
Detection and elimination of viral pathogens is a con-
tinual challenge for all organisms, even mammals
which benefit from a sophisticated immune system.
Many classes of viruses are resistant to complete elim-
ination by the immune system and persist in a latent
or minimally replicative state for the lifetime of the
host. This persistence is often without clinical conse-
quence to the host, as extensive damage would com-
promise survival of the pathogen. Examination of viral
gene products has revealed a multitude of strategies
employed by viruses to escape from innate and adap-
tive host defense mechanisms. These features enable
long-term infection and create a delicate balance
between the virus’s ability to replicate and spread and
the host’s ability to control these events.

Although viruses replicate inside host cells, their pres-
ence is not concealed from the watchful eye of the
immune system. Numerous cellular mechanisms pro-
vide protection where mechanical and humoral defens-
es cannot. NK cells are among the first lymphocytes to
sense the release of IFN-α and IFN-β, as well as pertur-
bations in expression of MHC class I molecules and
other surface molecules, all of which are triggered by
viral invasion of cells. Several days after exposure to the
virus, specific CTLs become activated. These CTLs, rec-
ognizing viral antigenic peptides bound to host cell
MHC class I molecules, then begin to eliminate infect-
ed cells by releasing cytolytic and proapoptotic factors
like perforin and granzyme, IFN-γ, TNF-α, and TNF-β
(1). This system is essential to root out intracellular
pathogens, as demonstrated by the increased suscepti-
bility of animals lacking CTLs to many types of
pathogens, particularly viruses (2).

The MHC class I pathway provides numerous points of
interference for viral pathogens. This is logical, as MHC
class I proteins continually sample the intracellular space
inhabited by viruses and present this intracellular mate-
rial on the surface of host cells for recognition by CTLs.
The remarkable variety of proteins encoded by viruses to
avoid CTL recognition shows that this arm of the adap-
tive immune system must be disabled or circumvented by
successful intracellular pathogens. At the same time, the
sheer diversity of molecular mechanisms by which CTL
avoidance is achieved makes it difficult to predict how
newly identified immune-evasive molecules accomplish
this end (see refs. 3, 4 for recent reviews). Here, we discuss
new data and unresolved questions in this exciting field.

MHC class I biosynthesis and antigen presentation
Figure 1 depicts key steps in the synthesis and assembly
of MHC class I complexes. An MHC class I complex, as
it exists on the cell surface, consists of a 46-kDa trans-
membrane glycoprotein subunit (also called the heavy
chain), noncovalently associated with β2 microglobulin
(β2m) and tightly complexed with a peptide of eight to
ten amino acids. The heavy chain and β2m subunits are
inserted cotranslationally into the endoplasmic reticu-
lum (ER), where they also acquire peptide ligands. These
peptides are generated primarily in the cytosol by the
proteasomal cleavage of cellular or viral proteins.
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Figure 1
MHC class I complex synthesis and assembly. MHC class I heavy chains
are cotranslationally inserted into the ER. Proper folding, association
with the β2m light chain, and peptide loading are assisted by chaperones
such as calnexin, calreticulin, tapasin, and ERp57. E1, E2, and E3 ubi-
quitin-conjugating enzymes tag proteins in the cytosol for destruction by
the proteasome. Peptides are pumped into the ER by the TAP trans-
porters. Properly folded, peptide-loaded MHC class I complexes progress
through the secretory pathway for display on the cell surface. TAP, trans-
porter associated with antigen processing.



