a clathrin

"dependent process (Damke et al., 1994; Jing et al., 1990; McGraw and Maxfield, 1990).

Physical sorting mechanisms have been proposed to mediate receptor sorting and

.
gº

º

º
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recycling (reviewed in Mukherjee et al., 1997). Previous data has supported the notion

that recycling occurs as part of a default, bulk flow process by which lipid and associated

proteins return to the plasma membrane (Mayor et al., 1993; Vergés et al., 1999). The

bulk of the membrane surface area of sorting endosome lies in tubular structures,

resulting in a distribution in which the majority of lipid membrane is in the tubules, while

the bulk of fluid volume remains in a vesicular area (Geuze et al., 1987; Griffiths et al.,

1989; Marsh et al., 1986). This geometry creates a situation in which integral membrane

proteins are disproportionately concentrated in the tubules. It has been suggested that

iterative budding of membrane from these sorting tubules can result in high efficiency

Sorting of recycling membrane and associated receptors (Dunn et al., 1989; Rome, 1985).

Endosomal pH has also been shown to affect receptor recycling. Recycling of TfR,

LDLR, and o-macroglobulin receptor were all found to be moderately inhibited by

increases in endosomal pH (Basu et al., 1981; Johnson et al., 1994; Presley et al., 1993J.

Cell Biol.; Van Leuven et al., 1980), though whether the inhibition is direct or indirect

(for example, it could be a secondary effect of inhibited bulk membrane flow (Presley et

al., 1997)) is unclear. The effect of altered endosomal pH on TfR recycling is much

&reater than the effect on membrane recycling (Presley et al., 1997) and is dependent

"Pon the TfR YTRF internalization motif (Collawn et al., 1990; Johnson et al., 1993;

Presley et al., 1997), indicating at least one additional level of control on TfR recycling

above simple bulk membrane flow. However, whether this additional control mechanism
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promotes receptor recycling or is actually a retention mechanism (for example, to retain

receptors which have not released their ligand) needs to be clarified.

A compelling finding in support of a clathrin-mediated sorting/recycling pathway

is the existence of clathrin-coated buds on endosomes which are enriched for Tf and TfB

(Killisch et al., 1992; Stoorvogel et al., 1996; Whitney et al., 1995). Endosomal clathrin

coated buds in polarized Madin-Darby canine kidney (MDCK) cells were found to

mediate the targeting of internalized TfR to the basolateral membrane (Futter et al., 1998;

Odorizzi et al., 1996). The role for clathrin in this process was suggested to be to

concentrate TfR in developing basolateral recycling vesicles. Interestingly, disruption of

clathrin on the endosomal buds did not affect the kinetics of TfR recycling but

completely abolished directional targeting to the basolateral surface, indicating that

clathrin might affect the directionality of recycling.

We investigated clathrin's role in receptor sorting and recycling by studying the

trafficking of Tf, TfR, and LDL in cells expressing the dominant-negative clathrin

inhibitor Hub. This work is presented in Chapter 3.

°ytoskeleton involvement in receptor endocytosis and recycling

Components of the cytoskeleton are thought to play a role in receptor endocytosis

and recycling, though the nature of their involvement is unclear. Actin assembly is

*quired for endocytosis in yeast and in some mammalian cells (Kubler and Riezman,
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1993; Lamaze et al., 1997; Salisbury et al., 1980; Wendland et al., 1998), though agents

which disrupt actin assembly have variable effects on endocytosis in different cells types

(Fujimoto et al., 2000; Sandvig and van Deurs, 1990). Multiple roles for the actin

cytoskeleton in RME have been proposed (reviewed in Qualmann et al., 2000). There is

evidence that actin localizes components of the endocytic machinery to sites of

endocytosis (Gaidarov et al., 1999), induces membrane invagination, and aids in

membrane fission and detachment of coated vesicles (Lamaze et al., 1997) Actin may

also play a role in propelling endocytic vesicles through the cytosol, a hypothesis

supported by the discovery of actin tails associated with endosomes (Taunton et al.,

2000). While the actin framework seems to be necessary to maintain the surface

organization of clathrin-coated pits, the actin cytoskeleton itself does not appear to be

necessary to maintain a functional endocytic pathway (Gaidarov et al., 1999). There is

Some evidence of an inhibitory role for actin in RME. The cortical actin cytoskeleton has

been shown to inhibit membrane traffic (Trifaró and Vitale, 1993), and the area

Surrounding clathrin-coated pits is devoid of actin filaments (Fujimoto et al., 2000). The

discovery that the Hip1R protein (a protein closely related to the huntingtin interacting

Protein 1 (Hip1)) is enriched in CCV fractions and binds actin in vitro (Engqvist

Soldstein et al., 1999) suggests that clathrin might interact with the actin cytoskeleton

with Hip1R serving as a link. Hip1R is a mammalian homolog of Sla2p, a yeast actin

binding protein involved in actin organization and endocytosis (Drubin et al., 1988; Wesp
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et al., 1997). Hip1R has been shown to colocalize with markers for RME, including AP2.

Engqvist-Goldstein, et al. recently reported that Hip 1B binds clathrin in vivo and is found

in association with clathrin-coated pits. Hip1R was also found to induce crosslinking of

both actin and clathrin (Engqvist-Goldstein et al., 2000).

An intact microtubule network is necessary to maintain proper organization of the

recycling compartment (McGraw et al., 1993), and some studies have indicated that early

endosomes associate with microtubules and recycle along a polarized microtubule

cytoskeleton (Hopkins et al., 1994; Marsh et al., 1995). However, the effect of

microtubule disruption on receptor trafficking varies with cell type, particularly with

regard to whether cells are adherent or detached (Subtil and Dautry-Varsat, 1997).

We had previously observed a linear distribution pattern of AP2-coated vesicles

which suggested association of these vesicles with the actin cytoskeleton (unpublished

observation, see Chapter 3). In light of the proposed role for actin in RME and our

observation that AP2-coated vesicles might associate with actin, we investigated the role

of the actin cytoskeleton in the trafficking of T■ R. This work is presented in Chapter 3.

º
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Aims and organization of this dissertation

The overall goal of the research presented in this dissertation was to study

mechanisms of viral inhibition of antigen presentation by class I MHC molecules. To

accomplish this goal I investigated the effect of adenovirus E19 on the cell biology of

class I MHC molecule assembly. Additionally, I investigated the role of clathrin and the

cytoskeleton in the trafficking of transferrin receptor. While undertaking this second

project, I developed tools to study the effect of HIV Nef on the trafficking of class I

MHC molecules. These three projects share a common theme of intracellular protein

trafficking and the use of inhibitors to study trafficking pathways.

Aim 1. To determine the effect of adenovirus E19 on class I MHC assembly.

Aim 2. To determine the role of clathrin-coated buds on endosomes.

Aim 3. To determine the role of clathrin in the recycling of transferrin receptor.

These three aims are addressed in Chapters 2 and 3.

Chapter 4 will summarize the results of this research and proposes future experiments.

Chapter 5 will give detailed descriptions of protocols and reagents developed during the

Course of this research.
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Chapter 2

Adenovirus E19 has Two Mechanisms for Affecting

Class I MHC Expression

This chapter is reproduced with permission from The Journal of Immunology,

1999, Volume 162:5049-5052, copyright The American Association of Immunologists.

The text of Chapter 2 and the experiments presented are the work of Elizabeth Bennett.

Dr. Frances Brodsky provided intellectual and editorial input. Drs. Jack Bennink and

Jonathan Yewdell, both from the Laboratory of Viral Diseases, National Institute of

Allergy and Infectious Diseases, National Institutes of Health provided vaccinia virus

Constructs and valuable advice. Dr. Robert DeMars from the University of Wisconsin at

Madison supplied B lymphoblastoid cell lines. Dr. William Wold (St. Louis University

School of Medicine) provided anti-E19 rabbit serum, and Dr. Peter Cresswell (Yale

University School of Medicine) provided anti-TAP1 and anti-tapasin rabbit sera.
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Adenovirus E19 has Two Mechanisms for Affecting

Class I MHC Expression

Elizabeth M. Bennettº, Jack R. Bennink', Jonathan W. Yewdellº,

and Frances M. Brodsky"f*

*The G. W. Hooper Foundation, Department of Microbiology and Immunology and

Departments of "Biopharmaceutical Sciences and ‘Pharmaceutical Chemistry, University

of California, San Francisco, CA 94143-0552. *Laboratories of Viral Diseases, National

Institute of Allergy and Infectious Diseases, Bethesda, MD, 20892-0440.
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Abstract

Viral strategies for immune evasion include inhibition of various steps in the class

I NMHC assembly pathway. Here we demonstrate that adenovirus produces one gene

product with a dual function in this regard. It is well established that adenovirus E19

binds class I molecules and retains them in the endoplasmic reticulum (ER). However,

E19 also delays the expression of class I alleles to which it cannot tightly bind. Here we

show that E19 binds TAP and acts as a tapasin inhibitor, preventing class I/TAP

association. AE19, an E19 mutant lacking the ER-retention signal, delays maturation of

class I molecules, indicating that E19's inhibition of class I/TAP interaction is sufficient

to delay class I expression. These data identify tapasin inhibition as a novel mechanism

Of viral immune evasion and suggest that through this secondary mechanism adenovirus

can affect antigen presentation by MHC alleles which it can only weakly affect by direct
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Introduction

Viruses with mechanisms for evading the immune system have a unique ability to

establish long-term infection in the host. The adenovirus E3 19 kD protein, E19, is one

Of at least four E3-encoded proteins which attenuate the host immune response to

adenovirus infection (Shisler et al., 1997; Wold and Gooding, 1991.). E19 has been

shown to bind class I major histocompatibility (MHC) molecules and prevent their cell

surface expression (Andersson et al., 1985; Burgert and Kvist, 1985), inhibiting the

cytolytic T cell (CTL) response against adenovirus-infected cells (Andersson et al.,

1987). It has been demonstrated that E19 contains a di-lysine endoplasmic reticulum

(ER)-retention motif in its cytoplasmic domain (Jackson et al., 1990). The effect of this

motif on ER retention of class I molecules has been shown by expression of the deletion

mutant AE19, which lacks the retention motif, in murine mastocytoma cells (Cox et al.,

1991). In the presence of AE19, a portion of H2-K"molecules travel to the cell surface

where they elicit a CTL response. No such response is detected when wild-type E19 is

expressed. While this result highlights the ability of E19 to act as an ER-retention

*olecule, the data also suggest that E19 may be affecting class I expression by an

*ditional mechanism. In the presence of AE19 the kinetics of K"maturation are

*elayed almost ten-fold, and a significant portion of K"molecules fail to reach the cell

Surface. Additionally, the maturation of both human and murine class I alleles which are
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bound only weakly by E19 is still greatly delayed in the presence of the viral protein

(Beier et al., 1994; Cox et al., 1990). These observations prompted our further

investigation into the effect of E19 on the class I assembly pathway.

Class I MHC molecules are assembled in the ER as a membrane-bound heavy

chain and a soluble light chain, 32-microglobulin (32m). Class I heterodimers acquire

peptides that are generated in the cytosol by proteasome-mediated degradation and

transported into the ER lumen by the transporter associated with antigen processing

(TAP). Tapasin, an ER-resident membrane protein, facilitates the interaction of class I

molecules with TAP by joining the two proteins and cementing the formation of a class I

assembly complex which also includes calreticulin and ERp57. (For a recent review see

Lehner and Trowsdale, 1998). We hypothesized that E19 could be inhibiting an

additional step in the class I assembly pathway because of the persistent effect of AE19

On the export of murine class I molecules. To address this question E19 was expressed in

a panel of human cell lines, and the interactions of E19, class I molecules, and TAP were

Studied. We report here that E19 binds both class I molecules and TAP. Unlike tapasin,

however, E19 binds class I molecules and TAP independently rather than simultaneously

*d thereby causes a decrease in class I/TAP association, which can explain the delay in

**ass I maturation we observe in the presence of AE19.
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Materials and Methods

Cell lines, antibodies, and virus

EBV transformed human B lymphoblastoid cell lines (LCL) were cultured in

RPMI 1640 supplemented with 2mm L-glutamine and 10% FBS at 37°C in 8% CO2.

The TAP1-/TAP2-negative LCL 721.174 (Spies et al., 1992), the HLA-A-,B-,C-negative

LCL 721.221 (Shimizu and DeMars, 1989), and the tapasin-negative LCL 721.220

(Greenwood et al., 1994; Sadasivan et al., 1996) transfected with HLA-B8 were from Dr. ! * - a
a, - º

* h - º º

Robert DeMars. HeLa 229 cells (American Type Culture Collection, Manassas, VA) ! • * * *

…
were cultured in DMEM supplemented with 2mV L-glutamine and 10% FBS at 37°C in ºn -

- *

6% CO2. The specificities of mab W6/32 (anti-human class I MHC (Barnstable et al., " * - , , .
" * = º

1978)) and Twl.3 (against adenovirus E19 and AE19 (Cox et al., 1991) and of :-
" * - *

- sº º ** tPolyclonal antibodies R.RING4C (Ortmann et al., 1994) and R.gp48N (Sadasivan et al.,

1996) (against TAP1 and tapasin, respectively, both from Dr. Peter Cresswell), P129-143 º

(anti-E19, from Dr. William Wold (Hermiston et al., 1993)), anti-TAP2, and UCSF#2

(anti-HLA-A2) (Bresnahan et al., 1997) have been described. Vaccinia virus constructs

*Soding the E3 19 kD protein of adenovirus type 5 (E19-Vac), a deletion mutant of E19

lacking the C-terminal 6 amino acids (AE19-Vac), and the nucleoprotein of influenza

Virus (NP-Vac) are described elsewhere (Cox et al., 1991; Cox et al., 1990; Smith et al.,

-
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Infection and metabolic labeling

HeLa cells (1.5x10') were infected with vaccinia virus (25 plaque forming units

(pfu) per cell) in 2 mL 0.2% BSA/PBS for 45 minutes at 37°C. Virus was removed, and

cells were maintained in DMEM/10% FBS until 2 hours post-infection. LCL (5x106)

were infected with 30 pfu/cell in 1 mL RPMI 1640/1% FBS for 2 hours at 37°C. RPMI

1640/10% FBS was added (to 10° cells/mL), and infection proceeded for 12 hours. For

*S metabolic labeling, cells were starved in cysteine/methionine-free medium

supplemented with 5% dialyzed FBS for 1 hour at 37°C. Cells were labeled by the

addition of 1 mCi per 107 cells Tran”S-Label (ICN Pharmaceuticals, Irvine, CA) for 10

minutes at 37°C, washed 3 times in ice-cold PBS, and chased in medium containing five

times excess methionine at 37°C.

Immunoprecipitation and Endoglycosidase H treatment

Cells were lysed in 1% digitonin (Calbiochem, La Jolla, CA), 10 mM Tris pH 7.4,

150 mM NaCl on ice for 20 minutes. After pelleting the nuclei, lysates were precleared

with protein G sepharose for 1 hour at 4°C, then incubated with 2 pig of antibody and

fresh protein G sepharose for 2 hours at 4°C. Immunoprecipitates were washed and

analyzed under reducing conditions by SDS-PAGE. For Endoglycosidase H (EndoH)

treatment, cells were lysed in 1% Nonidet P-40 (ICN Biomedicals, Aurora, OH) and
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immunoprecipitated as above. Immunoprecipitates were washed and resuspended in 200

pull 100 mM sodium citrate pH 5.6, 0.2% SDS, 150 mM 2-ME. Samples were divided in

half and incubated at 37°C for 16 hours in the presence or absence of 5 mu EndoH

(Boeringher Mannheim, Germany) followed by SDS-PAGE analysis. For

immunoblotting proteins were transferred to nitrocellulose, incubated with antibody

followed by HRP-conjugated secondary antibody (Zymed Laboratories Inc., South San

Francisco, CA), and visualized by enhanced chemiluminescence (ECL) and exposure to

film. Bands were scanned and quantitated using the National Institutes of Health Image

1.61 program.

Results

Adenovirus AE19 delays the maturation of human class I MHC molecules

Adenovirus E19 has been shown to bind both human and murine class I MHC

molecules (Signas et al., 1982) and to prevent their cell surface expression (Andersson et

al., 1985; Burgert and Kvist, 1985; Burgert et al., 1987). Though it lacks an ER-retention

motif, AE19 caused a significant delay in the maturation of murine class I molecules

(Cox et al., 1991). We wanted to determine whether the same delay is observed in

human class I expression in the presence of AE19 and where in the secretory pathway the

delay occurs. When AE19 was expressed in HeLa cells using a vaccinia virus vector
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(AE19-Vac), class I molecules remained sensitive to treatment with Endoglycosidase H

(EndoH) throughout a two-hour chase period (Fig. 2.1 A). Endo-H cleaves N-linked

carbohydrates which have not been fully trimmed and terminally glycosylated,

modifications which take place during passage through the Golgi complex. Thus EndoH

sensitivity can be used as a measure of a protein's progression from the ER through the

secretory pathway. Class I molecules typically begin to acquire EndoH resistance within

30 minutes (Fig. 2.1 B). Our data show that in the presence of AE19, human class I

molecules, like murine class I molecules, are significantly delayed in export from the ER,

remaining EndoH sensitive for longer than two hours. When cells were infected with a

control vaccinia construct encoding the nucleoprotein of influenza virus (NP-Vac), class I

molecules acquired EndoH resistance without delay, indicating that vaccinia infection

itself does not affect class I maturation (Fig. 2.1 C).

Adenovirus E19 binds the transporter associated with antigen processing (TAP)

To determine whether the inhibition of class I MHC expression observed in the

presence of AE19 is due to a block in class I assembly, we investigated whether class I

molecules bound by E19 associate with TAP. Only properly assembled class I dimers

interact with TAP (Solheim et al., 1997). Thus TAP association can be used to assess

whether early steps in the class I assembly pathway are intact. During the course of this
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Figure 2.1

Delayed maturation of class I MHC molecules
in the presence of adenovirus AE19
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Delayed maturation of class I MHC molecules in the presence of

AE19.

were infected with AE19-Vac (A) or a control virus (NP-Vac) (C) or not

, then pulse labeled with 35S-methionine (10 minutes) and chased for the

ted (minutes). Class I MHC molecules were immunoprecipitated from cell

mAb W6/32, which coprecipitates AE19. Immunoprecipitates were divided

ither treated with EndoH (+) or left untreated (-), then analyzed by SDS

isualized by autoradiography. Migration positions of uncleaved (upper

ndoH-cleaved (lower band) class I molecules and AE19 are indicated at the

position of 3,m. Migration positions of molecular weight marker proteins

1 at the right (in kilodaltons).
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investigation, we found an unexpected direct association between E19 and TAP. E19

was expressed in a panel of human B lymphoblastoid cell lines (LCL) and

immunoprecipitated from cell lysates with mab Tw 1.3. Immunoblotting analysis

showed that in the wildtype cell line JY, Twl.3 coprecipitated both the class I heavy

chain and TAP2 with E19 (Fig. 2.2 A). In the class I-negative cell line 721.221 the

coprecipitation of TAP with E19 was maintained, indicating that the association of TAP

with E19 is not dependent on class I molecules. In the reciprocal experiment, the absence

of TAP (721.174 cells) did not prevent the coprecipitation of class I molecules with E19.

Identical results were obtained from cells expressing AE19 (Fig. 2.2 B), showing that

E19's ER-retention signal is not required for E19/TAP association. These data suggest

that in addition to binding class I molecules, E19 binds TAP.

While the results from .221 cells indicate that E19 does not associate with TAP

indirectly through classical class I MHC molecules, non-classical class I molecules,

known to be expressed in .221 cells (Shimizu and DeMars, 1989), could be responsible

for the coprecipitation of TAP with E19. Additionally, E19 may bind tapasin and could

thereby associate with both classical and nonclassical class I molecules and TAP

indirectly. To examine both of these possibilities we expressed E19 in a tapasin deficient

cell line (721.220/B8). When E19 was immunoprecipitated from .220/B8 lysates, we

continued to observe coprecipitation of both class I molecules and TAP (Fig. 2.2 C). In

tapasin-deficient .220/B8 cells this coprecipitation cannot be attributed to tapasin. Nor is
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Figure 2.2

Adenovirus E19 binds TAP
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Figure 2.2 Adenovirus E19 binds TAP.

(A and C) Human LCL, indicated above the lanes, were uninfected or infected with E19

Vac or a control virus (NP-Vac). E19 was immunoprecipitated from cell lysates with

mAb Tw 1.3. Immunoprecipitates were separated by SDS-PAGE, transferred to

nitrocellulose, immunoblotted for E19 (anti-E19 rabbit serum), class I MHC heavy chain

(UCSF #2 rabbit serum), and TAP2 (anti-TAP2 rabbit serum). Migration positions of

these proteins are indicated at the left. Proteins were visualized by ECL. Lanes 1, 4, 7,

and 10 are uninfected; lanes 2, 5, 8, and 11 are infected with NP-Vac; lanes 3, 6, 9, and

12 are infected with E19–Vac.

(B) LCL were uninfected (-) or infected (A) with AE19-Vac. AE19 was

immunoprecipitated with mab Tw 1.3, and TAP2 was visualized as in (A) and (C). The

migration position of TAP2 is indicated at the left. JY is a wildtype LCL; 721.174 is a

TAP-negative LCL; 721.221 is an HLA-A-,B-,C-negative LCL; 721.220/B8 is a

tapasin-negative LCL which has been transfected with HLA-B8.

Migration positions of molecular weight markers are indicated at the right of each panel

(in kilodaltons).
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it likely to be attributable to E19 interaction with nonclassical class I molecules since the

surface expression of HLA-E has been shown to be tapasin-dependent, which suggests

that nonclassical class I molecules are not bound to TAP in these cells (Braud et al.,

1997). Furthermore, the level of expression of nonclassical class I molecule in .221

cells is extremely low compared to total levels of class I molecules in other LCL

(Shimizu and DeMars, 1989). However, comparable levels of TAP coprecipitated with

E19 in .221 and wildtype JY cells (Fig. 2.2 A), strengthening our conclusion that

nonclassical class I molecules are not solely responsible for E19-TAP association.

Therefore, we conclude that E19 binds both to class I molecules and TAP.

Adenovirus E19 inhibits the interaction of class I MHC molecules with TAP

The fact that both class I MHC molecules and TAP coimmunoprecipitated with

E19 in tapasin-deficient .220/B8 cells suggested that E19 might be acting as a tapasin

mimic. To test this hypothesis we infected JY and .220/B8 cells with a vaccinia virus

vector encoding adenovirus E19 (E19-Vac) and immunoprecipitated TAP from cell

lysates with anti-TAP1 rabbit serum. In uninfected JY cells both tapasin and class I

molecules co-precipitated with TAP (Fig. 2.3 A, lane 1). In the absence of tapasin, class

I molecules failed to coprecipitate with TAP (Fig. 2.3 A, lane 3). The expression of E19

in .220/B8 cells did not restore the coprecipitation of class I molecules with TAP,
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Figure 2.3

Inhibition of class I MHC/TAP interaction

by adenovirus E19
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Figure 2.3 Inhibition of class I MHC/TAP interaction by adenovirus E19.

