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Preface

Antigen presentation is a subject most often considered at the
molecular level, but its results are, of course, also relevant to the
whole organism. This compilation of chapters from experts is
aimed at reviewing the broad spectrum from molecular, biochemi
cal and pharmacological considerations through to the effects on
host immunity and the diseases which result from defects in these
pathways. We begin with the class I MHC pathway. Drs. Nandi,
Marusina and Monaco review how the endogenous peptides are
generated within the cell and how they are transported into the
endoplasmic reticulum. There, the story is taken up by Drs. Fourie
and Yang, who relate how the complexes are assembled and
transported to the cell membrane. Drs. Hudrisier and Gairin then
describe the structure of the mature class I complex and reflect upon
the pharmacology and possible therapeutic use of peptide antago
nists. The following two chapters illustrate the consequences oflow
class I MHC expression. The defects in immune responsiveness
which result from globally defective class I presentation are re
viewed by Drs. Frelinger and Serody, who describe the resultant
defects in the ability to control challenge by different microbial
pathogens, while Dr. RaIl argues that the restricted class I expres
sion, seen in certain tissues of normal animals, is most probably
beneficial to the host, preventing immunopathologically mediated
cell death. Then, the interface between the host and several viral
pathogens is addressed in Chaps. 7 and 8; Drs. Sparer and Gooding
describe how adenoviruses interfere with antigen presentation and,
thus, with the host's ability to respond appropriately to the virus
challenge. Drs. Johnson and Hill show how, even in a single virus
family (the herpes viruses), many different approaches to immune
evasion have been taken. In Chap. 9, Drs. Nordeng, Gorvel and
Bakke provide an excellent review of the MHC class II pathway,
demonstrating that the invariant chain has many and varied func
tions. In the final chapter, Drs. Eibl and Wolff discuss the conse
quences of a defective MHC class II pathway in transgenic mouse
models and in humans.
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I am grateful to all of the authors for the time and effort expended
in providing what we hope is a timely and broad-ranging introduc
tion to this important topic.

La Jolla, January 1998 J. LINDSAY WHITTON
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1 Introduction
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In order to more fully appreciate the roles of the antigen presentation pathways, it is
important to understand how they interact with other facets of the host immune
response and how they relate to - and have evolved along with - the microbial
universe in which we bathe. Therefore, this overview chapter is intended less as a
summary of antigen presentation, and more as a frame ofbiological relevance through
which antigen presentation can be viewed.

*This is publication number 10946-NP from the Scripps Research Institute

Department of Neuropharmacology, CVN-9, The Scripps Research Institute, 10550 N. Torrey Pines Rd.,
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2 J. Lindsay Whitton

Our environment is rich in microbes. With some of these we live in symbiosis; for
example, we provide food and shelter for many enteric bacteria, some of which
perform vital functions on our behalf and whose eradication results in disease. Other
organisms, when encountered, are almost invariably pathogenic; for example, human
immunodeficiency virus (HIV) infection usually leads to disease unless appropriate
treatment is taken. Between these extremes, there are many microbes whose ability
to cause disease depends on a variety of factors, including the microbial genotype
and the host's ability to counter the primary challenge. The importance of the immune
system in combating microbial challenge has long been understood, and the molecu
lar mechanisms underlying these host-microbe interactions are becoming increas
ingly clear.
The immune system, including the antigen presentation pathways, has evolved

along with infectious agents, each constantly trying to outwit the other. Inmany cases,
host immunity triumphs, and the molecular events leading to this are described in
several of the following chapters. In other cases, the microbe is victorious, and two
chapters are devoted to describing how certain viruses attempt to circumvent the
antigen presentation pathways and thereby to escape the overall thrust of host
immunity. In the ongoing interaction between infectious agents and the vertebrate
immune system, each of the opponents is sufficiently malleable to be shaped by the
other. For example, immunological pressures on microbes result in selection of those
agents best able to evade the immune response. Microbial evolution is therefore
driven, at least in part, by the efforts of the immune system to eradicate infection. In
similar ways, the immune system, including the antigen presentation pathways, have
been shaped by the nature of the microbes encountered. For example, introduction of
a virus into a previously unexposed population can result in devastating illness and
the death of many infected hosts. Survivors are commonly those who are genetically
best suited to resist the particular infection, and this genetic fitness will be passed on
to their progeny. In this way, the genotype of the host population is altered by the
infectious agent. This scenario has happened often in the past and will doubtless recur.
For instance, the introduction, by the conquistadores, of smallpox and measles to the
New World resulted in devastating disease and mortality in the native peoples, while
subsequent generations were less susceptible to the microbes. Another outstanding
example was the deliberate introduction of myxoma virus to wild Australian rabbits
in an attempt to control the exponentially increasing rabbit population in Australia.
Although initially successful in that many of the infected rabbits died, the survivors
bred hardy offspring which were more resistant to the agent, and before long the rabbit
population had rebounded. Plans are afoot to repeat this attempt at biological control
of this mammalian "pest" using a different virus; time will tell whether this second
endeavor will be any more successful than the first or whether the resilience and
adaptability of mammalian immunity, coupled with the legendary fecundity of
rabbits, will thwart our best efforts. These and many other examples clearly show that
microbes and host immunity exert selective pressures on each other and that both can
evolve as a result.
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2 Immune Response

The immune system can be subdivided in various ways. For example, it is common
to categorize immunity as "humoral" or "cellular". The former term often is consid
ered synonymous with antibody-mediated immunity, but more correctly it refers to
fluid-borne factors in the immune response (e.g., antibodies, cytokines); and cellular
immunity, often thought to consist only of T lymphocytes, in fact includes natural
killer (NK) cells, polymorphs, macrophages etc. A second method of categorizing
the immune system is by specificity, i.e., nonspecific immunity and antigen-specific
immunity. The relationships between humoral and cellular immunity and antigen
specificity are diagrammed in Fig. 1. Nonspecific immunity includes such things as
the skin barrier, gastric acid, mucus, and, in some tissues, ciliary defense mechanisms,
cells such as NK, macrophages, and polymorphs, and soluble factors such as certain
cytokines (e.g., interferon-y), none of whose activities require specific antigen
recognition. Antigen-specific responses rely on lymphocytes, the progenitors of
which are hematopoietic stem cells.

MMU~

Fig. 1. Immune response. The central gray circle represents the immune response, divided into
antigen-specific immunity (left) and nonspecific immunity (right). The effector pathways are shown, as
are their designations as humoral, cellular, or barrier immunity. NK, natural killer; PMN,
polymorphonuclear leukocytes; M<P, macrophages; IFN, interferon
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There are two classes of lymphocyte: T (thymus-derived) lymphocytes (which
pass through the thymus during their maturation) and B lymphocytes (which give rise
to antibody-producing plasma cells). Lymphocytes entering the thymus undergo two
types of selection: positive selection of those cells able to recognize the appropriate
molecules on cell surfaces, and negative selection of that pool to eradicate those
lymphocytes thatmay recognize selfcells too well, with possible autoimmune results.
Only approximately 2% of the input lymphocytes successfully exit the thymus as
mature T cells, with the remaining 98% being deleted by the selection processes. B
lymphocytes recognize antigen through their encoded antibodies, and T lymphocytes
recognize antigen presented by class I or class II major histocompatibility complex
(MHC) proteins on the cell surface, as described in detail below and in other chapters
in this volume. When one attempts to pigeonhole biological processes, overlaps
frequently result, as can be seen in Fig. 1. For example, while interferon-y is
nonspecific in its actions, it may be secreted locally by antigen-specific T lympho
cytes to counter a virus infection, and under these circumstances it might be argued
that this cytokine comes under the umbrella of an effector molecule in the antigen
specific immune response. Similarly, macrophages can be considered part of the
cellular response, since they engulf microbes, but they are also important to the
humoral response, since they secrete many cytokines.

3 T Lymphocytes and Their Interactions with MHC

All T lymphocytes carry T cell receptors on their cell surfaces; these receptors are
similar in structure to the Fab portion ofan antibody and confer upon the T cells their
ability to recognize specific antigens. There are two general classes ofT lymphocyte,
which differ in their functions and in the antigens they recognize; the classes are most
easily distinguished by the presence of a surface protein, either CD8 or CD4. CD8+
T lymphocytes recognize peptide fragments (epitopes) presented on the cell surface
by MHC class I molecules; MHC class I is present on almost all nucleated cells, and
therefore most somatic cells can be surveyed by CD8+ T cells. These lymphocytes
synthesize perforin, a protein which, when inoculated into the membrane of a target
cell, undergoes self-assembly into a pore, resulting in the lysis of the target cell. For
this reason, CD8+ T lymphocytes often are known as cytolytic T lymphocytes (CTL),
although they also can control infection by noncytolytic means, by cytokine produc
tion (RAMSAY et al. 1993). CD4+ T lymphocytes recognize peptide fragments
presented on the cell surface by MHC class II molecules; MHC class II expression is
restricted to specialized antigen-presenting cells (APC) such as dendritic cells,
macrophages, and B lymphocytes. CD4+ lymphocytes therefore cannot survey the
same large cell population as can CD8+ cells; instead, their main role is to recognize
signals from APC and to provide help (in the way of cytokines) to B cells for the
development of fully functional antibody responses, and to CD8+ T cells to facilitate
the production and maintenance of memory cells (VON HERRATH et al. 1996).
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4 Relative Contributions of Antibodies and T Cells
in Combating Microbial Infections

This book is devoted to antigen presentation; I shall therefore focus on antigen-spe
cific immune responses, both arms of which play important roles in combating
infection. In general terms, antibodies act to decrease antigen load and to diminish or
abolish microbial infectivity, while CD8+ T cells recognize and eradicate intracellular
infections. Therefore, during a virus infection, antibodies and T cells act in comple
mentary fashions. Antibodies limit virus dissemination and therefore limit the number
of cells infected, while CD8+ T cells eradicate infected cells, thus diminishing the
production of infectious particles.
The relative importance of antibodies and T cells in controlling microbial infection

depends on the nature of the invading microorganism. In humans, the contribution
ofeach arm of the antigen-specific immune response can be approximately evaluated
by studying "experiments of nature," i.e., human genetic diseases in which the
immune responses are impaired. Children born with genetic deficiencies in antibody
production, and who have no detectable immunoglobulins, nevertheless appear well
able to control many primary or subsequent virus infections. Both the incidence of
viral disease and its severity are similar to those in normal children (GOOD and ZAK
1956; GOOD 1991). However, agammaglobulinemic children show a marked increase
in susceptibility to bacterial infection. Furthermore, genetic defects in components
of the complement cascade (an important effector mechanism in many antibody-me
diated responses) result in a reduced capacity to cope with bacterial, particularly
meningococcal, infection, although resistance to virus infection and disease appears
normal (ORREN et al. 1987; McBRIDE et al. 1991).
Taken together, these observations suggest that antibodies are essential for the

control of bacterial infections, but are not essential for control of many viral infec
tions. That antibodies are not essential for control of many viral infections does not,
ofcourse, mean that they are without value. Indeed, the benefits ofantiviral antibodies
in almost all viral infections are abundantly clear. High levels ofneutralizing antibody
can protect animals from infection and disease, and in certain instances (e.g., rabies,
hepatitis B virus, and Junin virus infections) postexposure antibody therapy is often
recommended and efficacious. While antibody responses contribute greatly to the
control of both bacterial and viral infections, CD8+ T cells usually contribute only to
control of the latter. Human experiments of nature are not quite so compelling in this
instance, since it is difficult to find syndromes complementary to the agammaglobu
linemias (i.e., syndromes in which antibodies are unaffected, while T cell responses
are reduced). Nevertheless, human disease does provide a clue. In humans with
impaired T cell responses, e.g., in patients with Di George's syndrome (congenital
thymic aplasia), acquired immunodeficiency syndrome (AIDS), or leukemia or in
patients receiving immunosuppressive drugs, both the severity and frequency ofvirus
infections are greatly increased (NAHMIAS et al. 1967; SIEGEL et al. 1977; GRAY et al.
1987; KERNAHAN et al. 1987). However, in these instances the antibody responses,
too, are often compromised. The availability of transgenic animal models has greatly
enhanced our ability to dissect the relative contributions of both arms of the antigen-
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specific immune system. These topics are addressed in the chapters by Frelinger and
Serody (class I1CD8+ T cells) and Eibl and Wolf (class II1CD4+ T cells) in this
volume.
Thus, in broad terms, antibodies are important in the control of virus and bacterial

infections, while CD8+ T cells are important in the control of viral, but not bacterial
infections. Intriguingly, virus infections induce in the host both antibody and T cell
responses, while bacterial infections induce antibodies, but most often fail to induce
CD8+ T cells. Thus the immune response mounted by the host is that which is best
suited to eradicate the particular type of microorganism being faced. How does the
infected host "know" what type of immune response to mount?

5 Class I and Class II MHC Antigen Presentation Pathways

Since these pathways are described in great detail in the forthcoming chapters, I will
provide only a brief summary here. Class I and class II MHC molecules present
peptide antigens at the surface of cells. The overall structures of the MHC-peptide
complexes are similar for both class I and class II; both molecules contain a groove
in which a peptide is carried and thereby "presented" to circulating T cells (BJORKMAN
et al. 1987; BROWN et al. 1993). Furthermore, for both MHC classes there is
polymorphism around the groove, ensuring that different MHC alleles will bind to,
and present, different peptides from the microbial universe. Why has evolution
demanded that two such apparently similar molecules be produced? The answer is
relatively straightforward. Peptides presented by the class I system are generated from
proteins which have been synthesized within the cell and then broken down by a
cytosolic organelle, the proteasome; the peptides are transferred into the endoplasmic
reticulum (see the chapter by NANDI, MARUSINA, and MONACO), where they associate
with class I molecules and are transported to the cell surface (see the chapter by
FOURIE and YANG). In contrast, peptides associated with class II molecules are
generated from proteins which have been taken up from the fluid phase by specialized
APC and degraded inside endosomes (see the chapter by NORDENG, GORVEL, and
BAKKE). Thus, when the different classes of T cell distinguish between a class I
complex and a class II complex (CD8+/class I and CD4+/class II), they are discrimi
nating between intracellular antigen and soluble (extracellular) antigen. Therefore,
CD8+ T cells, which interact with class I complexes, are activated by intracellular
organisms, such as viruses. In contrast, CD4+ T cells, which interact with class II
complexes, are activated by peptide sequences derived from proteins taken from the
fluid phase.
In the above lies the answer, in molecular terms, to the question of how the host

"knows" what type of immune response to mount. Viruses infect cells, and their
proteins are synthesized intracellularly; therefore, viral proteins efficiently enter the
class I MHC pathway, thereby inducing CD8+ T cell responses. Furthermore, virus
proteins may be secreted from cells or released from cells following cytolysis, to
interact with B lymphocytes, thus inducing antibody production. In addition, they
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may be endocytosed by specialized APC, where their epitopepeptides will be
presented by class II MHC, therefore inducing CD4+ T cell responses to provide help
to the B lymphocyte and CD8+ T cell responses. Virus infection thus induces both B
lymphocyte and T lymphocyte (CD4+ and CD8+) responses. In contrast, bacterial
infections are only rarely intracellular. Most bacteria exist and replicate extracellu
larly and therefore their antigens do not efficiently enter the class I MHC pathway.
For this reason, most bacterial infections fail to induce effective CD8+ T cell
responses. However, antibody responses are efficiently induced, as are CD4+ T cell
responses, which are activated, as for viral infection, by the uptake ofbacterial antigen
by APC. Furthermore, phagocytosis of bacteria, or bacterial debris, by macrophages
also may contribute to the presentation of antigen by the class II pathway.
The host-microbe interactions and the central role of antigen presentation are

represented diagrammatically in Fig. 2. A review of this figure will permit the
experiments of nature to be understood at a more molecular level. Children lacking
antibody responses will be unable to control extracellular microbes, since antibodies
are the main bulwark against these agents. In contrast, such children remain relatively
healthy when faced with infection by an intracellular microbe, since CD8+ CTL are
available to combat this type of infection. One might also predict, from Fig. 2, that
ablation of the CD8+ T cell pathway alone would have minimal effect on the control
of bacterial infections, where it plays no role, but may have some effect on the control
of virus infections; since the antibody and CD4+ T cell pathways would remain
largely intact, one might also anticipate that some level of control of virus infections
would remain. As stated above, there are no "clean" clinical syndromes in which the

.;

II

CD4
! H~P •

Fig. 2. Central role played by the antigen presentation pathways in determining the nature of the immune
response mounted to the invading microbe. Intracellular and extracellular microbes are represented by a
virus (black polygon) and bacterium (gray rectangle). respectively. Interrupted lines show entry into the
antigen presentation pathways (I and II) or activation of B lymphocytes and the responses which result.
The effector mechanisms are shown as thicker lines terminating in tridents
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class I MHC presentation pathway, or the CD8+ T cell response, is defective.
However, these expectations are borne out by studies of transgenic knockout mice,
as described by FRELINGER and SERODY (this volume). The experimental results are
quite complex; in summary, ablation of the CD8+ CTL response has a marked effect
on the host's ability to clear intracellular (usually virus) infection, but the immune
responses which remain are often able to control the infection, if sometimes only
partially. The class II pathway also has been disrupted (class II knockout mice and
CD4 knockout mice), and certain approximately parallel human disease states have
been described; the results are detailed by EIBL and WOLF (this volume).
Of course, as with most generalizations, there are a number of exceptions. For

example, not all bacteria are extracellular; some, e.g., Listeria monocytogenes, have
a largely intracellular lifestyle, and CD8+ cells are important to the control of these
bacterial infections (HARTY and BEVAN 1992; KAm et al. 1994). In addition, there are
exceptions to the "class I1endogenous, class II1exogenous" rule; it appears that some
specialized cells (perhaps macrophages) can take up exogenous protein and introduce
its epitopes into the class I pathway (ROCK 1996).