Appropriate folding of nascent heavy chains is assist-
ed by several chaperones. Association of heavy chain
with β2m results in release of the transmembrane chap-
erone calnexin and association with another chaperone,
the soluble calnexin homologue calreticulin. After asso-
ciation with calreticulin, heavy chain/β2m dimers are
ready to acquire peptide, which is transported into the
ER by the TAP1 and TAP2 transmembrane ATPases
(transporters associated with antigen processing). A
third chaperone, tapasin, mediates the association
between heavy chain/β2m dimers and TAP, allowing the
efficient loading of transported peptides. Yet another
chaperone, the thiol-dependent oxidoreductase ERp57,
participates in MHC class I complex formation, perhaps
by cooperation with tapasin (5). Acquisition of suitable
peptide cargo confers stability on the complex, which is
then transported to the cell surface by the secretory
pathway (6). CD8+ T cells are specialized to recognize
these surface complexes when they present peptides
derived from microbial sources. Recognition results in
specific lysis of the infected target cell by the CTL
and/or the directed release of cytotoxic cytokines. Each
step in the assembly of class I molecules is subject to
quality control; the absence or even a reduction in levels
of any of the accessory subunits reduces surface expres-
sion of the other components (7).

Viral avoidance of MHC class I 
antigen presentation
The human cytomegalovirus (HCMV) US2 and US11
gene products bind to nascent class I heavy chains and
remove them from the ER (8, 9). Once in the cytosol,
they are promptly degraded by the proteasome, as dis-
cussed below. In addition, the HCMV US3 protein tar-
gets ER-resident heavy chains and simply prevents
their egress from the ER in a mechanism that relies on
cycles of binding and release (10–12). Herpes simplex
viruses-1 and -2 encode a protein, ICP47, that blocks
the TAP transporters from the cytosolic side of the ER
(13, 14). HCMV encodes yet an additional protein,
US6, which also targets TAP1 and TAP2, but from the
lumenal side of the ER (15, 16). One of the main
Epstein-Barr virus proteins expressed during latency,
EBNA1, is itself resistant to proteolysis by the protea-
some, and thus peptides derived from EBNA1 are not
generated and detected by CTLs (17).

Even viruses with more compact genomes encode pro-
teins with similar functions. One notable example is the
Nef protein encoded by HIV, which promotes the endo-
cytosis of CD4, the coreceptor for HIV (18, 19). Nef also
downmodulates surface expression of the MHC class I
alleles human leukocyte antigen-A (HLA-A) and human
leukocyte antigen-B (HLA-B), apparently by acting in the
Golgi apparatus to target these class I molecules to lyso-
somes (20, 21). A recent report shows that Nef may also
disrupt expression of mature MHC class II molecules by
an unknown mechanism, perhaps indirectly (22).

By virtue of their rapid replication rates and small
genome sizes, retroviruses rely heavily on mutational
escape to avoid immune detection. Unlike her-
pesviruses, which establish latency, retroviruses repli-
cate continually in the host. In addition to the HIV

Nef-dependent downmodulation of MHC class I and
perhaps class II molecules, a new MHC class I down-
regulatory molecule has been reported for another
human retrovirus. The p12 protein, found in the ER
and Golgi apparatus of human T cell leukemia virus
type–1–infected (HTLV-1–infected) cells, binds nas-
cent MHC class I molecules and causes their proteaso-
mal destruction. Interestingly, the p12 protein has two
natural variants that correlate with differences in
pathogenesis. The p12 with a lysine at position 88 is
found in patients with an immunological disorder
called tropical spastic paraparesis/HTLV-1–associated
myelopathy (TSP-HAM). The version with an arginine
at position 88, however, is found in healthy carriers
and adult T cell leukemia patients (23, 24). The lysine
version is unstable, likely due to ubiquitination (24).
It will be important to identify the host factors that
interact with p12 and stimulate its own turnover and
turnover of MHC class I molecules, and to investigate
the role of the variants in contributing to different
human pathologies.

Many of these immuno-evasive proteins are dispen-
sable for replication in vitro but most likely contribute
to virulence in vivo. Because their effects do not require
additional virally encoded proteins, it is generally
assumed that normal cellular pathways are used to exe-
cute the immunoevasin’s function. The diversity of
viral immunoevasins and their targets must reflect sim-
ilar heterogeneity in the routes by which cells dispose
of proteins that are no longer needed.