(A) Human LCL, indicated above the lanes, were uninfected (-) or infected (E19) with

E19-Vac. Cells were lysed in 1% digitonin, and TAP was immunoprecipitated with anti

TAP1 rabbit serum R.RING4C. Immunoprecipitates were separated by SDS-PAGE,

transferred to nitrocellulose, immunoblotted for TAP1 (R.RING4C) and class I MHC

heavy chain (UCSF #2 rabbit serum), and visualized by ECL. The nitrocellulose was

then stripped and reprobed for tapasin (R.gp48N rabbit serum).

(B) Protein bands from uninfected and E19-Vac infected JY cells in (A) were scanned

and quantitated using the National Institutes of Health Image 1.61 program. Ratios of

class I heavy chain to TAP and tapasin to TAP were calculated. This quantitation of the

data in (A) was reproduced in subsequent experiments and shows a typical decrease in

the ratio of class I molecules coprecipitated with TAP in the presence of E19.
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indicating that E19 cannot substitute for tapasin (Fig. 2.3 A, lane 4). This is consistent

with lack of sequence homology between the two proteins (Ortmann et al., 1997).

Interestingly, when E19 was expressed in JY cells, the coprecipitation of class I

molecules with TAP was greatly reduced (Fig. 2.3 A, lane 2). Quantitation showed that

in the presence of E19 the ratio of co-precipitated class I molecules to TAP was

decreased by approximately 75%, while the amount of tapasin bound to TAP was

approximately the same (Fig. 2.3 B). Taken together these data indicate that E19 binds to

both class I molecules and TAP independently, and in so doing prevents tapasin from

bridging the two molecules. The result is a reduced steady state association between

class I molecules and TAP.

Discussion

These data identify tapasin inhibition as a novel viral strategy for immune evasion

and show that tapasin inhibition is a second mechanism by which adenovirus E19

interferes with maturation of class I MHC molecules. We believe E19 evolved this

Second strategy to inhibit expression of class I alleles to which it cannot tightly bind.

Polymorphism of class I molecules poses a considerable challenge to E19 in terms of

binding and retaining many different alleles. E19 does, in fact, exhibit allelic specificity

towards class I molecules (Beier et al., 1994; Burgert and Kvist, 1987). By inhibiting

class I/TAP association, E19 can still exert a block on the expression of class I alleles
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with which it associates only weakly. Like tapasin, E19 is capable of binding both class I

molecules and TAP. However, E19 is unable to bridge class I molecules to TAP, and

instead appears to bind only one protein at a time. In doing so, however, E19 inhibits the

ability of tapasin to join class I molecules to TAP, resulting in a reduced steady state

class I/TAP association. This interference with TAP association can explain the delay in

class I maturation seen in the presence of AE19. While tapasin inhibition allows AE19 to

reduce the efficiency of class I assembly, it does not block it completely, as a small

portion of class I molecules do become Endo-H resistant over time (Fig. 2.1 A). E19 thus

provides itself with a backup mechanism enhancing ER retention and inhibition of class I

expression.

Inhibition of class I MHC/TAP interaction should lead to a delay in peptide

loading of class I molecules. We are unable to detect such a delay, primarily because

assays which rely on the thermal instability of empty class I dimers are difficult to

interpret. E19 has been shown to bind the C.1/02 domains of the class I molecule (Beier

et al., 1994; Burgert and Kvist, 1987), the same region where peptide binds. E19 and

AE19 remain bound to class I molecules following detergent lysis and heat treatment

(data not shown), and therefore may be stabilizing empty dimers, rendering them

undetectable. However, since we observe both inhibition of class I/TAP association in

the presence of E19 and delayed kinetics of class I maturation in the presence of AE19,
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the most viable explanation is that E19 delays peptide loading.

Viral immune evasion strategies highlight the evolutionary pressure on viruses to

prevent clearance by the host and ensure their continued spread. Blocking antigen

presentation is one mechanism by which viruses escape immune detection. In addition to

adenovirus, human cytomegalovirus, herpes simplex virus, and human immunodeficiency

virus have all been shown to prevent antigen presentation by class I MHC molecules

(reviewed in Ploegh, 1998). However, adenovirus E19 is unique in that it is the only

viral gene product identified so far which uses more than one mechanism to inhibit class I

expression--inhibition of class I/TAP interaction and ER retention. The ability of E19 to

inhibit tapasin function appears to be novel, although additional studies will determine

whether other viruses use this strategy as well.
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Chapter 2: Supplemental Data

The following data was produced as part of the work presented in Chapter 2 but was not

included in the manuscript published in The Journal of Immunology, 1999, Volume

162:5049-5052.

Monoclonal antibody BBM.1, against [3,m, has been described (Brodsky et al., 1979).
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In analyzing the cell lines used in the work presented in Chapter 2, experiments

were performed to confirm the proposed model for how tapasin mediates the association

of class I heavy chain-■ 3,m dimers with TAP (Sadasivan et al., 1996). This model states

that class I dimers interact with TAP via tapasin and is based on the observation that class

I molecules do not associate with TAP in the absence of tapasin. In testing this model

and analyzing various B cell lines, we and others (Solheim et al., 1997) have observed a

possible direct interaction between [3,m and TAP in the absence of class I MHC heavy

chains. Fig. 2.4 shows a western blot of cell lysates and mAb BBM.1

immunoprecipitates (BBM.1 recognizes [3,m) from various B cell lines. In this

experiment samples were separated by SDS-PAGE and immunoblotted for TAP1 and

tapasin. In wildtype JY cells, both tapasin and TAP are readily detected in the cell lysate

(lane 1) and the BBM.1 immunoprecipitate (lane 2). Interestingly, despite the absence of

classical class I heavy chains in the HLA-A, -B, -C-negative cell line 721.221, both TAP

and tapasin continue to precipitate with 32m (lane 6). The observation that TAP

coprecipitates with 32m in 721.221 cells was independently made by Solheim, et al. who

precleared nonclassical class I heavy chains from cell lysates before immunoprecipitating

■ ºm and therefore concluded that 3,m binds directly to TAP. However, the absence of a

coprecipitating TAP band in the tapasin-negative cell line 721.220/B8 (lane 8) rules out a

direct interaction between 3,m and TAP. If Solheim, et al. did, in fact, preclear all
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Figure 2.4
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Figure 2.4. 3,m associates with tapasin and TAP in the absence of classical class I

MHC molecules.

Various cell lines (indicated about the lanes) were lysed in 1% NP40, and mAb BBM.1

was used to immunoprecipitate 3,m. Immunoprecipitates (lanes 2, 4, 6, 8, and 10) and

cell lysate (lanes 1, 3, 5, 7, and 9) were separated by SDS-PAGE, transferred to

nitrocellulose, immunoblotted for TAP1 (R.RING4C) and tapasin (R.gp48N), and

visualized by ECL. Migration positions of TAP1 and tapasin are indicated at the left and

of molecular weight marker proteins (in kilodaltons) at the right.
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nonclassical class I heavy chains prior to £35m immunoprecipitation, then our result

indicates that £2m binds directly to tapasin, not TAP, and that tapasin mediates the

coprecipitation of TAP with [3,m in 721.221 cells. Of interest is the reduced amount of

tapasin coprecipitated with [3,m in the absence of TAP (lane 4). This result is conflicting

if 3,m does, in fact, bind directly to tapasin.

More work is needed to reconcile how flam interacts with tapasin and TAP.

Solheim, et al. used mab W6/32 to preclear nonclassical class I heavy chains from

721.221 cell lysates. W6/32 has been shown to recognize nonclassical class I molecules

(Shimizu et al., 1988), though Solheim, et al. do not show data confirming the absence of

nonclassical heavy chains following preclearance. If Solheim, et al. did, in fact, preclear

all nonclassical class I heavy chains from 721.221 lysates prior to 3,m

immunoprecipitation, then [3,m must bind directly to tapasin and/or TAP via a

mechanism that depends on the presence of both proteins. However, in the case that

Solheim, et al. failed to fully preclear nonclassical class I heavy chains, a simple

explanation is that £2m associates with tapasin and TAP via nonclassical class I heavy

chains in 721.221 cells. In the absence of tapasin, nonclassical heavy chain-■ 33m dimers

cannot associate with TAP (lane 8). In the absence of TAP, class I molecules do not bind

peptide and are degraded (Hughes et al., 1997), leaving £3m without its binding partner

and therefore unable to associate with tapasin (lane 4). Further investigation will clarify

**
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Chapter 3

Clathrin Hub Expression Affects Endosome Distribution

with Minimal Impact on Receptor Recycling
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Abstract

Clathrin-coated buds have been observed on endosomes, though their function at

this location has remained a mystery. We wanted to determine the role that these coated

buds play on endosomal membranes. We created a HeLa cell line which expresses the

dominant-negative clathrin inhibitor Hub to determine the effect of clathrin inhibition on

endosome function and distribution. We observed two novel effects of Hub expression:

perinuclear aggregation of early endosomes and disruption of the spatial relationship

between AP2-coated vesicles and the actin cytoskeleton. In non-Hub-expressing cells,

AP2-coated vesicles align in linear arrays reflective of the actin cytoskeleton. Actin

depolymerization, myosin inhibition, and Hub expression all disrupt these linear arrays,

indicating that the actin cytoskeleton establishes a spatial arrangement which influences

AP2 distribution and that clathrin is involved in mediating the relationship between AP2

coated vesicles and actin. We hypothesize that due to Hub-induced clathrin inhibition,

actin cannot influence endosome distribution, leading to a collapse of early endosomes

into the perinuclear region. Surprisingly, transferrin receptor sorting and recycling were

unaffected by Hub expression. Our data show that clathrin is not involved in these

trafficking events and that proper functioning of the early endosomal compartment is not

dependent upon its cellular organization.
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Introduction

Clathrin-coated vesicles (CCV) mediate the selective transport of integral

membrane proteins between cellular membranes (Kirchhausen, 2000). At the plasma

membrane, CCV facilitate receptor-mediated endocytosis (RME), whereby cell surface

receptors and their ligands are internalized and delivered to the endocytic pathway

(Schwartz, 1995). Following RME, the fates of internalized receptors and ligands vary

(reviewed in (Mukherjee et al., 1997)). Some progress to the late endocytic pathway

where they are degraded in lysosomes. Others, such as transferrin (Tf) and low density

lipoprotein (LDL) receptors, are sorted to the recycling compartment (Dunn et al., 1989;

Mayor et al., 1993), from which they return to the plasma membrane (Anderson et al.,

1982; Hopkins and Trowbridge, 1983). While it is known that these receptors are

endocytosed via CCV (Anderson et al., 1977; Bleil and Bretscher, 1982; Willingham et

al., 1979), the degree to which clathrin mediates subsequent sorting and recycling of the

proteins has been a subject of debate. The existence of clathrin-coated buds on

endosomes has led us and others to investigate the role of these buds to determine if

clathrin is involved in the sorting or recycling functions of early endosomes.

The early endocytic pathway is comprised of both sorting and recycling

endosomes (Ghosh et al., 1994). In the sorting endosome endocytosed material that is to

be recycled is sorted from material destined for the lysosome. Recycling components

proceed to recycling endosomes from which they return to the plasma membrane.
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Clathrin-coated buds have been observed on early endosomes (Stoorvogel et al., 1996),

making it a logical hypothesis that clathrin might mediate receptor sorting and recycling.

A compelling finding in support of a clathrin-dependent sorting/recycling pathway is that

endosomal clathrin-coated buds are enriched for Tf and Tf receptor (TfR) (Killisch et al.,

1992; Stoorvogel et al., 1996; Whitney et al., 1995). However, not all studies have

supported the hypothesis that clathrin is involved in these trafficking events. Under

conditions which inhibit clathrin-mediated endocytosis of TfR, recycling occurs normally

(Damke et al., 1994; Jing et al., 1990; McGraw and Maxfield, 1990). Kinetic studies

comparing the trafficking of TfR to the flow of bulk membrane concluded that recycling

occurs as part of a bulk flow process (Mayor et al., 1993). These results left open the

question as to what function endosomal clathrin-coated buds serve if they do not

participate in receptor sorting or recycling. A finding that might provide a clue to the

function of clathrin-coated buds on endosomes is that in polarized Madin-Darby canine

kidney (MDCK) cells endosomal clathrin-coated buds were found to mediate polarized

recycling of TfR to the basolateral membrane (Futter et al., 1998; Odorizzi et al., 1996).

Disruption of these buds did not affect the kinetics of recycling but abolished polarized

targeting to the basolateral surface, suggesting a role for clathrin in maintaining the

directionality of recycling, perhaps by mediating association of early endosomes with

components of the cytoskeleton.

The actin cytoskeleton is thought to play a role in RME, and is required for
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endocytosis in yeast (Kubler and Riezman, 1993) and in some mammalian cells (Lamaze

et al., 1997; Salisbury et al., 1980). Multiple roles for actin in RME have been proposed

(Qualmann et al., 2000), including localization of components of the endocytic

machinery to sites of endocytosis (Gaidarov et al., 1999), induction of membrane

invagination, and membrane fission and detachment of coated vesicles (Lamaze et al.,

1997). There is also some evidence for an inhibitory role of actin in RME. The cortical

actin cytoskeleton has been shown to inhibit membrane traffic (Trifaró and Vitale, 1993),

and the area surrounding clathrin-coated pits lacks actin filaments (Fujimoto et al., 2000).

Attachment of clathrin-coated pits to the actin cytoskeleton has also been shown to act as

a barrier to diffusion of coated pits at the plasma membrane (Gaidarov et al., 1999).

Though evidence for a direct link between CCV and the cytoskeleton has been lacking, at

least one protein, Hip1R, has been identified which binds actin in vitro and is enriched in

CCV fractions (Engqvist-Goldstein et al., 1999).

We wanted to further investigate the role of clathrin-coated buds on endosomes

by studying trafficking events in cells expressing the dominant-negative clathrin inhibitor

Hub. Hub comprises the C-terminal third of the clathrin heavy chain (Liu et al., 1995)

and has been shown to act as a dominant-negative clathrin inhibitor by competing for

light chain binding (Liu et al., 1998). Previously Hub has been used to demonstrate

clathrin's involvement in the internalization of HIV Nef-CD8 chimeras (Lu et al., 1998),

in ARF-6-mediated apical internalization in MDCK cells (Altschuler et al., 1999), and in
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the endocytosis of protease-activated receptor-1 (Trejo et al., 2000). We created a Hub

expressing HeLa cell line to study the effect of clathrin inhibition on endosome

distribution and function. We had previously made the observation that AP2-coated

vesicles organize into linear arrays reflective of the actin cytoskeleton (unpublished

result). Here we show that both actin/myosin inhibition and clathrin inhibition disrupt

these linear arrays, indicating that the organization of AP2-coated vesicles is influenced

by the actin cytoskeleton and that this influence is mediated by clathrin. We also

observed a perinuclear aggregation of sorting endosomes in the presence of Hub,

suggesting that when actin's role in mediating the organization of endosomes is disrupted,

endosomes collapse into the perinuclear region. Interestingly, Hub-induced redistribution

of endosomes had no effect on the protein sorting or recycling functions of the early

endosomal compartment.

Materials and Methods

Creation of HeLa-TZHub cell line and cell culture reagents

Clathrin Hub (amino acids 1073-1675 (Liu et al., 1995)) with an N-terminal T7 tag was

previously created by subcloning into the peT23d vector (Novagen, Madison, WI) (Liu

et al., 1998). The T7Hub construct was liberated from pBT23d by cleavage with Ncol

(GibcoBRL, Rockville, MD) and treatment with Klenow fragment (Roche Diagnostics

Corporation, Indianapolis, IN), followed by cleavage with HindIII (GibcoBRL). Vector
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pjM601, created by replacing the CMV promoter of pCEP4 (Invitrogen, Carlsbad, CA)

with the tetracycline operator sequence, was a gift from Dr. John Moran (University of

Michigan Medical School). T7Hub was subcloned into pjM601 cleaved with Pvu■ I and

HindIII (GibcoBRL), and the resulting construct was purified on a CsCl gradient. HeLa

Tet On cells (Clontech, Palo Alto, CA) were grown in DMEM supplemented with 10%

FBS, 2 mM glutamine, 20 mM HEPES, 100 pg/mL streptomycin, 100 units/mL

penicillin, and 0.2 mg/mL G418 (GibcoBRL) at 37°C in 6% CO2. Cells were grown to

25% confluency in a 6 cm petri dish and transfected with 3 pig plM601-T7Hub using

FuGENE6 Transfection Reagent (Roche). At 36 hours, cells were transferred to medium

containing 0.2 mg/mL G418 and 0.4 mg/mL hygromycin (Roche) and plated at 1000

cells per 15 cm dish. Viable colonies were selected, induced with 2 pg/mL doxycycline

(Sigma, St. Louis, MO) for 48 hours, and screened for T7Hub expression by

immunofluorescence as described below. As a control, HeLa Tet On cells were

transfected with the p■ M601 vector alone. Stable cells were carried in medium

containing 10% Tet System Approved Fetal Bovine Serum (Clontech), 0.2 mg/mL G418,

and 0.4 mg/mL hygromycin.

Antibodies and fluorescent reagents

Rabbit serum against clathrin light chain and monoclonal antibody (mAb) AP.6 (against
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the O. chain of the AP2 adaptor complex) have been described (Acton and Brodsky, 1990;

Chin et al., 1989). Anti-T7 tag måb was purchased from Novagen. mAb H68.4 (against

human transferrin receptor) was purchased from Zymed (South San Francisco, CA).

Anti-O-tubulin mab was purchased from Sigma. Anti-non-muscle myosin rabbit serum

was purchased from Biomedical Technologies, Inc. (Stoughton, MA). HRP-conjugated

goat anti-mouse and anti-rabbit secondary antibodies were purchased from Zymed.

Rhodamine red X (RRX)- and FITC-conjugated donkey anti-mouse and Cy5- and FITC

conjugated donkey anti-rabbit secondary antibodies were from Jackson ImmunoResearch

Laboratories (West Grove, PA). Human transferrin (Tf) (Sigma) was iron-loaded,

purified by Sephacryl S-300 (Pharmacia LKB, Uppsala, Sweden) gel-filtration

chromatography, and conjugated to Alexa488 according to the manufacturer's instruction

(Molecular Probes Inc., Eugene OR). For some experiments Alexa488-Tf was purchased

directly from Molecular Probes. Alexa488-phalloidin, Alexaj68-phalloidin, and 6-((N-

(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-hexanoyl)sphingosyl phosphocholine (C6

NBD-SM) were from Molecular Probes. 3,3'-dioctadecylindocarbocyanine (Di■ )-labeled

low density lipoprotein was a gift from Dr. Ira Tabas (Columbia University, New York).

Anti-TZHub immunoblotting

HeLa-T7Hub cells were grown in the presence of 2 pg/mL doxycycline for 7, 24, 48, or
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72 hours, or in the presence of 0,0.2,0.02, or 0.002 pg/mL doxycycline for 48 hours. 3 x

10° cells were lysed in 1% NP40, 150 mM NaCl, 10 mM Tris, pH 7.4 and separated by

SDS-PAGE. Lysates were immunoblotted with anti-T7 tag måb, followed by goat anti

mouse HRP secondary antibody. Proteins were visualized by enhanced

chemiluminescence (ECL) and exposure to film.

Indirect Immunofluorescence

Cells grown on coverslips and treated with 2 pg/mL doxycycline for 48 hours were fixed

for 20 minutes in PBS containing 4% formaldehyde (Ted Pella, Inc., Redding, CA).

Cells were permeabilized in 0.04% saponin for 15 minutes, then blocked in PBS

containing 1% cold fish gelatin, 0.1% BSA, 0.02% SDS, 0.1% NP40, and 0.02% azide

for at least 1 hour. Cells were incubated with appropriate antibodies in blocking buffer

for at least 1 hour, followed by incubation with fluorescent-labeled secondary antibodies

for at least one hour. Cells were washed with PBS containing 0.008% saponin and 10%

blocking buffer after each incubation. To label actin, following antibody incubation cells

were incubated in 165 nM labeled phalloidin in PBS containing 1% BSA for 20 minutes

and washed. Coverslips were mounted onto glass slides with Vectashield (Vector

Laboratories, Burlingame, CA).
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Fluorescent labeling of cells

Cells were grown on coverslips affixed beneath holes in the bottom of 35 mm petri dishes

and treated with 2 pg/mL doxycycline for 48 hours. To study steady state Tf distribution,

cells were incubated at 37°C in serum-free DMEM containing 20 mM HEPES and 5

pig■ mL Alexa488-Tf for 60 minutes followed by fixation. To study Tf and LDL

trafficking, cells were pulse-labeled at 37°C in serum-free DMEM/HEPES containing 5

pug/mL Alexa488-Tf and/or 5 pig■ mL Dil-LDL for 3 minutes. Cells were washed with

ice-cold M2 buffer (150 mM NaCl, 5 mM KCl, 1mM CaCl2, 1 mM MgCl2, 50 mM

HEPES, pH74) and incubated in chase medium (DMEM containing 0.1 mg/mL

unlabelled Tf and 0.1 mM deferoxamine mesylate (Sigma)) for various lengths of time

followed by fixation. Lipid labeling was accomplished by incubating cells at 37°C in M2

buffer containing 5 puM Cº-NBD-SM and 0.2% glucose for 3 minutes, followed by

washing with ice-cold M2 buffer. Cell surface Cº-NBD-SM was removed with six 10

minute washes in ice-cold PBS containing 5% fatty acid-free BSA (Sigma), and cells

were chased in medium at 37°C.

BDM and Cytochalasin D treatment

To study the effect of the myosin inhibitor 2,3-butadione monoxime (BDM) (Sigma) on

endosomal distribution, cells were incubated in 10mM BDM at 37°C for 15 minutes prior
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to fixation. To study the effect of the actin depolymerizing agent cytochalasin D

(Calbiochem, San Diego, CA), cells were incubated in 5puM cytochalasin D at 37°C for

30 minutes prior to fixation.

Widefield and confocal microscopy

Indirect immunofluorescent samples mounted on glass slides were viewed with a Zeiss

Axiophot fluorescence microscope (Carl Zeiss Inc., Thronwood, NY). For coverslip

bottomed dishes, widefield fluorescence microscopy was performed on a DMIRB

inverted microscope (Leica Inc., Deerfield, IL). Confocal images were collected on an

LSM510 laser scanning confocal unit (Carl Zeiss Inc., Thronwood, NY) attached to an

Axiovert 100M inverted microscope (Zeiss). Excitation on the LSM510 laser was with a

25-mW argon laser emitting 488mm, a 1.0-nW helium/neon laser emitting at 514nm, and

a 5.0-mW helium/neon laser emitting at 633 nm. Emissions were collected using a 505

530-nm band pass filter to collect Alexa488 and a 585-nm long pass filter to collect Dil

emission. For confocal images, reduced excitation light was applied for control of photo

bleaching. Cross-talk of the fluorophores into the wrong detectors was negligible.