6 Some Problems Associated with Antigen Presentation

Antigen presentation by the MHC controls T cell activation and allows the surveil
lance of intracellular proteins. The advantages to the host, particularly when facing
infestation by an intracellular microbe, are obvious. However, the system has some
limitations.

6.1 Immune Responses Fail ifHost MHC Alleles
Cannot Present Any Microbial Peptides

The polymorphic nature of the MHC alleles ensures that different MHC molecules
will present differentmicrobial epitopes. At first sight, the advantage this offers seems
clear, since the presence of multiple MHC alleles would permit the infected host to
present a greater variety of microbial peptides, thus perhaps increasing the chance
that an effective immune response would be induced. However, the haploid mouse
and human genomes contain only a small number of class I MHC alleles (usually
three). This limits the ability of the individual host to present microbial fragments
and may even eliminate an individual's ability to respond to a vaccine or to a
pathogen. For example, the susceptibility of a naive population to a new microbe and
the selective advantage of hosts able to respond to the agent were described above;
many of the host genes which determine susceptibility or resistance are concerned
with antigen presentation, and the genes encoding the MHC molecules are frequently
involved. Furthermore, we have shown that vaccine failure may result from the host's
inability to present CTL epitopes, which itself results from the lack of a single MHC
allele (KLAVINSKIS et al. 1989).
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Why has evolution risked such failures by limiting the number of MHC alleles to
be carried by an individual, when the presence ofmultiple alleles would enhance our
ability to present microbial peptides to our circulating T cells? The most probable
explanation involves the maturation ofT cells in the thymus. As stated above, T cells
undergo negative selection, in which cells able to interact too strongly with self
peptide-MHC complexes are deleted. If an individual expressed a large number of
MHC alleles, then T cell deletion would be greatly increased, resulting in a marked
diminution in the number of mature T cells emerging from the thymus. Thus the
number of MHC alleles available to us most probably represents an evolutionary
balance. Toomany MHC alleles would result in deletion of too many T cells, resulting
in a severely restricted peripheral T cell repertoire. In contrast, too few MHC alleles
would too greatly limit our ability to present microbial antigen. At both extremes,
albeit for different reasons, our ability to mount an effective immune response would
be reduced, and we would be more susceptible to microbial infection and consequent
disease. Of course, this argument presupposes that given MHC alleles will have
certain affinities for peptides and therefore will be able to present a certain number
of peptides. IfMHC molecules were more sequence specific in their binding (and
therefore could present fewer peptide sequences, perhaps binding them with higher
affinity), then the number of evolutionarily permitted alleles per genome might alter
to reflect this change in order to retain the same overall antigen presentation capacity
of the host. In this light, HUDRISIER and GAIRIN point out in this volume that there is
indeed a limit in the affinity of MHC-peptide interaction, and they suggest that one
underlying reason might be to ensure that MHC alleles remain capable of binding
and presenting a relatively large number of peptide sequences.

6.2 MHC Expression Is Not Invariably Beneficial
and Is Restricted in Certain Tissues

Modification of antigen presentation pathways in different cell types also plays an
important role in the host-microbe interaction. For example, as described by RALL
(this volume), expression of certain genes involved in class I antigen presentation,
including the MHC class I genes themselves, is reduced in neurons. This may benefit
the host, by preventing lysis of virus-infected neurons by CD8+ CTL. However, this
immune privilege may also benefit the virus, providing it with a haven in which it is
"invisible" to the immune system. As RALL points out, this may explain why so many
viruses are neurotropic; they may have evolved to take advantage of the host's
unwillingness to destroy these important and irreplaceable cells. The inappropriate
presence ofMHC on certain cells, in the absence of secondary signal molecules, might
also cause "anergy" of peripheral T cells, crippling the host's ability to mount an
effective response.
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6.3 Antigen Presentation Provides a Target for Viral Interference

Viruses have developed many methods to evade host immune responses. Indeed, from
the evasion techniques employed, one can infer the responses most able to paralyze
the microbe. For example, influenza virus uses antigenic drift and shift to escape
antibody responses, implicating these immune effectors in virus eradication. Consis
tent with the importance of CD8+ T cells in the control of virus infections, many
viruses have found methods of avoiding contact with these cells, and many of these
do so by avoiding, or interrupting, the class I MHC antigen presentation pathway.
They may do so by restricting virus protein expression, by turning off host protein
expression, by inhibiting transport of peptides into the endoplasmic reticulum, by
preventing transport of the peptide-MHC complex, and by a variety of other elegant
intercessions. It appears that, if there is an opening, a virus has exploited it. The
methods used by adenoviruses are reviewed in this book by SPARER and GOODING,
and herpesvirus trickery is detailed by JOHNSON and HILL.

6.4 Antigen Presentation
May Be Associated with Immunopathological Phenomena

The antigen presentation pathway andMHC molecules do not themselves distinguish
between microbial and self proteins and peptides. Both class I and class II MHC will
present peptide sequences from host proteins. This may be advantageous (e.g.,
allowing a tumor cell antigen to be displayed to the immune system) and should at
worst be neutral; T cells capable ofdetrimental interactions with self epitopes should
be deleted in the thymus. In practice, however, T cells may fail to be deleted, or
normally harmless T cells may be activated by microbial infection and then may
cross-react with self epitopes to the detriment of the host ("molecular mimicry").
There are many examples of diseases linked to class I and class II MHC loci. For
example, ankylosing spondylitis is tightly linked to the class I HLA-B27 allele, while
multiple sclerosis and juvenile-onset diabetes are associated with certain class II
alleles. Thus we pay a price for the ability to display our cellular contents to our own
potentially lethal immune effectors.

6.5 Antigen Presentation and Histoincompatibility

Presentation of self epitopes by MHC is a primary feature underlying graft rejection.
Indeed, this phenomenon gave the MHC its name. Our need to protect ourselves
against intracellular organisms probably drove the evolution of the class I MHC
pathway, which in tum has greatly complicated our recent desire to transplant organs.
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7 Ways of Exploiting the Antigen Presentation Pathways

As our knowledge of the pathways increases, so should our ability to manipulate them
to our advantage.

7.1 Enhancing Cytolytic T Lymphocyte Induction
by Improving Antigen Entry into the MHC Class I Pathway

7.1.1 Synthetic Peptides

As would be expected from the foregoing, soluble proteins are poor inducers ofCTL.
However it was anticipated that short peptides containing precise CTL epitopes might
be able to bind to appropriate cell surface class I alleles, thus inducing good CD8+ T
cell responses. We now understand that efficient entry into the class I pathway
requires intracellular peptide, and regular synthetic peptides usually are rather inef
fective unless administered along with large doses of adjuvant. However, addition of
a lipid tail renders peptides more immunogenic (DERES et al. 1989); although the
underlying mechanism has not been determined, it is plausible that interaction with,
and perhaps passage through, the cell membrane is important.

7.1.2 DNA Immunization

The endogenous synthesis of encoded protein is one major advantage of this new
approach to vaccination (HASSETI and WHITTON 1996; ULMER et al. 1996). We have
succeeded in improving the technique by the stable attachment of ubiquitin to the
viral protein. The resulting protein is so rapidly degraded by the proteasome that it is
almost undetectable by biochemical means; class I MHC presentation is enhanced,
as are CTL induction and antiviral protection (RODRIGUEZ et al. 1997). However, a
cautionary note must be sounded; the ubiquitinated protein does not induce antibod
ies, perhaps because the rapid degradation prevents intact soluble material from
inducing CD4+ T cell and B cell responses.

7.2 Enhancing Virus Clearance
by Improving Antigen Presentation

As described by RALL, neurons are a frequent target for persistent virus infection, and
the lack of class I MHC molecules (JOLY et al. 1991), and perhaps of other proteins
important in antigen presentation (JOLY and OLDSTONE 1992), may render the virus
invisible to the host. If class I MHC levels are increased virus clearance may result;
RALL reports that, intriguingly, such clearance may not be overtly harmful to the host.
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7.3 Preventing Immunopathology
by Interrupting Antigen Presentation

T cell-mediated immunopathology requires an appropriate peptide-MHC target. In
theory, fonnation ofsuch a complexmight be prevented by expression ofa competitor
peptide, able to bind to the MHC allele with high affinity (thus excluding all other
peptides); the resulting complex would obviously have to be nonimmunogenic.
Although this may appear a tall order, nature has already lit the way; hepatitis B virus
can express peptides which are nonimmunogenic, but which can compete with the
immunogenic virus peptides, thus diminishing their expression and preventing the
host from responding (BERTOLETII et al. 1994). A peptide has been developed which
binds with high affinity to one murine allele (GAIRIN and OLDSTONE 1992); the
potential therapeutic use of such peptides is discussed in this volume by HUDRISIER
and GAIRIN.

8 Coda

Although the following chapters demonstrate a detailed knowledge of the classical
pathways, much remains to be done. In what other ways can we exploit these
pathways? Can we control Thl and Th2 skewing of the immune response? What do
yo T cells see and do? What are the functions of the various nonclassical MHC
molecules? How are non-protein antigens processed and presented? In the field of
antigen presentation, the harvest has just begun.
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1 Introduction

T lymphocytes, via specific T cell receptors (TCR), recognize antigenic peptides
bound to major histocompatibility complex (MHC)-encoded molecules. The recent
crystallization of TCR-MHC complexes has enriched our understanding of this
recognition process (GARCIA et al. 1996a; GARBOCZI et al. 1996). Broadly speaking,
there are two types ofMHC molecules, i.e., classical and nonclassical molecules, and
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the majority of TCR recognize classical MHC molecules. Classical MHC molecules
can be further divided into two types, i.e., class I and class II. CD8+ T cells, or
cytotoxic T lymphocytes (CTL), recognize MHC class I molecules bound to peptides
derived from endogenous proteins (i.e., proteins that are synthesized within the cell
or artificially introduced directly into the cytoplasm or nucleus) that are primarily
degraded in the cytoplasm. The CD8 accessory molecule present on most CTL
appears to augment the formation of TCR-MHC/peptide complexes (GARCIA et al.
1996b; GAO et al. 1997). In addition to presenting peptides to T cells, expression of
MHC class I molecules protects cells from lysis by natural killer (NK) cells (LANIER
1997). On the other hand, CD4+ T lymphocytes or helper T lymphocytes recognize
MHC class II molecules that bind peptides derived from exogenous or membrane
proteins which enter the cell via endocytosis or phagocytosis and are primarily
degraded by lysosomal proteases. However, this division between the two pathways
is not always straightforward, and multiple mechanisms may operate in specialized
antigen-presenting cells, e.g., macrophages and dendritic cells, to allow peptides
derived from exogenous proteins access to MHC class I molecules (BEVAN 1995;
JONDAL et al. 1996; ROCK 1996). These mechanisms allow for a wide variety of
peptides generated from cytoplasmic and lysosomal compartments to be presented
to T lymphocytes. Usually, peptides are derived from self cellular proteins for
presentation to T lymphocytes that are tolerized to self peptides as a result of thymic
education. However, in the event of an infection or oncogenic transformation, foreign
or abnormal peptides are presented on MHC molecules, resulting in a T cell-mediated
immune response. Therefore, studying the mechanisms by which peptides are gen
erated within cells and form complexes with MHC molecules for presentation to T
lymphocytes has important ramifications in our understanding of the basic cellular
immune response, the generation of peptide vaccines, transplantation, and autoim
munity. This review will attempt to summarize our current knowledge ofMHC class
I antigen processing. The major molecules and events involved in this pathway are
depicted in Fig. 1.
MHC class I molecules consist of three components: heavy chain, ~2-microglobu

lin, and a peptide. Formation of this trimeric complex is essential for efficient cell
surface expression, and deficiency or lack of anyone of these constituents results in
reduced class I cell surface expression (SHIMIZU and DEMARS 1989; ZULSTRA et al.
1990; VAN KAER et al. 1992). In the absence of peptide, "empty" dimers consisting
of MHC class I heavy chain and ~2-microglobulin are formed, and these dimers are
unstable at 37°C. The resulting defect in MHC class I expression can be corrected by
incubating cells at lower temperatures, which stabilizes cell surface expression of
empty MHC class I molecules, or by supplying synthetic peptides exogenously that
can bind to empty MHC class I molecules at the cell surface (LJUNGGREN et al. 1990;
SCHUMACHER et al. 1990; ORTIz-NAVARETTE and HAMMERLING 1991; ROCK et al.
1991). Therefore, peptides playa key role in stabilizing cell surface expression of
MHC class I molecules. However, in vivo, native proteins need to be introduced into
the cytoplasm to generate peptides capable of binding MHC class I molecules
(BENNINK et al. 1982; GOODING and0'CONNELL 1983; TOWNSEND et al. 1986; MOORE
et al. 1988; YEWDELL et al. 1988). MHC class I-binding peptides are generated in the
cytosol and are therefore insensitive to agents that block the generation ofMHC class
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Fig. 1. General model of MHC class I antigen processing. ER, endoplasmic reticulum; TAP, transporter
associated with antigen processing; MHC, major histocompatibility complex. See text for details

II-binding peptides, such as the lysosomotropic agents chloroquine or ammonium
chloride (MORRISON et al. 1986). This suggests that nonlysosomal mechanisms are
utilized to generate peptides that bind MHC class I molecules. The general model of
MHC class I antigen processing involves at least three steps: First, endogenous
proteins in the cytosol, including membrane proteins (SILICIANO and SOLOSKI 1995),
are proteolytically cleaved by enzymes, presumably proteasomes or proteasome-as
sociated complexes, to produce peptides. Second, these peptides are transported into
the endoplasmic reticulum (ER) by the transporter associated with antigen processing
(TAP). In the ER, peptides bind newly synthesized dimers of MHC class I heavy
chain and Pz-microglobulin; this trimeric complex traffics subsequently to the cell
surface for perusal by CD8+ T cells (reviewed by HEEMELS and PLOEGH 1995; YORK
and ROCK 1996). We shall consider the key players involved in this pathway, i.e.,
MHC class I molecules, proteasomes, and TAP.

2 MHC Class I Molecules

Classical MHC class I, or class la, molecules consist of a heavy chain (45 kDa),
encoded by genes present on chromosome 6 in humans (HLA-A, HLA-B, HLA-C)
or chromosome 17 in mice (H-2K, H-2D, H-2L), which associates noncovalently
with a 12-kDa protein, ~2-microglobulin, which is encoded on chromosome 15 in
humans and chromosome 2 in mice, and a short peptide (usually eight to ten amino
acids long) derived from cellular proteins or foreign antigen (RAMMENSEE et al. 1995;
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RAMMENSEE 1996). MHC-encoded heavy chain molecules are highly polymorphic
(PARHAM and OHTA 1996), and most of the polymorphic residues are located in the
two extracelhllar domains, al and a2, which form the peptide-binding groove, giving
different allelic forms of these MHC molecules the ability to bind distinct arrays of
peptides (FALK et al. 1991). Peptide binding to MHC class I molecules is also
determined by "anchor" residues, i.e., residues of the peptide whose side chains are
buried in pockets within the MHC peptide-binding groove. For most MHC class I
molecules, the peptides have two primary anchor residues, one at the carboxyl
terminus and one at an internal residue whose position varies depending on the
identity of the class I allele (ENGELHARD 1994; RAMMENSEE et al. 1995). In general,
MHC class I molecules optimally bind peptides that are nine amino acids in length;
however, peptides of up to 33 amino acids have been found to be associated with
some MHC class I molecules (JOYCE et al. 1994; URBAN et al. 1994).