Herpesviruses and the ubiquitin system
The ubiquitin system, which regulates numerous essen-
tial cellular processes, presents a wide range of possibil-
ities for viral manipulation. Recent advances in the char-
acterization of ubiquitin-modifying enzymes have
converged with the identification of immunoevasins in
several γ-herpesviruses. Many proteins containing zinc-
binding domains called RING fingers trigger the
cytosolic or lysosomal degradation of MHC products.
Many RING finger proteins act as E3 ubiquitin ligases
(25), suggesting a likely basis for the biological activity
of these viral proteins. A related zinc-finger structure,
termed a plant homeodomain (PHD) or LAP domain, is
found in the murine γ-herpesvirus-68 (MHV-68) MK3
protein and the human herpesvirus-8 (HHV-8) proteins
K3 and K5 (also known as MIR1 and MIR2, for modu-
lator of immune recognition). All three proteins cause
the destruction of MHC class I molecules, with K5
downregulating B7.2 and ICAM-1 as well (26–28).

K3, K5, and MK3 have several key similarities and dif-
ferences. In the presence of K3 or K5, MHC class I
assembly and transport to the cell surface are unaffect-
ed. K3 and K5 recognize class I via interactions with the
transmembrane domains and cause rapid internaliza-
tion and destruction of class I molecules in an endolyso-
somal compartment (Figure 2) (26, 28, 29). The subcel-
lular localization of these viral gene products and the
compartment in which they bind class I has been diffi-
cult to determine. While the K3/K5–mediated destruc-
tion of class I molecules is carried out by lysosomal pro-
teases, ubiquitination of lysine residues evidently plays
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a role in targeting the molecules for degradation. Thus,
the addition of lysines to the cytosolic tail of B7.1 ren-
ders the molecule susceptible to ubiquitination by both
K3 and K5 and to downregulation by K5 (30), whereas
removal of the lysines from the cytosolic tail of HLA-B7
prevents its downregulation by K5 (30). Furthermore,
the PHD domain of K5 can mediate ubiquitination in
vitro (30). Proteasome inhibition stabilizes class I mol-
ecules and blocks their redistribution into dense endo-
cytic compartments in K3-BJAB transfectants, indicat-
ing a crucial role for proteasome activity in K3-triggered
sorting (31). It is still unclear how or whether direct
ubiquitination of class I molecules leads to their
destruction in the presence of K3 and K5, although
ubiquitination is clearly enhanced by the expression of
K3 and K5, with class I molecules being possible sub-
strates (30). An intriguing link is suggested by the
increase in activity of the proteasome-associated ubiq-
uitin isopeptidase USP14 when the proteasome’s cat-
alytic sites are blocked (32). A blockade of proteasomal
activity abrogates ubiquitin-dependent internalization
of the growth hormone receptor (33). It is therefore pos-
sible that the increase in USP14 activity could reverse
ubiquitin modifications essential for downregulation.

MK3 of MHV-68 is found in the ER and degrades
MHC class I molecules from this compartment in a
proteasome-dependent manner (34). Ablation of
cytosolic lysines of MHC class I prevents degradation
but, curiously, not the appearance of mono- or oligo-
ubiquitinated polypeptides (34). These polypeptides

lack the usual long polyubiquitin chains found on cel-
lular proteins that have been targeted for degradation.
It will be critical to determine the site of attachment of
ubiquitin on these MK3-targeted MHC class I mole-
cules and the intracellular compartment in which this
modification occurs.

The role of this ubiquitin modification in K3/K5– and
MK3-mediated degradation remains uncertain. In yeast
and in mammalian cells, ubiquitination contributes to
protein sorting to the vacuole and to the endocytosis of
certain surface receptors (ref. 35 and references therein).
RING finger proteins such as c-Cbl are reported to stim-
ulate endocytosis by ubiquitinating the cytoplasmic
domain of some cell surface receptors (36). Because
short ubiquitin chains are associated with endocytosis
and other nonproteasomal fates (37), modification by
K3 and K5 may likewise alter the trafficking of class I
molecules between ER, plasma membrane, endosomal,
and lysosomal compartments. Thus, while K3, K5, and
MK3 all employ PHD domains and are specific for class
I molecules, they use distinct pathways to destroy their
substrates. Identification of the E2 ubiquitin-conjugat-
ing enzymes that enable substrate ubiquitination by
these proteins and the localization of the viral gene
products may help define the intracellular compart-
ments and proteinases involved in their degradation.