*I transferrin internalization and recycling

Cells were grown in 12-well plates and treated with 2 pg/mL doxycycline for 48 hours.

Cells were serum starved in serum-free DMEM containing 20 mM HEPES for 60
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minutes at 37°C. To study a single round of *I Tf endocytosis and recycling, cells were

incubated on ice in 500 pull serum-free DMEM/HEPES containing 0.2 p.Gi/mL *ITf

(NEN, Boston, MA) for 1 hour, washed with ice-cold medium, and then incubated at

37°C for various lengths of time. At each time point cells were washed twice with 500

pull ice-cold PBS. The medium and both PBS washes were combined in the "Medium"

fraction. Surface “ITf was removed by acid stripping at room temperature in 50 mM

MES pH5, 0.15 M NaCl, 280 mM sucrose (Dunn et al., 1989). Cells were incubated in

500 pull stripping buffer for 1 min, followed by 500 pull fresh buffer for an additional 3

min. Cells were then washed three times with PBS. Both acid washes and all three PBS

washes were combined in the "Acid" fraction. Cells were lysed in 1 mL 1% Triton X

100, 0.1 M NaOH (the "Lysate" fraction). The amount of radioactivity in each fraction

was determined using a CliniGamma gamma counter (Wallac Inc., Gathersburg, MD).

The percent radioactivity in each fraction was calculated as the number of counts in that

faction divided by the total number of counts recovered. To study *I Tf recycling

following continuous uptake, cells were grown and serum starved as described above

then incubated at 37°C in 500 pull serum-free DMEM/HEPES containing 0.2 p.Gi/mL *I

Tf for 30 or 60 minutes. Following acid stripping, 500 pull DMEM/HEPES containing 0.5

mg/mL unlabelled Tf (Calbiochem, La Jolla, CA) were added to each well, and cells

were incubated at 37°C for various lengths of time. At each time point medium and

tº * *
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lysate fractions were collected and the percent radioactivity in each fraction was

determined as described above.

Biotinylation of transferrin receptor

Following 48 hours of 2 pg/mL doxycycline treatment, cells were detached from 10 cm

petri dishes using Ca”/Mg”-free PBS containing 0.04%EDTA. Approximately 2.5x10°

cells per sample were incubated in 0.5 mg/mL EZ-Link NHS-SS-Biotin (Pierce,

Rockford, IL) in PBS at 4°C for 30 minutes, followed by washing. To allow biotinylated

receptors to internalize, cells were incubated in medium at 37°C for 20 minutes, then

washed with ice-cold PBS. Biotin was stripped from the cell surface using the technique

of Bretscher et al. (Bretscher and Lutter, 1988). Briefly, cells were incubated on ice in

stripping buffer (50 mM glutathione (GSH) (Sigma), 75 mM NaCl, 1 mM EDTA, 75 mM

NaOH, 1% BSA) for 20 minutes, followed by a second 30 minute incubation in fresh

stripping buffer. Cells were then washed extensively in ice-cold PBS. To follow

receptor recycling, cells were reincubated at 37°C for 15 minutes and stripped again with

GSH. Cells were lysed in 1% NP40, 150 mM NaCl, 10 mM Tris, pH 7.4, and Tf receptor

was immunoprecipitated using mab H68.4. Immunoprecipitates were separated by SDS

PAGE and blotted with streptavidin HRP (Zymed). Proteins were visualized by ECL and

exposure to film. Bands were scanned and quantitated using the National Institutes of

Health Image 1.61 program.
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Results

Characterization of HeLa-TVHub cells

To study the role of clathrin-coated buds on endosomes, we wanted to create a

cell line which would express the dominant negative clathrin inhibitor Hub in an

inducible fashion. An inducible system is necessary, as constitutive Hub expression leads

to decreased cell viability (unpublished observation). We created a HeLa cell line (HeLa

T7Hub) which expresses Hub with an N-terminal T7 tag under control of the tetracycline

operator sequence, such that Hub expression can be induced by addition of doxycycline.

Fig. 3.1 A shows levels of Hub expression following treatment of HeLa-T7Hub cells with

different concentrations of doxycycline for various lengths of time. Hub expression is

induced by doxycycline in both a time- and concentration-dependent manner. High

levels of Hub expression were achieved by 48 hours of treatment with 2 pg/mL

doxycycline, as measured by both western blotting (Fig. 3.1 A, lane 4) and

immunofluorescence (Fig. 3.1 B b). This induction condition was used in all subsequent

experiments.

To ensure that HeLa-T7Hub cells express a functional Hub, we looked at the

effect of Hub induction on the cellular distribution of the clathrin light chain. Previous

studies showed that Hub binds clathrin light chain (Liu et al., 1995) and causes a

cytosolic redistribution of light chain in transiently transfected HeLa cells (Liu et al.,
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Figure 3.1. Characterization of HeLa-T7Hub cells.

(A) HeLa-T7Hub cells were grown in the presence of doxycycline using the

concentrations and times indicated about each lane. Cell lysates were separated by SDS

PAGE and immunoblotted for T7Hub using an anti-T7 tag måb. Proteins were

visualized by ECL and exposure to film.

(B) HeLa-T7Hub cells (a and b) and control cells (c) were grown on coverslips and

treated with 2 pg/mL doxycycline for 48 hours. Cells were processed for

immunofluorescence and incubated with anti-clathrin light chain rabbit serum and anti

T7 tag måb, followed by staining with FITC-conjugated donkey anti-rabbit (a and c) and

RRX-conjugated donkey anti-mouse (b) secondary antibodies. Staining of control cells

with the anti-T7 tag antibody was negligible (data not shown). Arrows indicate a non

Hub-expressing cell.
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1998). Light chain redistribution is due to the fact that Hub does not associate with

membranes. Therefore, Hub-bound light chain remains cytosolic. We looked at the

distribution of clathrin light chain in HeLa-T7Hub and control cells following treatment

with 2 pg/mL doxycycline for 48 hours. In control cells clathrin light chain has a

punctate staining pattern indicative of association with clathrin-coated pits and vesicles

(Fig. 3.1 B c). In HeLa-T7Hub cells clathrin light chain has a cytosolic distribution as

evidenced by a diffuse staining pattern and loss of staining intensity, the latter due to loss

of cytosolic light chain upon cell permeabilization (Fig. 3.1 B a). Thus HeLa-T7Hub

cells express a functional Hub in an inducible fashion, providing us with a convenient

system for studying the effect of clathrin inhibition on various cellular trafficking

processes.

Approximately 15% of HeLa-T7Hub cells did not stain brightly for Hub

following doxycycline treatment (Fig. 3.1 B b, arrow). Cells which do not stain brightly

for Hub do not show a redistribution of clathrin light chain (Fig. 3.1 B a, arrow) and thus

may not have impaired clathrin function. Heterogeneity in Hub expression is probably

due to the episomal nature of the pjM601 vector which may give rise to different copy

numbers of the vector per cell or a higher tendency for cells to lose the construct

altogether. Therefore, in biochemical experiments where high Hub- and low Hub

expressing cells cannot be distinguished, the measured effect of Hub on receptor

trafficking may represent only 85% of the true effect.
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Hub induces perinuclear aggregation of early endosomes

Because our aim was to determine the role of clathrin-coated buds on endosomes,

we wanted to characterize the effect of Hub expression on the early endosomal

compartment. We used Alexa488-Tf to monitor the movement of proteins through this

compartment. An unexpected but striking effect of Hub expression was a distinct

perinuclear aggregation of Tf-containing vesicles. While in control cells Tf-containing

vesicles are dispersed throughout the cytosol (Fig. 3.2 A), in HeLa-T7Hub cells the

vesicles aggregate in the perinuclear area, with hardly any vesicles in the periphery (Fig.

3.2 B). The perinuclear aggregate does not represent clustered Tf trapped on the cell

surface, as an acid strip fails to eliminate it (data not shown). When cells were stained

with an anti-TfR antibody, the staining pattern was identical to the pattern of Alex488-Tf

localization, indicating that the receptor and its ligand are both present in the perinuclear

aggregate (Fig. 3.2 D). Additionally, both Dil-LDL (Fig. 3.2 F) and Cº-NBD

sphyngomyelin (Fig. 3.2 H) also traffic through this perinuclear aggregate of endocytic

vesicles, indicating that the compartment is part of the normal endocytic/recycling

pathway and does not represent a Tf-specific effect. Both Tf and LDL arrive in the

perinuclear aggregate rapidly after endocytosis. As the two markers sort from one

another (shown in Fig. 3.12), Tf-containing vesicles remain in the perinuclear space,

though they have a slightly broader distribution. Therefore we conclude that these

perinuclear vesicles represent sorting and recycling early endosomes. These data are the
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Figure 3.2. Hub induces perinuclear aggregation of early endosomes.

HeLa-T7Hub cells (right) and control cells (left) were grown on coverslips and treated

with doxycycline.

(A and B) Cells were incubated at 37°C for 60 minutes in medium containing Alexa488

Tf and immediately photographed.

(C and D) Cells were processed for immunofluorescence and stained with mab H68.4

which recognizes Tfr, followed by RRX-conjugated goat anti-mouse secondary

antibody.

(E and F) Cells were incubated at 37°C for 3 minutes in medium containing Dil-LDL,

followed by a 5-minutes chase prior to photographing the cells.

(G and H) Cells were incubated at 37°C for 3 minutes in M2 buffer containing Cº-NBD

SM, and surface Cº-NBD-SM was back exchanged prior to photographing the cells.

º
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first to show that clathrin-inhibition can lead to a redistribution of the early endosome

compartment, and they point to a role for endosomal clathrin-coated buds in mediating

endosome distribution.

AP2-coated vesicles organize in linear arrays in control cells but not in HeLa-TVHub

cells

Elements of the cytoskeleton have been shown to play a role in the organization

of the early endocytic compartment (McGraw et al., 1993). Hub-induced redistribution

of early endosomes led us to wonder whether Hub was acting by inhibiting association of

early endosomes with cytoskeletal components. We had previously observed a linear

staining pattern of AP2-coated vesicles that resembles the staining pattern of the actin

cytoskeleton (unpublished observation and Fig. 3.3). We wanted to further investigate

this apparent interaction of AP2-coated vesicles with actin. When cells were stained with

mAb AP.6, which recognizes the O. subunit of AP2, a dramatic difference was observed

between the cellular distribution of AP2-coated vesicles in control cells and the

distribution in HeLa-T7Hub cells. In control cells, AP2-coated vesicles can be seen in

linear arrays (Fig. 3.3 C), while in HeLa-T7Hub cells AP2 vesicles are dispersed

throughout the cytosol (Fig. 3.3 A). This result suggests that AP2-coated vesicles interact

in some manner with the actin cytoskeleton.
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Figure 3.3
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Figure 3.3. AP2-coated vesicles organize in linear arrays in control cells but not in

HeLa-T7Hub cells.

HeLa-T7Hub (A and B) and control cells (C) were grown on coverslips, treated with

doxycycline, and processed for immunofluorescence. Cells were incubated with mab

AP.6, followed by incubation with RRX-conjugated goat anti-mouse secondary antibody

(A and C). To confirm that the cells in panel A express high levels of Hub, cells were

also stained with anti-clathrin light chain rabbit serum followed by FITC-conjugated goat

anti-mouse secondary antibody (C). The diffuse light chain staining pattern confirms the

high Hub expression in these cells. Light chain staining for control cells was punctate as

expected (data not shown.)
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Actin establishes a spatial organization which influences AP2-coated vesicle distribution

In light of the observed linear patterns of AP2 staining, we wanted to determine

whether AP2-coated vesicles directly associate with the actin cytoskeleton. Cells were

costained with mab AP.6 and fluorescently labeled phalloidin. The staining pattern of

AP2 is collinear with that of actin (Fig. 3.4) suggesting that the two proteins might

interact. AP2 distribution also correlates with the staining pattern of myosin (Fig. 3.5), a

motor protein that associates with actin filaments. Fig. 3.6 shows cells triply stained for

actin, myosin, and AP2. The merging of these images clearly shows a strong correlation

between the three staining patterns. However, despite this correlation, AP2 does not fully

colocalize with actin (Fig. 3.4, confocal image in Fig. 3.7). Rather, it seems that actin

filaments organize a spatial distribution that AP2-coated vesicles follow.

To test whether the linear distribution of AP2-coated vesicles is actin-directed, we

treated cells with cytochalasin D to induce actin depolymerization. Cytochalasin D

treatment completely abolished the linear arrangement of AP2-coated vesicles (Fig. 3.8 A

and B). Further, treatment of cells with the myosin inhibitor 2,3-butadione monoxime

(BDM) also resulted in disruption of AP2 distribution (Fig. 3.8 C and D). These data

support our hypothesis that the actin cytoskeleton establishes a spatial organization that

mediates the cellular distribution of early endosomes. Further, the effect of Hub

expression is identical to the effect of actin depolymerization and myosin inhibition,

indicating that actin-directed AP2 distribution is clathrin-mediated. The lack of perfect
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Figure 3.4. AP2 staining correlates with actin staining.

Cells were grown on coverslips and processed for immunofluorescence. Cells were

incubated with mab AP.6 followed by RRX-conjugate goat anti-mouse secondary

antibody (A and D). Cells were then incubated with Alexa488 Phalloidin to label the

actin cytoskeleton (B and E). C and F show merged images of AP2 and actin staining.

Panels A-C and D-F represent two different fields of cells.
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Figure 3.5. AP2 staining correlates with myosin staining.

Cells were incubated with mab AP.6 and anti-myosin rabbit serum followed by RRX

conjugated goat anti-mouse (A and D) and FITC-conjugated donkey anti-rabbit (B and E)

secondary antibodies. C and F show merged images of AP2 and myosin staining. Panels

A-C and D-F represent two different fields of cells.

-
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Figure 3.6

Triple staining of AP2, actin, and myosin
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Figure 3.6. Triple staining of AP2, actin, and myosin.

Cells were grown on coverslips and processed for immunofluorescence. Cells were

incubated with mAb AP.6 and anti-myosin rabbit serum followed by FITC-conjugated

donkey anti-mouse (B) and Cy5-conjugated donkey anti-rabbit (C) secondary antibodies.

Cells were then incubated with Alexa■ 68-Phalloidin to label the actin cytoskeleton (A).

Panel D shows the merged image of all three staining patterns. For visual ease, the Cy5

channel (myosin staining, identical to panel B) is shown without color in the inset of

panel D.
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Figure 3.7

Confocal images of AP2 and actin staining

-- " -
- - -

136



Figure 3.7. Confocal images of AP2 and actin staining.

Cells were grown on coverslips and processed for immunofluorescence. Cells were

incubated with mab AP.6 followed by RRX-conjugate goat anti-mouse secondary

antibody (A). Cells were then incubated with Alexa488 Phalloidin to label the actin

cytoskeleton (B). C shows the merged image of AP2 and actin staining. These cells

were photographed using a confocal microscope.
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Figure 3.8. Linear organization AP2-coated vesicles is dependent upon the actin

cytoskeleton.

(A and B) Cells were grown on coverslips and treated with 5puM cytochalasin D for 40

minutes at 37°C prior to fixation and processing for immunofluorescence. Cells were

incubated with mab AP.6 followed by RRX-conjugated goat anti-mouse secondary

antibody (B). Cells were then incubated with Alexa488-phalloidin to label the actin

cytoskeleton (A). Cytochalasin D induces depolymerization of actin, as evidenced by the

aggregation of actin in treated cells (compare A to Fig. 3.4 A).

(C and D) Cells were grown on coverslips and treated with 10mM BDM for 15 minutes

at 37°C prior to fixation and processing for immunofluorescence. Cells were incubated

with mab AP.6 and anti-myosin rabbit serum followed by RRX-conjugated goat anti

mouse (D) and FITC-conjugated goat anti-rabbit (C) secondary antibodies. BDM inhibits

myosin and causes myosin to dissociate from actin as indicated by the diffuse myosin

staining pattern seen in C (compare to Fig. 3.4D).
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colocalization of AP2-coated vesicles with actin (Fig. 3.4 and Fig. 3.7) suggests either

that the interaction of AP2 with actin is mediated by other proteins which create a barrier

between AP2 and actin or that actin acts by actually excluding AP2-coated vesicles from

actin-occupied space. Further work is needed to investigate these possibilities.

Hub-induced redistribution of endosomes is not due to reorganization of actin or tubulin

filaments

The data presented so far indicate that the organization of AP2-coated vesicles is

directed by the actin cytoskeleton, resulting in the observed linear staining patterns of

AP2. The data also indicate that clathrin mediates the influence of actin on the

distribution of AP2-coated vesicles. Actin has been shown to play a role in RME, and it

has also been shown that an intact microtubule network is necessary to maintain the

organization of the recycling compartment (McGraw et al., 1993). Hub-induced

redistribution of AP2-coated vesicles and perinuclear aggregation of sorting and

recycling endosomes led us to wonder whether Hub expression disrupts the organization

of either the actin or microtubule cytoskeleton. However, no alteration of the actin

cytoskeleton was observed in HeLa-T7Hub cells (compare Fig. 3.9 A to Fig. 3.4 A).

Likewise, Hub expression did not affect the organization of microtubules. The staining

pattern for tubulin was identical in HeLa-T7Hub (Fig. 3.9 C) and control cells (Fig. 3.9

E). Thus Hub-induced disruption of AP2 and early endosome distribution can be

>

--|

140





Figure 3.9

Hub expression does not alter the organization
of the actin or microtubule cytoskeleton
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Figure 3.9. Hub expression does not alter the organization of the actin or

microtubule cytoskeleton.

Cells were grown on coverslips, treated with doxycycline, and processed for

immunofluorescence.

(A and B) HeLa-T7Hub cells were incubated with anti-T7 tag måb followed by RRX

conjugated goat anti-mouse secondary antibody (B). Cells were then incubated with

Alexa488-phalloidin to label the actin cytoskeleton (A).

(C-F) HeLa-T7Hub cells (C and D) and control cells (E and F) were incubated with anti

o-tubulin mab and anti-clathrin light chain rabbit serum, followed by RRX-conjugated

goat anti-mouse (C and E) and FITC-conjugated goat anti-rabbit (D and F) secondary

antibodies. Light chain staining was performed to confirm Hub expression.
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attributed to a direct effect of clathrin inhibition and is not a secondary effect of

reorganization of cytoskeletal elements.

In light of these findings, we propose a model whereby actin filaments direct the

spatial organization of AP2-coated vesicles in a clathrin-dependent fashion. There is

evidence that the role of actin in RME is of an inhibitory nature (Fujimoto et al., 2000;

Trifaró and Vitale, 1993) and that actin acts to maintain the peripheral distribution of

endocytic patches of the plasma membrane (Gaidarov et al., 1999). Our data support this

model and show that when actin's influence on AP2-coated vesicles is disrupted, early

endosomes collapse into the perinuclear region. Based on this model, we suggest that the

role of clathrin-coated buds on endosomes is to mediate the interaction of endocytic

vesicles with elements of the cytoskeleton.

Hub inhibits transferrin receptor endocytosis with little impact on receptor recycling

In light of the redistribution of AP2-coated vesicles and the perinuclear

aggregation of early endosomes in HeLa-T7Hub cells, we wanted to investigate whether

Hub expression had any effect on the sorting and recycling functions of the early

endosomal compartment. We used “ITf to monitor the flow of material through the

endocytic/recycling pathway. As expected, we observed a Hub-induced inhibition of Tf

internalization. While control cells show a rapid internalization of *I Tf (Fig. 3.10 B,

open triangles) accompanied by a disappearance of "I Tf from the cell surface (Fig. 3.10
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Figure 3.10

Effect of Hub on endocytosis and
recycling of 1251 transferrin
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Figure 3.10. Effect of Hub on endocytosis and recycling of *I transferrin.

(A and B) HeLa-T7Hub cells (closed symbols) and control cells (open symbols) were

grown in 12-well dishes and treated with doxycycline. Cells were serum starved and then

incubated on ice in medium containing *I Tf. Following washing, cells were incubated

in chase medium at 37°C for various times. At each time point acid (squares), lysate

(triangles), and medium (circles) fractions were collected as described in the Materials

and Methods, and the percent radioactivity in each fraction was determined. A and B

show data from the same experiment. All points are the average of three wells.

(C and D) Cells were grown in 12-well dishes and treated with doxycycline. Cells were

serum starved and then incubated at 37°C in medium containing *I Tf for 30 (C) or 60

(D) minutes. Surface “ITf was removed by acid stripping, and cells were reincubated at

37°C in chase medium for various times. At each time point lysate and medium fractions

were collected as described in the Materials and Methods, and the percent radioactivity in

each fraction was determined. All points are the average of three wells. Symbols are as

for A and B. Error bars are indicated on all graphs.
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A, open squares) within 5 minutes, there is an obvious delay in the internalization of "I

Tf in HeLa-T7Hub cells (Fig. 3.10 B, closed triangles). This delay is mirrored by a

prolonged lifespan of “I Tf on the cell surface (Fig. 3.10 A, closed squares). By 10

minutes control cells begin to recycle “ITf to the cell medium (Fig. 3.10 B, open

circles), while there is little recycling in HeLa-T7Hub cells even after 20 minutes (Fig.

3.10 B, closed circles).

One explanation for the delay in Tf recycling in HeLa-T7Hub cells is that clathrin

is directly involved in recycling of TfR and its ligand. However, a second possibility is

that the delay in recycling is simply due to the initial delay in Tf internalization. We do

not begin to observe substantial recycling in control cells until approximately 80% of the

Tf has been endocytosed from the cell surface. We do not reach this level of Tf

internalization in HeLa-T7Hub cells, and therefore the observed delay in recycling might

indicate that Tf simply never progressed far enough along its intracellular route to

recycle. To distinguish between these two possibilities, we allowed cells to internalize

*ITf to saturate the entire endocytic/recycling pathway prior to measuring recycling.

Fig. 3.10 C shows the kinetics of Tf recycling in HeLa-T7Hub and control cells following

30 minutes of continuous *I Tf uptake. A slight delay is observed in Tf recycling in

HeLa-T7Hub cells (closed symbols). While the delay is not extreme, it is consistent and

reproducible. Interestingly, however, the delay in recycling becomes even less dramatic

if cells are allowed to internalize “IT■ for 60 minutes prior to measuring recycling (Fig.
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3.10 D). Thus the longer cells are allowed to internalize “ITf, the less of an effect Hub

has on Tf recycling. These data imply that the farther along its intracellular pathway Tf

progresses, the less of a role clathrin plays in directing its trafficking. Furthermore, the

effect of Hub on “I recycling seen in Fig. 3.10 C and D is not nearly as striking as the

effect on Tf endocytosis seen in Fig. 3.10 A and B. These results indicate that while

clathrin directly mediates RME at the plasma membrane, its role in receptor sorting and

recycling is minimal.

These findings are further supported by immunofluorescent data. HeLa-T7Hub

and control cells were pulsed with Alex488 Tf and then chased for various times. When

cells were labeled with Alexa488-Tf we again observed a delay in Tf internalization (Fig.

