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The MHC class I antigen presentation pathway: strategies for viral
immune evasion

ERIC W. HEWITT School of Biochemistry and Molecular Biology, University of Leeds, Leeds, UK

SUMMARY

Presumably because of the selective pressure exerted by the immune system, many viruses
have evolved proteins that interfere with antigen presentation by major histocompatibility
complex (MHC) class I molecules. These viruses utilize a whole variety of ingenious strategies
to inhibit the MHC class I pathway. Viral proteins have been characterized that exploit
bottlenecks in the MHC class I pathway, such as peptide translocation by the transporter
associated with antigen processing. Alternatively, viral proteins can cause the degradation or
mislocalization of MHC class I molecules. This is often achieved by the subversion of the host
cell’s own protein degradation and trafficking pathways. As a consequence elucidation of how
these viral proteins act to subvert host cell function will continue to give important insights not
only into virus-host interactions but also the function and mechanism of cellular pathways.

INTRODUCTION

Viruses are obligate intracellular parasites, which hijack the
host cell’s biosynthetic machinery to enable the translation of
viral proteins and the replication of the viral genome. The major
histocompatibility (MHC) class I antigen presentation pathway
plays an important role in alerting the immune system to virally
infected cells. MHC class I molecules are expressed on the cell
surface of all nucleated cells and present peptide fragments
derived from intracellular proteins. These peptides are normally
derived from the cell’s own ‘house-keeping’ proteins but in a
virally infected cell, peptides derived from viral proteins may
also be presented. Virus specific cytotoxic T lymphocytes
(CTL) monitor cell surface MHC class I molecules for peptides
derived from viral proteins and eliminate infected cells.
Given the role that the MHC class I antigen presentation
pathway plays in the detection of virally infected cells by CTLs,
it is not surprising that many viruses have evolved proteins that
interfere with this pathway. This review will discuss recent
findings on some of the diverse array of mechanisms employed
by human viruses to inhibit the MHC class I pathway in order to
escape CTL lysis. Examples of proteins that interfere with the
MHC class I pathway are encoded by adenoviruses and retro-
viruses.' These include the adenovirus E3/19K and the human
immunodeficiency virus-1 (HIV-1) Nef gene products, which
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are discussed herein. However, much of this review focuses on
the strategies employed by members of the herpesvirus family
to inhibit the MHC class I pathway. Herpesviruses establish
persistent lifelong infections in immunocompetent hosts; in fact
most if not all, herpesviruses encode proteins that inhibit MHC
class I antigen presentation and these proteins play an important
role in allowing the virus to evade detection by CTLs.' This is
perhaps exemplified by the human cytomegalovirus (HCMV),
where the unique short region of the viral genome encodes at
least five proteins (US2, US3, US6, US10 and US11) that inhibit
the MHC class I pathway."* Indeed, HCMV inhibition of the
MHC class I presentation pathway illustrates the intimate
relationship that can exist between a virus and the infected host.

AN OVERVIEW OF THE MHC CLASS I ANTIGEN
PRESENTATION PATHWAY

MHC class I molecules are heterodimers of a heavy chain, a
45 000 MW type I integral membrane glycoprotein, and {3,-
microglobulin (8,M) a 12 000 MW soluble protein.’ The extra-
cellular region of the heavy chain folds into three domains (a1,
a2 and a3), with 3,M contributing a fourth domain. The a1 and
a2 domains form the peptide-binding site: this is a groove on the
upper surface of the MHC class I molecule, which binds
antigenic peptides of 8—10 amino acids in length. Surprisingly,
the majority of peptides presented by MHC class I molecules
are not derived from the turnover of ‘old’ proteins. Instead most
of the peptides presented by MHC class I molecules are derived
from defective ribosomal translation products, which are
degraded by the multisubunit proteasome complex in the cyto-
sol (Fig. 1).57® This allows the MHC class I pathway to sample
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Figure 1. The MHC class I antigen presentation pathway. (1) Proteins
are proteolytically processed in the cytosol by the proteasome. (2)
Peptides generated by the proteasome are translocated into the ER
lumen by TAP. (3) MHC class I molecules (heavy chain and associated
B>M) fold and assemble in the ER lumen with the aid of the ER
chaperones calnexin, calreticulum and ERP57. (4) The MHC class I
molecule in a complex with calreticulum and ERP57 associates with
TAP and tapasin facilitates peptide binding. (5) Peptide loaded MHC
class I molecules dissociate from TAP and are transported through the
secretory pathway to the plasma membrane.