Yet another PHD/LAP protein that downregulates
MHC class I molecules has been identified in myxoma
virus, a member of the Poxviridae family. Like the K3,
K5, and MK3 proteins, myxoma virus leukemia-associ-
ated protein (MV-LAP) appears to be retained in the ER
and stimulates rapid endocytosis of class I molecules
(38). Truncated MV-LAP that is not retained in the ER
fails to downregulate class I molecules. Myxoma virus
lacking MV-LAP has reduced virulence. It will be inter-
esting to compare MV-LAP to K3, K5, MK3, and the
other PHD-containing proteins in herpes and poxvirus-
es to understand their remarkable ability, as ER-resident
proteins, to trigger the internalization of class I mole-
cules and other surface-disposed membrane proteins.

The US2 and US11 gene products of HCMV interact
with the ubiquitin system in equally intriguing ways,
provoking the dissociation of MHC class I molecules
from the ER to the cytosol, where they are destroyed by
the proteasome (Figure 2) (8, 9). As this sequence of
events resembles the removal of misfolded proteins, it
provides a model system for understanding the dis-
posal of defective ER proteins more generally (39). Mis-
folded cellular proteins are disposed of only after a peri-
od of retention (40, 41), but the elements that
recognize them are not clear. On the other hand, US2
and US11 represent defined recognition elements for
MHC class I degradation, but the subsequent disposal
of these proteins occurs rapidly (8, 9). It will be impor-
tant to clarify the role of ubiquitination in the disloca-
tion of proteins that fail to pass ER quality control
standards or that are the substrate of viral attack.

Work in cultured cells suggests that ubiquitination is
also required in US11-mediated degradation. Thus,
MHC class I molecules expressed in hamster cells with
a temperature-sensitive mutation in the E1 ubiquitin-
activating enzyme are resistant to US11-mediated
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Figure 2
Viral ubiquitination and the destruction of MHC class I molecules. HHV-8
K3 and K5, and MHV-68 MK3, encode proteins with a RING finger–like
PHD domain that recognizes MHC class I molecules via interactions
between the transmembrane regions of the viral and the host molecule. The
N-terminal PHD domain may recruit an E2 enzyme to stimulate ubiquiti-
nation, leading to proteasomal destruction in the case of MK3, or endocy-
tosis and lysosomal destruction in the case of K3 and K5, respectively.
HCMV US2 encodes an Ig-like transmembrane protein that binds to the
MHC class I heavy chain in the ER. The short cytosolic tail of US2 is
required to stimulate dislocation of heavy chains, perhaps by recruiting
ubiquitinating enzymes. Ub, ubiquitin.



degradation (42). Moreover, ubiquitin-depleted cytosol
fails to support US11-mediated degradation of class I
heavy chains in a permeabilized cell system (43), in
which polyubiquitinated heavy chains can be detected
(44). Heavy chains remain in the ER in the absence of a
functional ubiquitin system (42, 43), but ablation of
cytosolic lysines of MHC class I does not prevent degra-
dation of class I molecules. It remains unclear how the
lumenal portion of class I molecules becomes accessi-
ble to ubiquitin-conjugating enzymes, but a small frac-
tion of heavy chains is found in association with p97
(also known as valosin-containing protein or VCP), a
cellular protein that may assist in extracting polyubiq-
uitinated heavy chains from the ER in the presence of
US11 (45). Whether direct ubiquitination of heavy
chains must occur to cause degradation remains a mys-
tery, as do the relevant ubiquitin-conjugating enzymes.
One might in principle be able to show a stoichiomet-
ric relationship of ubiquitin conjugation and degrada-
tion of class I molecules, which would suggest that each
class I molecule to be destroyed requires ubiquitin con-
jugation; but it is also possible that ubiquitin addition
plays a catalytic role, targeting for degradation a num-
ber of substrates, perhaps those confined to some
membrane microdomain.