3.11 E versus A. However, despite the inhibition of Tf endocytosis, by 30 minutes of

chase the majority of labeled Tf recycles from both control and HeLa-T7Hub cells (Fig.

3.11 D and H). This result is striking because previous work has shown that recycling is,

in fact, a slower process than endocytosis (Bleil and Bretscher, 1982; Hopkins and

Trowbridge, 1983; Karin and Mintz, 1981; Mayor et al., 1993; Presley et al., 1993). That

HeLa-T7Hub cells can, in essence, catch up to control cells despite the initial inhibition

of Tf internalization further indicates that while inhibition of clathrin affects the kinetics

of early, endocytic steps of TfR trafficking it does not affect later, recycling events.

To confirm our results we wanted to follow the trafficking of TfR directly without

relying on labeled Tf. We used a cleavable biotin reagent to label cell surface proteins so
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Figure 3.11

Endocytosed transferrin recycles with
normal kinetics in HeLa-T/Hub cells
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Figure 3.11. Endocytosed transferrin recycles with normal kinetics in HeLa-T7Hub

cells.

HeLa-T7Hub cells (right) and control cells (left) were grown in coverslip-bottomed

dishes and treated with doxycycline. Cells were incubated at 37°C for 3 minutes in

medium containing Alexa488-Tf, followed by ice-cold washes. Cells were reincubated

in chase medium at 37°C for 0 (A and E), 5 (B and F), 10 (C and G), or 30 (D and H)

minutes. At each time point, cells were washed, fixed, and photographed. t
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that we could follow the progress of TfR through the endocytic and recycling pathway.

Cells were incubated on ice with a disulfide-linked biotin label and then placed in

medium at 37°C for 20 minutes, at which point surface biotin was removed by cleavage

with glutathione (GSH). Cells were again incubated at 37°C for an additional 20

minutes, followed by another round of GSH stripping. In this manner we can follow the

endocytosis and recycling of a pool of surface receptors by monitoring the gain or loss of

biotinylated material at each step. Internalized receptors will be protected from GSH

stripping, but will become resusceptible to stripping as they recycle to the plasma

membrane. Fig. 3.12 A shows the levels of biotinylated TfR in HeLa-T7Hub and control

cells following biotin labeling, incubation at 37°C, and GSH stripping. Lanes 2 and 3

show the total amount of biotinylated TfR following surface biotinylation without and

with immediate GSH stripping, respectively. The increase in biotinylated material in lane

4 compared to lane 3 represents internalized TfR that is protected from GSH stripping.

The decrease of biotinylated material in lane 5 compared to lane 4 represents TfR that has

recycled to the plasma membrane and become resusceptible to GSH treatment. Fig. 3.12

B shows the percentage of TfR internalized and recycled in HeLa-T7Hub and control

cells, based on the data shown in Fig. 3.12 A. As expected, HeLa-T7Hub cells

internalize less Tfr during the first 20 minute incubation period than control cells. While

control cells internalized approximately 80% of biotinylated TfR during the first 20

minute incubation, HeLa-T7Hub cells internalized only 30%. TfR is endocytosed via
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Figure 3.12

Hub inhibits endocytosis of transferrin receptor
without affecting receptor recycling
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Figure 3.12. Hub inhibits endocytosis of transferrin receptor without affecting

receptor recycling.

(A) HeLa-T7Hub cells and control cells treated with doxycycline were biotinylated on

ice using a disulfide-linked, cleavable biotin reagent (lanes 2-5; lane 1 is an non

biotinylated control). To follow the internalization of TfR (lane 4), cells were incubated

at 37°C for 20 minutes and then treated with GSH to remove residual surface biotin. To

follow TfR recycling (lane 5), cells were incubated at 37°C for 20 minutes, stripped with

GSH, then reincubated at 37°C for an additional 20 minutes and stripped again with GSH.

TfR was immunoprecipitated, and immunoprecipitates were separated by SDS-PAGE

and blotted with streptavidin-HRP. Lanes 2 and 3 indicate levels of total biotinylated

TfR and GSH stripping efficiency, respectively.

(B) Bands from A were quantitated, and the percent TfR endocytosed and recycled was

calculated. Percent endocytosed was calculated as the intensity of bands in lane 4

divided by the intensity of bands in lane 2. Percent recycled was calculated as the loss of

intensity of bands in lane 5 compared to lane 4 divided by the intensity of bands in lane 4.

For all calculations stripping inefficiency (intensity of bands in lane 3 divided by

intensity of bands in lane 2, approximately 15%) was taken into account.
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clathrin-coated pits, so this result was not surprising and confirms that Hub does, in fact,

inhibit clathrin function. However, for receptors that were internalized by HeLa-T7Hub

cells, there is hardly any delay in recycling to the plasma membrane. Both control and

HeLa-T7Hub cells recycled approximately half (52% for control cells, 48% for HeLa

T7Hub cells) of internalized TfR during the second 20 minutes incubation. These results

confirm that although clathrin is crucial for the timely endocytosis of TfR, it does not

play a major role in TfR recycling.

Perinuclear aggregation of early endosomes does not inhibit sorting of Tf from LDL

Although perinuclear aggregation of endosomes in HeLa-T7Hub cells did not

affect the kinetics of Tf recycling, we wanted to determine if inhibition of clathrin and

reorganization of early endosomes has an effect on the endosomal sorting process. In

contrast to Tf, LDL dissociates from its receptor in the sorting endosome (Davis et al.,

1987) and progresses to the lysosome. Because Tf and LDL are both internalized via

RME to sorting endosomes and then separate from one another, we can use these two

ligands as markers to monitor receptor endocytosis, sorting, and recycling. HeLa-T7Hub

and control cells were given a short pulse with Alexa488-Tf (Fig. 3.13 shown in green)

and Dil-LDL (shown in red). At various chase times confocal images were taken to

determine whether the two ligands colocalized to the same vesicles (indicated by yellow)

or whether they had properly sorted from one another. In control cells some sorting
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Figure 3.13

Transferrin and low density lipoprotein sort
with normal kinetics in HeLa-T/Hub cells
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Figure 3.13. Transferrin and low density lipoprotein sort with normal kinetics in

HeLa-T7Hub cells.

HeLa-T7Hub cells (right) and control cells (left) were grown in coverslip

bottomed dishes and treated with doxycycline. Cells were incubated at 37°C for 3

minutes in medium containing Alex488-Tf (green) and Dil-LDL (red), followed by ice

cold washes. Cells were then incubated in chase medium at 37°C for 0 (A and D), 5 (B

and E), or 10 (C and F) minutes. At each time point cells were washed, fixed, and

photographed using a confocal microscope.
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occurs by 5 minutes of chase (Fig. 3.13 B), and by 10 minutes (C) almost all the Tf and

LDL have sorted to distinctly separate vesicles. As expected, there is an inhibition of

internalization of Tf and LDL in HeLa-T7Hub cells (Fig. 3.13 D), and residual plasma

membrane staining is evident throughout the chase (E and F). In HeLa-T7Hub cells Tf

and LDL proceed rapidly to the perinuclear aggregate (Fig. 3.13 E). For this reason we

conclude that sorting endosomes are present in the perinuclear aggregate. However,

despite the altered distribution of these Tf- and LDL-containing vesicles, the ligands do

seem to sort from one another with kinetics similar to control cells. By 10 minutes of

chase HeLa-T7Hub cells contain a substantial number of vesicles which stain only for Tf,

despite the fact that these vesicles remain clustered in the perinuclear area (Fig. 3.13 F).

This result indicates that proper sorting of Tf from LDL does occur in the presence of

Hub and that recycling vesicles (which stain only for Tf) are also included in the

perinuclear aggregate.

The appearance of singly stained green vesicles by 5-10 minutes of chase

indicates that Tf does properly sort from LDL in HeLa-T7Hub cells. Interestingly,

despite the appearance of Tf-containing vesicles, there is not a corresponding appearance

of vesicles staining only for LDL, as is seen in control cells (Fig. 3.13 F versus C). The

majority of LDL-containing vesicles in HeLa-T7Hub cells continue to costain for Tf, at

least partially, throughout the 10 minute chase. This finding could indicate that LDL is

not progressing to late endosomes/lysosomes or that the maturation of these latter

->
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compartments is disrupted by the expression of Hub. An investigation into the effect of

Hub on late endosomal pH and the trafficking of LDL is in progress.

Discussion

We set out to determine the role of clathrin-coated buds on endosomes using the

dominant-negative clathrin inhibitor Hub to disrupt clathrin function. We discovered a

novel effect of clathrin inhibition on the distribution of AP2-coated vesicles and early

endosomes which suggests that the role of endosomal clathrin-coated buds is to mediate

the cellular organization of endosomes. We observed that in control cells, AP2-coated

vesicles are normally found in arrays which are collinear with actin filaments. This

finding is consistent with a proposed role for actin in RME. These linear arrays can be

disrupted by cytochalasin D treatment, which depolymerizes the actin cytoskeleton, or by

BDM treatment, which inhibits myosin. Therefore, the data indicate that the actin

cytoskeleton is responsible for establishing the organization of the AP2 arrays, and that

the process is mediated by myosin. Most importantly, Hub expression disrupted the

organization of AP2-coated vesicles in an identical fashion to cytochalasin D and BDM

treatment, indicating that clathrin is also involved in mediating actin-influenced

organization of AP2-coated vesicles. This is the first study to report an effect of clathrin

inhibition on the spatial relationship between AP2-coated vesicles and actin. Based on

this data we conclude that clathrin is capable of mediating an interaction between
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clathrin-coated buds or vesicles and the actin cytoskeleton. Such a role for clathrin

would explain the perinuclear aggregation of early endosomes that we observe in HeLa

T7Hub cells. In light of the evidence of a role for actin in maintaining the peripheral

distribution of endocytic vesicles (Gaidarov et al., 1999), we propose a model whereby

actin directs the organization of endosomes and maintains their disperse cytosolic

distribution, and that in the absence of actin's influence, early endosomes aggregate in the

perinuclear area. Here we show that clathrin inhibition results in inhibition of actin

influenced endosomal distribution.

Despite the collinearity that we found in the staining patterns of AP2 and actin,

perfect colocalization of the two proteins was not observed. Whether this result indicates

that actin actually excludes endocytic vesicles from certain regions or simply that the

interaction between AP2 and actin is mediated by many layers of linking proteins is

under investigation. In support of a link between clathrin coats and actin, the Hip1R

protein has been shown to bind actin in vitro and to be enriched in CCV cellular fractions

(Engqvist-Goldstein et al., 1999). Hip1R was recently shown to bind clathrin in vivo and

to induce cross linking of both clathrin and actin (Engqvist-Goldstein et al., 2000). These

findings make Hip1R an attractive candidate for the link between clathrin coats and the

actin cytoskeleton.

Although we did not find evidence for a clathrin-mediated receptor recycling

pathway, the suggestion that clathrin might mediate receptor sorting or recycling is not
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ill-founded. The existence of clathrin-coated buds on endosomes enriched for Tf and TfR

(Killisch et al., 1992; Stoorvogel et al., 1996; Whitney et al., 1995) and the requirement

for clathrin in proper basolateral targeting of recycling TfR in polarized MDCK cells

(Futter et al., 1998) are strongly suggestive of a role for clathrin in the post-endocytic

trafficking of TfR. However, in accordance with prior kinetic studies (Damke et al.,

1994; Jing et al., 1990; Mayor et al., 1993; McGraw and Maxfield, 1990) we were unable

to detect a significant effect of clathrin inhibition on the sorting or recycling of Tf. We

conclude that although clathrin plays a major role in the internalization of TfR, it is not

required for efficient receptor sorting or recycling.

That Hub can so drastically alter the distribution of early endosomes without

greatly affecting the kinetics of receptor sorting and recycling is surprising but not

without precedent. The distribution of recycling endosomes varies between cell types

(Apodaca et al., 1994; Daro et al., 1996; Ghosh et al., 1994; Hopkins et al., 1990; Marsh

et al., 1995; McGraw et al., 1993; Tooze and Hollinshead, 1991), indicating that the

overall organization of the recycling compartment is not crucial to its function. This fact

is further illustrated by the observation that reorganization of the recycling compartment

does not result in altered receptor recycling kinetics (Futter et al., 1998; Johnson et al.,

1996; McGraw et al., 1993). Thus clathrin-coated buds on endosomes seem to play a

strictly morphological role in maintaining the organization of the early endosomal

compartment, though under conditions which inhibit clathrin function, trafficking
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through this compartment occurs with normal kinetics. These results raise the issue as to

why there is any organization of the early endosomal compartment if sorting and

recycling can occur normally when the compartment is disrupted. It is likely that in the

context of an organized tissue, there is a much greater need for polarized sorting and

recycling functions than in the tissue culture cells used in these experiments. Therefore,

clathrin's role in maintaining endosomal organization is probably of greater importance in

living tissue.

The results presented here, in combination with prior work, point to a role for

clathrin on endosomes that is characteristically distinct from its role at the plasma

membrane and is quite different from the protein trafficking role of clathrin that is so well

studied. While clathrin exerts a direct kinetic effect on the endocytosis of receptors at

the plasma membrane, the role for clathrin-coated buds on endosomes appears to be of a

morphological nature. Thus clathrin coats can perform two different cellular functions--

controlling protein trafficking and mediating an interaction with actin. The data in this

report suggest that at the plasma membrane clathrin actually plays both roles by directing

RME and mediating the spatial relationship between AP2 and actin. These data highlight

an important role for endosomal clathrin-coated buds in mediating actin-directed cellular

distribution. Research is underway to better define the mechanics of how clathrin

performs this function.
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Chapter 3: Supplemental Data

The following data was produced as part of the work presented in Chapter 3 but will not

be included in the manuscript submitted to The Journal of Cell Biology.

Anti-hook 1, hook 2, and hook 3 rabbit sera were provided by Dr. Helmut Krämer of the

Department of Cell Biology and Neuroscience at the University of Texas Southwestern

Medical Center.
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While carrying out the research presented in this chapter, we included in our

analysis an investigation into the effect of Hub expression on the cellular distribution of

hook 1, hook 2, and hook 3. Hook proteins localize to endocytic vesicles and large

vacuoles that are distinct from lysosomes (Krämer and Phistry, 1996; Krämer and

Phistry, 1999). Recent data indicates that hook is involved in the maturation of

multivesicular endosomes and delivery of cargo from multivesicular bodies to late

endosomes and lysosomes (Sunio et al., 1999). The role for hook in these processes is

thought to be of an inhibitory nature. Hook proteins associate with microtubules, though

each hook protein seems to also associate with different organelles (personal

communication from Dr. Helmut Krämer). Hook 3 has been observed in the cis Golgi

(Dr. Krämer.) To see whether Hub expression affects the distribution of hook proteins,

we stained cells with rabbit sera against hook 1, hook 2, and hook 3. Fig. 3.14 shows the

staining patterns of the three proteins in control and HeLa-T7Hub cells. The staining

pattern for hook 1 clearly demonstrates hook 1's association with microtubules (compare

Fig. 3.14 A and B to Fig. 3.9 C and E). Hook 2 shows a staining pattern somewhat

reflective of the microtubule cytoskeleton, particularly at the edges of cellular projections

(see the upper right-hand portion of the cell in Fig. 3.14 E). The staining pattern for hook

3 does not appear to be coincident with microtubules, though as communicated by Dr.

Krämer, hook 3 might be localized to the Golgi. In comparing Fig. 3.14 A and B, D and

E, and G and H it is clear that Hub does not alter the distribution of any of the hook
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proteins. This results leads us to conclude that Hub exerts its effect on components of the

early endocytic pathway (as shown in this chapter) and not on late endosomes or

lysosomes.
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Figure 3.14

Hub does not alter the
cellular distribution of Hook 1, 2, or 3

Control HeLa-T/Hub

Hook 1

Hook 2 Hook 2 TZHub
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Figure 3.14. Hub does not alter the cellular distribution of Hook 1, 2, or 3.

HeLa-T7Hub cells (middle and right columns) and control cells (left column) were grown

on coverslips, treated with doxycycline, and processed for immunofluorescence. Cells

were stained with rabbit serum against hook 1 (A and B), hook 2 (D and E), or hook 3 (G

and H) followed by FITC-conjugated donkey anti-rabbit secondary antibody. HeLa

T7Hub cells were also stained with anti-T7 tag mab followed by RRX-conjugated

donkey anti-mouse secondary antibody to confirm Hub expression (C, F, and I).
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Chapter 4

Discussion and Future Directions

Chapter 4 summarizes the findings of Chapters 2 and 3 and proposes future

directions for the research. Preliminary results are presented.

166



The research presented in this dissertation was undertaken to investigate

mechanisms by which viruses inhibit antigen presentation by class I major

histocompatibility complex molecules. Antigen presentation by class I MHC molecules

is a fundamental element of our immune response against viral infection. The ability of

viruses to prevent antigen presentation has proven to be a fascinating area of

investigation: it not only contributes to the establishment of persistent or latent viral

infection, but also highlights the evolutionary forces which drive viruses and hosts to

coevolve. This latter point is best illustrated by a host NK cell response against cells

lacking class I MHC molecules and the ability of viruses to selectively downregulate

class I molecules such that an NK cell attack can be avoided.

In studying the effects of viral proteins on the assembly of class I MHC

molecules, it becomes clear that no step in the assembly pathway escapes viral

interference. A key finding of the research presented here is that the adenovirus E19

protein binds TAP and inhibits class I molecule/TAP interaction. E19 is the first viral

protein shown to affect the interaction of class I molecules with TAP and also the first

viral protein discovered to affect class I MHC expression by two mechanisms: inhibition

of class I molecule/TAP association and ER retention of class I molecules. Whether

other viral proteins also affect the interaction of class I molecules with TAP or exert

multiple effects on class I assembly and trafficking remains to be seen.

Another viral protein of interest for this body of work is the HIV Nef protein. To
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study the effect of Nef on the expression of class I MHC molecules, it was necessary to

develop tools and techniques to study class I MHC endocytosis and trafficking. Such

tools and techniques were developed while investigating the role of clathrin-coated buds

on early endosomes. While it is well established that clathrin mediates RME from the

plasma membrane, the presence of clathrin-coated buds on endosomes left open the

possibility that clathrin might also mediate later trafficking events such as receptor

sorting and recycling. Prior studies used mutated transferrin receptors or indirect clathrin

inhibitors to investigate the role of clathrin in receptor sorting and recycling. The

research presented here is the first study to use a direct inhibitor of clathrin, the clathrin

Hub, to study the effect of clathrin inhibition on these trafficking events. Despite our

unique approach, our data are in agreement with earlier studies which concluded that

clathrin does not mediate the sorting or recycling of transferrin receptor. However, using

Hub we did uncover two novel effects of clathrin inhibition: redistribution of early

endosomes into a perinuclear aggregate and disruption of the spatial relationship between

AP2-coated vesicles and the actin cytoskeleton. We propose a model whereby the actin

cytoskeleton helps maintain the peripheral distribution of endocytic vesicles. In the

presence of Hub the spatial relationship between endocytic vesicles and actin filaments is

disrupted. Thus actin is unable to exert an inhibitory effect on trafficking, and endocytic

vesicles collapse into the perinuclear area. The HeLa-T7Hub cell line and the protocols

developed during this investigation can now be applied to studying constitutive and HIV
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Nef-induced endocytosis of class I MHC molecules.

Future Directions

Some questions remain with regard to this body of research. In the case of

adenovirus E19, an obvious follow-up investigation is to determine whether E19 affects

peptide loading of class I MHC molecules. Because E19 inhibits association of class I

molecules with TAP, it is likely that the viral protein also inhibits peptide loading.

Inhibition of peptide loading would explain why class I alleles which do not associate

well with E19 still experience delayed maturation in E19" cells (Beier et al., 1994). A

common technique for determining the state of assembly of class I molecules is to take

advantage of the fact that empty class I dimers (consisting of heavy chain and 3,m

without peptide) are inherently unstable (Townsend et al., 1990). Empty class I dimers

dissociate when incubated overnight at 4°C or 1-2 hours at 37°C, whereas peptide-loaded

class I molecules remain assembled. Because recognition of class I molecules by mab

W6/32 is dependent upon heavy chain association with 3,m, W6/32 immunoprecipitation

can be used to determine whether class I dimers are loaded with peptide. When this

technique was used to determine the assembly state of class I molecules in E19" cells,

W6/32 immunoprecipitated equivalent amounts of class I molecules before and after

lysate incubation. This result seems to indicate that peptide loading of class I molecules

is not inhibited by E19. However, E19 remains bound to class I molecules during lysate
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incubation. Because the viral protein associates with the class I peptide binding groove it

may stabilize empty dimers, complicating interpretations of the results. While there are

monoclonal antibodies which specifically recognize peptide-loaded class I molecules

(Bresnahan et al., 1997), the association of E19 with empty class I dimers might

complicate their use as well. The best approach would entail dissociating E19 from class

I molecules without disturbing the class I assembly state and then assaying whether the

class I molecules contain bound peptide. Such an approach has yet to be developed.

Investigation of the function of clathrin-coated buds on endosomes yielded

interesting results. The data clearly show that expression of Hub has two effects on

endosomes: redistribution of early endosomes and disruption of the spatial relationship

between AP2-coated vesicles and the actin cytoskeleton. While we propose a model

whereby actin inhibits the collapse of endocytic vesicles into the perinuclear region, there

are a few experiments which should be performed to solidify this hypothesis. One

phenomenon which we have been unable to observe is the induction of a perinuclear

aggregate of endosomes in Hub-negative cells as a result of actin inhibition. Two

approaches were used to attempt to recreate the effect of Hub expression: disruption of

the actin cytoskeleton by cytochalasin D and inhibition of myosin by BDM.

Unfortunately, following both treatments, when cells were allowed to internalize

fluorescently labeled transferrin, too little Tf was internalized to yield reliable results.

The recreation of a perinuclear aggregate in Hub-negative cells will require the
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development of an assay to inhibit actin while still allowing measurable Tf uptake. A

related issue that should be investigated is whether the aggregation of endosomes in Hub

expressing cells is actin-dependent. Again, however, an assay must be developed which

will allow for actin disruption or myosin inhibition without completely abolishing Tf

uptake.

An additional protein which should be studied in Hub-expressing cells is Hip1R, a

protein closely related to the huntingtin interacting protein 1 (Hip1). As discussed in the

Introduction, Hip1R could serve as a link between CCV and the actin cytoskeleton and

might be responsible for mediating the spatial relationship between AP2-coated vesicles

and actin.

A final area which should be investigated is the effect of Hub expression on the

acidification of the endocytic pathway. Clathrin inhibition may result in deficient

transport of proteins necessary to maintain the proper pH of endosomes and lysosomes.

One such factor is the vacuolar membrane ATPase complex (V-ATPase) (Stevens and

Forgac, 1997) which is known to associate with AP2 (Liu et al., 1994; Myers and Forgac,

1993). Inhibition of clathrin may disrupt the delivery of V-ATPase to endosomes and

therefore might alter the pH of the endocytic pathway. Altered pH may be partially

responsible for the observed effects of Hub expression on early endosomes distribution.