3 Proteasomes

Proteasomes are multisubunit enzymes that are responsible for degrading unfolded
proteins and peptides in an ATP-independent fashion; they are abundant in eukaryotic
cells, often constituting 0.5%-1% of total cellular protein (Coux et al. 1996). They
are essential components of eukaryotic cells, performing multiple proteolytic func
tions, and are also responsible for the generation of most of the peptides that bind
MHC class I molecules (CERUNDOLO et al. 1997; CRAIU et al. 1997). Proteasome
particles are cylindrical in shape with dimensions of approximately 150 Ain height
and 110 Ain diameter; they have a molecular weight of approximately 700 kDa and
a sedimentation coefficient of 20S. They are composed of four rings with seven
subunits in each ring; the outer rings are made up of a-subunits, whereas the inner
rings are made up of ~-subunits.The a-subunits are important in assembly (ZWICKL
et al. 1994) and are the elements to which regulators bind (PETERS et al. 1993;
YOSHIMURA et al. 1993; GRAY et al. 1994), whereas the ~-subunits are important for
catalytic activity (FENTEANY et al. 1995; SEEMULLER et al. 1995; CRAlU et al. 1997).
Unlike a-subunits, most ~-subunits are synthesized as precursors that subsequently
undergo processing, and recent studies have shown that the processing of precursor
~ subunits is autocatalytic (CHEN and HOCHSTRASSER 1996; SCHMIDTKE et al. 1996;
SEEMOLLER et al. 1996). Proteasomes in their simplest form, such as those from the
archaebacterium Thermoplasma acidophilum, contain only one type of a- and one
type of ~-subunit (LOWE et al. 1995). Recently, genes encoding two different a- and
two different ~-subunits have been discovered in Rhodococcus; the organization of
these subunits in proteasomes is not yet known (TAMURA et al. 1995), but they can
assemble with random stoichiometry in vitro. Yeasts contain seven different a- and
seven different ~-proteasome genes, with the product of each gene occupying a
specific and nonredundant position within each seven-membered ring. Interestingly,
mammals (and probably most vertebrates) contain seven different a- and ten different
~-proteasomegenes; the three "extra" proteasome ~-subunits in mammals are induc-
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ible with interferon (IFN)-y (MONACO and NANDI 1995) and, unlike the other 14
proteasome subunit genes, are constitutively expressed only in certain tissues. Re
markably, despite the diversity in the numbers of different subunits, the quaternary
structure of proteasomes is strongly conserved from Thermoplasma to humans
(PoHLER et al. 1994).
There are at least two features that distinguish proteasomes from most other

conventional enzymes. First, proteasomes are multicatalytic, i.e., a single proteasome
molecule contains independent active sites and may possess as many as five to nine
different activities (ORLOWSKI et al. 1993; STEIN et al. 1996). Second, they apparently
degrade substrates in a processive manner, i.e., they degrade one substrate molecule
to completion (but not to single amino acids) before attacking another substrate
molecule (AKOPIAN et al. 1997). 20S proteasomes belong to a superfamily of
N-terminal nucleophile hydrolases (BRANNIGAN et al. 1995), and catalytic ~-subunits
possess an amino terminal threonine that resides in the catalytic site, is critical for
proteolytic activity (SEEMULLER et al. 1995), and is covalently modified by the
proteasome-specific inhibitor lactacystin (FENTEANY et al. 1995; CRAIU et al. 1997).
Two other residues in ~-subunits are also important for proteasome catalytic activity:
a lysine residue and a negatively charged residue (SEEMULLER et al. 1995), although
the exact role of these two residues is not known. X-ray crystallographic studies on
Thermoplasma (LOWE et al. 1995) and yeast (GROLL et al. 1997) proteasomes have
localized the active sites to a large central chamber, resulting in the isolation of the
active sites from intracellular contents, thereby preventing nonspecific proteolysis.
Interestingly, access to this proteolytic chamber may differ in Thermoplasma and
yeast proteasomes: denatured proteins or peptides may enter via narrow pores (13A)
at the ends of Thermoplasma proteasomes (LOWE et al. 1995); however, these pores
at the ends of yeast proteasomes are blocked, and access to the central proteolytic
chamber may occur via small openings located in the interface between the 0.- and
~-rings (GROLL et al. 1997).
IFN-y is produced by Thl, Tel, and NK cells in response to immune activation,

and the IFN-y-mediated upregulation of the components involved in MHC class I
antigen processing may play an important role in the amplification of the immune
response. In fact, the key components in the MHC class I pathway, namely MHC
class I heavy chain, ~2-microglobulin, TAP, three proteasome subunits - LMP2 (or
PSMB9), LMP7 (or PSMB8), and MECLl (or PSMBlO) - and the proteasome
regulators PA28o. and PA28~, are all inducible with IFN-y (BOEHM et al. 1997).
Nevertheless, other cytokines, e.g., tumor necrosis factor (TNF)-o. and IFN-aJ~,may
also upregulate TAP and the proteasome subunits LMP2 and LMP7 (EpPERSON et al.
1992; AKI et al. 1994). However, it should be stressed that considerable constitutive
expression of the inducible proteasome subunits occurs in normal tissues, particularly
in hematopoietic cells, and there is no significant difference in the expression of the
three IFN-y-inducible proteasome subunits in mice lacking IFN-yas compared to their
wild-type littermates (M. Cruz and 1.1. Monaco, unpublished observations). The
presence of LMP2 and LMP7 subunits, together with MHC class I molecules, in
jawed vertebrates but their absence in jawless vertebrates suggests that these IFN-y
inducible proteasome subunits have evolved with the adaptive immune system
(KANDIL et al. 1996).
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The IFN-y-inducible subunits compete with their constitutive counterparis for
incorporation during the assembly of newly synthesized proteasomes (AKI et al.
1994), and LMP2, LMP7, and MECLl replace the constitutive subunits delta
(PSMB6), XlMBI (PSMB5), and Z (PSMB7), respectively, in different subsets of
mammalian proteasomes (GROETTRUP et al. 1996b; HISAMATSU et al. 1996; NANDI et
al. 1996a). The high expression of the IFN-y-inducible subunits in lymphoid tissues
or upregulation in the presence of IFN-y (GROETTRUP et al. 1996b; HISAMATSU et al.
1996; NANDI et al. 1996a; STOHWASSER et al. 1997; M. Cruz and U. Monaco,
unpublished observations) appears to result in preferential incorporation of these
subunits into proteasomes. Moreover, two of the IFN-y-inducible proteasome
subunits, LMP2 (PSMB9) and MECLl (PSMB10), are incorporated earlier than their
constitutive counterparts during proteasome assembly, which may also facilitate the
formation of proteasomes containing primarily IFN-y-inducible subunits (NANDI et
al. 1997). In addition, the presence of one IFN-y-inducible subunit may influence the
incorporation of other IFN-y-inducible subunits into catalytically active 20S protea
somes; in the absence of LMP2, MECLl is not efficiently incorporated into 20S
proteasomes and, in the absence ofLMP7, both LMP2 and MECL1are not efficiently
incorporated into 20S proteasomes (T. Griffin, D. Nandi, U. Monaco, and R.A.
Colbert, unpublished observations).
Interestingly, only the three pairs of constitutive and IFN-y-inducible subunits

possess the amino-terminal threonine that is critical for proteolytic activity
(SEEMULLER et al. 1995). The two members of each pair are considerably more closely
related in sequence than any other pairwise comparisons among proteasome subunit
sequences (HISAMATSU et al. 1996) and probably occupy a single position in the
proteasome structure in a mutually exclusive fashion (Kopp et al. 1993, 1995, 1997;
PETERS et al. 1993). Although differences in enzymatic activities are observed in
proteasomes containing the constitutive or IFN-y-inducible subunits, the nature and
magnitude of these changes are still controversial (DRISCOLL et al. 1993; GACZYNSKA
et al. 1993, 1994; AKI et al. 1994; BOES et al. 1994; VAN KAER et al. 1994; GROETTRUP
et al. 1995; KUCKELKORN et al. 1995; USTRELL et al. 1995a,b; EHRING et al. 1996;
STOHWASSER et al. 1996), most likely due to several factors, including the fact that
the third inducible subunit (MECLl) had not yet been characterized (and hence was
not controlled for) at the time these studies were done, nor was the preferential
assembly of subunits described above, or the potential contribution of the IFN-y-in
ducible lIS proteasome regulator (see below), appreciated at the time. Moreover,
most of these studies were performed using fluorogenic peptide substrates consisting
of three or four amino acids, and the significance of peptidase activity against these
substrates versus the in vivo activity against natural protein substrates is not well
established. Further work is needed to understand the rules that govern the generation
of peptides by proteasome subsets containing different ~-subunits.
The ability of an anti-MHC alloantiserum to immunoprecipitate proteasomes and

the genetic localization of two polymorphic proteasome subunit genes, Lmp2 and
Lmp7, together with the transporter subunit genes Tap] and Tap2, in the MHC
complex strongly suggested that proteasomes were involved in the generation of
MHC class I-binding peptides (for a review, see MONACO 1992). Two of the
IFN-y-inducible proteasome subunits, LMP2 and LMP7, are important in the proc-
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essing of some antigens, and proteasomes isolated from LMP2- or LMP7-deficient
mice demonstrate altered peptidase profiles (FEHLING et al. 1994; VAN KAER et al.
1994; STOHWASSER et al. 1996). Mice lacking LMP2 exhibit reduced numbers of
CDS+ T cells and a lower ability to mount a CTL response to influenza virus (VAN
KAER et al. 1994). On the other hand, mice lacking LMP7 exhibit reduced MHC class
I cell surface expression and do not present the male-specific antigen, H-Y, efficiently
(FEHLING et al. 1994). Although incorporation ofLMP2 and LMP7 subunits changes
the peptidase activity against fluorogenic substrates (see discussion above), no
change was found in the cleavage profiles of two proteins digested with proteasomes
containing constitutive subunits versus proteasomes containing LMP2 and LMP7
(KUCKELKORN et al. 1995; EHRING et al. 1996). However, incorporation ofLMP2 and
LMP7 into proteasomes affects the digestion pattern of other proteins (BOES et al.
1994; CERUNDOLO et al. 1995), consistent with a role of these subunits in the
processing of some, but not all antigens (ARNOLD et al. 1992). Furthermore, the role
of the third IFN-y-inducible subunit, MECLl, in the processing of antigens has not
been studied. Together, the data are consistent with the possibility that the IFN-y-in
ducible proteasome subunits have evolved in mammals to broaden the repertoire of
peptides produced from individual proteins, or to optimize the generation of peptides
capable of binding MHC class I molecules and eliciting a CTL response, or both.
Apart from the role of proteasomes containing LMP2 and LMP7 in antigen

processing, there is additional evidence for the role of 20S proteasomes in this
process. Proteasomes preferentially generate peptides that are in the size range of
MHC-binding peptides (NIEDERMANN et al. 1996; YANG et al. 1996). Moreover,
digestion of two model proteins with purified proteasomes produced measurable
amounts of the exact epitopes that bind MHC class I molecules (DICK et al. 1994). In
addition, the cleavage preferences of proteasomes appear to correlate with generation
of CTL epitopes (NIEDERMANN et al. 1995; OSSENDORP et al. 1996). Finally, studies
with proteasome inhibitors also implicate proteasomes in antigen processing.
The use of peptide aldehydes and other proteasome inhibitors has contributed

significantly to our understanding of the roles of proteasomes in vivo. The peptide
aldehydes readily enter mammalian cells and inhibit the activities of 20S and 26S
proteasomes; consequently, they also reversibly block the degradation of most
abnormal, short-lived, and long-lived proteins (ROCK et al. 1994), suggesting that
proteasomes are responsible for most nonlysosomal protein degradation. These
inhibitors also inhibit assembly of MHC class I molecules as well as presentation of
antigens introduced in the cytoplasm (ROCKet al. 1994; HARDING et al. 1995; HUGHES
et al. 1996: SUH et al. 1996). Unfortunately, these peptide inhibitors are not protea
some specific and inhibit other proteases, such as calpain and cathepsin B (ROCK et
al. 1994). It is also of concern that a peptide aldehyde inhibitor inhibits signal
peptidase, an enzyme unrelated to proteasomes (HUGHES et al 1996); it is therefore
possible that the inhibition ofMHC class I antigen processing using these compounds
is a result of inhibition of hitherto unidentified enzymes and not proteasomes.
However, the discovery of a proteasome-specific inhibitor, lactacystin, a fungal

metabolite (FENTEANY et al. 1995), has confirmed these earlier results on the role of
proteasomes in protein turnover and the generation of peptides for MHC class I
antigen processing (CERUNDULO et al. 1997; CRAIU et al. 1997). Lactacystin is rapidly
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converted to its active form, clastolactacystin-13-lactone (DICK et al. 1997), which
covalently modifies the tenninal threonines of all mammalian processed 13-subunits
containing this catalytically important residue and greatly reduces proteasomal
activity (CRAIU et al. 1997). Together these different lines of evidence point to an
important role of proteasomes as the key, if not the only enzyme involved in the
generation of peptides that bind MHC class I molecules.
Proteasomes may bind to at least two types of regulators, i.e., 19S and lIS. 26S

proteasome complexes (approximately 2000 kDa) are composed of 19S regulatory
components attached to both ends of a catalytically active 20S proteasome core
(PETERS et al. 1993; YOSHIMURA et al. 1993). The 19S regulatory components consist
of approximately 21 different subunits, some (approximately six) of which are
ATPases belonging to the AAA family (ATPases associated with a variety of cellular
activities). The other 15 subunits are non-ATPase subunits that are unrelated to each
other (Coux et al. 1996; TANAKA and TSURUMI 1997). The role of some of the 19S
regulator subunits is to bind ubiqutinated proteins and present unfolded proteins to
the 20S proteasome core for degradation. 26S proteasome complexes are responsible
for the majority of nonlysosomal and ATP-dependent degradation of proteins in
volved in cell cycle regulation, metabolic adaptation, removal of abnormal proteins,
processing of inactive transcription factor precursors, and in the degradation of some
membrane proteins (Coux et al. 1996). The 26S proteasome/ubiquitin pathway is also
responsible for degradation by the N-end rule, so-named because the amino-tenninal
residue of a protein correlates well with its in vivo half-life (VARSHAVSKY 1996).
Usually, 26S proteasomes degrade poly-ubiquitin-conjugated proteins, although this
complex is known to degrade certain nonubiquitinated proteins, e.g., ornithine
decarboxylase, in an ATP-dependent fashion (MURAKAMI et al. 1992).
The evidence for a role of the ubiquitin-ATP-26S proteasome-dependent pathway

in antigen processing is widely accepted, but still somewhat controversial. In the late
1980s, TOWNSEND et al. (1988) showed that ubiquitination of the target protein
increased the efficiency of antigenic peptide generation. Using cell lines that possess
a temperature-sensitive defect in one of the enzymes required for ubiquitination, a
model antigen, ovalbumin, was presented less efficiently at nonpermissive tempera
tures (MICHALEK et al. 1993). However, these experiments were not reproduced by
another group, in whose hands the mutant cells used by the earlier investigators were
able to ubiquitinate proteins even at nonpennissive temperatures (Cox et al. 1995).
Using a different strategy, GRANT et al. (1995) confirmed the critical role of the amino
tenninus in detennining the rate of degradation and demonstrated that antigen
processing and presentation could be prevented by blocking potential ubiquitination
sites on the protein. This approach needs to be studied on additional proteins before
the role of ubiquitination and 26S proteasomes in MHC class I processing can be
generalized.
In addition to binding 19S regulator subunits, 20S proteasomes also bind to lIS

regulators, which are composed of two homologous subunits, PA28a. and PA2813
(DUBIEL et al. 1992; MA et al. 1992; REALINI et al. 1994; AHN et al. 1995). Although
the individual molecular weights of these subunits are approximately 30 kDa, these
subunits form hexameric rings with a molecular weight of approximately 200 kDa
which bind the ends of 20S proteasomes (GRAY et aI.1994). The expression of the
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two PA28 subunits is increased with IFN-y (AHN et al. 1995; JIANG and MONACO
1997), and the genes encoding these subunits are linked (H. Jiang and 1.1. Monaco,
unpublished observation). However, the tissue expression pattern of the PA28
subunits differs from that observed for the IFN-y-inducible proteasome p-subunits:
unlike the preferential expression of the IFN-y-inducible proteasome p-subunits in
lymphoid tissues (STOHWASSER et al. 1997; M. Cruz and 1.1. Monaco, unpublished
observation), both the PA28 subunits are expressed in all tissues (JIANG et al. 1997).
Interestingly, the transcription of Ki, a nuclear protein homologous to the PA28
subunits, is also increased by IFN-y (AHN et al. 1995; JIANG and MONACO 1997).
However, the induction by IFN-y is transient and is tenfold less than that observed
for the PA28 subunits in a hepatoma cell line (JIANG and MONACO 1997); moreover,
protein levels do not necessarily correlate with mRNA levels in these cells. Thus the
significance ofKi in the activation of proteasomes and its role in MHC class I antigen
processing requires additional work. The association of PA28 with proteasomes
greatly stimulates proteasome-mediated activity against certain fluorogenic peptide
substrates (GROETTRUP et al. 1995; USTRELL et al. 1995b). Importantly, incubation of
purified proteasomes with PA28 enhances "double" cleavage events, resulting in an
enhanced yield of peptides optimal for TAP and MHC class I loading (DICK et al.
1996). Thus both PA28 and the incorporation of the IFN-y-inducible subunits into
proteasomes may skew the repertoire of peptides generated by proteasomes to favor
MHC class I-binding (GROETRRUP et al. 1995b). Indeed, expression of the PA28a
subunit in a fibroblast cell line improves the processing and presentation of two viral
epitopes, suggesting an important in vivo role for this regulator in the MHC class I
antigen-processing pathway (GROETTRUP et al. 1996a). Recombinant PA28a ex
pressed in Escherichia coli is functionally indistinguishable from that of purified
native PA28 activator (REALINI et al. 1994). As discussed above, transfection of
PA28a alone enhances MHC class I antigen processing; therefore, the role and
function of PA28P is not well understood.