proteins immediately after synthesis hence rapidly alerting
CTLs to the presence of a virus in an infected cell.

MHC class I molecules fold and assemble within the endo-
plasmic reticulum (ER) lumen and peptide binding is an integral
part of the assembly process (Fig. 1). As a consequence it is
necessary to translocate peptides from the cytosol into the ER
lumen, this function is performed by the transporter associated
with antigen processing (TAP).>'® TAP also acts as a scaffold
for the final stage of MHC class I assembly, i.e. peptide binding.
ER resident chaperones facilitate the folding of nascent MHC
class I molecules and the MHC class I molecule (heavy chain
and B,M) binds to TAP in a complex with the chaperones
calreticulum and ERP57.'"'? Critical to this interaction is
tapasin, which acts as a bridging molecule between the MHC
class I/chaperone complex and TAP. Tapasin does not simply
link nascent MHC class I molecules to TAP, but is also required
to facilitate binding of high affinity peptides to the MHC class I
molecule.'® After peptide loading, MHC class I molecules
dissociate from TAP and cluster at export sites on the ER
membrane where they are selectively recruited into cargo
vesicles for transport to the Golgi apparatus.'* MHC class I

molecules then traffic through the Golgi apparatus to the plasma
membrane.

TURNING OFF THE TAP

TAP is a heterodimer; the two subunits TAP1 and TAP2 each
have an N-terminal membrane domain and a C-terminal nucleo-
tide-binding domain (NBD).>!'° The membrane domains of
TAP form the peptide-binding site and presumably a pore
through which peptides are translocated, whereas ATP hydro-
lysis by the NBDs energizes peptide translocation by the
membrane domains. TAP represents an obvious target for viral
inhibition, because the vast majority of peptides presented by
MHC class I molecules are generated in the cytosol and require
translocation across the ER membrane. This bottleneck in the
MHC class I pathway is exploited by the herpes simplex virus
(HSV) ICP47 and the HCMV US6 gene products (Fig. 2). The
ICP47 gene product is a small cytosolic protein of 88 amino
acids of which only residues 3-34 are necessary to inhibit TAP
function.'>™"® ICP47 inhibits peptide binding to TAP, but does
not affect ATP binding.'”?° With an affinity for TAP of 10—
1000-fold greater than most peptides, ICP47 acts as a compe-
titive inhibitor of peptide binding to TAP and is thought to bind
directly to the peptide-binding site.'®® Yet ICP47 does not
behave like a normal peptide as it is not translocated across the
membrane and it remains associated with TAP. Furthermore,
whereas peptide binding by TAP stimulates ATP hydrolysis and
causes a conformational rearrangement of TAP, these events are
inhibited by ICP47 binding.>"*

US6 is an ER-localized, 21 000 MW type I integral mem-
brane glycoprotein. Despite sharing the same target as ICP47,
US6 uses a different mechanism to inhibit TAP. US6 interacts
with TAP and inhibits peptide translocation, but unlike ICP47 it
has no effect upon peptide binding.>° Instead, US6 prevents
the conformational rearrangement of TAP that is normally
associated with peptide binding, as evidenced by chemical
cross-linking experiments and studies of the lateral mobility
of TAP.22® Furthermore US6 inhibits ATP binding by TAP and
more specifically by the TAP1 NBD.**?” ATP is absolutely
required for peptide translocation by TAP and by inhibiting ATP
binding US6 effectively starves TAP of its energy source. The
ER luminal domain of US6 is sufficient to inhibit both ATP
binding and peptide translocation by TAP.>>*® As a conse-
quence the inhibition of ATP binding cannot be a direct effect
because the NBDs are on the opposite side of the ER membrane
to the US6 luminal domain. Therefore by interacting presum-
ably with the ER lumen exposed-loops of the TAP membrane
domains, US6 must exert an indirect conformational effect upon
the TAP1 NBD.