Substrate recognition and dislocation are also pro-
posed to depend on cytoplasmic interactions between
elements in US2 or US11 and those on the MHC class
I substrate. Both US2 and US11 carry short cytosolic
tails. While removal of the tail of US2 renders it unable
to degrade class I molecules, a similar mutation of
US11 has no such effect (46). US2 and US11 are both
sensitive to deletion of the cytosolic tail of class I (47).
Further modifications of the class I tail indicate length-
but not sequence-dependent requirements of the class
I tail, which differ between US2 and US11 (M. Kim et
al., unpublished data). These data suggest a mechanis-
tic difference between US2 and US11 function, the
nature of which has not yet been explained, and they
raise the important question of apparent redundancy
of viral immunoevasins. The polymorphism of the tar-
get class I molecules has been invoked as an explana-
tion, but it is also possible that downstream effectors
could be expressed in a tissue-specific fashion, thus
necessitating mechanistically distinct immunoevasins
for different host cell types.

The multiplicity of HCMV-encoded immunoevasins
that seemingly carry out the same reaction, culminating
in the destruction of MHC class I products, raises the
possibility of multiple pathways to achieve the same
goal. We consider it likely that mechanisms for dispos-
al of unwanted cellular proteins are also equally diverse.

Structural surprises from viral evasins
Surprises have emerged from structural studies of some
immune-inhibitory viral proteins (48). The structure of
the lumenal domain of HCMV US2 protein, complexed
with the HLA-A2 allele of MHC class I and β2m, pro-
vides several insights into US2 function. The US2 pro-
tein itself adopts an Ig-like fold, despite less than 12%
sequence identity with other molecules containing a
similar three-dimensional structure. US2 binds to the

heavy chain at the junction between the peptide-bind-
ing cleft and the α3 domain (49). Interestingly, all
membrane protein ligands of MHC class I for which the
structure has been solved — including the αβT cell
receptor, an Ig-like NK cell receptor; CD8αα, a lectin-
like NK receptor; and HCMV US2 — bind to nonover-
lapping sites on MHC class I. US2 binds stably to the
MHC class I complex without affecting the latter’s con-
formation (49). Although it clearly does not destabilize
the complex by causing it to unfold, it may recruit other
components to initiate dislocation (48, 49). Identifica-
tion of those players remains a major challenge.

The stability of the US2–class I complex also raises
questions as to the sequence of events in the disloca-
tion reaction. US2 assembles with fully folded class I
molecules in the ER, the very site from which disloca-
tion is initiated. Is disassembly of the complex
required? If so, which are the catalysts involved? Could
the entire complex be discharged through a proteina-
ceous channel, only to be disassembled upon arrival in
the cytosol? We have made enhanced green fluorescent
protein–class I (EGFP–class I) fusion proteins that
continue to be dislocated in a US2- and US11-depend-
ent fashion. Upon inhibition of proteasomal proteol-
ysis, we observe accumulation of fluorescent fusion
protein in the cytosol (50). While transient unfolding
of the EGFP moiety cannot be excluded, these data
would be consistent with dislocation of the folded
EGFP entity. Again, these observations raise important
questions about the types and folding states of sub-
strates that can be dislocated.

Conclusions
There is no shortage of viral proteins to illustrate the
complexity of host/pathogen interactions and the
diversity with which these interactions can be modu-
lated. The PHD/LAP proteins encoded by herpes- and
poxviruses have much to teach us about the subtleties
of ubiquitin-mediated sorting and regulation. Murine
and rabbit models highlight the importance of
immune evasins in vivo, as shown by infections with
viruses lacking these proteins. A key finding is the mul-
tiplicity of viral functions that target MHC glycopro-
teins. The structural diversity of the proteins that con-
stitute this set of immunoevasins suggests a
corresponding complexity for the cellular pathways tar-
geted. The elucidation of viral structures will continue
to provide important details about the mechanisms by
which host immunity is compromised and may clarify
the relationships with cellular pathways of quality con-
trol and protein turnover in mammalian cells.
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