4 Transporter Associated with Antigen Processing

The delivery of peptides from the cytoplasm into the ER is facilitated by TAP, which
is composed of two homologous integral membrane proteins, TAPI and TAP2,
belonging to the family of ATP binding cassette (ABC) transporters (DEVERSON et
al. 1990; MONACO et al. 1990; SPIES et al. 1990; TROWSDALE et al. 1990; KELLY et al.
1992). Both TAPI and TAP2 have amino-terminal transmembrane domains, contain
ing either six or eight transmembrane-spanning segments, and a C-terminal domain
containing a pair of motifs indicative of nucleotide binding. The localization of TAP
in the ERmembrane and cis-Golgi complex (KLEIJMEER et al. 1992) is consistent with
its functional role. Recombinant TAPI expressed in E. coli spans the membrane eight
times with several large loops exposed in the lumen of the ER and both the amino
and carboxy termini, including theABC, residing in the cytoplasm (GILEADI and
HIGGINS 1997). Defects in either or both TAP subunits result in greatly reduced
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surface expression (usually less than 5% of wild-type levels) of conformationally
intact MHC class I molecules and impaired recognition by CTL (LJUNGGREN et al.
1990; ROCK et al. 1991). Disruption ofTAPI by homologous recombination in TAPI
knockout mice leads to decreased numbers of CD8+ T cells as well as functional NK
cells, whereas CD4+ T cells are not affected (vAN KAER et aI. 1992; LJUNGGREN et al.
1994). In humans, an inherited TAP deficiency, resulting in low numbers ofCD8+ T
cells, was identified in two siblings from Morocco (DE LA SALLE et al. 1994).
Transfection ofTAP into mutant cells with defective TAP genes restores cell surface
MHC class I expression and the ability to be recognized by CTL (POWlS et al. 1991a;
SPIES and DEMARS 1991; ARNOLD et al. 1992; ATTAYA et al. 1992; SPIES et aI. 1992).
Additionally, TAP is required for optimal cell surface expression of some nonclassi
cal MHC class I molecules (ATTAYA et aI. 1992; ALDRICH et aI. 1994a; TABACZEWSKI
and STROYNOWSKI 1994; LEE et aI. 1995) but not others (HANAU et al. 1994;
BRUTKIEWICZ et aI. 1995; HOLCOMBE et al. 1995). Although presentation of most
MHC class I-binding peptides is dependent on TAP, some peptides may be delivered
to the ER by one or more TAP-independent pathways. A subset of HLA-A2
molecules bind ER translocation signal peptides, which are already present in the ER,
thereby circumventing the requirement for TAP (HENDERSON et al. 1992; WEI and
CRESSWELL 1992). CTL can also be generated to some viral proteins containing ER
insertion sequences (ANDERSON et al. 1991; HAMMOND etal. 1993; ZHOU et al. 1993a;
BACIK et al. 1994; KHANNA et al. 1994; LEE et al. 1996), although this does not
necessarily indicate TAP independence. Finally, CD8+ T cells isolated from TAp-/
mice are still present in low but significant numbers and possess epitope-specific
cytotoxic activity (ALDRICH et al. 1994b; VAN SANTEN et al. 1995; SANDBERG et al.
1996).
Peptide affinity for TAP ranges from 410 to 1600 nM, with approximately 105_106

binding sites per cell (VAN ENDERT et al. 1994a; UEBEL et al. 1995; YANG and
BRACIALE 1995; KOOPMAN et aI. 1996). Overexpression ofTAPI and TAP2 in insect
cells has shown that these two proteins form a heterodimer capable of transporting
peptides in the presence of ATP without any requirement for accessory proteins
(MEYER et al. 1994; UEBEL et al. 1994; VAN ENDERT et al. 1994a). Normal peptide
binding and translocation occurs only in the presence of both TAPI and TAP2
(ANDROLEWICZ et al. 1994a,b; VAN ENDERT et al. 1994a; NIJENHUIS et al. 1996;
NIJENHUIS and HAMMERLING 1996; MARUSINA et al. 1997a). The region in TAPI and
TAP2 that contribute to peptide binding corresponds to the transmembrane domain
close to the cytosolic ABC (NIJENHUIS et al. 1996; NIJENHUIS and HAMMERLING 1996).
The ABC domains of TAP expressed in E. coli and D. melanogaster bind ATP
(MULLER et aI. 1994; WANG et aI. 1994), and it is clear that ATPhydrolysis is required
for TAPlI2 complexes to translocate peptides into the ER, because nonhydrolyzable
ATP analogues fail to support TAP-dependent transport (ANDROLEWICZ et aI. 1993;
NEEFJES etal. 1993; SHEPHERD et aI. 1993). However, ATP is not required for peptide
binding, only for transport (ANDROLEWlCZ et aI. 1994b; VAN ENDERT et al. 1994a;
WANG et aI. 1996a,b; MARUSINA et aI. 1997a).
DuringMHC class I assembly, TAP associates with preformedMHC class I heavy

chain-~2-microglobulin dimers lacking peptide; on binding peptides, the trimeric
complexes consisting of MHC class I heavy chain, ~2-microglobulin, and peptide
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dissociate from TAP and egress to the cell surface (ORTMANN et al. 1994; SUH et al.
1994; CARRENO et al. 1995; SADASIVAN et al. 1996; WANG et al. 1996b). This
TAP-MHC binding may be responsible for efficient loading of peptides on MHC
class I molecules (GRANDEA et al. 1995; PEACE BREWER et al. 1996). Other molecules
are also involved in TAP-MHC binding: calreticulin, an ER luminal protein, and
TAP-associated glycoprotein (tapasin), which may serve to bridge complexes con
taining TAP, MHC class I molecules, and calreticulin (SADASIVAN et al. 1996;
SOLHEIM et al. 1997). Although binding to TAP is not essential for peptide loading
of class I molecules, cells with defects in the tapasin gene are defective in TAP-class
I interaction and have partial defects in the class I antigen-processing pathway.
Surprisingly, TAPI alone, but not TAP2, can bind MHC class I molecules (ANDROLE
WICZ et al. 1994a; SUH et al. 1994), suggesting that the MHC class I-binding site is
on TAPl. However, it is possible that TAPI may form homodimers that can bind
MHC class I molecules and transport some peptides (GABATHULER et al. 1994). Free
MHC class I heavy chain, in the absence of ~2-microglobulin,does not bind TAP
(SADASIVAN et al. 1996); however, free ~2-microglobulin, in the absence of MHC
class I heavy chain, can bind TAP (CARRENO et al. 1995; SOLHEIM et al. 1997). TAP
binds MHC class I molecules with different efficiencies: most HLA-A and HLA-C
alleles interact efficiently with TAP, whereas several HLA-B alleles associate very
inefficiently (NEISIG et al. 1996). The site of MHC class I heavy chain binding is
controversial; residues in the (X,2 domain of the class I heavy chain are thought to be
involved in TAP interaction because HLA alleles interact with TAP with different
affinities (NEISIG et al. 1996). Comparison of the sequences of different HLA alleles
suggested that polymorphisms in the (X,l- and (X,2-domains or the peptide-binding
groove are responsible for the differential ability ofHLA molecules to associate with
TAP (NElSIG et al. 1996). In addition, mutations in the (X,2-domain ofHLA-A2 ablated
TAP association (LEWIS et al. 1996; PEACE-BREWER et al. 1996). These findings are
in contrast with other studies (CARRENO et al. 1995; SUH et al. 1996) which identified
residues critical for interaction with TAP in the (X,3 domain ofMHC class I molecules.
This discrepancy may stem from the fact that universal rules for TAP-MHC class I
interactions may not exist. For example, both soluble and membrane-bound forms of
Ld are associated with TAP (CARRENO et al. 1995), whereas only membrane-bound
but not soluble forms of HLA-G co-immunoprecipitated with TAP (LEE et al. 1995).
Alternatively, mutations in different domains of MHC class I molecules may affect
its conformation or affect TAP association with accessory molecules, e.g., tapasin,
thereby indirectly affecting TAP-MHC class I association.

5 Transcriptional Activation
of Interferon-y-Inducible Proteasome Subunits and TAP

Lmp2 (Psmb9) and Lmp7 (Psmb8) are tightly linked to Tap] and Tap2; this cluster
of genes, important in antigen processing, is localized in the class II region of the
MHC complex (reviewed in TROWSDALE 1996). However, the gene encoding the third
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IFN-y-inducible subunit,MECLl (Psmb1O), is located on chromosome 16 in humans
(LARSEN et al. 1993) and on chromosome 8 in mice (M. Cruz and 1.1. Monaco, in
press). Interestingly, Lmp2 and Tapl are transcribed divergently from a single
bidirectional promoter (KISHI et al. 1993; WRIGHT et al. 1995), which "works"
stronger in the direction ofTap1 expression (MIN et al. 1996). The transcription factor
IRF-l has been shown to bind an IFN-y-stimulated response element (ISRE) present
in this region (WHITE et al. 1996). Mice lacking IRFI have low numbers of CD8+ T
cells, and low expression ofTAP1 and LMP2 may be responsible, at least in part, for
this phenotype (WHITE et al. 1996). Thus not only are Tapl and Lmp2 closely linked,
but they are also coordinately expressed, suggesting a strong functional relationship
between proteasomes and TAP in the MHC class I antigen-processing pathway. The
Lmp7 (Psmb8) promoter contains a single ISRE block, whereas theMECLl (Psmb10)
promoter contains two blocks of ISRE (L. Elenich and J. Monaco, unpublished
observation).
The mouse Tapl transcriptional start site has been mapped 256 bp upstream from

the ATG codon (WRIGHT et al. 1995), whereas the Tap2 transcriptional start site is
undetermined. The Tapl promoter contains five overlapping consensus transcription
factor binding sites, three of which bind the IFN-y-inducible factors Statl and IRF1,
and two of which bind transcriptional activators NFKB and Spl (MIN et al. 1996).
Interestingly, activation of transcription of Tapl occurs more rapidly than for MHC
class I (EpPERSON et al. 1992; GASKINS et al. 1992), and the rapid activation of Statl
following IFN-y treatment may account for the quicker induction of Tap1 expression
(MIN et al. 1996). The quicker induction of TAP may be designed to ensure that an
adequate supply of peptides is present in the ER prior to synthesis of high levels of
MHC class I molecules.

6 Role of Polymorphisms in LMP2 (PSMB9), LMP7 (PSMB8),
and TAP

Susceptibility to many autoimmune diseases is genetically linked to the MHC locus,
with particular MHC class I and class II alleles being elevated in patient populations
as compared to controls (SINHA et al. 1990). The presence of genes encoding LMP2,
LMP7, TAPI, and TAP2 in the MHC class II region and their role in the generation
and transport ofMHC class I-binding peptides has engendered considerable interest
in the possibility that polymorphisms in these genes may be causally associated with
this genetically determined disease susceptibility. The existence of structural differ
ences between different alleles ofLMP2, LMP7, TAP1, and TAP2 raises the question
of whether functional differences between such alleles exists and what the potential
net effect of such differences are on the repertoire ofMHC class I-presented peptides.
However, caution must be exercised in interpreting any such associations between
these genes and autoimmune diseases due to the possibility oflinkage disequilibrium
with alleles of other MHC genes.
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The IFN-y-inducible proteasome subunits LMP2 and LMP7 are polymorphic, and
three alleles of each of these molecules are found in inbred mice (MONACO and
McDEVITI 1986; ZHOU et al. 1993b; ZANELLI et al. 1995; NANDI et al. 1996b).
Polymorphisms in mouse LMP7 (PSMB8) are located in the carboxyl terminus of
the protein. A polymorphism (glycine to arginine) at position 272 affects not only
the pI of the molecule but, surprisingly, also affects its apparent molecular weight
(NANDI et al. 1996b). Out of the five polymorphic residues in human LMP7, four are
located in intron 6 and are therefore not present in the coding sequence (BECK et al.
1992; FRUH et al. 1992; KIM et al. 1996); the fifth polymorphism results in a coding
change (lysine to glutamine) at position 49 of human LMP7 (MAKSYMOWYCH et al.
1995). However, the functional significance of this change is uncertain, since it occurs
in the protein presequence that is removed by post-translational processing and hence
does not result in a difference in the mature, catalytically active molecule. Interest
ingly, one polymorphism (histidine to arginine) at position 60 ofLMP2 (PSMB9) is
conserved, both in position and in the identity of the two alternative amino acid
residues, between humans and mice (ZHOU et al. 1993b; MAKSYMOWYCH et al. 1994;
NANDI et al. 1996b). This is the only known polymorphism in human LMP2 and is
correlated with the development of acute anterior uveitis (AAU) and peripheral
arthritis in HLA-B27 individuals suffering from ankylosing spondylitis (AS) (MAK
SYMOWYCH et al. 1994), AAU in unselected patients with AS (MAKSYMOWYCH and
RUSSELL 1995), and HLA-B27-associated juvenile rheumatoid arthritis (PRYHUBER
et al. 1996). However, no correlation was found between LMP2 and LMP7 polymor
phisms and the development of adult rheumatoid arthritis (MAKSYMOWYCH et al.
1995). A polymorphism in intron 6 of LMP7 is strongly associated with insulin-de
pendent diabetes mellitus (IDDM), and the polymorphism in LMP2 at position 60 is
associated with the development of IDDM in patients containing a particular MHC
class II allele (DENG et al. 1995). Therefore, it is possible that polymorphism in
PSMB8 (LMP7) and PSMB9 (LMP2) may affect proteasomal activity, resulting in
the generation and presentation of different epitopes of the same antigen to T cells in
different individuals that may affect the immune response.
Both TAPI and TAP2 in mice, rats, and humans are polymorphic (COLONNA et al.

1992; POWIS et al. I992a-c, 1993; JOLY et al. 1994; MARUSINA et al. 1997b). Rats
possess two main forms of TAP2, A or B, differing by 25 amino acids, but only four
of these (residues 217, 218, 374, and 380) apparently contribute to specificity of
peptide transport (POWIS et al. 1992a,b; JOLY et al 1994; ARMANDOLA et al. 1996;
MOMBURG et al. 1996). As judged from the hydropathy analysis of the TAP2 protein,
these segments are located on the two cytoplasmic loops closest to the ABC.
Interestingly, a point mutation at position 374 in human TAP2 alters transport
specificity, suggesting that this residue is important in determining peptide specificity
(ARMANDOLA et al. 1996). In vitro peptide translocation assays have shown that rat
TAP2A does not have a strong preference for the C-terminal amino acid of the
peptides to be transported, similar to human TAP; on the other hand, rat TAP2B
prefers to transport peptides ending in hydrophobic amino acids, similar to mouse
TAP. Thus different sets of peptides are translocated in rats containing TAP2A or
TAP2B (HEEMELS et al. 1993; MOMBURG et al. 1994a; ARMANDOLA et al. 1996;
MOMBURG et al. 1996). The rat MHC class I molecule RTl.Aaprefers to bind peptides
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containing an arginine residue at their carboxyl termini and is efficiently loaded with
peptides in cells containing TAP2A (POWlS et al. 1996). Not surprisingly, trafficking
of RTl.Aa is slower in case of TAP2B-containing cells, presumably due to a lack of
efficient transport of appropriate peptides (POWIS et al. 1991b). Similar functional
polymorphism has been observed for TAP in Syrian hamsters (LOBIGS et al. 1995).
Polymorphism in class I molecules of rats and hamsters is severely limited as
compared to mice and humans. It is possible that these species have taken different
evolutionary routes for diversifying their CD8 T cell repertoires, and polymorphism
in TAPmay compensate in some sense for limited polymorphism in class I molecules.
Mouse TAP are also polymorphic (PEARCE et al. 1993; MARUSINA et al. 1997b),

and a comprehensive sequence comparison of TAP1 and TAP2 from five majorMus
musculus haplotypes and from one Mus castaneus subtype was published recently
(MARUSINA et al. 1997). Each haplotype has a unique TAPI and TAP2 heterodimer,
and the extent of polymorphism is somewhat intermediate between the highly
polymorphic rat and conserved human TAP. In contrast to rat TAP alleles, no
significant functional differences have been detected between mouse TAP alleles in
vitro (SCHUMACHER et al. 1994a,b). Thus, in mice, it is improbable that polymorphism
in TAP grossly influences the set of peptides that are transported into the lumen of
the ER. Nevertheless, subtle differences in transport specificity between mouse TAP
alleles cannot be ruled out. The potential il1put of minor sequence changes on
specificity and/or molecular topology of a transporter is emphasized by the observa
tion that a single amino acid change in the primary structure of TAP is known to
affect its function (ARMANDOLA et al. 1996).
Structural polymorphism has also been described for human TAP transporters, but

allelic variation is more limited, with an average of two to five amino acid substitu
tions between alleles (POWIS et al. 1993). In humans, four alleles ofTAPl and eight
alleles ofTAP2 have been identified (COLONNA etal. 1992; POWIS et al. 1992c, 1993),
based on all possible combinations of two dimorphic positions in TAPI and four in
TAP2. Recently, a new TAP allele encoding a large cytoplasmic domain has been
found (CESARI et al. 1997). However, thus far no significant or consistent differences
between patient and control populations in the frequencies of either TAPI or TAP2
alleles have been found for a number ofMHC-associated diseases, including IDDM
(CAILLAT-ZUCMAN et al. 1993; LOFTI et al. 1994; MARTINEz-LAso et al. 1994;
NAKANISHI et al. 1994; VAN ENDERT et al. 1994b), celiac disease (DJILALI-SAIAH et al.
1994; TIGHEet al. 1994), rheumatoid arthritis (DONN et al. 1994; MARSAL et al. 1994;
PLOSKI et al. 1994), multiple sclerosis (KELLAR-WOOD et al. 1994; MIDDLETON et al.
1994; SPURKLAND et al. 1994; MOINs-TEISSERENC et al. 1995), Crohn's disease
(HESRESBACH et al. 1996), psoriasis (FAKLER et al. 1994), and ankylosing spondylitis
(BURNEY et al. 1994). In addition, the extent of linkage disequilibrium observed
between TAP and class II alleles in different studies varies and may differ between
ethnic groups.
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7 Additional Components of the Class I Pathway