THROWING THE MHC CLASS I HEAVY CHAIN OUT
WITH THE CELLULAR GARBAGE

The folding and assembly of nascent secretory proteins in the
ER lumen is scrutinized by the ER quality control apparatus.
Misfolded proteins are exported out of the ER back into the
cytosol, where they are degraded by the proteasome. This
process is known as ER-associated protein degradation
(ERAD).2® HCMV encodes two related proteins, US2 and
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Figure 2. Viral inhibition of the MHC class I antigen presentation
pathway. Viruses have evolved proteins that inhibit the MHC class I
pathway at virtually every step. US2 and US11 dislocate the MHC class
I heavy chain into the cytosol where it is degraded by the proteasome.
ICP47 and US6 inhibit peptide translocation by TAP. E19 inhibits MHC
class I association with TAP, E19 also inhibits MHC class I trafficking
by retrieving MHC class I molecules from the cis-Golgi. Similarly US3
and US10 inhibit the ER export of class I molecules. U21 diverts MHC
class I molecules to the lysosome. Nef down-regulates MHC class I
molecules from the plasma membrane sequestering them in the TGN.
Finally K3 and K5 down-regulate MHC class I molecules and sort them
into the late endocytic pathway where they are degraded.

US11, that co-opt this host cell ‘garbage’ removal pathway to
promote degradation of the MHC class I heavy chain and hence
inhibit MHC class I antigen presentation (Fig. 2). Furthermore,
degradation of the heavy chain by US2 and US11 has been used
as a tool to study the ERAD pathway in mammalian cells.
US2 and US11 are ER resident type I integral membrane
glycoproteins that share 21% sequence identity with each other.
Expression of either protein causes rapid degradation of newly
synthesized MHC class I heavy chains.?®>° The heavy chain is
dislocated into the cytosol by retrotranslocation through the
Sec61p ER protein translocon.®’ Once in the cytosol, heavy
chain is deglycosylated and then degraded by the protea-
some.?*® The US2 luminal domain interacts with the MHC
class I heavy chain and binds to the heavy chain between the
peptide binding site and the a3 domain.*>** However, whereas
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the ERAD pathway is normally associated with the degradation
of misfolded proteins, binding of the US2 luminal domain has
no obvious effect upon heavy chain conformation.*> How do
US2 and US11 divert the heavy chain into the ERAD pathway?
The MHC class I heavy chain’s cytosolic tail is required for
dislocation into the cytosol mediated either by US2 or US11.*
Therefore, one plausible model is that US2 and US11 bind to the
heavy chain via their luminal domains and recruit host cell
proteins that extract the polypeptide from the ER membrane by
‘pulling’ on the cytosolic tail of the heavy chain.

What is known about the extraction of the MHC class I
heavy chain from the ER membrane and which proteins other
than Sec6lp are involved? In US2- and US11-mediated dis-
location the heavy chain is ubiquitinated as it enters the
cytosol.*® Ubiquitin is a small 76 residue protein that is con-
jugated to the e-amino group of lysines and can also form
polyubiquitin chains attached to a specific protein. The process
of ubiquitination involves the sequential action of three
enzymes, a ubiquitin-activating enzyme (E1), a ubiquitin-con-
jugating enzyme (E2) and a ubiquitin ligase (E3) that is
responsible for substrate recognition. Although polyubiquitina-
tion targets proteins for degradation by the proteasome, the
addition of ubiquitin to the heavy chain is also required for its
dislocation into the cytosol by US11.%¢*” However, ubiquitina-
tion cannot act as a signal to initiate MHC class I heavy chain
dislocation across the ER membrane, as the mutagenesis of the
lysine residues in the heavy chain cytosolic tail has little effect
upon degradation.35 Instead, the ER luminal domains of the
heavy chain must be principle sites of ubiquitination and this
may serve to prevent the heavy chain from ‘slipping” back into
the ER during retrotranslocation across the membrane.