A variety of pH-sensitive endocytic probes are commercially available (e.g., Molecular

Probes), and both immunofluorescence- and FACS-based approaches can be used to
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determine the pH of different endocytic compartments.

The tools and reagents developed during the course of this research can be used

to study constitutive and HIV Nef-induced endocytosis of class I MHC molecules. Class

I endocytic pathways vary with cell type and class I allele under normal and Neft

conditions. Endocytic pathways also vary with regard to whether the process is

spontaneous or induced. Therefore, a unified approach must be developed which takes

into account cell- and allele-specific differences and is consistent with regard to the use

of antibodies or crosslinking agents. Some of the questions which remain to be answered

include:

* Is class I endocytosis spontaneous?

* Is class I endocytosis clathrin-mediated?

* Are endocytosed class I molecules recycled or degraded?

* How does class I endocytosis vary with cell type and class I allele?

* Do viral proteins such as HIV Nef and KSHV K3 and K5 utilize

constitutive class I endocytic pathways or access novel trafficking

pathways?

One approach to study class I endocytosis is to label cell surface proteins with a

cleavable biotin reagent and monitor the amount of recoverable biotinylated class I

molecules following incubation at 37°C, (presented in Chapter 3). The benefit of this

approach is that it does not depend upon the use of antibodies or crosslinking agents
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which might induce class I endocytosis. This assay has been performed on the B

lymphoblastoid cell line JY (Fig. 4.1). Cell surface proteins were labeled with a

disulfide-linked, cleavable biotin reagent, cells were incubated at 37°C for 30 minutes,

and biotin was stripped from the cell surface by reduction with GSH. The class I heavy

chain band in lane 4 of Fig. 4.1 represents material that was endocytosed and is protected

from GSH stripping. This result shows that biotinylation can be used to monitor class I

endocytosis and that endocytosis is slow but spontaneous in JY cells. Another useful

approach to study class I endocytosis is to label cell surface class I molecules with anti

class I antibodies, incubate cells to allow for class I endocytosis, and then monitor the

level of antibody on the cell surface by FACS analysis. This protocol has the advantage

that endocytosis can be assessed at multiple time points with ease, allowing one to study

the kinetics of class I endocytosis in greater detail. The complexity of the biotinylation

assay makes it difficult to monitor multiple time points. When using a FACS-based

approach certain controls should be included. First, samples should be done in duplicate

so that one sample can be permeabilized prior to staining with secondary antibody. This

step will assure that loss of surface staining is due to internalization and not antibody

dissociation from the cell surface. Second, Fab fragments should be used alongside

whole antibody to confirm that endocytosis is not the result of antibody crosslinking.

A biotinylation protocol can also be used to determine whether class I MHC

molecules are recycled or degraded following endocytosis. After cells have been allowed
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Figure 4.1

Spontaneous endocytosis of
class I MHC molecules in JY cells

Biotin - + + +

37OC/30 min. - - +

GSH - + +

Class I MHC – -
* - -heavy chain

Lane 1 2 3 4
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Figure 4.1. Spontaneous endocytosis of class I MHC molecules in JY cells.

JY cells (1 x 10' per sample) were biotinylated on ice using a disulfide-linked, cleavable

biotin reagent (lanes 2-4; lane 1 is an non-biotinylated control). To follow the

internalization of class I MHC molecules (lane 4), cells were incubated at 37°C for 30

minutes and then treated with GSH to remove residual surface biotin. Class I molecules

were immunoprecipitated with mAb W6/32, and immunoprecipitates were separated by

SDS-PAGE and blotted with streptavidin-HRP. Lanes 2 and 3 indicate the total level of

biotinylated class I MHC heavy chain and GSH stripping efficiency, respectively. The

migration position of the class I MHC heavy chain is indicated at the left.
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to internalize biotin-labeled class I molecules and surface biotin has been removed, cells

can be reincubated at 37°C. The expected result is a reduction in the level of class I

molecules protected from GSH stripping, either because the molecules recycled to the

plasma membrane and became resusceptible to GSH treatment or because they were

degraded. To distinguish between these two possibilities, the assay can be done in the

presence of lysosomal inhibitors (e.g., chloroquine or NH,Cl). If class I molecules are

recycled, the presence of lysosomal inhibitors will not affect the results of the

experiment. If class I molecules are degraded, treatment with lysosomal inhibitors will

result in equivalent levels of class I molecules detected prior to and following the second

incubation step. Primaquine can also be used in this assay to determine whether class I

molecules recycle. Treatment with primaquine has been shown to inhibit MHC molecule

recycling [Reid, Nauter, 1990). If class I MHC molecules recycle, primaquine treatment

will result in equivalent levels of class I molecules detected prior to and following the

second incubation step. This concept is illustrated in Fig. 4.2.

To determine the role of clathrin in class I endocytosis and/or recycling, the

assays just described can be performed on Hub-expressing cells alongside Hub-negative

cells. Using the pjM601-T7Hub construct, any tetracycline-inducible cell line can be

transfected and induced to express Hub. Currently tetracycline-responsive cell lines are

limited, though they can be made fairly easily with commercially available reagents (e.g.,

Clontech, Palo Alto, CA). The T7Hub construct has also been cloned in the pCDM8
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Figure 4.2

Conceptual representation of class I MHC molecule
recycling or degradation using a biotinylation protocol

Class I molecules Class I molecules
recycle are degraded

No treatment Pd L.I. Pd L.I.

Biotin - + + + + + + + +

GSH = +

*: + + + + + +

*. = + + + + +

Class I MHC
heavy chain | m | m m [ _

Lane 1 2 3 4 5 6 7 8 9
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Figure 4.2. Conceptual representation of class I MHC molecule recycling or

degradation using a biotinylation protocol.

The biotinylation protocol outlined in Chapter 3 (Fig. 3.10) can be used to monitor the

endocytosis of class I MHC molecules. It can also be used to determine whether class I

molecules recycle or are degraded following endocytosis. The sample data shown here

illustrate the expected results for cells in which class I molecules recycle (lanes 6 and 7)

and cells in which class I molecules are degraded (lanes 8 and 9). (Details of the

experimental protocol are described in Chapter 3). Lane 2 indicates the total amount of

biotinylated class I heavy chain at the start of the experiment. Lane 4 indicates the

amount of biotinylated heavy chain following incubation at 37°C and GSH stripping.

This band represents class I molecules that were endocytosed and are resistant to GSH.

Lane 5 indicates the amount of biotinylated heavy chain following a second incubation at

37°C and GSH stripping. The decrease in biotinylated heavy chain in lane 5 versus lane 4

could be due to class I recycling, which would render class I molecules resusceptible to

GSH treatment. The decrease in band size could also be due to class I heavy chain

degradation. To distinguish between these two possibilities the assay can be done in the

presence of primaquine (Pd), and inhibitor of recycling, or lysosomal inhibitors (L.I.). If

class I molecules recycle (lanes 6 and 7) treatment with Pd will prevent class I molecules

from becoming resusceptible to GSH stripping, and the class I band size following the

second incubation/stripping step (lane 6) will be equivalent to the band in lane 4.
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Lysosomal inhibitors will have no effect on the resulting band size (lane 7), and the class

I heavy chain band will be equivalent to the band in lane 5. If class I molecules are

degraded (lanes 8 and 9), Pd treatment will have no effect on the resulting band size (lane

8), but lysosomal inhibitors will prevent the reduction in class I heavy chain band size

(lane 9) yielding a band equivalent to the band in lane 4.
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vector (Liu et al., 1998) which can be used to transiently transfect cells. Both techniques

yield high levels of Hub expression. Because caveolae are implicated in class I

endocytosis in fibroblasts, caveolae inhibitors should also be analyzed for their effect on

class I trafficking. Methyl-3-cytodextrin, nystatin, and filipin can all be used to inhibit

caveolae-mediated trafficking events.

The procedures outlined above can be used to study cell-and allele-specific

differences in class I endocytosis and to study the effect of viral proteins on class I

trafficking. Various cell types expressing different class I alleles can be assayed, both

with and without Hub and in the presence and absence of viral proteins. In this manner it

can be determined whether viruses utilize constitutive endocytic pathways to induce class

I MHC endocytosis and also whether they utilize clathrin-mediated pathways.

An aspect of HIV Nef-induced class I downregulation that remains to be

investigated is whether PACS-1-meidated TGN accumulation of class I molecules is

clathrin-dependent. PACS-1 has been shown to link furin to AP1 (Wan et al., 1998),

suggesting that PACS-1-mediated trafficking is clathrin-dependent. Immunofluorescence

can be used to study the accumulation of class I molecules in the TGN in Nef cells.

Surface class I molecules can be labeled on ice with mab W6/32 and then incubated at

37°C to allow endocytosis. Cells are then fixed, permeabilized, and stained with labeled

anti-mouse secondary antibody. When this technique was used to follow class I

endocytosis in Nef melanoma cells, class I molecules were observed in the TGN (Piguet
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et al., 2000). This experiment can be repeated in the presence of Hub to determine

whether accumulation of class I molecules in the TGN is clathrin-mediated.

As a first approach to studying Nef-induced class I downregulation, a FACS

based assay was used to measure surface levels of class I MHC molecules on wildtype

and Nef HeLa cells which express a consensus HIV1 Nef sequence (Shugars et al.,

1993). Consensus Nef contains the myrisylation signal, proline-based repeat, and acidic

cluster necessary for Nef-induced class I MHC endocytosis. Surprisingly, however, no

difference was seen in levels of class I surface expression in HeLa-Nef cells compared to

the parental HeLa cell line (Fig. 4.3 B). While the expected result was a decline in class I

surface expression in the presence of Nef (Schwartz et al., 1996), Nef clones actually

stained higher for surface class I molecules. The lack of Nef-induced downregulation

could be HeLa-cell specific. Alternatively, the amount of W6/32 antibody used may not

have been saturating. A personal communication from Vincent Piguet suggested that

levels of Nef expression may not have been sufficient. Piguet reports that extremely high

levels of Nef expression are necessary to observe class I downregulation. Further work is

necessary to determine whether HeLa-Nef cells express insufficient levels of Nef to

induce class I endocytosis. These HeLa-Nef cells have not yet been assayed for

accumulation of class I molecules in the TGN.
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Figure 4.3

Surface expresison of class I MHC molecules
on HeLa-Nef cells
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Figure 4.3. Surface expression of class I MHC molecules on HeLa-Nef cells.

HeLa-Nef cells were generated using retrovirus-mediated gene transfer. Briefly, the

amphotrophic Phoenix packaging cell line was transfected with plConsNefSN, which

encodes a consensus HIV1 Nef sequence (Shugars et al., 1993), using a calcium

phosphate transfection protocol. Viral supernatant was collected and used to infect HeLa

cells. Positive clones were selected in G418.

(A) Four different HeLa-Nef clones (numbered 3, 7, 9, and 11) were screened for Nef

expression. Cells were lysed in 1% NP40 lysis buffer, and lysates were separated by

SDS-PAGE and blotted for Nef using mab EH1, supplied by Dr. James Hoxie at the

University of Pennsylvania. The migration position of Nef is indicated at the left, and the

positions of molecular weight marker proteins (in kilodaltons) are indicated at the right.

Uninfected HeLa cells show no EH1-reactive bands (data not shown).

(B) HeLa-Nef clones 3, 7, 9, and 11 were assayed for surface levels of class I MHC

molecules. Cells were incubated on ice with mab W6/32 for 30 minutes. Cells were

then washed and incubated with FITC-conjugated goat anti-mouse secondary antibody.

Surface levels of class I MHC molecules were measured using a Becton Dickinson

FACScan instrument.
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Conclusion

The spatial and temporal control of cellular protein distribution directly impacts

the ability of proteins to perform their intended functions. Therefore, understanding

intracellular trafficking pathways of proteins is paramount to fully understanding the

roles that different proteins play within the cell. This body of work has focused on two

different areas of membrane traffic: the assembly and trafficking of class I MHC

molecules and ways that viruses perturb these processes, and the role of clathrin-coated

buds on endosomes.

While we know a great deal about the assembly and trafficking of class I MHC

molecules, some details remain elusive, such as the order of events in class I assembly,

the fate of class I molecules at the cell surface, and the role of class I endocytosis and

recycling in antigen presentation. By fully understanding the cell biology of antigen

presentation, we not only gain a better insight into the role class I molecules play in the

immune response, but we also gain insight into the myriad strategies viruses use to

prevent antigen recognition. To this end, an important development of this research was

the creation of tools and reagents to study the effect of viral proteins on class I antigen

presentation. Clinically persistent and latent viral infections pose a significant threat to

immunosuppressed patients such as organ transplant recipients and individuals with

immunodeficiencies. With further research in this area, we will hopefully be able to

prevent viral immune evasion and gain a therapeutic edge over these problematic
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pathogens.

The mechanics of clathrin-mediated membrane traffic have been well studied.

However, the full host of protein trafficking processes in which clathrin is involved has

not yet been established. The discovery of new adaptor proteins (Dell'Angelica et al.,

1998; Dell'Angelica et al., 1999; Hirst et al., 1999; Simpson et al., 1997) and novel

classes of clathrin-coated buds (e.g., endosomal) suggest that there may still be much to

learn about the many roles of clathrin. Here we have shown that expression of the

clathrin Hub molecule induces a redistribution of endosomes and disrupts the spatial

relationship between AP2-coated vesicles and the actin cytoskeleton. More work is

needed to further define the role of clathrin in mediating endosomal distribution, though

it is likely this phenomenon is important for maintaining polarity of protein sorting in the

context of organized tissue.
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Chapter 5

Experimental Procedures and Reagents
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Vaccinia vi tocol

These protocols are based on Section 16.6 of Current Protocols in Molecular Biology

(Ausubel et al., 2000) and on the advice of Drs. Jonathan Yewdell and Jack Bennink of

the Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases,

National Institutes of Health.

Before beginning work with vaccinia virus, contact the Centers for Disease Control in

Atlanta, GA to obtain their guidelines for working with vaccinia virus and their

recommendations for vaccination. Vaccination can be arranged through UCSF employee

health services.

* Always wear gloves, lab coat, and safety goggles when working with vaccinia virus.

DO NOT get the virus in your eyes.

* Carry out all steps in a BSL-2 biosafety hood.

• Keep a biohazard trash bag and a liquid waste container in the hood. The liquid

waste container should contain enough bleach to result in 10% bleach when the

container is full. Discard all materials directly into these waste containers--do not take

contaminated materials out of the hood. Seal the biohazard bag in the hood and

autoclave immediately. Liquid waste should be sealed and allowed to soak in bleach

overnight. The liquid can then be disposed of in the sink.
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• When done in the hood, wash with 10% bleach and treat with UV light for 30

minutes.

* When sonicating vaccinia stocks, use a sealed tube of virus and a cuphorn Sonicator.

A probe sonicator will produce airborne viral particles.
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Vaccinia virus stock production

Materials

1. Ten 175 cm flasks of confluent cells. HeLa cells work well. Drs. Yewdell and

Bennink use 143B (TK) cells. CB1 cells can also be used.

2. An aliquot of the vaccinia virus construct of interest. Aim for 0.1-0.5 plaque forming

units (pfu) per cell (approximately 1 x 10' pfu per 150 cm flask).

3. PBS containing 0.1% BSA.

4. DMEM With 10% FCS.

All materials should be kept sterile.

Procedure

1 . Prepare approximately 1 x 10° pfu of virus in 100 mL PBS/0.1% BSA.

2. Remove medium from each flask and add 10 mL of viral solution.

3. Incubate at 37°C/6% CO2 for two hours, rocking every 20 minutes to keep cells moist.

4. Remove the viral inoculum and add 25 mL DMEM/10% FCS to each flask.

5. Incubate at 37°C/6% CO, for 48 hours. Cells should show marked pathology at this

point (see Fig. 5.1).

6. Collect medium and cells. It may be necessary to trypsinize the cells. Pool medium

and cells in two 250 mL centrifuge tubes. Pellet the cells and discard the supernatant.

7. Resuspend both cell pellets together in 10 mL PBS/0.1% BSA.

8. Freeze/thaw the sample three times and sonicate if necessary to break up clumps. Use
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a cuphorn sonicator. Do not use a probe sonicator, as this will produce airborne viral

particles.

9. Total yield should be about 2 x 10"pfu. Dilute to 1 x 10° pfu/mL with

PBS/0.1%BSA and store 1 mL aliquots at -85°C.
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Figure 5.1

Cytopathic effect of vaccinia virus
infection on HeLa cells
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Figure 5.1. Cytopathic effect of vaccinia virus infection on HeLa cells.

HeLa cells were infected with E19-Vac as described in the Materials and Methods

section of Chapter 2, except that the infection was allowed to proceed for 6 hours to

accentuate the cytopathic effects. (A) shows infected cells 6 hours post-infection. The

rounding of cells and the presence of debris are indicative of viral infection. (B) is an

uninfected control. Some rounding of cells is seen due to overcrowding.
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Pl ssay to determine viral titer

Materials

1. Two 6-well plates of HeLa cells, just reaching confluency.

2. Vaccinia virus stock to be assayed.

3. DMEM With 10% FCS.

4. Crystal violet, Sigma catalog # C6158. Prepare 0.1% (w/v) in 20% ethanol (in water).

Procedure

1. Make nine 10-fold serial dilutions of the virus Stock in DMEM/10%FCS as follows:

Prepare nine 15 mL tubes each containing 4.5 mL medium. Number the tubes 10", 10°,

10°, ..., 10°. To the first tube (10') add 0.5 mL virus stock. Mix well. Using a fresh

pipet, transfer 0.5 mL of the 10' dilution to the second tube (10%). Continue in this

fashion until you have prepared all nine dilutions.

2. Remove medium from cells. To one row of three wells add 0.5 mL of the 10' dilution

to each well. To a second row of wells add 0.5 mL of me 10° dilution to each well. To a

third row of wells add 0.5 mL of the 10° dilution to each well. Leave the fourth row of

wells uninfected as a control. Place the plates at 37°C for two hours, rocking every 20

minutes to keep the cells moist.

3. Remove the viral inoculum and add 2 mL fresh medium to each well. Incubate at

37°C/6% CO, for 48 hours.

4. Remove medium from the wells. Add 0.5 mL of crystal violet solution to each well
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and incubate for 5 minutes at room temperature.

5. Remove crystal violet and allow cells to dry completely. It may help to gently blow

air over the cells to dry them. The crystal violet residue will have a chalky appearance

once dry.

6. Count the plaques in each well. Plaques will appear as 1 to 2 mm areas of reduced

staining due to retraction, rounding, and detachment of infected cells. Most accurate

results are obtained from wells with 20-80 plaques. Average the results of three wells.

7. Calculate the viral titer by multiplying the average number of plaques per one row of

wells by the dilution factor for that row (e.g. 10', 10°, or 10’). This number is the number

of plaque forming units in 0.5 mL of virus stock. Double this number to obtain pfu/mL.
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Infection with vaccinia virus

Materials

1. Cells to be infected. For adherent cells the cells should be just reaching confluency.

2. Vaccinia virus construct, 10–30 pfu/cell.

3. Cell medium appropriate for the cell line to be infected.

Procedure

1. Remove medium from cells.

2. Infect cells with 10-30 pfu/cell.

For adherent cells, prepare the virus in just enough PBS/0.1%BSA

to cover the cells. Incubate the cells at 37°C/6% CO, for 45 minutes to 2

hours, rocking every 20 minutes to keep the cells moist. Remove the viral

inoculum and add fresh medium. Incubate the cells at 37°C/6% CO, for 6

48 hours (time determined by the level of protein expression and the

health of the cells.)

For suspension cells follow the same procedure except the cells

will be in suspension. Inoculate the cells at 5 x 10° cells/mL, and after

removing the inoculum suspend the cells at 1 x 10° cells/mL for the

remainder of the infection. For examples of pfu's and infection times for

HeLa and LCL cell lines, see the Materials and Methods section of

Chapter 2.
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3. Continue with the experiment as necessary. Cells can be radiolabeled, lysed, etc. as

needed.
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*I transferrin endocytosis and recycling assay

Materials

1. Cells--12 well plates, 85% confluent.

2. “I Tf, NEN catalog #NEX212.

3 . Holo (iron-loaded) transferrin, human, Sigma catalog #T4132.

4. Acid stripping buffer: 50 mM MES, pH 5; 0.5 M NaCl. Ice cold.

5 . Lysis buffer: 1% Triton X 100, 0.1 M NaOH.

Terms: "Pulse" uptake/recycling refers to following one pool of *I Tf from the plasma

membrane, through the endocytic/recycling pathway, back to the cell medium. To do a

pulse experiment, ”I Tf is loaded onto cell surface TfR on ice, and excess Tfis washed

away prior to warming the cells to 37°C. In this way, only the pool of Tfinitially bound

to surface TfR will be monitored during the experiment. The appearance of *I Tf in the

chase medium is indicative of *ITf recycling. "Continuous" uptake refers to studying

the internalization of *I Tf when there is excess *I Tf in the cell medium. Continuous

uptake allows the entire endocytic/recycling pathway to become saturated with *I Tf.

When studying continuous uptake, it is impossible to simultaneously study recycling

because there is always excess *I Tf in the medium. However, following continuous

uptake cells can be incubated in *ITf-free chase medium, and the appearance of *ITf

in the chase medium will be indicative of "I Tf recycling.
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Procedure

1. Serum starve cells in serum-free medium, 37°C, 60 minutes.

2. For continuous uptake, add 0.5 mL serum-free medium containing *I Tf (0.1 pCi,

approximately 0.2 pg/mL) to each well and proceed to step 3. For a pulse uptake, surface

label cells with *I Tf for 60 minutes on ice (0.1 pCi, approximately 0.2 pg/mL, per

well), then wash 3 times in ice-cold PBS and add 0.5 mL 37°C serum-free medium.

*Appropriate control samples should be included: 1) unlabeled cells (no

*I Tf) to measure overall background, 2) cells which are surfaced labeled

but kept on ice for the remainder of the experiment to measure background

internalization, and 3) cells which are surfaced labeled but kept on ice for

the remainder of the experiment and then acid stripped to measure acid

stripping efficiency.

3. Float 12-well plates on a 37°C water bath.

4. At [X] minutes, place plates on ice. Remove medium and wash twice with 0.5 mL

ice-cold PBS. Collect the medium and both PBS washes (1.5 mL total volume) in a tube

labeled "medium fraction."

*The medium fraction is only relevant when doing pulse uptake/recycling.

When measuring continuous uptake the medium always contains excess

125I Tf.
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5. Acid strip on ice.

Acid stripping procedure: Add 0.5 mL stripping buffer to each well,

wait 1 minute, remove. Add another 0.5 mL stripping buffer, wait 3

minutes, remove. Wash three times with 0.5 mL ice-cold PBS: a fast

rinse, a 3 minute incubation, another fast rinse. Collect both acid washes

and all three PBS washes (2.5 mL total volume) in a tube labeled "acid

fraction."

6. To measure recycling, add 0.5 mL 37°C chase medium containing 10% FCS plus 0.5

mg/mL unlabeled Tf. Return plate to 37°C water bath. If not measuring recycling,

proceed to step 8.