A growing body ofevidence suggests that there may be more components in the class
I pathway than are currently recognized. A mutant human cell line, LCL 721.220, is
defective in MHC class I antigen processing and expresses low levels of cell surface
MHC class I. Despite the presence of structurally normal class I and TAP proteins in
these cells, in contrast to what is seen in wild-type cells, no physical association of
these molecules is observed (GRANDEA et al. 1995; SOLHEIM et aI1997). The defect
in these cells resides in the gene for tapasin, which apparently mediates TAP-class I
interaction (GRANDEA et al. 1995; SADASIVAN et al. 1996; SOLHEIM et al. 1997).
Interestingly, the tapasin gene is also MHC linked. However, in mice, it is found
approximately 65 kb centromeric ofH-2K (P. Comber, S. Wenderfer, and 1. Monaco,
unpublished observation) and hence is not clustered together with the TAP and LMP
genes, which are in the class II region, telomeric ofH-2K.
Another apparent antigen-processing polymorphism affects the repertoire of pep

tides bound to certain HLA molecules without affecting cell surface MHC class I
expression (PAZMANY et al. 1992; ROWLAND-JONES et aI. 1993). Although the gene
responsible for this effect appears to be MHC linked, no coding changes are found
in the MHC class I molecules in these cells and the phenotype does not correlate with
any known TAP polymorphisms (PAZMANY et al. 1992; ROWLAND-JONES et al. 1993).
This phenomenon may therefore result from polymorphisms in the IFN-y-inducible
proteasome subunits LMP2 or LMP7, tapasin, or other unidentified molecules
involved in MHC class I antigen processing. Several uncharacterized proteins that
may playa role in the MHC class I antigen-processing pathway have been described
in the literature, but their functional role is not known. For example, an iodinated
ovalbumin peptide binds a 55-kDa protein and other unidentified high molecular
weight components that can be coprecipitated with class I heavy chain from mouse
liver microsomes (WANG et al. 1996b). WANG et al. (l996a) visualized 58-kDa and
43-kDa proteins in rat microsomes by cross-linking with iodinated influenza A virus
nucleoprotein peptide. In similar experiments, MARUSINA et al. (l997a) identified
three intralumenal components that consistently bound radiolabeled, cross-linkable
peptide derivatives after they had been transported into microsomes. The first
component is gp96, a common intralumenal chaperone previously implicated in
MHC class I presentation (SUTO and SRIVASTAVA 1995). The second component
comprises a group of proteins, referred to as the p36 complex, which bind only
peptides containing an N-linked glycosylation signal sequence; these proteins are
therefore likely to be specific for the carbohydrate moiety attached to such peptides
and may be responsible for trapping such peptides within the lumen of the ER. The
identity of the third component, p60, remains unknown. An additional unknown but
potentially interesting protein with a molecular weight of approximately 100 kDa is
found on microsomal membranes of certain cell lines defective in MHC class I
antigen processing, but not in their wild-type parent lines or in normal cells
(MARUSINA et al. 1997a). One major unanswered question in the class I antigen-proc
essing pathway is how peptides get from the site of their generation (the proteasome)
to the TAP molecule for transport into the ER, but cytosolic chaperones or the



30 Dipankar Nandi et al.

peptide-binding molecules described above may participate in this process. Although
immunohistochemistry has localized a subset of proteasome particles to the ER
membrane, there is thus far no evidence that any of these can be found physically
associated with TAP molecules.

8 Factors Affecting the Generation of Peptides

Only relatively few peptides from the repertoire of those that could potentially be
derived from a given protein antigen are capable of binding MHC and being
recognized by CTL. We will consider some of the factors that determine which
peptides will be presented by MHC class I molecules.

8.1 Peptide Generation

CD8+ T cells are extremely sensitive to the quantity of antigen, and at least one study
has claimed that a single peptide-MHC complex on a target cell is sufficient to elicit
a CTL response (SYKULEV et al. 1996). Although several peptides from a given
protein can bind MHC molecules, some peptides are generated at higher levels or
more efficiently than others (SIJTS et al. 1996; ANT6N et al. 1997; DENG et al. 1997);
however, the relative abundance of a given peptide does not always correlate with
immunodominance (ANT6N et al. 1997). Direct quantification has suggested that 35
molecules of the p60 hydrolase of Listeria are degraded to yield a single antigenic
peptide (VILLANUEVA et al. 1994), although this number can vary by at least an order
ofmagnitude even for different epitopes within the same antigen molecule. Since the
first demonstration by TOWNSEND et al. (1988) that enhanced intracellular protein
degradation correlates with antigen processing, several groups (GRANT et al. 1995;
SIJTS et al. 1996b; ANT6N et al. 1997; TOBERY and SILICIANO 1997) - with one
exception (GOTH et al. 1996) - have confirmed this finding. It is, however, not clear
whether MHC class I-binding peptides are derived primarily from intact proteins that
are targeted for destruction or are generated from prematurely terminated polypep
tides or polypeptides that have misfolded during or after translation (termed defective
ribosomal products, DRIP) (YEWDELL et al. 1996). The vast majority ofCTL-binding
peptides are derived from translation ofmRNA encoding these proteins in the proper
reading frame (ENGELHARD 1994; RAMMENSEE et al. 1995; RAMMENSEE 1996),
although a number of exceptions have been noted (MALARKANNAN et al. 1995a;
SHASTRI et al. 1995a; WANG et al. 1996c). Although the role of ubiquitination and
degradation of ubiquitinated proteins by 26S proteasomes in MHC class I antigen
processing is tenuous, it is clear that 20S proteasomes playa major role (see above
discussion). Once generated, peptides have a remarkably short half-life in cells, but
the binding to MHC class I molecules prevents their degradation and extends their
half-life (MALARKANNAN et al. 1995b).
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8.2 Peptide Size

Digestion of ovalbumin-derived peptides 22-44 amino acids long with proteasomes
in vitro resulted in the formation of peptides eight to 11 amino acids long (NIEDER
MANN et al. 1996). Similarly, the generation of MHC class I-binding peptides eight
to 17 amino acids long was dependent on proteasome activity (YANG et al. 1996),
suggesting that proteasomal activity is required for the generation of MHC class
I-binding peptides. Surprisingly, peptides generated by Thermoplasma proteasomes
also result in peptides that are seven to ten amino acids in size (WENZEL et al. 1994),
suggesting that the immune system has recruited an evolutionarily conserved mecha
nism to generate peptides and that the peptide-binding specificity of MHC class I
molecules was shaped by this preexisting mechanism. Moreover, peptides in the
range of eight to 12 amino acids are most efficiently transported by TAP, although
longer peptides can also be transported with a lower efficiency (ANDROLEWICZ and
CRESSWELL 1994b; HEEMELS and PLOEGH 1994; MOMBURG et al. 1994; SCHUMACHER
et al. 1994a; KOOPMAN et al. 1996). Interestingly, the rat TAP2B-type transporter,
which is more selective in the carboxyl-terminal amino acid of peptides that it
transports, is also more relaxed in terms of peptide length than rat TAP2A (HEEMELS
and PLOEGH 1995; KOOPMAN et al. 1996). In some cases, peptides longer than the
MHC class I-binding epitope are transported more efficiently than the exact MHC
binding peptide (DICK et al. 1996; OSSENDORP et al. 1996). Several MHC molecules
use proline at position 2 of the peptide as an anchor residue, despite the fact that such
peptides are poorly transported (NEISIG et al. 1995). Longer peptides, extended at the
amino-terminal end, may be used for transporting such proline-containing epitopes,
which may undergo subsequent trimming in the ER and binding to MHC class I
molecules (ROELSE et al. 1994; SNYDER et al. 1994; ELLIOTT et al. 1995). Peptides
that are transported into the ER but do not bind MHC molecules may bind other
chaperones (SUTO and SRIVASTAVA 1995) or peptide-binding proteins (MARUSINA et
al. 1997). Alternatively, peptides may be recycled back to the cytosol by an ATP-de
pendent mechanism (ROELSE et al. 1994; SCHUMACHER et al. 1994a) for further
processing or degradation.

8.3 Peptide Sequence

Using oligopeptide substrates, a subdominant ovalbumin peptide was preferentially
destroyed by proteasomal cleavage, although the dominant ova peptide was gener
ated, suggesting a correlation between proteasome activity and the generation of
antigenic epitopes (NIEDERMANN et al. 1995). A single amino acid change in a CTL
epitope was shown to enhance destruction of the epitope by proteasomal cleavage
(OSSENDORP et al. 1996). Thus there is evidence to suggest that cleavage preferences
of proteasomes are important in the generation of CTL epitopes, but the rules
governing peptide cleavage by proteasomes are not yet completely understood.
In vitro peptide transport or peptide-binding assays demonstrate differences in

species-specific TAP substrate specificity. As discussed above, peptides with hydro
phobic residues at the carboxyl terminus are transported more efficiently by mouse
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TAP and rat TAP2B, whereas the human and rat TAP2A do not possess a particular
preference in this regard (HEEMELS et al. 1993; HEEMELS and PLOEGH 1994; MOM
BURG et al. 1994b; SCHUMACHER et al. 1994a, 1994b; NEEFJES et al. 1995). In addition,
peptides containing proline at positions 2 and 3 are transported inefficiently (NEISIG
et al. 1995). Chimeric TAP molecules from different species demonstrated that
transport specificity toward the carboxyl-terminal residue of the peptide transported
is dependent on both TAPI and TAP2, with the latter playing a major role. A
peptide-binding motif has been identified for human TAP, and the carboxyl-terminal
residue in peptides plays an important role in determining whether peptides are
capable of being transported by TAP (VAN ENDERT et al. 1995). After the carboxyl
terminal residue, the next most important position appears to be 3, followed by 1,2,
and 7 (VAN ENDERT et al. 1995). Hydrophobic residues in positions 3 and 5 of the
peptide contribute significantly to the binding activity of the human transporter (VAN
ENDERT et al. 1995). Small differences in internal amino acid composition and
sequence of the peptide may playa role in binding to TAP in some cases (vAN ENDERT
et al. 1994a; HEEMELS and PLOEGH 1994; MARUSINA et al. 1997a). For instance, the
iodinated cross-linkable peptide SIINYSKL, based on the naturally occurring ova
peptide SIINFEKL, fails to bind to TAP and fails to be transported (MARUSINA et al.
1997a), although iodinated SIINYEKL is transported. Thus single amino acid
changes, even at internal positions in peptides, can influence TAP binding and
transport. In general, peptide binding to TAP appears to be less stringent than peptide
binding to MHC class I, allowing for a wide array of peptides to be transported that
are capable of binding various MHC class I molecules.

8.4 Role of Flanking Residues

Earlier studies demonstrated a key role of residues flanking CTL epitopes in antigen
processing (DEL VAL et al. 1991; EISENLOHR et al. 1992). In general, T cell responses
are affected by varying the carboxyl-terminal flanking residues, but not the amino
terminal residues, of a CTL-specific peptide (SHASTRI et al. 1995b; BERGMANN et al.
1996). In addition, the amino-terminal methionine used to express minigenes is
clipped and does not affect binding of these peptides to MHC class I molecules
(MALARKANNAN et al. 1995b). Recent evidence suggests that amino-terminal trim
ming of peptides is independent of proteasomes and may be due to aminopeptidases;
however, the cleavage at the carboxyl terminus of peptides is mediated by proteasome
(K. Rock, personal communication). Insertion of alanine residues flanking a CTL
epitope improved proteasome-mediated generation of an epitope 160-fold, suggest
ing that flanking residues in the primary structure of a protein may influence
proteasome cleavage (EGGERS et al. 1995). This is further supported by the correlation
of proteasome activity and the inhibitory or stimulatory effect of flanking residues in
the presentation of OVA by MHC Kbmolecules (NIEDERMANN et al. 1995). Further
more, because the efficiency of TAP transport is sensitive to peptide size and
sequence, flanking residues may play an important role in the generation of the CTL
response both at the level of peptide transport and at the level of peptide generation.
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8.5 Subcellular Localization of Protein

Targeting a protein to a subcellular compartment other than the one in which it
normally resides often causes rapid degradation and elicits peptides that bind MHC
class I molecules (TOWNSEND et aI. 1988; TOBERY and SILICIANO 1997). Alternatively,
two different epitopes can be generated from a single protein by targeting it to
different cellular compartments, suggesting that MHC class I epitopes are affected
by the intracellular location of the antigenic protein (YAMAZAKI et al. 1997).

8.6 Peptide Binding Affinity to MHC Class I

Although the affinity of peptide binding to MHC class I molecules is important
(JAMESON and BEVAN 1992; LIPFORD et al. 1993; CHEN et al. 1994; SETTE et aI. 1994;
OLDSTONE et al. 1995), peptides that bind MHC class I molecules with the highest
affinity do not necessarily generate the best CTL response (WIPKE et al. 1993; DENG
et al. 1997). As noted in the discussion above, it is possible that the peptide is not
generated in vivo, may be degraded by proteasomes, or may be transported ineffi
ciently by TAP. In addition, it is also possible that appropriate TCR capable of
recognizing this peptide with a given MHC class I molecule are lacking, due to
deletion resulting from the necessity for self-tolerance.