In addition to ubiquitin the ATPases associated with a variety
of cellular activities (AAA) family member p97 is involved in
the dislocation of the MHC class I heavy chain across the ER
membrane.*® The p97 ATPase is associated with the cytosolic
face of the ER membrane and binds to MHC class I heavy
chains in cells that express either US2 or US11.3%3° Expression
of an ATPase-deficient mutant of p97 causes the accumulation
of ubiquitinated heavy chains in the membrane, which are
sensitive to protease digestion suggesting that they are only
partially dislocated.*® This demonstrates that the ATPase activ-
ity of p97 is required to extract the heavy chain from the
membrane and perhaps provides the mechanical force to pull
the heavy chain into the cytosol. How the p97 ATPase is
recruited is unclear as although p97 can interact with ubiquitin
via the adaptor proteins Ufd1p and Npl4p, not all p97 associated
heavy chains are ubiquitinated.***

HOLD-UPS AND DIVERSIONS IN MHC CLASS I
TRAFFIC TO THE PLASMA MEMBRANE

The adenovirus gene product E3/19K (E19) is a type I integral
membrane protein that interacts with MHC class I molecules in
the ER and prevents their transport to the plasma mem-
brane.*'**? E19 uses two distinct mechanisms to inhibit MHC
class I antigen presentation (Fig. 2). The cytosolic tail of E19
contains a dilysine motif that inhibits MHC class I trafficking by
acting as an ER retrieval motif.***** The dilysine motif was also
found to be present in the cytosolic tails of many ER resident
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membrane proteins.*> Proteins carrying this motif are recog-
nized by the coatamer protein complex (COP1) that is involved
in the retrieval of proteins from the Golgi apparatus to the ER.*’
However, an E19 mutant that lacks this ER retrieval motif can
still inhibit MHC class I transport. This is because E19 binds to
TAP and prevents TAP/MHC class 1 association.*® E19 thus
appears to be acting as a tapasin mimic and thus would be
predicted to interfere with peptide binding to MHC class I
molecules.

The HCMV US3 gene product is an ER-resident type I
integral membrane protein that inhibits the export of peptide-
loaded MHC class I molecules from the ER (Fig. 2).47:48
However, US3 only interacts transiently with MHC class I
molecules and US3 subsequently traffics to the lysosome where
it is degraded.*® Therefore, if US3 expression is blocked, MHC
molecules can eventually leave the ER and transit normally to
the plasma membrane. Unlike E19, the US3 cytosolic tail has no
known ER retrieval motifs and is not required for either the
association with or the retention of class I molecules.’® How-
ever, both the transmembrane domain and luminal domain of
US3 are required to retain MHC class I molecules in the ER.>*>"
How US3 retains MHC class I molecules in the ER is poorly
understood. US3 may interact with an ER resident protein to
retain MHC class I molecules. Alternatively, US3 may interfere
with the recruitment of peptide-loaded MHC class I molecules
to sites on the ER membrane where proteins are recruited into
vesicles for transport to the Golgi. In addition to US3, the
HCMV has recently been shown to express another protein
US10, which affects MHC class I export from the ER. US10 is
an ER-localized integral membrane glycoprotein that retards
but does not block the transport of MHC class I molecules from
the ER (Fig. 2).** Again, although US10 is predicted to be a
type I integral membrane protein, the cytosolic domain does not
contain any obvious ER localization signals. Further work will
be required to determine how the interaction of MHC class I
molecules with US10 can retard ER export.