7. At [X] minutes, repeat steps 4 and 5, then proceed to step 8

8. Lyse in 1 mL lysis buffer. Collect lysate in a tube labeled "lysate fraction."

9. Count 0.75 mL of each sample in a gamma counter.

Calculating Tfr endocytosis and recycling

1. Adjust readings from the gamma counter for the total volume of each sample: divide

counts by 0.75 to determine counts per mL, then multiply by the total number of mL in

each sample (i.e. 2.5 mL for the acid fraction).

2. For each set of samples, calculate the total counts recovered in the medium, acid, and

lysate fractions and represent the three fractions as a percentage of the total. The total

counts recovered from each sample should be similar in value to the total counts

199



recovered from control samples which were labeled with *I Tfbut kept on ice.

Notes

* Wear lab coat, gloves, and safety goggles. Use appropriate lead shields to shield

yourself and others from radiation. Keep an *I-calbirated radiation monitor outside

the lead shields to monitor radiation.

* Keep a dry waste bag and a liquid waste container, also protected with lead shields.

Waste should be disposed of immediately.

• Samples should be done in triplicate and averaged. Use a separate 12-well plate for

each incubation time so that the plate can easily be removed from the water bath

without disturbing other samples. A convenient method is to grow cells only in the

outer two columns of 3 wells, control cells on one side and cells of interest on the

other. In this manner, one plate is used for each time point, and the samples are done

in triplicate.

* Acid incubation removes iron from Tf. Neutral PBS incubations remove apo (iron

free) Tf from TfR. Therefore the 3 minute PBS incubation is a crucial step of the acid

stripping procedure and is not just a "wash."

* "[X] minutes" indicates that the incubation time should be chosen depending upon the

objective of the experiment. The to of Tf endocytosis is approximately 5-10 minutes,

while the to for recycling is approximately 15–20 minutes.
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Biotinylation of transferrin r | l | locytosis and li

This protocol is based on that of Bretscher and Lutter, 1988.

Materials

1. Cells--2.5 x 10° cells per sample.

2. EZ-Link NHS-SS-Biotin, Pierce catalog #21331.

3. Ca/Mg-free PBS (henceforth referred to as PBS) with and without 0.04% EDTA,

available from the UCSF Cell Culture Facility.

4. Falcon 12 x 17 mm polystyrene round-bottom tubes with snap cap, Fisher catalog

#149592A.

5. Glutathione (GSH), reduced form, Sigma catalog #G-6529.

6. mab H.684, against TfR, Zymed catalog #13-6800.

7. Streptavidin HRP, Zymed catalog #43-83.23.

8. 5x non-reducing sample buffer: 250 mM Tris HCl, pH 6.8, 10% SDS, 25% glycerol,

pinch of bromophenol blue.

9. GSH stripping buffer:

Prepare Final concentration in 10 mL

155 mg GSH (0.5 mmol) 50 mM GSH

Dissolve GSH in 8.6 mL ice-cold H.O
Add 0.15 mL NaCl 75 mM NaCl

Add 0.1 mL 0.1 M EDTA 1 mM EDTA

Just before use add 75 pull 10M NaOH 75 mM NaOH
and 1 mL 10% BSA 1% BSA

201



Procedure

1. Detach adherent cells by washing twice with 37°C PBS with 0.04% EDTA and then

incubating in 37°C PBS with 0.04% EDTA for 20-30 minutes. (See note below on

detaching cells). Following step 1, samples are kept cold, on ice, unless otherwise

indicated.

2. Spin down cells (1000 rpm, 5 minutes) and wash in cold PBS. This wash can be done

in a 15 mL conical tube.

3. Biotinylate cells in 0.5 mg/mL biotin in PBS, rocking at 4°C for 30 minutes This step

can be performed in the same 15 mL tube used to wash the cells.

4. Wash cells 3 times in cold PBS. Aliquot samples into Falcon snap cap tubes. All

subsequent steps are performed in these tubes.

5. The following table outlines the procedure for measuring TfR endocytosis and

recycling, where sample 1 is a measure of GSH stripping inefficiency, sample 3 is a

measure of TfR internalization, and sample 5 is a measure of TfR recycling. Samples 2,

4, and 6 are controls for the total amount of biotinylated material throughout the

procedure.
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To see total biotinylation
and measure stripping

efficiency
(samples 1 and 2)

To measure Tfr

internalization

(samples 3 and 4)

To measure Tfr

recycling
(samples 5 and 6)

Treat sample 1 with GSH
stripping buffer; mock
treat sample 2 with PBS.

Incubate in serum-free

medium with 1% BSA,
37°C, 20 min. Wash 3
times in cold PBS.

Incubate in serum-free

medium with 1% BSA,
37°C, 20 min. Wash 3
times in cold PBS.

Lyse cells in 1% NP40 Treat sample 3 with GSH Treat sample 5 with GSH
lysis buffer (5 x 10° stripping buffer; mock treat stripping buffer; mock
cells/mL). sample 4 with PBS. treat sample 6 with PBS.

Lyse cells in 1% NP40 lysis
buffer (5 x 10° cells/mL).

Incubate in serum-free

medium with 1% BSA,
37°C, 20min. Wash 3
times in cold PBS.

Treat sample 5 with GSH
stripping buffer; mock
treat sample 6 with PBS.
Lyse cells in 1% NP40
lysis buffer (5 x 10°
cells/mL).

The protocol for GSH stripping is as follows:

a. Incubate cells in 1 mL stripping buffer rocking at 4°C for 25 minutes.

b. Spin down cells, remove buffer, and incubate in a fresh mL of stripping

buffer for another 25 minutes.

c. Wash 3 times in cold PBS.

(To mock treat cells simply substitute cold PBS for GSH stripping buffer.)

6. Save 80 pull of lysate and to it add 20pull 5x sample buffer (can be reducing or non
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reducing).

7. From the remaining lysate immunoprecipitate TfR using 5 pig mab H.684. Following

immunoprecipitation, resuspend beads in non-reducing sample buffer.

8. Incubate samples in a boiling water bath for 10 minutes.

9. Run immunoprecipitates on an 8% SDS-PAGE gel and transfer to nitrocellulose (400

mA, 3 hours). Block nitrocellulose and blot with streptavidin HRP (1:5,000 dilution).

Lysates can be separated by SDS-PAGE and blotted for any protein (e.g., TfR, class I

MHC heavy chain) as an additional control for the total amount of material in each

sample.

10. View samples by ECL.

11. Quantitate TfR bands using NIH Image.

Calculating Tfr endocytosis and recycling

Ideally, sample 1 will yield no TfR band, and samples 2, 4, and 6 will yield equal

bands. However, to normalize the values of the bands, the band intensity of sample 3

should be divided by the intensity of sample 4 (this value is referred to as 3/4), and the

band intensity of sample 5 should be divided by the intensity of sample 6 (this value is

referred to as 5/6). Stripping inefficiency is determined by dividing the band intensity of

sample 1 by the intensity of sample 2 (this value is referred to as 1/2 and is usually about

0.15). The increase in value of 3/4 compared to 1/2 represents TfR endocytosed in the

first 20 minute incubation. The decrease in value from 3/4 to 5/6 indicates TfB that
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recycled during the second 20 minute incubation. To account for stripping inefficiency,

adjust the value of 3 vs. 4 and 5 vs. 6 before normalizing (i.e. if stripping efficiency is

85%, and sample 3 is 75% of sample 4, then the 25% decline between 4 and 3 is only

85% of the true decline, and the adjusted value of sample 3 should be 71% of the value

for sample 4.)

Notes

1. Store biotin in a dessicator at -20°C and warm to room temperature (approximately 1

hour) before opening to reduce condensation.

* Store GSH in a dessicator at 4°C.

* Do not use trypsin to detach cells, as TfR is trypsin-sensitive.

• It may take some time for cells to detach in 37°C PBS with 0.04% EDTA (30 minutes

or more.) Be patient--wait for the cells to completely round up. Bang the petri dish on

the table top to speed things along. DO NOT force cells off the petri dish by blasting

them with high speed liquid from a pipet aid. Although hitting the cells with high

speed liquid will get them off the plate, it will damage their plasma membrane and they

will not be healthy for the experiment. After detaching the cells, count them using

trypan blue to ensure that they are healthy and that you didn't remove them from the

petri dish too forcefully.

* Pierce recommends biotinylating as many as 2.5 x 10' cells/mL. I typically use 2 x

10° cells/mL.
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A decrease in the total number of cells is often observed during the 37°C incubation

steps. The use of serum-free medium helps minimize this reduction.

Include a non-biotinylated control the first time the procedure is performed to ensure

low background--simply remove an aliquot of cells from the 15 mL conical tube prior

to biotinylating.

The GSH stripping step precludes using the Pierce Micro BSA kit to measure protein

concentration. Therefore blotting lysate is the only way to ensure equal protein content

between samples.

Reducing sample buffer will cleave the S-S bond in the linker arm of the biotin.

TfR runs at 180-190 kD on a non-reducing gel, 90–95 kD on a reducing gel.
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The creation of HeLaT7Hub cells is described in the Materials and Methods

section of Chapter 3. A vector map for the p■ M601 plasmid is shown in Fig. 5.2.

HeLa-T7Hub cells are maintained in DMEM containing 10% FCS, 2 mM

glutamine, 20 mM HEPES, 100 pg/mL streptomycin, 100 units/mL penicillin, 0.2

mg/mL G418, and 0.4 mg/mL hygromycin.

To induce Hub expression, cells are treated for 48 hours with 2 pg/mL

doxycycline (Sigma catalog #D9891). Doxycycline is not stable to freeze-thawing.

Therefore, a 2 mg/mL stock (1000x) should be made in sterile H2O and aliquoted into

single use amounts (50 pull is convenient). Thaw an aliquot at the time of use and discard

the unused portion.

When thawing a new tube of HeLa-T7Hub cells, I have noticed that it takes

approximately 10 days of growth before cells respond well to doxycycline treatment. If

Hub induction is weak just after thawing cells, allow the cells to grow for a week or two

and see if Hub expression improves.
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Figure 5.2

Map of vector p.jM601
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Figure 5.2. Map of plasmid p■ M601.

pjM601 was created by Dr. John Moran at the University of Michigan Medical School.

The vector was created by replacing the CMV promoter of pCEP4 (Invitrogen, Carlsbad,

CA) with the tetracycline operator sequence (TetO). TetO was cloned into the Sall/Pvull

site, leaving the Pvull site in tact. *NU indicates that a restriction site is not unique,

probably because the site exists in the TetC) insert. The creation of p■ M601-T7Hub is

described in the Materials and Methods section of Chapter 3.
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Table 5.1. Class I HLA haplotypes of cell lines.

Cell Line Class I HLA Haplotype Reference

JY A2, B7, C7

LCL 721 A1/A2, B5/B8, C1 (Kavathas et al., 1980)
LCL 721.221 A-, B-, and C-negative (Shimizu and DeMars,

1989)

LCL 721.220 A- and B-negative, some C (Greenwood et al., 1994)
LCL 721.174 A1/A2, B5/B8, C1 (Spies et al., 1992)
HeLa A68, B1503, C1203 (Yee et al., 1985)

Table 5.2. HeLa cell transfectants.

Cell Line Description
HeLa-T7Hub Transfected with plM601-T7Hub.

Express Hub under control of the
tetracycline operator sequence.

HeLa-pjM601 Transfected with the p■ M601 vector as a
control for HeLa-T7Hub cells.

HeLa-Nef Constitutively express HIV1 consensus
Nef.
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Table 5.3. Antibody descriptions.

Antibody/Antigen Use/Concentration Source/Reference

AP.6, anti-AP2 mAb IF: 10 pg/mL Lab Stock; ATCC
(Chin et al., 1989)

BBM.1, anti-É,m mab IP: 2 pig per sample.
Western blot: 1:2500

Lab Stock; ATCC
(Brodsky et al., 1979)

EH1, anti HIV1 Nef mab Western blot: 1:1000 James Hoxie, University
of Pennsylvania

H68.4, anti-human TfR
mAb

IP: 5 pig per sample.
Western blot: 1:1000

Zymed Laboratories,
South San Francisco, CA

HC10, anti-free class I
heavy chain mab

IP: 2 pig per sample.
Western blot: 1:3000

Lab stock

(Stam et al., 1986)
Anti-Hook 1, 2, and 3
rabbit sera

IF: 1:400 Helmut Krämer,
University of Texas
Southwestern Medical

Center.

L01.1, anti-human Tfr IF: 1:1000 BD Biosciences, San
mAb Jose, CA

Anti-clathrin light chain IF: 1:1000 Lab stock

consensus rabbit serum (Acton and Brodsky,
1990)

Anti-non-muscle myosin IF: 1:25 Biomedical
rabbit serum Technologies, Inc.,

Stoughton, MA
P129-143, anti-E19 rabbit
SCTUIn

Western blot: 1:1000 Bill Wold, St. Louis

University School of
Medicine

(Hermiston et al., 1993)
R.gp48N, anti-tapasin
rabbit serum

IP: 2 pull per sample.
Western blot: 1:1000

Peter Cresswell, Yale
University School of
Medicine

(Sadasivan et al., 1996)

IF = Immunofluorescence

IP = Immunoprecipitation, "per sample" = 10°-10" cells.
Uses listed are not exhaustive--they represent antibody uses for this dissertation.
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Table 5.3. Antibody descriptions continued

R.RING4C, anti-TAP1
rabbit serum

IP: 7.5 pull per sample.
Western blot: 1:1000

Peter Cresswell, Yale
University School of
Medicine

(Ortmann et al., 1994)
Anti-T7 tag måb

Biotinylated anti-T7 tag
mAb

IF: 1:5000

Western blot: 1:5000

IP: 5 pig per sample.
IF: 1:2000

Novagen, Madison, WI

anti-TAP2 rabbit serum IP: 1.5 pull per sample.
Western blot: 1:2000

Lab stock

(Bresnahan et al., 1997)
Anti-O-tubulin mab IF: 1:700 Sigma, St. Louis, MO
TW1.3, anti-E19 mab IP: 2.5 pull per sample.

Does not blot.

Jonathan Yewdell,
Laboratory of Viral
Diseases, NIAID, NIH
(Cox et al., 1991)

UCSF#2, anti-HLA-A2
rabbit serum

(reacts with all alleles
tested)

Western blot: 1:2000

Does not IP.

Lab stock

(Bresnahan et al., 1997)

W6/32, anti-class I dimer
mAb

IP: 2 pig per sample.
FACS: titrate 1-5 pig■ mL
(per approx. 10° cells) to
determine saturation.

Does not blot.

Lab Stock; ATCC
(Barnstable et al., 1978)

IF = Immunofluorescence

IP = Immunoprecipitation, "per sample" = 10°-10" cells.
Uses listed are not exhaustive--they represent antibody uses for this dissertation.
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Human pathogen subversion
of antigen presentation

Summary: Many pathogens have co-evolved with their human hosts to
develop strategies for immune evasion that involve disruption of the intra
cellular pathways by which antigens are bound by class I and class II mol
ecules of the major histocompatibility complex (MHC) for presentation to
T cells. Here the molecular events in these pathways are reviewed and
pathogen interference is documented for viruses, extracellular and intra
cellular bacteria and intracellular parasites. In addition to a general review,
data from our studies of adenovirus, Chlamydia trachomatis and Caxidla burnetii
are summarized. Adenovirus E19 is the first viral gene product described
that affects class I MHC molecule expression by two separate mechanisms,
intracellular retention of the class I heavy chain by direct binding and by
binding to the TAP transporter involved in class I peptide loading Coxidla
and Chlamydia both affect peptide presentation by class II MHC molecules
as a result of their residence in endocytic compartments, although the
properties of the parasitophorous vacuoles they form are quite different.
These examples of active interference with antigen presentation by viral
gene products and passive interference by rickettsiae and bacteria are typ
ical of the strategies used by these different classes of pathogens, which
need to evade different types of immune responses. Pathogen-host co-evo
lution is evident in these subversion tactics for which the pathogen crime
seems tailored to fit the immune system punishment.

Introduction

During pathogen infection, host class I or class II molecules,
encoded by the major histocompatibility complex (MHC),
bind pathogen-derived peptides. In association with MHC mol
ecules, these peptides are displayed on the cell surface, a pro
cess that alerts T lymphocytes to the presence of the pathogen
and stimulates the development of a pathogen-specific immune
response. The intracellular pathways that lead to the production
of peptides and their binding to MHC molecules are collec
tively known as antigen processing and presentation. Interfer
ence with these pathways is an effective strategy for pathogen
evasion of an immune response, and pathogens capable of such
disruption tend to establish latent or chronic infections. Human
pathogens with this phenotype (Table 1) include human immu
nodeficiency virus (HIV), adenovirus, and the herpes viruses
cytomegalovirus (CMV), Epstein–Barr virus (EBV), herpes
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simplex virus (HSV) and varicella-zoster virus (VZV). Infection
by these organisms interferes with the class I antigen presenta
tion pathway required for stimulation of anti viral cytotoxic T
lymphocytes (CTL). The bacterial pathogens Chlamydia trachoma
tis, Mycobacterium tuberculosis and Helicobacter pylori, as well as the
rickettsia Coxiella burnetii, also cause chronic infections in

humans. Infection by these microbes interferes with the class II
antigen presentation pathway, necessary for production of anti
bodies against these organisms and for stimulation of an
inflammatory response.

Antigen processing and presentation by class I and class II
MHC molecules involve the secretory and endocytic pathways,
respectively. The complexity of these pathways provides
numerous steps which can be affected directly by pathogen
gene products or indirectly by the presence of pathogens which
physically alter the function of the secretory and endocytic
pathways. Characterization of the disruption mechanisms used
by pathogens has revealed previously undefined steps in anti
gen presentation. Here we review the cellular pathways of anti
gen processing and presentation and the interaction of human
pathogens with these pathways. Understanding the interplay
between the cell biology of pathogen behavior and MHC
expression is essential for developing therapeutic strategies
against immune evasion.

MHC structure, polymorphism
and pathogen/host co-evolution

The structure of class I and class II MHC molecules dictates that

acquisition of a peptide is required for completion of folding
Therefore, peptide-binding for both molecules takes place dur
ing their biosynthetic assembly. Both class I and class II mole
cules have a peptide binding site, located between two o helices
on the surface of the molecule, which, if empty, results in
molecular instability. The protein sequence of these a-helices is
variable between different allelic forms of class I and class II

molecules and determines the sequence requirements (or
motifs) for peptides that can be accommodated in the binding
site (1). Class I and class II MHC molecules represent the most
polymorphic genetic system in most species of vertebrates. In
humans, there are more than 80–100 alleles at each of the

HLA-A, B and DRB1 loci of the MHC (2).
Due to structural constraints, each allelic form of MHC

molecule can only bind a limited number of peptides generated
from the proteins of any particular pathogen for presentation to
T cells (3). Thus, allelic variation within a population and het
erozygosity at MHC loci in an individual confers an advantage
towards surviving infectious disease. Furthermore, selective
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pressure from infectious disease favors allelic variability within
a population and it has been hypothesized that the evolution of
MHC polymorphism is pathogen driven. Conversely, there is
also considerable evidence that variation in pathogen proteins
is driven by a need to escape from the immune response,
through genetic alteration of epitopes recognized either by
antibodies or by T-cell receptors (TCRs). Mutation away from
peptide sequences that can be bound by the products of parti
cular MHC alleles has been well documented for HIV, EBV and
hepatitis C virus, among others (4–6). Thus MHC allelic diver
sity and pathogen mutation are products of interacting evolu
tionary selection.

Immune escape by inhibition of antigen presentation can
be as harmful to the individual as epitope mutation, by allow
ing the pathogen to evade immune detection. However, since
these escape mechanisms deal with aspects of MHC molecule
assembly that are more general and less dependent on allelic
variation, they are more insidious at a population level. Patho
gen escape mechanisms that target processes unique to the host
cell are less problematic for the pathogen than epitope varia
tion, which is limited by the necessity of retaining pathogen
protein function. The genetic origins of pathogen gene pro
ducts that interfere with the fundamental steps of antigen pro
cessing and presentation are not established, but a reasonable
hypothesis is that many of these pathogen proteins arise from
acquisition of host genetic material. Therefore, studying mech
anisms of pathogen immune subversion can reveal novel host
proteins and elucidate the processes in which they operate.

Immune responses stimulated by
MHC molecule antigen presentation

In the absence of infection, class I and class II molecules are
stably expressed on cell surfaces by binding peptides derived
from normal intracellular and extracellular proteins, respec
tively. This chronic display of self-protein-derived peptides
does not stimulate T-cell activation because T cells with the po
tential to respond to self peptides are deleted during thymic de
velopment. During pathogen infection, however, pathogen
proteins contribute to the pool of peptides that are presented by
MHC molecules. When these pathogen-derived peptides ap
pear on the cell surface, antigen-specific T cells are stimulated.
Class I MHC molecules are expressed on all nucleated cells and
bind peptides primarily from proteins which are degraded in
the cytosol or signal peptides generated in the secretory path
way, thereby monitoring the intracellular environment. Thus
class I molecules tend to alert T cells to infection by presenting
peptides from viral proteins and from intracellular bacteria
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Table 1. Human pathogens that interfere with antigen presentation

Brodsky et a Pathogen subversion of antigen presentation

"Abbreviations: HIV. human immunodeficiency virus.
CMV cytomegalovirus, HSV herpes simplex virus, EBV,
Epstein–Barr virus. HPV, human papilloma virus, VZV vari
cella-zoster virus, ND, no data available, LI, heat lable
enterotoxin, CI, cholera toxin.

*These pathogens have mechanisms for interfering with
immune cell interactions, in addition to their effects on
antigen presentation, a number of which are described in
this volume of Immunological Reviews. For example, aden
ovirus inhibits apoptosis (53), CMV synthesizes chemok

Gene MHC class

Pathogen product affected Function/phenotype (reference)
Hvas Ne■ T clas■ downregulaton of dagi (57)

class || downregulation of CD4 (52)
proton pump binding” (78)

Vpu class degradation (60)
dass || blocks CD4 expression (52)

Adenovirus” E3/19k class | ER retention (53)
TAP binding/tapasin inhibitor (55)

HSV ICP47 class TAP binding (64)
blocks TAP peptide binding

unknown class || blocks neuronal expression (125)

ine homologs (50). HIV causes helper T-cell destruction
(54), VZV infects T cells (128) and M. tuberculoss inhibits
macrophage actruation by Y-interferon (). Ernst, personal
communication).

“This molecule is a non-classical class I molecule, encoded
outside the MHC, that presents glycolipid mycobacterial
antigen to T cells following transport through the
endocytic pathway along the route trafficked by classical
class M MHC molecules (92).

* These gene products have not been shown to have an
effect on class II MHC function; however they bind to
proton pump subunits or the AP1 molecule, which have
critical functions in the endocytic pathway for class II mol
ecule maturation and cell surface expression.