9 Viral Modulation ofMHC Class I Antigen Processing

Viruses have developed several mechanisms to escape detection from the immune
system (SPRIGGS 1996). Because the MHC class I-processing pathway is a major
method for the detection and elimination of viruses, many of these have evolved
mechanisms to downregulate this pathway and gain a selective advantage for viral
propagation. Downregulation of MHC class I often involves a reduction in the
transcription of genes encoding MHC class I heavy chains in virally infected or
transformed cells (MAUDSLEY and POUND 1991), although other mechanisms of
reducing MHC class I surface expression have also been described. The adenovirus
2-encoded protein E3-19K binds and retains MHC class I heavy chains in the ER,
thus preventing cell surface expression of MHC class I molecules (BURGERT and
KVIST 1985). This mechanism is also operative in mouse cytomegalovirus (CMV)
infected cells, where ER retention ofMHC class I molecules has been observed (DEL
VAL et al. 1992). On the other hand, human CMV downregulates MHC molecules
by rapid destruction of newly synthesized MHC class I molecules (BEERSMA et al.
1993; JONES et al. 1995). The products of human CMV genes US2 and USll, which
are responsible for MHC class I downregulation, mediate the rapid translocation of
newly synthesized MHC class I heavy chain molecules from the ER to the cytosol,
which is followed by their degradation by proteasomes (WIERTZ et al. 1996a,b). These
two viral products are not functionally redundant due to differences in their ability
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to destroy different allelic forms ofMHC class I heavy chains (MACHOLD et al. 1997).
A third human CMV gene product, US3, inhibits the maturation and egress ofMHC
class I to the cell surface (AHN et al. 1996b; JONES et al. 1996). CMV also encodes a
product, gp34, that complexes with foldedMHC class I molecules and expresses them
on the cell surface (KLEUNEN et al. 1997). In addition, human CMV also encodes an
MHC-like class I heavy chain that is responsible for protecting human CMV-infected
cells from lysis by NK cells (FARRELL et al. 1997; REYBURN et al. 1997), although the
exact mechanism by which this occurs is unclear. Therefore, CMV-infected cells are
prevented from expressing MHC class I that may elicit a CTL response, but by
encoding a MHC-like molecule or products that bind and express cell surface MHC
class I molecules, they are also protected from lysis by NK cells.
Cells transformed by adenovirus 12 demonstrate low expression of TAP, LMP2,

and LMP7, but not other proteasome subunits, as well as reduced ability to transport
newly synthesized MHC class I molecules (ROTEM-YEHUDAR et al. 1996). In addition,
adenovirus 12 transformation affects the turnover of ~2-microglobulinas well as its
ability to bind MHC class I molecules (MEY-TAL et al. 1997). Interestingly, the
hepatitis B viral protein X (HUANG J et al. 1996) and the Tax protein encoded by
human T lymphotropic virus (HTLV)-1 (ROUSSET et al. 1996) bind 20S proteasome
subunits. These viral proteins may enhance the degradation of some cellular proteins
by bridging them to proteasomes (ROUSSET et al. 1996) and/or they may possess
unidentified functions. A single amino acid change in a CTL epitope against a virus
can influence proteasome cleavage such that the CTL epitope containing the change
is destroyed and is consequently not generated and presented to CTL. Viruses may
therefore be under selection pressure to alter CTL epitopes to introduce proteasome
cleavage sites, thus evading this arm of the immune system (OSSENDORP et al. 1996).
The herpes simplex virus-encoded cytosolic protein ICP47 blocks cell surface

MHC class I expression (YORK et al. 1994) by binding and inactivating TAP (FROH
et al. 1995; HILL et al. 1995). The active site of ICP47 maps to the amino terminus
(GALOCHA et al. 1997) and prevents peptide, but not ATP, binding by TAP (ARN et
al. 1996a; TOMAZIN et al. 1996), thereby inhibiting the transport of peptides from the
cytosol to the ER and, consequently, reducing the assembly and cell surface expres
sion ofMHC class I molecules. The affinity of recombinant ICP47 binding to human
TAP is in the region of 50 nM, which is higher than the binding of the majority of
peptides to TAP (AHN et al. 1996a). Interestingly, ICP47 interacts differently with
the murine and human TAP peptide-binding site (FROH et al. 1995; HILL et al. 1995;
AHN et al. 1996a; TOMAZIN et al. 1996). Inhibition of transport of a reporter peptide
in insect cell microsomes containing human TAP is achieved at a one to twofold
molar excess of ICP47, but requires 6O-fold molar excess for 50% inhibition of
transport by murine TAP (AHN et al. 1996a). Human CMV also encodes an ER-resi
dent glycoprotein, US6, that inhibits TAP function. US6 inhibits TAP by a mecha
nism distinct from ICP47 and binds TAP in the lumen of the ER; it reduces peptide
transport, but does not prevent peptide binding to TAP (AHN et al. 1997; HENGEL et
al. 1997; LEHNER et al. 1997).
Epstein-Barr virus encodes a protein, EBNA-l, which is expressed in high levels

in malignant cells; however, EBNA-l-specific CTL are not generated. Recently, it
was shown that the glycine-alanine repeats in this protein preventMHC class I antigen
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processing and presentation (LEVITSKAYA et al. 1995). Although this motif plays a
key role, the mechanism by which it subverts antigen processing is not known. Unlike
the reduction in cell surface MHC class I molecules by viruses discussed above,
infection by flavivirus results in the upregulation of MHC class I molecules (MOLL
BACHER and LOBIGS 1995); this upregulation is independent of IFN-y and TAP and
is probably due to virally induced immunopathology, although the key mediators
have not been identified.

References

Ahn JY, Tanahashi N, Akiyama K, Hisamatsu H, Noda C, Tanaka K, Chung AH, Shimbara N, Willy PJ,
Mott JD, Slaughter CA, DeMartino GN (1995) Primary structures of two homologous subunits of
PA28, a y-interferon-inducible protein activator of the 20S proteasome. FEBS Lett 366:37-42

Ahn K, Meyer TH, Uebel S, Sempe P, Djaballah H, Yang Y, Peterson PA, Friih K, Tampe R (l996a)
Molecular mechanism and species specificity ofTAP inhibition by herpes simplex virus protein ICP47.
EMBO J 15:3247-3255

Ahn K, Angulo A, Ghazal P, Peterson PA, Yang Y, Friih K (l996b) Human cytomegalovirus inhibits
antigen presentation by a sequential multistep process. Proc Nat! Acad Sci USA 93: 10990-10995

Ahn K, Gruhler A, Galocha B, Jones TR, Wiertz EJ, Ploegh HL, Peterson PA, Yang Y, Friih K (1997)
The ER-Iuminal domain of the HCMV glycoprotein US6 inhibits peptide translocation by TAP.
Immunity 6:613-621

Aki M, Shimbara N, Takashina M, Akiyama K, Kagawa S, Tamura T, Tanahashi N, Yoshimura T, Tanaka
K, Ichihara A (1994) Interferon-y induces different subunit organizations and functional diversity of
proteasomes. J Biochem 115:257-269

Akopian TN, Kisselev AF, Goldberg AL (1997) Processive degradation of proteins and other catalytic
properties of the proteasome from Thermoplasma acidophilum. J Bioi Chern 272:1791-1798

Aldrich CJ, DeCloux A, Woods AS, Cotter RJ, Soloski MJ, Forman J (l994a) Identification of a
TAP-dependent leader peptide recognized by alloreactive T cells specific for a class Ib antigen. Cell
79:649-658

Aldrich CJ, Ljunggren H-G, van Kaer L, Ashton-Rickardt PG, Tonegawa S, Forman J (l994b) Positive
selection of self- and alloreactive CD8,. cells in Tap-l mutant mice. Proc Nat! Acad Sci USA
91:6525-6528

Anderson K, Cresswell P, Gammon M, Hermes J, Williamson A, Zweerink H (1991) Endogenously
synthesized peptide with an endoplasmic reticulum signal sequence sensitizes antigen processing
mutant cells to class I-restricted cell mediated lysis. J Exp Med 174:489-492

Androlewicz MJ, Anderson KS, Cresswell P (1993) Evidence that transporters associated with antigen
processing translocate a major histocompatibility complex class I-binding peptide into the endoplasmic
reticulum in an ATP-dependent manner. Proc Nat! Acad Sci USA 90:9130-9134

Androlewicz MJ, Ortmann B, van Endert PM, Spies T, Cresswell P (1994a) Characteristics of peptide and
major histocompatibility complex class IJ~2-microglobulin binding to the transporters associated with
antigen processing (TAPI and TAP2). Proc Nat! Acad Sci USA 91:12716-12720

Androlewicz MJ, Cresswell P (I 994b) Human transporters associated with antigen processing possess a
promiscuous peptide-binding site. Immunity 1:7-14

Ant6n LC, Yewdell JW, Bennink JR (1997) MHC class I-associated peptides produced from endogenous
gene products with vast!y different efficiencies. J Immunol 158:2535-2542

Armandola E, Momburg F, Nijenhuis M, Bulbic N, Hiimmerling G (1996) A point mutation in the human
transporter associated with antigen processing (TAP2) alters the peptide transport specificity. Eur J
ImmunoI26:1748-1755

Arnold D, Driscoll J, Androlewicz M, Hughes E, Cresswell P, Spies T (1992) Proteasome subunits encoded
in the MHC are not generally required for the processing of peptides bound by MHC class I molecules.
Nature 360:171-174



36 Dipankar Nandi et al.

Attaya M, lameson S, Martinez CK, Hermel E, Aldrich C, Forman 1, Lindahl KF, Bevan Ml, Monaco 11
(1992) Ham-2 corrects the class I antigen-processing defect in RMA-S cells. Nature 355:647-649

Bacik I, Cox JH, Anderson R, Yewdell JW, Bennink lR (1994) TAP (transporter associated with antigen
processing)-independent presentation of endogenously synthesized peptides is enhanced by
endoplasmic reticulum insertion sequences located at the arnino- but not carboxyl-terminus of the
peptide. 1 ImmunoI152:381-387

Beck S, Kelly A, Radley E, Khurshid F, Alderton RP, Trowsdale 1 (1992) DNA sequence analysis of 66
kb of the human MHC class II region encoding a cluster of genes for antigen processing. 1 Mol BioI
228:433--441

Beersma MFC, Bijlmakers MIE, Ploegh H (1993) Human cytomegalovirus down-regulate HLA
expression by reducing the stability of class I H chains. lImmunol 151 :4455--4464

Bennink JR, Yewdell JW, Gerhard W (1982) A viral polymerase involved in recognition of influenza
virus-infected cells by a cytotoxic T cell clone. Nature 296:75-76

Bergmann CC, Yao Q, Ho C-K, Buckwold SL (1996) Flanking residues alter antigenicity and
immunogenicity of multi-unit CTL epitopes. lImmunol 157:3242-3249

Bevan M (1995) Antigen presentation to cytotoxic T lymphocytes in vivo. 1 Exp Med 182:639-641
Boehm V, Klamp T, Groot M, Howard lC (1997) Cellular responses to interferon-yo Annu Rev Immunol
15:749-795

Boes B, Hengel H, Ruppert T, Multhaup G, Koszinowski VH, Kloetzel P-M (1994) IFN-y stimulation
modulates the proteolytic activity and cleavage site preference of 20S mouse proteasomes. 1 Exp Med
179:901-909

Brannigan lA, Dodson G, Duggleby HJ, Moody PCE, Smith JL, Tomchick DR, Murzin AG (1995) A
protein catalytic framework with an N-terminal nucleophile is capable of self-activation. Nature
378:416-419

Brutkiewicz RR, Bennink JR, Yewdell JW, Bendalac A (1995) TAP-independent, ~2-microglobulin
dependent surface expression of functional mouse CD1.1. 1 Exp Med 182: 1913-1919

Burgert H-G, Kvist S (1985) An adenovirus type 2 glycoprotein blocks cell surface expression of human
histocompatibility class I antigens. Cell 41:987-997

Burney RO, Pile KD, Gibson K, Calin A, Kennedy LG, Sinnoll Pl, Powis SH, Wordsworth BP (1994)
Analysis of the MHC class II encoded components of the HLA class I antigen processing pathway in
ankylosing spondylitis. Ann Rheum Dis 53:58-60

Caillat-Zucman S, Bertin E, Timsit 1, Boitard C, Assan R, Bach I-F (1993) Protection from insulin
dependent diabetes mellitus is linked to a peptide transporter gene. Eur 1 Immunol 23: 1784-1788

Carreno BM, Solheim 1, Harris M, Stroynowski I, Connolly 1, Hansen T (1995) Tap associates with a
unique class I conformation, whereas calnexin associates with multiple class I forms in mouse and
man. lImmunol 155:4726-4733

Cerundolo V, Kelly A, Elliott T, Trowsdale 1, Townsend A (1995) Genes encoded in the major
histocompatibility complex affecting the generation of peptides for TAP transport. Eur 1 Immunol
25:554-562

Cerundolo V, BenhamA, Braud V, Mukherjee S, Gould K, MacinoB, Neefjesl, Townsend A (1997) The
proteasome-specific inhibitor lactacystin blocks presentation of cytotoxic T lymphocyte epitopes in
human and murine cells. Eur 1 ImmunoI27:336-341

Cesari MM, Dulay Sl, Caillens H, Robert C, Rouch C, Cadet F, PabionM (1997) A new human transporter
associated with antigen processing allele encodes a large C-terminal protein domain. Immunogenetics
45:280-281

Chen P, Hochstrasser M (1996) Autocatalytic subunit processing couples active site formation in the 20S
proteasome to completion of assembly. Cell 86:961-972

Chen W, Khilko S, Fecondo 1, Margulies DH, McCluskey 1 (1994) Determinant selection of major
histocompatibility complex class I-restricted antigenic peptides is explained by class I-peptide affinity
and is strongly influenced by nondominant anchor residues. 1 Exp Med 180:1471-1483

ColonnaM, Bresnahan M, Bahram S, Strominger JL, Spies T (1992) Allelic variants of the human putative
peptide transporter involved in antigen processing. Proc Nat! Acad Sci VSA 89:3932-3936

Coux 0, Tanaka K, Goldberg AL (1996) Structure and functions of the 20S and 26S proteasomes. Annu
Rev Biochem 65:801-847

Cox IH, Galardy P, Bennink lR, Yewdell JW (1995) Presentation of endogenous and exogenous antigens
is not affected by inactivation of E1 ubiquitin-activating enzyme in temperature-sensitive cell lines. 1
ImmunoI154:51l-519



How Do Endogenous Proteins Become Peptides and Reach the Endoplasmic Reticulum 37

Craiu A, Gaczynska M, Akopian T, Gramm CF, Fenteany G, Goldberg AL, Rock KL (1997) Lactacystin
and c1asto-Iactacystin ~-Iactone modifymultiple proteasome ~ subunits and inhibit intracellular protein
degradation and major histocompatibility complex class I antigen presentation. 1 BioI Chern
272:13437-13445

De la Salle H, Hanau D, Fricker D, Urlacher A, Kelly A, Salamero 1, Powis SH, Donato L, Bausinger H,
Laforet M, leras M, Spehner D, Bieber T, Falkenrodt A, Cazenave l-P, Trowsdale 1, Tongio M-M
(1994) Homozygous human TAP peptide transporter mutation in HLA class I deficiency. Science
265:237-241

Del Val M, Schlicht H-l, Ruppert T, Reddehase Ml, Koszinowski UH (1991) Efficient processing of an
antigenic sequence for presentation by MHC class I molecules depends on its neighboring residues in
the protein. Cell 66:1145-1153

Del Val M, Hengel H, Hacker H, Hartlaub U, Ruppert T, Lucin P, Koszinowski UH (1992)
Cytomegalovirus prevents antigen presentation by blocking the transport of peptide-loaded major
histocompatibility complex class I molecules into the medial-golgi compartment. 1 Exp Med
176:729-738

Deng GY, Muir A, Maclaren NK, She l-X (1995) Association ofLMP2 and LMP7genes within the major
histocompatibility complex with insulin-dependent diabetes mellitus: population and family studies.
Am 1Hum Genet 56:528-534

Deng Y, Yewdell JW, Eisenlohr LC, Bennink JR (1997)MHC affinity, peptide liberation, T cell repertoire,
and immunodominance all contribute to the paucity ofMHC c1ass-I restricted peptides recognized by
antiviral CTL. 1 ImmunoI158:1507-1515

Deverson EV, Gow ER, Coadwell Wl, Monaco JJ, Butcher GW, Howard lC (1990) MHC class II region
encoding proteins related to the multidrug resistance family of membrane transporters. Nature
348:738-741

Dick LR, Aldrich C, lameson SC, Moomaw CR, Pramanik BC, Doyle CK, DeMartino GN, Bevan Ml,
Forman 1M, Slaughter CA (1994) Proteolytic processing of ovalbumin and ~-galactosidase by the
proteasome to yield antigenic peptides. lImmunol 152:3884-3894

Dick LR, Cruikshank AA, Destree AT, Grenier L, McCormack TA, Melandri FD, Nunes SL, Palombella
Vl, Parent LA, Plamondon L, Stein RL (1997) Mechanistic studies on the inactivation of the
proteasome by lactacystin in cultured cells. 1Bioi Chern 272:182-188

Dick TP, Ruppert T, Groettrup M, KJoetzel PM, Kuehn L, Koszinowski UH, Stevanovic S, Schild H,
Rammensee H-G (1996) Coordinated dual cleavages induced by the proteasome regulator PA28 lead
to dominant MHC ligands. Cell 86:253-262

Djilali-Saiah I, Caillat-Zucman S, Schmitz 1, Chaves-Vieira ML, Bach l-F (1994) Polymorphism of
antigen processing (TAP, LMP) and HLA class II genes in celiac disease. Hum ImmunoI40:8-16

Donn RP, Davies El, Holt PL, Thompson W, Oilier W (1994) Increased frequency of TAP2B in early
onset pauciarticular juvenile chronic arthritis. Ann Rheum Dis 53:261-264

Driscoll 1, Brown MG, Finley D, Monaco JJ (1993) MHC-linked LMP gene products specifically alter
peptidase activities of the proteasome. Nature 365:262-264

Dubiel W, Pratt G, Ferrell K, Rechsteiner M (1992) Purification of an lIS regulator of the multicatalytic
protease. 1 BioI Chern 267:22369-22377

Eggers M, Boes-Fabian B, Ruppert T, KJoetzel P-M, Koszinowski UH (1995) The cleavage preference of
the proteasome governs the yield of antigenic peptides. 1Exp Med 182:1865-1870

Ehring B, Meyer TH, Eckerskorn C, Lottspeich F, Tampe R (1996) Effects ofmajor-histocompatibility
complex-encoded subunits on the peptidase and proteolytic activities of human 20S proteasomes. Eur 1
Biochem 235:404-415

Eisenlohr LC, Yewdell JW, Bennink lR (1992) Flanking sequences influence the presentation of an
endogenously synthesized peptide to cytotoxic T lymphocytes. 1Exp Med 175:481-487

Elliott T, Willis A, Cerundolo V, Townsend A (1995) Processing of major histocompatibility class I
restricted antigens in the endoplasmic reticulum. 1Exp Med 181: 1481-1491

Engelhard VH (1994) Structure ofpeptides associated with class I and class II MHC molecules. Annu Rev
ImmunoI12:181-207

Epperson DE, Arnold D, Spies T, Cresswell P, Pober 1, 10hnson D (1992) Cytokines increase transporter
in antigen processing-l expression more rapidly than HLA class I expression in endothelial cells. 1
Immunol 149:3297-3301