The human herpesvirus 7 U21 gene product employs a
different strategy to prevent MHC class I molecules from
reaching the plasma membrane. U21 is a 60 000 MW type I
integral membrane glycoprotein that rather than causing ER
retention, binds to MHC class I molecules in the ER and targets
them to the lysosome (Fig. 2).%% Once in the lysosome both U21
and the MHC class I molecule are degraded. How U21 is sorted
to the lysosome is unclear as although a number of lysosomal
sorting sequences have been identified, U21 has no known motif
in its cytosolic domain.>*

MHC CLASS I DOWN-REGULATION:
INTERNALIZATION AND DEGRADATION

Arrival at their final destination (plasma membrane) does not
protect MHC class I molecules from viral interference. The
Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes two
related proteins, K3 and K5, that share 40% sequence identity.
Expression of either protein causes the rapid down-regulation of
MHC class I molecules from the plasma membrane by clathrin-
dependent endocytosis (Fig. 2).>°® The internalized MHC
class I molecules are sorted into an acidic endocytic compart-
ment where they are degraded by acidic proteases.’®>’ In

addition, K5 can down-regulate the costimulatory molecules
intracellular adhesion molecule-1 and B7.2.°%° Indeed, a
cellular homologue of K3 and K5 has been identified whose
function appears to be to regulate cell surface expression of
B7.2.%° This suggests that K3 and K5 have both evolved from a
gene ‘hijacked’ by KSHV from the host genome.

K3 and K5 are integral membrane proteins with two trans-
membrane domains, a short luminal segment and both the N-
and C-termini are cytosolically orientated.®" Crucially, K3 and
K5 have an N-terminal plant homeodomain motif (PHD) motif.
The PHD motif shares structural and sequence homology
with the RING finger domain, that is found in a subset of E3
ubiquitin ligases.>®* Indeed, K3 and K5 are novel E3 ubiquitin
ligases and the expression of either protein promotes ubiquiti-
nation of MHC class I molecules.®*®> Both K3 and K5 have
been localized to the ER by immunofluorescence micro-
scopy (E. Hewitt and P. Lehner, unpublished data).”® However,
there is no evidence for an association between K3 and MHC
class I molecules in the ER. Instead K3 interacts with and
promotes the ubiquitination of MHC class I molecules after
progression past the medial-Golgi compartment along the
secretory pathway.65 This indicates that a proportion of K3
(and presumably K5) must be localized in either the late
secretory pathway or at the plasma membrane. Why K3 does
not ubiquitinate MHC class I molecules in the ER is unknown.
One possibility is that ubiquitination by K3 may require acces-
sory proteins such as a host cell E2 ubiquitin-conjugating
enzyme, which is present or associated with the late or distal
secretory pathway.

Ubiquitination by K3 and K5 does not appear to target
MHC class I molecules for proteasomal degradation. Instead
ubiquitination is necessary for internalization from the cell
surface and subsequent sorting into the late endosomal pathway.
Mutagenesis of conserved residues in the PHD motif prevents
both ubiquitination and down-regulation of MHC class I mole-
cules.®>5¢ However, the interaction between K3 and MHC class
I molecules was unaffected indicating that association in the
absence of ubiquitination is insufficient to promote MHC class I
down-regulation.®>®S Furthermore, lysine substitution in the
cytosolic tail of the MHC class I heavy chain prevents inter-
nalization and degradation of the MHC class I molecule by K3
and K5.5%% These findings suggest the heavy chain’s cytosolic
tail is the site of K3 and K5-induced ubiquitination.