CMVb pp.65 class | antigen phosphorylation (62)
inhibition of proteolysis

US2 class | reverse translocation (57)
degradation

US3 class ER retention (30)
US6 class TAP binding (30)

blocks peptide import
US11 class | reverse translocation (58)

degradation
UL18 class | NK-cell decoy (49)
ND class || blocks T-interferon signaling (124)

EBV EBNA1 class Gly-Ala repeat blocks its own
proteasome processing (61)

vzvº ND class I unknown (128)

HPV ND class | undetectable viral protein level

E5 class || proton pump binding” (122)
E6 class ll AP1 binding” (123)

measles virus ND class || mixed effects (126)
C. trachomotis ND class || downregulation (111, 112)
M. tuberculosis” ND class || mixed effects (117.118)

blocks endosome acidification (119)
blocks lysosome fusion (99)

ND CD1b: downregulation (120)
H. pylon Vac A class || disrupts late endosomes (96)
C. burnet ND class || distorts loading compartment (109)
S. typhimurium SPI-II class || phagosome alteration (95)
Yersinia Yops class li phagocytosis inhibition (95)
E. coli LT class ll inhibits phagocytic processing (90)
V choleroe CT class il inhibits phagocytic processing (90)
L amazonensis unknown class || degradation (121)

which enter the cytoplasm. In addition to presenting peptides,
class I molecules engage CD8 molecules present on CTL. TCR
recognition of a peptide-class I complex, accompanied by
class I–CD8 engagement, triggers cytotoxic activity against the
antigen-presenting cell, resulting in elimination of a cell that
harbors virus or intracellular bacteria. The ubiquitous tissue ex
pression of class I molecules allows intracellular infection to be
detected on all nucleated cell types, as long as pathogen pep

tides have access to the class I presentation pathway and re
sponding cells have access to the site of infection. Disruption of
the class I presentation pathway by pathogens can abrogate a
CTL response.

The constitutive expression of class II MHC molecules is
limited to B cells, monocytes, macrophages and dendritic cells.
Class II molecule expression can be induced on other cell types
by Y-interferon (YIFN). The pattern of constitutive tissue
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(17)), and ERp57, a thiol reductase with proteolytic activity
(18, 19), which, like calnexin and calreticulin, associates with
nascent glycoproteins in a carbohydrate-dependent fashion
(20). After co-translational translocation, class I a-chain first
associates with calnexin. The a-chain then forms a non-cova

lent dimer with Bim, and calnexin is replaced by calreticulin.
ERp57 joins the complex, although the timing of its interaction
is unclear. Class I heterodimers, associated with calreticulin and

ERp57, form a larger assembly complex with tapasin and the
transporter associated with antigen processing (TAP) (21, 22).
TAP formed from subunits TAP1 and TAP2, and tapasin are
encoded by the MHC and are unique to the class I assembly
pathway. The sequential steps in build-up of the class I assem
bly complex are not yet fully defined, and the roles of the cal
cium-dependent lectins, ERp57 and even tapasin have not yet
been fully elucidated (for a recent review see (23)). The timing
of flim and ERp57 association with the class I assembly com
plex relative to the association and dissociation of calnexin is
unclear and appears to differ between mouse and humans (22.
24–28). One study has suggested that flim binds TAP indepen
dently of the class I a-chain (29). Additionally, the role of tapa
sin in the association between class I molecules, calreticulin

and ERp57 is controversial (22, 27). It is clear that tapasin is
required for effective interaction between TAP and class I mol
ecules (21), but tapasin may play a chaperone role as well (23,
30). All of these processes are sensitive to treatment of cells
with castanospermine (21. 27, 28, 31), indicating that glyco
sylation of at least some of the components is important for
their interaction.

It is the formation of trimeric complexes of class I het
erodimers with peptide that releases the class I molecules from
the assembly complex for transport to the plasma membrane
via the Golgi apparatus and the trans-Golgi network (TGN). For
mation of the class I assembly complex appears to be required
for class I molecules to bind peptide, presumably keeping the
class I peptide binding site in a peptide-receptive conformation
and localizing class I molecules to the source of translocated
peptide. TAP imports peptides generated on the cytoplasmic
side of the ER into the ER lumen. Peptide import is ATP depen
dent (32), consistent with the fact that TAP is a member of a
family of transporters with cytoplasmic ATP-binding domains
(33, 34), and can be influenced by polymorphisms of TAP1
and TAP2 (35). A major source of TAP-transported peptides are
the proteasome-based degradative systems, which degrade
unfolded or ubiquitinated proteins in the cytoplasmic com
partment of a cell. Two proteasome subunits are encoded in the
MHC, LMP2 and LMP7. Their expression is regulated by Y IFN,
and they compete with constitutively expressed proteasome

Brodsky et al. Pathogen subversion of antigen presentation

expression is appropriate to the immunological role of class II
MHC molecules, which is to present peptide antigens to CD4
positive T cells. These cells are known as helper T (Th) cells
since they secrete cytokine mediators required for stimulation
of humoral, cytotoxic and inflammatory immune responses.
Release of appropriate cytokines by subpopulations of helper
T cells is critical for stimulation of different pathways needed to
eradicate infectious organisms (7.8). Th1 cells, dependent on
interleukin (IL)-12 for development, boost the cytotoxic and
inflammatory response required for clearance of virus-infected
cells and cells infected with intracellular bacteria. Th1 cells also

stimulate B-cell production of complement-fixing antibodies
and antibodies recognized by macrophage Fc receptors. There
fore, the Th1 response is needed also for elimination of extra
cellular bacteria which are targeted by these antibody-mediated
mechanisms, as well as for antibody-mediated clearance of
virus particles and neutralization of virus infection. Th2 cells,
dependent on IL-4 for development, stimulate the production
of antibodies, such as IgE, which are critical for the immune
response against extracellular parasites. Stimulation of Th
responses depends on antigen presentation by class II MHC
molecules, which display peptides derived from extracellular
proteins and are capable of warning helper T cells of the pres
ence of extracellular pathogens, to solicit the extracellular
immune responses required. Helper T cells also contribute to
the eradication of the obligate intracellular pathogens, dis
cussed below, but whether this is due to Th1 stimulation of

CTL, antibody production, other inflammatory responses or
combined effector mechanisms is not fully established (9–14).
It is clear however that both bacteria and viruses which have

strategies for disrupting the class II presentation pathway inter
fere with Th responses needed for an effective immune
response against them.

Antigen presentation by class I MHC molecules

Class I molecules are composed of a polymorphic a-chain,
encoded within the MHC, and the invariant subunit fli-micro
globulin (3,m), encoded outside the MHC. In humans, there
are three loci encoding a-chains, HLA-A, B and C. The genes are
co-dominantly expressed, but expression levels of HLA-C gene
products are generally tenfold less than A and B due to mRNA
instability (15). Assembly of class I molecules takes place in the
endoplasmic reticulum (ER) (Fig. 1). Early steps of this assem
bly process rely on ER chaperones that aid in the correct folding
and assembly of many macromolecular protein complexes.
These include calnexin and calreticulin, both calcium-depen
dent lectins with chaperone activity (reviewed in (16) and
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Plasma membrane 7

Fig. 1. Pathway for antigen presentation by class I MHC molecules and
viral interference. Nascent class I o-chains are targeted to the ER lumen
where they are bound by calnexin. As a-chains adopt a stable
conformation, they bind Bi-microglobulin (Bim), and calnexin is
replaced by calreticulin. ERp57 aids in the folding of the class I complex,
although whether it associates during or following class I a-chain chain
association with calnexin and Bim is undetermined (brackets indicate
where order is uncertain). Tapasin bridges the multimeric complex
(consisting of class 1 a-chain, Bim, calreticulin and ERp57) to TAP and
peptide loading of the class I molecules occurs. Peptide-loaded class I
molecules are then released to the cell surface. Steps of class I antigen
presentation which have been shown to be inhibited by viruses are
identified numerically (1–7).
Viral gene products which inhibit class I MHC antigen presentation
act at the following steps:

subunits, influencing the proteolytic activity of proteasomes
(36. 37). LMP2 and LMP7 are not absolutely required for the
generation of peptides that bind class I molecules, because
many class I-binding peptides are routinely generated by con
stitutively expressed proteasome subunits. However, by altering
proteasome specificity. LMP2 and LMP7 influence the popula
tion of peptides generated. Genetic deletion of LMP2 and LMP7
correspondingly alters peptide-based CD8 T-cell selection in
the thymus (38, 39). There is compelling evidence for other
cytoplasmic proteolytic systems, in addition to proteasomes,
which are capable of generating peptides that can be imported
by TAP (40, 41). Class I molecules with appropriate hydropho
bic binding sites, such as HLA-A2, can also bind signal peptides
cleaved from translocated proteins, in a process that is not TAP
dependent (42, 43). The non-classical class I molecule HLA-E,

1. Human cytomegalovirus (HCMV) US2 and US 1 cause class 1
molecules to dislocate from the ER to the cytoplasm where they are
degraded by the proteasome. Human immunodeficiency virus (HIV)-1
Vpu causes decay of nascent class I a-chains by an uncharacterized
mechanism.

2. HCMV ppé5 phosphorylates the HCMV 72K immediate early
protein (IE), preventing DE antigen processing
3. Herpes simplex virus ICP47 binds TAP preventing TAP from
binding peptide.
4. HCMV US6 binds TAP preventing TAP from transporting peptide
into the ER.
5. Adenovirus E19 inhibits the association of class I molecules with TAP

6. Adenovirus E19 and HCMV US3 prevent or delay egress of class I
molecules from the ER.
7. HIV Nef induces internalization of class I molecules from the cell surface.

which is recognized by receptors on natural killer (NK) cells,
exclusively binds signal peptides from classical class I mole
cules and inhibits NK activity against class I-expressing cells.
However, HLA-E binding of signal peptides is both tapasin and
TAP dependent (44). Finally, there is evidence that some trim
ming of peptides occurs in the ER (45–47), and it has been
suggested that the exoprotease activity of ERp57 contributes to
this function (23, 28).

Pathogenesis in the class I antigen presentation pathway

Viral gene products interfere with many steps in the assembly
and surface expression of class I MHC molecules (Fig. 1. Table 1).
The strategies of HSV, human and murine CMV, and HIV for
interfering with class I MHC assembly and expression are
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described in detail elsewhere in this volume (30, 48–52). Here
these strategies are reviewed briefly, and recent data from our
laboratory on the interference of adenovirus with class I anti
gen presentation is discussed. The pathogenesis of CMV, HSV.
HIV and adenovirus is described in this volume (30, 48, S1,
53). All of these viruses can establish long-term and latent
infections. Once an individual is infected with HSV or CMV,
virus is never completely eradicated. HSV cycles between
latency in neurons, which express only low levels of class I
molecules, and outbreaks in epithelial cells, where active infec
tion results in lesions (30). Unlike HSV. CMV does not cause
recurrent problems for immunocompetent hosts. However,
latent CMV can be reactivated and cause pathology in immuno
compromised individuals, particularly in transplant recipients
and AIDS patients. The so-called latent period of HIV infection,
kept under control by the immune system in lymph node res
ervoirs, can last as long as 10 years or more. However, the ulti
mate destruction of T cells by the virus leads inevitably to
patient death (54). For adenovirus, a cause of the common
cold, there is more latency in the human population than is
appreciated (53). Many individuals recover from acute infec
tion and are subsequently immune to reinfection, but the virus
can persist for a long time in an apparently recovered individual
and still be shed in feces and pulmonary exudate.

While only one HSV gene product has been identified
which can prevent class I antigen presentation, both human
and murine CMV have multiple gene products, each acting at a
different step in the class I antigen presentation pathway. Ade
novirus E19 is the first single viral gene product found to affect
more than one step in the class I assembly pathway (SS). We
hypothesize that the redundancy in attack on the class I presen
tation pathway by both CMV and adenovirus could be a
mechanism of viral compensation for allelic variation in class I
molecules. If particular class I alleles are weakly affected by viral
proteins that directly bind class I molecules, their expression
can still be inhibited or delayed by the action of viral proteins
at other steps in the class I assembly pathway. Interestingly, HIV
Nef takes advantage of class I locus diversity to evade a CTL
response but retain inhibition of NK-cell activity (see below).

Viral interference with class I molecule assembly and export

To date, myriad viral strategies for inhibition of class I antigen
presentation have been identified (reviewed in (56)). Two
human CMV gene products (US2 and US 11) interact with
class I molecules at the time of translocation and appear to
cause reverse translocation, following glycosylation, resulting
in proteasome-dependent cytoplasmic degradation of class I
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molecules (57,58). This type of degradation has recently been
identified as a more general pathway for degradation of mis
folded proteins, formerly thought to be degraded in the ER
(59). Analysis of the activity of US2 and US 1 was crucial to
the characterization of this degradation pathway. The HIV pro
tein Vpu can also affect the early stage of class I molecule
assembly, leading to degradation (60). Viral strategies for
obstruction of proteasome cleavage to generate antigenic pep
tides have been identified for EBV and CMV. The EBNAl anti

genic protein from EBV is resistant to proteasome degradation
due to a Gly-Ala repeat domain, which can be transferred onto.
another antigenic protein from EBV and render it proteasome
resistant (61). CMV encodes a kinase, pp65, which modifies
another CMV antigenic protein by phosphorylation and blocks
its proteolytic processing (62). Two viral gene products have
been identified which interfere with peptide translocation by
TAP HSV ICP47 competes with peptide for binding to TAP on
the cytoplasmic side of the ER (63. 64), while human CMV
US6 interferes with peptide translocation (65, 66). Interest
ingly, ICP47 does not bind mouse TAP (63, 64.67), suggesting
co-evolution of the human virus with its host.

The adenovirus E3 19 kDa protein (E19) also has TAP
binding activity (Fig. 2). Discovery of this function of E19 was
an unexpected outcome of a study revisiting the effects of E19
on class I assembly. It has been known for a number of years
that E19 binds class I molecules and prevents their exit from the
ER by virtue of a well-characterized ER retention motif in its
cytoplasmic domain (68–71). However, E19 can delay the cell
surface expression of alleles for which it has poor binding
affinity (72, 73). We observed that a truncated form of E19.
lacking the ER retention sequence, was capable of delaying the
maturation of class I MHC molecules, and we investigated
whether this delay occurred prior to class I association with the
TAP peptide-loading complex (55). In asking whether the
class I/E19 complex could co-immunoprecipitate with TAP we
■ ound that E19 associates with TAP in 721.221 cells lacking
classical class I molecules HLA-A, B and C, suggesting an asso
ciation independent from E19's binding to class I molecules
(Fig. 2A, lanes 1–3). We then investigated whether E19 binding
to TAP was dependent on the presence of tapasin and found that
in a tapasin-negative cell line (721.220/B8) E19 still associates
with TAP (Fig. 2A, lanes 4–6). Non-classical class I molecules
are thought to associate with TAP via tapasin, as no association
is observed between HLA-E and TAP in tapasin-negative cells
(44). Thus our analysis of .220/B8 cells confirms that E19
binding to TAP is independent of classical and non-classical
class I molecules. E19 binding to TAP was also found to be
independent of the ER retention signal in E19's cytoplasmic
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domain (55). Interestingly, in cells expressing E 19, the level of
class I a-chain found in the TAP—tapasin complex was reduced
compared to levels detected in such complexes isolated from
E19-negative cells (Fig. 2B). This result indicates that the associ
ation of E19 with TAP and with class I molecules results in inhi

bition of tapasin function, most likely due to steric constraints.
Thus the E19 protein of adenovirus has a dual mechanism for
causing immune evasion. E19 causes ER retention of a subset of
class 1 alleles to which it binds avidly (73). It can also delay
expression of all class I alleles by interaction with TAP and
reduction of tapasin function.

Other viral gene products target the export of class 1 mol
ecules from the ER to the cell surface. The US3 gene product of
human CMV binds class I molecules and delays their exit from
the ER, but the mechanism of US3 ER retention is unknown

(30). Two gene products from murine CMV affect post-ER
transport (48). The first, gp37/40, traps class I molecules in
the ER to Golgi intermediate compartment. The other, gp48,
binds class I molecules and diverts them for degradation in the
endocytic pathway. The general strategy used by the murine
and human CMV is similar, but the mechanistic details are
completely different, suggesting convergent evolution.

Brodsky et al. Pathogen subversion of antigen presentation

Fig. 2. Adenovirus E19 binds TAP and inhibits tapasin function. A.
Adenovirus E19 binds TAP in the absence of expression of classical
class I MHC molecules or tapasin. Human B-lymphoblastoid cell lines
(LCL) were uninfected or infected with a vaccinia virus construct
encoding adenovirus E19 (E19-Vac) or a control virus encoding the
nucleoprotein of influenza virus (NP-Vac). E19 was
immunoprecipitated from cell lysates. Immunoprecipitates were
separated by SDS-PAGE, transferred to nitrocellulose, and
immunoblotted for El 9. class I MHC cº-chain and TAP2. Proteins were
visualized by enhanced chemiluminescence (ECL). Lanes 1 and 4 are
uninfected; lanes 2 and 5 are infected with NP-Vac; lanes 3 and 6 are
infected with E 19-Wac. LCL 721.221 is HLA-A. -B, -C-negative: LCL
721.220/B8 is tapasin-negative and has been transfected with HLA-B8.
Data are preliminary results for Bennett et al. (55). B. Adenovirus E19
acts as a tapasin inhibitor. The wild-type LCLJY was uninfected (lane
7) or infected with E19-Vac (lane 8). TAP was immunoprecipitated
from cell lysates. Immunoprecipitates were separated by SDS-PAGE,
transferred to nitrocellulose, and immunoblotted for TAP1 and class I
MHC a-chain. Proteins were visualized by ECL. The nitrocellulose was
then stripped and reprobed for tapasin. Data are preliminary results for
Bennett et al. (55).

Viral interference with CTL

and NK-cell recognition at the cell surface

At the cell surface, downregulation of class I molecules by HIV
Nef abrogates CTL recognition. The Nef-dependent loss of
immunological recognition is described in the review by Col
lins & Baltimore (51), in this volume. The mechanism for this
downregulation is believed to be related to Nef's ability to asso
ciate with the adaptor molecules present in clathrin-coated ves
icles. Evidence for such association is discussed in the article by
Piguet et al. (52), in this volume. Clathrin-coated vesicles are
responsible for receptor-mediated endocytosis at the plasma
membrane and mediate protein sorting to lysosomes from the
TGN (74). Indeed, increased formation of clathrin-coated pits
at the plasma membrane is observed when Nef interacts with
CD4, correlating with downregulation of CD4 expression (75).
However, Nef has never clearly been shown to associate directly
with the adaptor molecule, AP2, that functions at the plasma
membrane. Rather, it appears to bind AP1, which functions in
the TGN (76). Therefore Nef's mechanism of influencing
class I and CD4 downregulation may be more complex than
direct targeting to clathrin-coated vesicles (77). The recently
characterized interaction of Nef with a component of the vac
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Fig. 3. Pathway for antigen

endocytosis of extracellular antigen
and bacterial infection

Class llor■ + peptides

presentation by class II MHC
molecules and relationship to
parasitophorous vacuoles. The
assembly pathway of class II MHC
molecules and their acquisition of
antigenic peptides is illustrated as
described in the text. The residence
sites and specialized vacuoles
inhabited following infection by
Chlamydiatmchematis (Chlamydia, red).
Mycobacterium tuberculosis (M.th, blue)
and Caxidle burnetii (Coxidla. green)
are shown.

Coxleiia

Class II
loading compartment

uolar ATPase responsible for endosome acidification could also
play a role in Nef's function at the plasma membrane (78).

The binding of peptides by class I molecules is important
for activation of CTL. It is also important for inhibition of an
NK-cell response. NK cells bear inhibitory receptors that block
NK activity only when they are engaged by class I MHC mole
cules. The complexities of the NK-recognition system are
reviewed in the articles by Cosman et al. (49) and Farrell et al.
(50), in this volume. NK cells are active in the immune response
against viruses which interfere with class I expression because
they are cytotoxic against cells that do not express class I mole
cules. However, several of the viruses described here have mech

anisms for avoiding an NK response. The downregulation of
human class I molecules by HIV is locus specific (51, 79). Nef
causes internalization of HLA-A and B class I molecules but not

HLA-C, HLA-C is generally expressed at a lower level than A or
B so is less likely to stimulate a vigorous CTL response, while still
able to inhibit NK-cell activity by engaging inhibitory receptors.
Human CMV expresses a protein, UL18, which resembles a
class I a-chain and binds host cell B, m (80). This protein inter
acts with an inhibitory receptor on NK cells from the leukocyte
immunoglobulin-like receptor family (49) and may thereby
protect CMV-infected cells from NK activity. Murine CMV, but

206 Immunological Reviews 168/1999

not human CMV, expresses a molecule that interacts with class I
on the cell surface, possibly blocking its T-cell or NK-cell recog
nition (48, 50). Murine CMV also expresses a class I homolog
which inhibits NK activity, with little sequence homology to
UL18 (50), again suggesting convergent evolution towards sim
ilar immune evasion strategies for different species.

Antigen presentation by class II MHC molecules

Class II MHC molecules are composed of an a-chain and
fl-chain, each of which is encoded in the MHC. In humans,
there are three functional class II loci, HLA-DR, DQ and DP each
locus encoding at least one a-chain and one B-chain, with min
imal cross-locus pairing. These gene products are co-domi
nantly expressed, but cell surface levels of HLA-DR exceed DQ
and DP levels by at least tenfold (81). The intracellular transport
pathway of class II molecules, following their assembly in the
ER, diverts them to the endocytic pathway, where they bind
peptides derived from extracellular proteins for presentation to
helper T cells (Fig. 3) (see review by Pieters (82) for original
references).

In the ER, three class II o'B heterodimers bind a trimer of
invariant chain, a type II glycoprotein, encoded outside the
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MHC. The chaperone calnexin aids in the assembly of this non
americ complex. Due to interaction between ER retention and
endosomal sorting signals in the cytoplasmic domain of the
invariant chain, the class II-invariant chain complex is retained
in the ER, until fully assembled, and then exported to the TGN,
where it is sorted to the endocytic pathway. This sorting.
although dependent on a dileucine sorting motif, is clathrin
independent, and may be mediated by the AP3 adaptor, which
recognizes such sorting sequences and can function indepen
dently of clathrin (83). Detection of the invariant chain-class II
complex in early endosomes suggests that this compartment
may be the target for sorting from the TGN. However, many
invariant chain-class II complexes visit the cell surface, either
by evading initial sorting to early endosomes or by being
released to the cell surface along the recycling pathway from
early endosomes. These surface invariant chain-class II com
plexes are recaptured into the endocytic pathway by clathrin
coated vesicles at the plasma membrane (83).