Fakler 1, Schmitt-EgenolfM, Vejbaesya S, Boehncke W-H, Sterry W, Eiermann TH (1994) Analysis of
TAP2 and HLA-DP gene polymorphism in psoriasis. Hum ImmunoI40:299-302



38 Dipankar Nandi et al.

Falk K, Rotzschke 0, Stevanovic S, Jung G, Rammensee H-G (1991) Allele-specific motifs revealed by
sequencing of self-peptides eluted from MHC molecules. Nature 351 :290-296

Farrell HE, Vally H, Lynch OM, Fleming P, ShellamGR, Scalzo AA, Davis-Poynter NJ (1997) Inhibition
of natural killer cells by a cytomegalovirus MHC class I homologue in vivo. Nature 386:510-514

Fehling HJ, Swat W, Laplace C, Kuhn R, Rajewsky K, Muller V, von Boehmer H (1994) MHC class I
expression in mice lacking the proteasome subunit LMP-7. Science 265:1234-1237

Fenteany G, Standaert RF, Lane WS, Choi S, Corey EJ, Schreiber S (1995) Inhibition of proteasome
activities and subunit-specific amino terminal threonine modification of lactacystin. Science
268:726-731

Friih K, Yang Y, Arnold 0, Chambers J, Wu L, Waters JB, Spies T, Peterson P (1992) Alternative exon
usage and processing of the major histocompatibility complex-encoded proteasome subunits. J Bioi
Chern 267:22131-22140

Friih K, Ahn K, Djaballah H, Sempe P, van Endert PM, Tampe R, Peterson P, Yang Y (1995) A viral
inhibitor of peptide transporters for antigen presentation. Nature 375:415-418

Gabathuler R, Reid G, Kolaitis G, Driscoll J, Jefferies WA (1994) Comparison of cell lines deficient in
antigen presentation reveals a functional role for TAP-I alone in antigen processing. J Exp Med
180:1415-1425

GaczynskaM, Rock, KL, Goldberg AL (1993) y-Interferon and expression ofMHC genes regulate peptide
hydrolysis by proteasomes. Nature 365:264-267

Gaczynska M, Rock KL, Spies T, Goldberg AL (1994) Peptidase activities of proteasomes are
differentially regulated by the major histocompatibility complex-encoded genes for LMP2 and LMP7.
Proc Nat! Acad Sci VSA 91:9213-9217

Galocha B, Hill A, Barnett BC, Dolan A, Raimondi A, Cook RF, Brunner J, McGrach OJ, Ploegh HL
(1997) The active site of ICP47, a herpes simplex virus-encoded inhibitor of the major
histocompatibility (MHC)-encoded peptide transporter associated with antigen processing (TAP),
maps to the NH2 terminal 35 residues. J Exp Med 185: 1565-1572

Gao GF, Tormo J, Gerth VC, Wyer JR, McMichael AJ, Stuart 01, Bell n, Yvonne Jones E, Jakobsen BK
(1997) Crystal structure of the complex between human CD8aa and HLA-A2. Nature 387:630-634

Garboczi ON, Ghosh P, Vtz V, Fan QR, BiddisonWE, Wiley DC (1996) Structure of the complex between
human T-cell receptor, viral peptide and HLA-A2. Nature 384:134-141

Garcia KC, Degano M, Stanfield RL, Brunmark A, Jackson MR, Peterson PA, Teyton L, Wilson IA
(1996a) An a~ T cell receptor structure at 2.5Aand its orientation in the TCR-MHC complex. Science
274:209-219

Garcia KC, Scott CA, Brunark A, Carbone FR, Peterson PA, Wilson lA, Teyton L (1996b) CD8 enhances
formation of stable T-cell receptorlMHC class I molecule complexes. Nature 384:577-581

Gaskins HR, Monaco JJ, Leiter EH (1992) Expression of intra-MHC transporter (Ham) genes and class I
antigens in diabetes-susceptible NOD mice. Science 256: 1826-1828

GileadiV, Higgins CF (1997) Membrane topology of the ATP-binding cassette transporter associated with
antigen presentation (Tapl) expressed in Escherichia coli. J Bioi Chern 273: 11103-11108

Gooding LR, O'Connell KA (1983) Recognition by cytotoxic T lymphocytes of cells expressing fragments
of the SV40 tumor antigen. J Immuno1131:2580-2586

Goth S, Nguyen Y, Shastri N (1996) Generation of naturally processed peptidelMHC class I complexes
is independent of the stability of endogenously synthesized precursors. J Immunol 157:1894-1904

Grandea AG, Androlewicz MJ, Raghbir SA, Geraghty DE, Spies T (1995) Dependence ofpeptide binding
by MHC class I molecules on their interaction with TAP peptide transporters. Science 270: 105-108

Grant EP, Michalek MT, Goldberg AL, Rock KL (1995) Rate of antigen degradation by the
ubiquitin-proteasome pathway influences MHC class I presentation. J Immunol 155:3750-3758

Gray CW, Slaughter CA, DeMartino GN (1994) PA28 activator protein forms regulatory caps on
proteasome stacked rings. J Mol Bioi 236:7-15

Groettrup M, Ruppert T, Kuehn L, Seeger M, Standera S, Koszinowski V, Kioetzel P-M (1995) The
interferon-y-inducible liS regulator (PA28) and the LMP2ILMP7 subunits govern the peptide
production by 20S proteasome in vitro. J Bioi Chern 270:23808-23815

Groettrup M, Kraft R, Kostka S, Standera S, Stohwasser R, Kioetzel P-M (1996a) A third
interferon-y-induced subunit exchange in the 20S proteasome. Eur J Immunol 26:863-869

Groettrup M, Soza A, Eggers M, Kuehn L, Dick TP, Schild H, Rarnmensee H-G, Koszinowski VH,
Kioetzel P-M (1996b) A role of the proteasome regulator PA28a in antigen presentation. Nature
381:166-168



How Do Endogenous Proteins Become Peptides and Reach the Endoplasmic Reticulum 39

Groll M, Ditze L, Lowe J, StockD, BochtIerM, Bartunik HD, Huber R (1997) Structure of20S proteasome
from yeast at 2.4A resolution. Nature 386:463-471

Hammond SA, Bollinger RC, Tobery TW, Siciliano RF (1993) Transporter-dependent processing of
HIV-I envelope protein for recognition by CD8+ T cells. Nature 364: I58-161

Hanau D, Fricker D, Bieber T, Esposito-Farese M-E, Bausinger H, Cazenave J-P, Donato L,Tongio M-M,
de la Salle H (1994) CD1 expression is not affected by human peptide transporter deficiency. Hum
ImmunoI41:61---{)8

Harding C, France J, Song R, Farah IM, ChatteIjee S, Iqbal M, Siman R (1995) Novel dipeptide aldehydes
are proteasome inhibitors and block the MHC-I antigen processing pathway. J Immunol
155:1767-1775

Heemels M-T, Ploegh H (1994) Substrate specificity of allelic variants of the TAP peptide transporter.
Immunity 1:775-784

Heemels M-T, Ploegh H (1995) Generation, translocation, and presentation of MHC class I-restricted
peptides. Annu Rev Biochem 64:463-491

Heemels M-T, Schumacher TNM, KWonigeit, Ploegh HL (1993) Peptide translocation by variants of the
transporter associated with antigen processing. Science 262:2059-2061

Henderson RA, Michel H, Sakaguchi K, Shabanowitz J, Appella E, Hunt DF, Engelhard VH (1992)
HLA-A2.l-associated peptides from a mutant cell line: a second pathway of antigen presentation.
Science 255:1264-1266

Hengel H, Koopman J-O, Flohr T, Muranyi W, Goulmy E, Hammerling GJ, Koszinowski 00, Momburg
F (1997) A viral ER-resident glycoprotein inactivates the MHC-encoded peptide transporter. Immunity
6:623---{)32

Hesresbach D, Alizadeh M, Bretagne JF, Gautier A, Quillivic F, Lemarchand B, Gosselin M, Genetet B,
SemanaG (1996) Investigation of the association ofmajor histocompatibility complex genes, including
HLA class I, class II and Tap genes, with clinical forms of Crohn's disease. Eur J Immunogen
23:141-151

Hill A, Judovic P, York I, Russ G, Bennink J, Yewdell J, Ploegh H, Johnson D (1995) Herpes simplex
virus turns off the TAP to evade host immunity. Nature 375:411-415

Hisamatsu H, Shimbara N, Saito Y, Kristensen P, Hendil KB, FujiwaraT, Takahashi N, TamuraT, Ichihara
A, Tanaka K (1996) Newly pair of proteasomal subunits regulated reciprocally by interferon y. J Exp
Med 183:1807-1816

Holcombe HR, Castano AR, Cheroutre H, Teitell M, Maher JK, Peterson PA, Kronenberg M (1995)
Nonclassical behavior of the thymus leukemia antigen: peptide transporter-independent expression of
a nonclassical class I molecule. J Exp Med 181:1433-1443

Huang J, Kwong J, Sun EC-Y, Liang TJ (1996) Proteasome complex as a potential cellular target of
hepatitis B virus X protein. J Virol 70:5582-5591

Hughes EA, Ortmann B, Surman M, Cresswell P (1996) The protease inhibitor, N-acetyl-L-Ieucyl-L
leucyl-L-norleucinal, decreases the pool ofmajor histocompatibility complex class I-binding peptides
and inhibits peptide trimming in the endoplasmic reticulum. J Exp Med 183: 1569-1578

Hughes EA, Hammond C, Cresswell P (1997) Misfolded major histocompatibility complex class I heavy
chains are translocated into the cytoplasm and degraded by the proteasome. Proc Natl Acad Sci USA
94:1896-1901

Jameson SC, BevanMJ (1992) Dissection ofmajor histocompatibility complex (MHC) and T cell receptor
contact residues in a Kb-restricted ovalbumin peptide and an assessment of the predictive power of
MHC-binding motifs. Eur J Immunol 22:2663-2667

Jiang H, Monaco JJ (1997) Sequence and expression ofmouse proteasome activator PA28 and the related
autoantigen, Ki. Immunogenetics 46:93-98

Joly E, Deverson EV, Coadwell WJ, Giinther E, Howard JC, Butcher GW (1994) The distribution ofTap2
alleles among laboratory rat RTI haplotypes. Immunogenetics 40:45-53

Jondal M, Schirmbeck R, Reimann J (1996) MHC class I-restricted CTL responses to exogenous antigens.
Immunity 5:295-302

Jones TR, Hanson LK, Sun L, Slater JS, Stenberrg RM, Campbell AE (1995) Multiple independent loci
within the human cytomegalovirus unique short region down-regulate expression of major
histocompatibility complex class I heavy chains. J Virol 69:4830-4841

Jones TR, Wiertz EJ, Sun L, Fish EN, Nelson JA, Ploegh H (1996) Human cytomegalovirus US3 impairs
transport and maturation of major histocompatibility complex class I heavy chains. Proc Natl Acad
Sci USA 93:11327-11333



40 Dipankar Nandi et al.

Joyce S, Kuzushima K, Kepecs G, Angeletti RH, Nathenson SG (1994) Characterization of an
incompletely assembled major histocompatibility class I molecule (H-2K") associated with unusually
long peptides: implications for antigen processing and presentation. Proc Nat! Acad Sci USA
91:4145--4149

Kandi! E, Namikawa C, Nonaka M, Greenberg AS, FlajnikMF, Ishibashi T, Kasahara M (1996) Isolation
of low molecular mass polypeptide complementary DNA clones from primitive
vertebrates:implications for the origin of MHC class I restricted antigen presentation. J Immunol
156:4245--4253

Kellar-Wood HF, Powis SH, Gray J, Compson DAS (1994) MHC-encoded TAPI and TAP2 dimorphisms
in multiple sclerosis. Tissue Antigens 43:129-132

Kelly A, Powis S, Kerr L-A, Mockridge I, Elliot T, Bastin J, Uchanska-Ziegler B, Ziegler A, Trowsdale
J, Townsend A (1992) Assembly and function of the two ABC transporter proteins encoded in the
human major histocompatibility complex. Nature 355:641--644

Khanna R, Burrows SR, Argaet V, Moss D (1994) Endoplasmic reticulum signal sequence facilitated
transport of peptide epitopes, restores immunodeficiency of an antigen processing defective tumor cell
line. Int Immunol 6:639--645

Kim T-G, Lee Y-H, Choi H-B, Han H (1996) Two newly discovered alleles of major histocompatibility
complex-encoded LMP7 in Korean populations. Immunogenetics 46:61--64

Kishi F, Suminarni Y, Monaco JJ (1993)Genomic organization of the mouse Lmp-2 gene and characteristic
structure of its promoter. Gene 133:243-248

KleijmeerMJ, Kelly A, Geuze HJ, Slot JW, Townsend A, Trowsdale J (1992) Location ofMHC- encoded
transporters in the cytoplasmic reticulum and cis-Golgi. Nature 357:342-344

Kleijnen MF, Huppa JB, Lucin P, Mukherjee S, Farrell H, Capmbell AE, Koszinowski, Hill AB, Ploegh
HL (1997) A mouse cytomegalovirus glycoprotein, gp34, forms a complex with folded class I MHC
molecules in the ER which is not retained but is transported to the cell surface. EMBO J 16:685-694

Koopman JO, Post M, Neefjes JJ, Hiimmerling GJ, Momburg F (1996) Translocation oflong peptides by
transporters associated with antigen processing (TAP). Eur J Immunol 26: 1720-1728

Kopp F, Dahlmann B, Hendil KB (1993) Evidence indicating that the human proteasome is a complex
dimer. J Mol Bioi 229:14-19

Kopp F, Kristensen P, Hendil KB, Johnsen A, Sobek A, Dahlmann B (1995) The human proteasome
subunit HsN3 is located in the inner rings of the complex dimer. J Mol Bioi 248:264-272

Kopp F, Hendi! KB, Dahlmann B, Kristensen P, Sobek A, Uerkvitz W (1997) Subunit arrangement in the
human 20S proteasome. Proc Nat! Acad Sci USA 94:2939-2944

Kuckelkorn U, Frentzel S, Kraft R, Kostka S, Groettrup M, Kloetzel P-M (1995) Incorporation of major
histocompatibility complex-encoded subunits LMP-2 and LMP-7 changes the quality of the 20S
proteasome polypeptide processing products independent of interferon-yo Eur J Immunol
25:2605-2611

Lanier LL (1997) Natural killer cells: from no receptors to too many. Immunity 6:371-378
Larsen F, Solheim J, Kristensen T, Kolsto A-B, Prydz H (1993) A tight cluster of five unrelated human
genes on chromosome 16q22.I. Hum Mol Genet 2:1589-1595

Lee N, Malacko AR, Ishitani A, Chen M, Bajorath J, Marquardt H, Geraghty D (1995) The
membrane-bound and soluble forms of HLA-G bind identical sets of endogenous peptides but differ
with respect to TAP association. Immunity 3:591-600

Lee SP, Thomas WA, Blake NW, Rickinson AB (1996) Transporter (TAP)-independent processing of a
multiple membrane-spanning protein, the Epstein-Barr virus latent membrane protein 2. Eur J Immunol
26:1875-1885

LehnerPJ, Kartunen JT, Wilkinson GWG, Russell P (1997) The human cytomegalovirus US6 glycoprotein
inhibits transporter associated with antigen processing-dependent peptide translocation. Proc Nat!
Acad Sci USA 94:6904-6909

Levitskaya J, Coram M, Levitsky V, Irnreh S, Steigerwald-Mullen PM, Klein G, Kurilla MG, Masucci
MG (1995) Inhibition of antigen processing by the internal repeat region of the Epstein-Barr nuclear
antigen- I. Nature 375:685-688.