How does ubiquitination cause class I down-regulation?
Studies in both yeast and mammalian cells indicate that ubi-
quitin can function as an endosomal-sorting motif. The addition
of ubiquitin to specific lysines in the cytosolic domains of
membrane proteins promotes their internalization from the
plasma membrane.®”%® Ubiquitination also acts as a signal to
sort proteins into the late endocytic pathway for degradation. A
key step in this process is the formation of the multivesicular
body (MVB). MVBs are formed when the endosomal mem-
brane invaginates forming internal vesicles into which proteins
destined for lysosomal degradation are sorted.%® In the yeast
Saccharomyces cerevisiae Vps23p regulates the recruitment of
ubiquitinated proteins into the internal vesicles in MVBs.”® The
mammalian homologue of Vps23p is the tumour susceptibility
gene 101 (TSG101), which is also involved in late endosomal
protein sorting and binds to ubiquitin, suggesting conservation
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of this pathway from yeast to mammals.”"”> K3 and K5 may
also utilize this MVB pathway to degrade MHC class I mole-
cules as TSG101 is required for the down-regulation and
degradation of MHC class I molecules by K3.%°

MHC CLASS I DOWN-REGULATION:
INTERNALIZATION AND SEQUESTRATION

HIV-1 Nefis a27 000 MW myristoylated protein that performs
multiple functions in the infection of host cells, including down-
regulation of CD4 and MHC class I1.”* Nef utilizes different
pathways in the down-regulation of CD4 and MHC class [. CD4
is internalized by classic clathrin-mediated endocytosis and
routed to the lysosome for degradation.”* In contrast Nef
mediated internalization of MHC class I molecules is cla-
thrin-independent and class I molecules are sequestered in
the trans-Golgi network (TGN) (Fig. 2).”77 In the absence
of Nef MHC class I molecules are constitutively internalized
and recycled back to the plasma membrane via a pathway that
is regulated by the small GTPase, ADP-ribosylation factor
6 (ARF6).”® Elegant studies by Blagoveshchenskaya er al.”®
demonstrate that Nef accelerates the ARF6-dependent inter-
nalization of MHC class I molecules. Taken together with
previous mutational analyses of the Nef sequence a role for
three motifs in MHC class I down-regulation is highlighted:
62EEEEgs, 7,PXXP75 (where X can be any amino acid) and
Mety, within an amphiphatic a-helix.”””*%® These motifs are
not functionally equivalent but act sequentially to promote
MHC class I down-regulation by subverting the ARF6 path-
way.”®

Mutation of either ¢,EEEE¢s or ,,PXXP;s prevents the
internalization of MHC class I molecules by Nef.””% In
contrast, mutation of Met,, does not affect Nef-induced inter-
nalization, but the MHC class I molecules instead of being
sequestered in the TGN recycle back to the plasma membrane.”®
The ¢;EEEE¢s motif interacts with phosphofurin acidic cluster
sorting protein-1 (PACS-1) which is involved in the retrieval of
furin from the plasma membrane to the TGN.” PACS-1 sorts
Nef to the TGN, but does not directly facilitate the sequestration
of MHC class I molecules in the TGN.”®7® This is because
whereas mutation of 7,PXXP;5 prevents class I internalization it
does not affect the TGN sorting of Nef. Instead the sorting of
Nef to the TGN appears to be necessary to activate MHC class I
internalization in a 7,PXXP,s-dependent manner. Nef interacts
with phosphatidylinositide 3-kinase (PI3K) and this may be
facilitated by the ,,PXXP;5 motif, which functions as an SH3
domain binding site 8182 Indeed, inhibitors of PI3K block Nef
mediated internalization of MHC class I, whereas a fusion
between PI3K and Nef negates the effect of mutating the
1,PXXP;s motif.”® Furthermore, PI3K activity is required to
recruit both ARF6 and the ARF nucleotide binding site opener
(ARNO) to plasma membrane ruffles. ARNO is an ARF6
guanine nucleotide exchange factor which activates ARF6 by
increasing GTP loading, hence activating the ARF6-dependent
internalization of MHC class 1.”® Internalized MHC class I
molecules are subsequently sequestered in the TGN, although
further studies are required to understand how internalized
MHC class I molecules are sorted to the TGN and how the
Nef Met,, motif facilitates this event.
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