As the invariant chain-class II complex is transported fur
ther along the endocytic pathway, the invariant chain is gradu
ally degraded by endosomal proteases (84). In most cell types,
cleavage by cathepsin S is required to generate an invariant
chain-derived peptide called CLIP which occupies the class II
peptide binding site and maintains the class II molecule in a
peptide-receptive state. CLIP-class II complexes accumulate in
a prelysosomal compartment, the class II-loading compart
ment. Here, CLIP is removed by interaction of the complex
with the HLA-DM molecule (H2-M in mouse). DM stabilizes
the empty form of class II molecules and promotes the
exchange of an exogenous peptide for CLIP Class II mole
cule—DM interaction is regulated in some cell types by the HLA
DO molecule (function reviewed in (85)), which also localizes
to the class II loading compartment (86). Class II peptide load
ing may occur in an assembly complex which contains DM, DO
and the tetraspan molecules CD82 and CD63, analogous to the
class I molecule assembly/loading complex (85). Once an
exogenous peptide is bound tightly by class II molecules, the
occupied class II molecule acquires a stable conformation and,
because of dissociation from the invariant chain, the peptide
class II complex is released to the cell surface. Molecular stabil
ity is detectable biochemically by resistance to dissociation of
the o and B-chains by SDS at room temperature. CLIP-loaded or
empty class II molecules dissociate under these conditions.

HLA-DM is a non-polymorphic molecule encoded in the
MHC, composed of an a and B-chain with primary sequence
resemblance to both class I and class II molecules (reviewed in
(87)). DM is concentrated in late endosomal compartments, in
which peptide loading occurs. Its localization is dependent on
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a tyrosine-containing sorting motif in its cytoplasmic domain,
which is recognized and sorted by clathrin-coated vesicles from
the TGN directly to the endocytic pathway, in a process that is
probably dependent on the AP1 adaptor molecule (83). It is
likely that this sorting targets DM to a compartment that is
deeper in the endocytic pathway than the compartment initially
accessed by the invariant chain-class II complex. Some HLA
DM molecules do reach the cell surface after their initial target
ing to the endocytic pathway. Such molecules are recaptured in
clathrin-coated vesicles at the plasma membrane and shuttled
into the endocytic pathway once more. It is possible that co
transport of DM and class II molecules to the cell surface is a
cellular mechanism to promote their dissociation at neutral pH,
though there is no direct evidence for such a mechanism. Asso
ciation of DM with class II molecules is indeed favored only at
the low pH of the class II-loading compartment (87). Thus the
DM recapture pathway could serve to target DM back to the
loading compartment, leaving the loaded class II molecule on
the cell surface.

The molecular events involved in peptide loading of class II
molecules are fundamentally the same in B cells, macrophages
and dendritic cells. There are cell type differences in loading
compartment morphology and characteristics (88). There are
also cell-specific pathways for regulating the rate of class II syn
thesis and export and endocytic activity. For example, imma
ture dendritic cells in the periphery have most of their class II
molecules concentrated in the endocytic pathway and are
endocytically active. In contrast, mature cells which are migrat
ing to lymph nodes from peripheral sites of infection have
already had their class II molecules loaded with antigen, and
upregulate surface expression of these molecules, while reduc
ing further class II molecule synthesis and their overall
endocytic activity. There is some evidence that this regulation
of class II traffic during dendritic cell maturation is influenced
by regulation of cathepsin S activity by cystatin C, an endoge
nous protease inhibitor which undergoes intracellular redistri
bution during dendritic cell maturation (89).

Antigen can reach the class II-loading compartment either
by phagocytosis or endocytosis. A discussion of the cell biology
of class II-loading compartments in phagocytic cells can be
found in the review by Ramachandra et al. (90) in this volume.
Dendritic cells and a subset of macrophages are also capable of
macropinocytosis, a process that delivers engulfed particles,
including some bacteria, to the cytoplasmic compartment of
cells. This is believed to be a function of disintegration and/or
permeability of the membrane of a macropinocytotic vesicle.
This pathway can therefore deliver extracellular antigens to the
class I presentation pathway (91).
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Antigens generated in the endocytic pathway can be pre
sented to T cells by CD1 molecules as well as class II MHC mol
ecules (reviewed in (92)). CD1 molecules are non-classical
class I molecules whose o-chain is encoded outside the MHC.

In humans there are five CD1 loci (a-e), of which four are
known to be expressed. In mouse only the CD1d equivalent is
expressed. CD1 o-chains are non-polymorphic and associate
with 6, m. In mouse CD1 d, the site where a peptide would bind
to classical class I molecules is deeper and more hydrophobic,
and could accommodate a lipid or glycolipid. This correlates
with the known ability of human CD1b to present glycolipid
antigen derived from mycobacteria to responding T cells (93).
Within a cell, CD1b localizes to intracellular compartments
with the same characteristics as class II loading compartments.
This localization is dependent on a tyrosine-containing signal
in the CD1b cytoplasmic domain that is homologous to the
sorting signal in the DM B-chain (92). Endosomal acidification
is required for antigen presentation by CD1b, indicating that
this class I-like molecule is indeed acquiring bacterial antigens
degraded in the class II presentation pathway (93). Thus both
class II molecules and CD1b molecules are dependent upon the
endocytic pathway for acquiring antigen. Pathogen disruption
of the endocytic pathway can therefore affect the immune

2

response to antigen presented by either of these molecules.

Effects of extracellular bacteria

on class II antigen presentation

Bacteria which can multiply extracellularly can mediate effects
on class II antigen presentation by secretion of toxic or modu
latory molecules. Both inhibitory and stimulatory effects on the
class II presentation pathway can be mediated by cholera toxin
and heat-labile enterotoxin of Escherichia coli, depending on the
cell type interacting with the toxin. In addition, bacterial DNA
containing unmethylated CpG dinucleotide motifs can have
both inhibitory and stimulatory effects on professional anti
gen-presenting cells. These effects are reviewed by Ramachan
dra et al. (90) in this issue. The superantigen activity of several
bacterial toxins is well characterized and is reviewed by Lavoie
et al. in this issue (94). The bacterial superantigens, which
bind to both class II molecules and non-cognate TCRs, cause
hyperstimulation of T cells, creating havoc in the immune sys
tem.

Also in this issue, Lee & Schneewind (95) describe the
immunological effects of Yersinia and Salmonella which use Type
III secretion machines to inject bacterial proteins into eukary
otic cells. Salmonella use these gene products to alter phagosome
function, so that they can multiply in phagosomes. Yersinia use
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these gene products to inactivate macrophages with which they
come into contact, disrupting phagocytosis. It is likely that Sal
monella escape degradation by altering the phagolysosome envi
ronment and thus escape antigen presentation by class II mole
cules. Yersinia seem to escape antigen presentation by class II
simply by avoiding internalization by the macrophage. Thus,
both bacterial species have effects on the class II presentation
during infection. Another bacterium, Helicobacter pylori secretes a
toxin, vac A, which has a direct effect on membrane traffic in

the endocytic pathway (96). Vac A disrupts the late endocytic
pathway by inducing the formation of late endosome-like vac
uoles, a process dependent on the GTPase rab 7. A direct test of
Vac A effects on antigen-presenting cells demonstrated that it
can block the class Il presentation pathway. This immune eva
sion activity may contribute to the ability of H. pylori to establish
chronic gut infections leading to ulceration and stomach can
cer.

Obligate intracellular pathogens' effects
on the class Il presentation pathway

Obligate intracellular pathogens multiply in the endocytic
pathway of an infected cell and intimately interact with the
pathway, using at least three distinct strategies (Fig. 3) (97).
One type of organism, represented by Coxiella burnetii, resides in
lysosome-like compartments and appears to tolerate the acidic
and degradative conditions of those compartments (98). A sec
ond type of organism, represented by Mycobacterium tuberculosis,
prevents the endocytic compartment (phagosome) in which it
resides from maturing into a degradative compartment. This
lack of maturation is characterized by lack of phagosome fusion
with existing cellular lysosomes (99) and by lack of phago
some acidification due to vacuolar exclusion of the vesicular

proton ATPase (100). Acidification is also believed to be inhib
ited by mycobacterial products such as ammonia and sulfatides
(101). A third type of organism, represented by Chlamydia tru
chomatis, is internalized by cells into a membrane-bound com
partment, from which all host membrane markers are
removed, rendering it isolated from other host membrane
compartments (97). In the case of C. trachomatis, the membrane
of this so-called privileged vacuole and the bacterial mem
branes inside the vacuole incorporate sphingomyelin from the
host cell TGN but seemingly exclude TGN protein markers
(102). The cellular mechanisms by which these three organ
isms are intially internalized into the host cell are currently
under investigation by a number of laboratories, as are the
mechanisms by which they interact with the endocytic path
way.

**
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Here we are concerned with how the presence of these
pathogens, multiplying in three distinct types of endocytic
compartments, can affect the class II MHC antigen presentation
pathway. All three of the organisms cited above establish
chronic infections, suggesting an ability to evade a vigorous
host immune response. Some of this evasion may simply be due
to physical sequestration of the bacteria, but part of the mech
anism is likely to be attributable to the pathogen's ability to dis
rupt antigen presentation. C. burnetii causes Q fever in infected
animals and humans (103). In humans, acute Q fever presents
as an atypical pneumonia or a prolonged flu and, in some cases,
symptoms relapse years after the initial infection. Despite a vig
orous antibody response, the bacteria may not be cleared. Per
sistence of the bacteria may result in chronic Q fever, which is
characterized by inflammatory diseases, such as endocarditis,
hepatitis, arthritis and renal failure due to circulating immune
complexes. The chronicity of M. tuberculosis infection is well
characterized, consisting of long periods of latency in which
the bacteria survive in alveolar macrophages (104, 105).
Latency of in■ ection may be lifelong or lead to active disease in
cases where the cellular immunity is compromised. In such
conditions M. tuberculosis proliferates and produces a pulmonary
tuberculosis characterized by granulomatous inflammation,
which often results in extensive fibrosis and tissue damage.
Tuberculosis remains the most frequent cause of death from an
infectious agent. C. truchomatis infection is a common sexually
transmitted disease and the leading cause of infectious blind
ness (106, 107). Frequently, C. trachomatis infections are asymp
tomatic, so that the bacterium goes undetected and untreated.
In men, untreated chronic infections lead to inflammation in

the genital tract and sometimes result in reactive arthritis in
peripheral joints and ultimately infertility. Long-term infec
tions in women also result in infertility and perhaps cervical
dysplasias. These complications suggest that the immune sys
tem responds to the Chlamydia but is not effective in eliminating
it from the body.

In our laboratory, we have studied the effects of infection
by C. burnetii and C. tºuchomatis on the class II MHC maturation
pathway in IFN-treated HeLa cells. For C. trachomatis, HeLa rep
resents a natural cellular host, since the bacteria infect genital
epithelial cells, the tissue from which HeLa cells were derived,
in addition to infecting macrophages. IFN is present during
C. trachomatis infection, making it feasible that infected epithelial
tissue would be expressing class II MHC molecules (11, 108).
The natural host cells for C. burnetii are macrophages, so our
studies of IFN-treated HeLa cells are only a model system.
However, we believe the results are generalizable, since the
phenotype of class II MHC disruption caused by swollen lysos

Brodsky et a Pathogen subversion of antigen presentation

Fig. 4. Localization of HLA-DR and HLA-DM to Coxiella but not
Chlamydia vacuoles. HeLa cells were treated with YIFN for 24 h, then
infected with Coxidla burnetii (A-D) or Chlamydia trachomatis serovar L2 (E-H)
for 24 h. Infected cells were fixed and stained for HLA-DR (B, F) or HLA
DM (D, H) with anti-DR mab L243 or rabbit anti-DM. Nomarski imaging
(A, C, E, G) distinguished the bacterial vacuoles (white arrows) from the
HeLa nuclei (black arrows).
[Reprinted with permission of Lem L. Riethof DA. Scidmore M.
Griffiths G, Hackstadt T. Brodsky FM. Enhanced interaction of HLA-DM
with HLA-DR in enlarged vacuoles of hereditary and infectious lysosomal
diseases. Jimmunol 1999:162:523-532. Copyright 1999. The American
Association of Immunologists.]

omes containing C. burnetii is seen also in B cells with swollen
lysosomes caused by the genetic disease, Chédiak-Higashi syn
drome (CHS) (109), as described below.

Our initial studies examined the localization of class II

MHC molecules and HLA-DM relative to parasitic vacuoles in
infected, YIFN-treated HeLa cells (Fig. 4) (109). The vacuoles
established by C. burnetii were labeled for both HLA-DR and
HLA-DM. This correlates with the fact that all previous charac
terization has suggested these vacuoles are lysosome like, sim
ilar to the properties of the class II-loading compartment.
HLA-DR and DM did not localize to chlamydial vacuoles, con
sistent with previous reports of endocytic marker exclusion.
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Fig. 5. Increased DM/DR complexes in Coxiella-infected HeLa cells.
A. DM/DR complexes were immunoprecipitated with the anti-DRamAb
DA6.147 from lysates of IFN-treated HeLa cells which were either mock
treated (uninfected. Usamples) or infected with Coxiella (Q samples).
Lysates were prepared in 1% digitonin at pH 5.0. Immunoprecipitates
(DA6) were divided in half and each half was analyzed by SDS-PAGE,
adjacent to a sample of whole cell lysate (Lys), for separate
immunoblotting with anti-DMP serum (DMBS1) or anti-DRamAb
(DA6.147), after transfer to nitrocellulose. Data are reproduced from Lem
et al. (109). B. DMB and DRa signals from the DA6 immunoprecipitate
were quantitated using NIH image 1.61, and the ratios of the two were
graphed. The experiment shown is representative of results from four out
of five independent infections of efficiency >65%.
[Reprinted with permission of Lem L, Riethof DA, Scidmore M. Griffiths
G. Hackstadt T. Brodsky FM. Enhanced interaction of HLA-DM with HLA
DR in enlarged vacuoles of hereditary and infectious lysosomal diseases.
Jimmunol 1999; 162:523-532. Copyright 1999. The American
Association of Immunologists.]

Interestingly, establishment of both types of vacuoles were
observed to have effects on class II MHC molecules.

C. burnetii-infected cells were characterized by swollen lyso
somes, in which DR and DM accumulated. By immunoprecip
itation, we established that the altered morphology of the
class II-loading compartment resulted in an enhanced associa
tion between DR and DM molecules (Fig. 5) (109). This
increased contact suggested a functional phenotype, since the
role of DM is to stabilize empty class II molecules and thereby
enhance the exchange of the CLIP peptide for an antigenic pep
tide. Indeed, in a subset of infections, we were able to detect an
increase in unstable HLA-DR molecules. In a parallel study we
examined the phenotype of B-lymphoblastoid cell lines from
patients with CHS (109). This inherited immunodeficiency
disease results from a defect in a gene involved in lysosome fis
sion, leading to swollen lysosomes that resemble the intracellu
lar vacuoles formed by C. burnetii. In CHS B cells, we also
detected an enhanced association betweeen DR and DM. The
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Fig. 6. Reduction of HLA-DR, DM and invariant chain in C. tradematis
infected YIFN-treated HeLa cells. HeLa 229 cells were treated with HFN
and infected with the L2 strain of C. trachomotis (L2, solid bars) or mock
infected (U (uninfected), hatched bars) for 21 h. Cultures were lysed in
1% NP40 and equivalent levels of lysate were analyzed by SDS-PAGE. After
transfer to nitrocellulose, samples were immunoblotted to detect DR a
and B-chains (mixture of antibodies). DMB-chain, invariant chain and
clathrin heavy chain (CHC). The relevant bands were quantitated by
densitometry and are graphed below the blots. A second set of infected
and uninfected YIFN-treated HeLa cells were pulse labeled for 1 h with *S-
methionine. These samples were lysed in 1% NP40 and DR a-chain was
immunoprecipitated from the lysate, analyzed by SDS-PAGE and detected
by autoradiography (DR a synthesis). Densitometry analysis of the
autoradiograph is shown below it.

consequences of this association were more easily analyzed in
these cells than in C. burnetii-infected cells. We found that the DR

expressed on the CHS B cells had a lower level of CLIP associ
ated with it (109). In a complementary study, Faigle et al.
(110) reported that CHS B-lymphoblastoid cells displayed a
DR-associated peptide repertoire that differed from that dis
played by wild-type B cells having the same DR alleles. Further
more, the maturation rate of DR molecules was slower than
normal in CHS B cells (110). These properties of altered DR
peptide presentation can be explained by the mechanism of
enhanced contact between DR and DM in the swollen lyso
somes of both CHS B cells and C. burnetii-infected cells (109).
These findings imply that C. burnetii infection in the endocytic
pathway is likely to alter the peptide presentation properties of
class II MHC molecules and thereby dampen their immune rec
ognition, favoring chronic infection.

Although the class II maturation pathway does not directly
intersect the C. trachomatis vacuole, formation of this vacuole
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appears to have a profound effect on expression of class II MHC
molecules (111, 112). C. truchomatis is internalized into cells in
the form of elementary bodies (EBs), the infectious form of the
bacteria, and, once inside the cell, they differentiate into retic
ulate bodies, which divide into progeny. As bacterial matura
tion takes place, individual vesicles that have internalized the
EBs fuse, forming one large perinuclear vacuole where multi
plying organisms accumulate (113). Vacuole fusion is detected
within 2 h of infection, and large vacuoles are readily visible
18–20 h after infection (Fig. 4). IFN-treated HeLa cells were
infected with C. truchomatis and, after establishment of large vac
uoles, we analyzed the state of molecules in the class II pathway.
Infected cells had significantly reduced steady state levels of
HLA-DR, DM and invariant chain, compared to uninfected
YIFN-treated HeLa cells (Fig. 6).

Ongoing studies in the laboratory are elucidating the
mechanism of reduction of molecules in the class II presenta
tion pathway following C. trachomatis infection. Initial analysis
has revealed that reduction is not due to inhibition of YIFN
induction. The YIFN-signaling pathway is functional and the
biosynthetic rate of DR o-chain is similar in both infected and
uninfected MFN-treated HeLa cells (Fig. 6). The reduction in
class II and associated molecules possibly reflects an effect
restricted to molecules found in endocytic vesicles, since the
levels of class I MHC are unaffected (not shown), nor is the
level of the cytoplasmic protein clathrin reduced (Fig. 6). Pre
liminary pulse-chase analysis suggests that the degradation of
DR molecules is enhanced, an effect that is detectable within 2

h of biosynthesis, suggesting that the chlamydial vacuole may
affect class II molecules at the stage of their sorting in the TGN.

Dramatic changes in lipid flow accompany chlamydial vac
uole maturation (102). Uninfected cells loaded with NBD
ceramide produce fluoresent sphingomyelin which accumu
lates exclusively in the Golgi apparatus and the TGN (114). If
labeled cells are infected with C. trachomatis, fluorescent sphin
gomyelin becomes primarily localized to the chlamydial vacu
ole and chlamydial outer membranes within 2 h (102). Thus
the formation of the vacuole has a profound effect on lipid traf
fic from the TGN. The TGN is a critical site for sorting both
class II MHC molecules associated with invariant chain and

HLA-DM to their correct destinations in the endocytic pathway.
In addition, it is the site for sorting and targeting lysosomal
proteases to the endocytic pathway. Chlamydial redirection of
lipid traffic out of the TGN may be responsible for missorting
molecules to the endocytic pathway, resulting in enhanced deg
radation of molecules targeted to that pathway.

Infection of macrophages by M. tuberculosis has been shown
to impair antigen presentation to CD4+ T cells. It is possible that
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this defect in antigen presentation is a result of downregulation
of class II molecule expression on the cell surface. However,
while downregulation has been observed in several experimen
tal systems (115–117), other analyses report no effect on the
expression of surface class II molecules (118). In a recent study
of M. tuberculosis infection of the THP-1 monocyte cell line
(YIFN-treated), it was demonstrated that class II molecules in
infected cells never acquired SDS stability nor localized to late
endocytic compartments, suggesting that their transport to a
compartment in which DM could remove CLIP was impaired
(117). This phenotype could be explained by inhibition of
endosomal acidification caused by the intracellular presence of
M. tuberculosis (100. 119). Downregulation of CD1b molecules
on M. tuberculosis-infected macrophages has been observed, but
it was found to be due to a decrease of CD1b-mRNA, suggest
ing impaired YIFN induction of CD1b in infected cells (120).
This correlates with the observation of Ernst and colleagues (J.
Ernst, personal communication) that infection of human mac
rophages by M. tuberculosis blocks macrophage activation due to
an inhibitory effect of the bacteria on YIFN signaling. Thus, M.
tuberculosis may achieve immune evasion by multiple strategies
which prevent antigen presentation by class II MHC molecules
and CD1b molecules, as well as by inhibition of macrophage
activation.

The parasitic protozoan Leishmania amazonensis, which multi
plies intracellularly, has both a passive and active mechanism
for evading presentation of its antigens by class II MHC mole
cules. These pathogens reside in vacuoles of phagocytic cells,
such as macrophages, but the parasitophorous vacuoles never
fully acidify into phagolysosomes, suggesting a potential inhi
bition of antigen degradation and class II molecule maturation
(119). In addition, the Leishmania inside these parasitophorous
vacuoles internalize host class II molecules and degrade them
(121).

Viral effects on the class Il presentation pathway

A Th1 helper response stimulates the development of CTL and
an antiviral inflammatory response, as well as the production of
antiviral antibodies. Therefore, it could be in the interest of a

virus to reduce antigen presentation by class II MHC molecules
to evade an immune response. Several viruses have evolved such
strategies. HIV Nef. Vpu and gp120 proteins cause downregu
lation of CD4 from the infected cell surface, preventing T-cell
response to class II antigen presentation (52, 77). Nef also
interacts with a subunit of the proton pump responsible for
endosome acidification, so has the potential to affect class II
MHC processing by disruption of function in the endocytic
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pathway (78). The E5 protein of HPV and bovine papillomavi
rus (BPW) interacts with another proton pump subunit, indicat
ing a common target in the endocytic pathway for viral gene
products (122) that could influence antigen presentation by
class II molecules. The E6 gene product of BPV binds the AP1
adaptor protein associated with clathrin-coated vesicles in the
TGN (123). This interaction with a component of the class II
trafficking pathway might also disrupt class II molecule trans
port or maturation.

Human CMV inhibits IFN upregulation of class II expres
sion on infected endothelial cells and fibroblasts by disruption
of the IFN-signaling pathway (124). HSV reduces expression
of class II molecules on infected neuronal cells, possibly also
through an inhibitory effect on induction (125). Measles virus
inhibits YIFN upregulation of class II on infected THP-1 cells in
culture (126). However, measles virus seems to stimulate
class II molecule expression on infected peripheral blood
monocytes, while altering the source of antigen presented by
these molecules. Measles-infected monocytes exhibit reduced
presentation of extracellular exogenous antigens. Lastly, viral
superantigen can be considered a mechanism for altering the
class II antigen presentation pathway. The viral superantigens,
which have been characterized for murine retroviruses, interact

with CD4-expressing T cells and induce their deletion by
hyperstimulation, a process reviewed by Acha-Orbea et al. in
this issue (127).

Concluding remarks: different microbial evasion strategies
for different presentation pathways

Consideration of the numerous strategies employed by patho
gens to disrupt antigen presentation by MHC molecules reveals
a predictable pattern of immune subversion. Viruses are the
most dependent on host cells for their persistence and are sen
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