Lewis JW, Neisig A, Neefjes J, Elliot T (1996) Point mutations in the <X2 domain of HLA-A2.1 define a
functionally relevant interaction with TAP. Curr BioI 6:873-883

Lipford GB, Hoffman M, Wagner H, Heeg K (1993) Primary in vivo responses to ovalbumin: probing the
predictive value of the Kb binding motif. J lmmunol150: 1212-1222



How Do Endogenous Proteins Become Peptides and Reach the Endoplasmic Reticulum 41

Ljunggren H-G, Stam NJ, OhIen C, Neefjes JJ, Hoglund P, Heemels M-T, Bastin J, Schumacher TNM,
Townsend A, Klirre K, Ploegh HL (1990) Empty MHC class I molecules come out in the cold. Nature
346:476-480

Ljunggren H-G, van Kaer L, Ploegh HL, Tonegawa S (1994) Altered natural killer cell repertoire in Tap-I
mutant mice. Proc Natl Acad Sci USA 91 :6520-6524

Lobigs M, Rothenfluh H, Blanden RV, Mullbacher A (1995) Polymorhic peptide transporters in MHC
class I monomorphic Syrian hamster. Immunogenetics 42:398-407

Lofti M, Sastry A, Ye M, Van der Meulen J, Dosch HM, Singal DP (1994) HLA-DQ and TAP2 genes in
patients with insulin-dependent diabetes mellitus. Imrnunol Lett 41 :201-204

LOwe J, Stock D, Jap B, Zwickl P, BaumeisterW, Huber R (1995) Crystal structure of the 20S proteasome
from the archaeon T. acidophilus at 3.4 Aresolution. Science 268:533-539

MaC-P, SlaughterCA, DeMartino GN (1992) Identification, purification, and characterization ofa protein
activator (PA28) of the 20S proteasome (macropain). J BioI Chern 267: 10515-10523

Machold RP, Wiertz EJ, Jones TR, Ploegh HL (1997) The HCMV gene products US II and US2 differ in
their ability to attack allelic forms ofmurine histocompatibility complex (MHC) class I heavy chains.
J Exp Med 185:363-366

Maksymowych WP, Russell AS (1995) Polymorphism in the LMP2 gene influences the relative risk for
acute anterior uveitis in unselected patients with ankylosing spondylitis. Clin Invest Med 18:42-46

Maksymowych WP, Wessler A, Schmitt-Engenolf M, Suarez-Almazor M, Ritzel G, Von Borstel RC,
Pazderka F, Russell AS (1994) Polymorphism in an HLA linked proteasome gene influences
phenotypic expression of disease in HLA-B27 positive individuals. J RheumatoI21:665-669

Maksymowych WP, Tao S, Luong M, Suarez-Almazor M, Nelson R, Pazderka F, Russell AS (1995)
Polymorphism in the LMP2 and LMP7 genes and adult rheumatoid arthritis: no relationship with
disease susceptibility or outcome. Tissue Antigens 46: 136-139

Malarkanan S, Afrarian M, Shastri N (l995a) A rare cryptic translation product is presented by Kb MHC
class I molecule to alloreactive T-cells. J Exp Med 182:1739-1750

Malarkanan S, Goth S, Buchholz DR, Shastri N (l995b) The role of MHC class 1 molecules in the
generation of endogenous peptidelMHC complexes. J Immunol 154:585-598

Marsal S, Hall MA, Panayi GS, Lanchbury JS (1994) Association ofTAP2 polymorphismwith rheumatoid
arthritis is secondary to allelic association with HLA-DRBI. Arthritis Rheum 37:504-513

Martinez-Laso J, Martin-Villa JM, Alvarez M, Martinez-Quiles N, L1edo G, Arnaiz-Villena A (1994)
Susceptibility to insulin-dependent diabetes mellitus and short cytoplasmic ATP-binding domain
TAP2 01 alleles. Tissue Antigens 44:184-188

Marusina K, Reid G, Gabathuler R, Jefferies W, Monaco JJ (l997a) Novel peptide-binding proteins and
peptide transport in normal and TAP-deficient microsomes. Biochemistry 36:856-863

Marusina K, IyerM, Monaco JJ (l997b) Allelic variation in the mouse Tap-l and Tap-2 transporter genes.
J ImmunoI158:5251-5256

Maudsley DJ, Pound JD (1991) Modulation of MHC antigen expression by viruses and oncogenes.
Immunol Today 12:429-431

Meyer TH, van Endert PM, Uebel S, Ehring B, Tampe (1994) Functional expression and purification of
the ABC transporter complex associated with antigen processing (TAP) in insect cells. FEBS Lett
351 :443-447

Mey-Tal SV, Schechter C, Ehrlich R (1997) Synthesis and turnover of ~2-microglobulin in
Ad12-transformedcells defective in assembly and transport ofclass I major histocompatibility complex
molecules. J BioI Chern 272:353-361

Michalek MT, Grant EP, Gramm C, Goldberg AL, Rock KL (1993) A role for the ubiquitin-dependent
proteolytic pathway in MHC class I-restricted antigen presentation. Nature 363:552-554

Middleton D, Megaw G, Cullen C, Hawkins S, Darke C, Savage D (1994) TAPI and TAP2 polymorphism
in multiple sclerosis patients. Hum Imrnunol40: 131-134

Min W, Pober JS, Johnson DR (1996) Kinetically coordinated induction of TAPI and HLA class I by
IFN-y. J ImmunoI156:3174-3183

Moins-Teisserenc H, Semana G, Alizadeh M, Loiseau P, Bobrynina V, Deschamps I, Edan G, Birebent
B, Genetet B, Sabouraud 0, Charron D (1995) TAn gene polymorphism contributes to genetic
susceptibility to multiple sclerosis. Hum ImrnunoI42:195-202

Momburg F, Roelse J, Howard JC, Butcher GW, Hiimrnerling G, Neefjes JJ (1994a) Selectivity of
MHC-encoded peptide transporters from human, mouse and rat. Nature 367:648-651

Momburg F, Roelse J, Hiimmerling GJ, Neefjes (I994b) Peptide size selection by the major
histocompatibility complex-encoded peptide transporter. J Exp Moo 179: 1613-1623



42 Dipankar Nandi et al.

Momburg F, Arrnandola EA, Post M, Hlirnrnerling GJ (1996) Residues in TAn controlling substrate
specificity. J IrnrnunoI156:1756-1763

Monaco JJ (1992) A molecular model of MHC class I-restricted antigen processing. Immunol Today
13:173-79

Monaco JJ, McDevitt HO (1986) The LMP antigens: a stable MHC-controlled multisubunit protein
complex. Hum IrnrnunoI15:416-426

Monaco JJ, Nandi D (1995) The genetics of proteasomes and antigen processing. Annu Rev Genet
29:729-754

Monaco JJ, Cho S, Attaya M (1990) Transport protein genes in the murine MHC: possible implications
for antigen processing. Science 250: 1723-1726

Moore MW, Carbone FR, Bevan MJ (1988) Introduction of soluble protein into the class I pathway of
antigen processing and presentation. Cell 54:777-785

Morrison LA, Lukacher AE, Braciale VL, Fan DP, Braciale TJ (1986) Differences in antigen presentation
to MHC class 1- and class II-restricted influenza virus-specific cytolytic T lymphocyte clones. J Exp
Med 163:903-921

Mtillbacher A, Lobigs M (1995) Up-regulation ofMHC class I by flavivirus-induced peptide translocation
into the endoplasmic reticulum. Immunity 3:207-214

Muller K, Ebensperger C, Tampe R (1994) Nucleotide binding to the hydrophilic C terminal domain of
the transporter associated with antigen processing (TAP). J BioI Chern 19:14032-14037

Murakami Y, Matsufuji S, Kameji T, Hayashi S, Igarashi K, Tamura T, Tanaka K, Ichihara A (1992)
Ornithine decarboxylase is degraded by 26S proteasomes without ubiquitination. Nature 360:597-599

Nakanishi K, Kobayashi T, Murase T, Kosaka K (1994) Lack of association of the transporter associated
with antigen processing with Japanese insulin-dependent diabetes mellitus. Metabolism 43: 1013-1017

Nandi D, Jiang H, Monaco JJ (l996a) Identification of MECL-l (LMP-IO) as the third IFNy-inducible
proteasome subunit. J Irnrnunol 156:2361-2364

Nandi D, Iyer MN, Monaco JJ (1996b) Molecular and serological analysis ofpolymorphisms in the murine
major histocompatibility-encoded proteasome subunits, LMP-2 and LMP-7. Exp Clin Irnrnunogenet
13:20-29

Nandi D, Woodward E, Ginsburg D, Monaco JJ (1997) Intermediates in the formation of mouse 20S
proteasomes: implications for the assembly of precursor psubunits. EMBO J 16:5363-5375

Neefjes JJ, Momburg F, Hlirnrnerling GJ (1993) Selective and ATP-dependent translocation of peptides
by the MHC-encoded transporter. Science 261:769-771

Neefjes JJ, Gottfried E, Roelse J, Gromme M, Obst R, Hlirnrnerling GJ, Momburg F (1995) Analysis of
the fine specificity of rat, mouse and human TAP peptide transporters. Eur J Irnrnunol 25: 1133-1136

Neisig A, Roelse J, Sijts AJ, Ossendorp F, Feltkamp MCW, Kast WM, Melief CJM, Neefjes JJ (1995)
Major differences in transporter associated with antigen presentation (TAP)-dependent translocation
of MHC class I presentable peptides and the effect of flanking sequences. J Immunol 154: 1273-1279

Neisig A, Wubbolts R, Zang X, Melief C, Neefjes J (1996) Allele-specific differences in the interaction
of MHC class I molecules with transporters associated with antigen processing. J Irnrnunol
156:3196-3206

Niedermann G, Butz S, Ihlenfeldt G, Grimm R, Lucchiari M, Hoschutzky, Jung G, Maier B, Eichmann K
(1995) Contribution of proteasome-mediated proteolysis to the hierarchy of epitopes presented by
major histocompatibility complex class I molecules. Immunity 2:289-299

Niedermann G, King G, Butz S, Birsner U, Grimm R, Shabanowitz J, Hunt DF, Eichmann K (1996) The
proteolytic fragments generated by vertebrate proteasomes: structural relationships to major
histocompatibility complex class I binding peptides. Proc NatI Acad Sci USA 93:8572-8577

Nijenhuis M, HlirnrnerlingGJ (1996) Multiple regions of the transporter associated with antigen processing
(TAP) contribute to its peptide binding site. J ImmunoI157:5467-5477

Nijenhuis M, Schmitt S, Arrnandola E, Obst R, Brunner J, Hammerling G (1996) Identification of a contact
region of the transporter associated with antigen processing. J IrnrnunoI156:2186-2195

Oldstone MBA, Lewicki H, Borst P, Hudrisier D, Gairin J (1995) Discriminated selection among viral
peptides with the appropriate anchor residues: implications for the size of the cytotoxic T-lymphocyte
repertoire and control of viral infection. J Virol 69:7423-7429

Orlowski M, Cardozo C, Michaud C (1993) Evidence for the presence of five distinct proteolytic
components in the pituitary multicatalytic proteinase complex. Properties of two components cleaving
bonds on the carboxyl side of branched chain and small neutral amino acids. Biochemistry
32:1563-1572



How Do Endogenous Proteins Become Peptides and Reach the Endoplasmic Reticulum 43

Ortiz-Navarette V, Hammerling GJ (1991) Surface appearance and instability of empty H-2 class I
molecules under physiological conditions. Proc Nat! Acad Sci USA 88:3594-3597

Ortmann B, Androlewicz MJ, Cresswell P (1994) MHC class I1~2-microglobulin complexes associate
with TAP transporters before peptide binding. Nature 368:864-867

Ossendorp F, Eggers M, Neisig A, Ruppert T, Groettrup M, Sijts A, Mengede E, Kloetzel P-M, Neefjes
J, Koszinowski U, Melief C (1996) A single residue exchange within a viral CTL epitope alters
proteasome-mediated degradation resulting in lack of antigen presentation. Immunity 5: 115-124

Parham P, Ohta T (1996) Population biology of antigen presentation by MHC class I molecules. Science
272:67-74

Pazmany L, Rowland-Jones S, Heut S, Hill A, Sutton J, Murray R, Brooks J, McMichael A (1992) Genetic
modulation of antigen presentation by HLA-B27 molecules. J Exp Med 175:361-369

Peace-Brewer A, Tussey L, Matsui M, Li G, Quinn DG, Frelinger JA (1996) A point mutation in
HLA-A*201 results in failure to bind the TAP complex and to present virus derived peptides to CTL.
Immunity 4:505-514

Pearce RB, Trigler L, Svaas EK, Peterson CM (1993) Polymorphism in the mouse Tap-l gene: association
with abnormal CD8+ T cell development in the nonobese nondiabetic mouse. J Immunol
151:5338-5347

Peters J-M, Cejka Z, Robin Harris J, Kleinschmidt JA, Baumeister W (1993) Structural features of the
26S proteasome complex. J Mol Bioi 234:932-937

Ploski R, Undlien DE, Vinjie 0, Forre 0, Thorsby E, Ronningen K (1994) Polymorphism ofhuman major
histocompatibility complex-encoded transporter associated with antigen processing (TAP) genes and
susceptibility to Juvenile rheumatoid arthritis. Hum Immunol 39:54-60

Powis SJ, Townsend ARM, Deverson EV, Bastin J, Butcher GW, Howard JC (199Ia) Restoration of
antigen presentation to the mutant cell line RMA-S by anMHC-linked transporter. Nature 354:528-531

Powis SJ, Howard JC, ButcherGW (1991b) The major histocompatibility class II-linked cim locus controls
the kinetics of intracellular transport of a classical class I molecule. J Exp Med 173:913-921

Powis SJ, Deverson EV, Coadwell WJ, Cruela A, Huskisson NS (1992a) Effect of polymorphism of an
MHC linked transporter on the peptides assembled in a class I molecule. Nature 357:211-215

Powis S,Mockridge I, Kelly A, KerrL-A, GlynneR, GileadU, Beck S, Trowsdale J (1992b) Polymorphism
in a second ABC transporter gene located within the class II region of the human major
histocompatibility complex. Proc Nat! Acad Sci USA 89:1463-1467

Powis S, Tonks S, Mockridge I, Kelly A, Bodmer J, Trowsdale J (1993) Alleles and haplotypes of the
MHC-encoded ABC transporters TAPI and TAPZ. Immunogenetics 37:373-380

Powis SJ, Young L, Joly E, Barker P, Richardson L, Brandt RP, Melief C, Howard J, Butcher G (1996)
The rat cim effect: TAP allele-dependent changes in a class I MHC anchor motif and evidence against
C-terrninal trimming of peptides in the ER. Immunity 4:159-165

Pryhuber KG, Murray KJ, Donnelly P, Passo MH, Maksymowych WP, Glass DN, Giannini EH, Colbert
RA (1996) Polymorphism in the LMPZ gene influences disease susceptibility and severity in HLA-B27
associated juvenile rheumatoid arthritis. J Rheumatol 23:747-752

Ptihler G, Pitzer F, Zwick! P, Baumeister W (1994) Proteasomes: multisubunit proteinases common to
Thermoplasma and eucaryotes. Syst Appl Microbiol 16:734-741

Rammensee H-G (1996) Antigen presentation - recent developments. Int Arch Allergy Immunol
110:299-307

Rammensee H-G, Friede T, Stevanovic S, (1995) MHC ligands and peptide motifs. First listing.
Immunogenetics 41: 178-228

Realini C, Dubiel W, Pratt G, Ferrell K, Rechsteiner M (1994) Molecular cloning and expression of a
y-interferon-inducible activator of the multicatalytic protease. J Bioi Chem 269:20727-20732.

Reyburn HT, Mandelboim 0, VaJes-G6mez M, Davis DM, Pazmany L, Strominger J (1997) The class 1
MHC homologue ofhuman cytomegalovirus inhibits attack by natural killer cells. Nature 386:514-517

Rock KL (1996) Anew foreign policy: MHC class 1molecules monitor the outside world.lmmunol Today
17:131-137

Rock KL, Gramm C, Benacerraf B (1991) Low temperature and peptide favor the formation of class 1
heterodimers on RMA-S cells at the cell surface. Proc Nat! Acad Sci USA 88:4200-4204

Rock KL, GrammC, Rothstein L, Clark K, Stein R, Dick L, Hwang D, Goldberg AL (1994) Inhibitors of
the proteasome block the degradation of most cell proteins and the generation of peptides presented
on MHC class 1molecules. Cell 78:761-771

Roelse J, Gromme M, Momburg F, Hammerling G, Neefjes J (1994) Trimming of TAP-translocated
peptides in the endoplasmic reticulum and in the cytosol during recycling. J Exp Med 180:1591-1597



44 Dipankar Nandi et aJ.

Rotem-Yehudar R, Groettrup M, Soza A, K10etzel PM, Ehrlich R (1996) LMP-associated proteolytic
activities and TAP-dependent peptide transport for class I MHC molecules are suppressed in cell lines
transformed by highly oncogenic adenovirus 12. J Exp Med 183:499-514

Rousset R, Desbois C. Bantignies F, Jalinot P (1996) Effects on NFJdll/pI05 processing of the interaction
between the HTLV-I transactivator Tax and the proteasome. Nature 381 :328-331

Rowland-Jones SL, Powis SH, Sutton J, Mockridge I, Gotch PM, Murray N, Hill AB, Rosenberg WM,
Trowsdale J, McMichael AI (1993) An antigen processing polymorphism revealed by
HLA-B8-restricted cytotoxic T lymphocytes which does not correlate with TAP gene polymorphism.
Eur J ImmunoI23:1999-2004

Sadasivan B, Lehner PJ, Ortmann B, Spies T, Cresswell P (1996) Roles for calreticulin and a novel
glycoprotein, tapasin, in the interaction of MHC class I molecules with TAP. Immunity 5: 103-114

Sandberg JK, Chambers BJ, Van Kaer L, Karre K, Ljunggren H-G (1996) TAPI-deficient mice select a
CD8+ T cell repertoire that displays both diversity and peptide specificity. Eur J ImmunoI26:288-293

Schmidtke G, Kraft R, Kostka S, Henklein P, Frommel C, LOwe J, Huber R, K10etzel P-M, Schmidt M
(1996) Analysis ofmammalian 20S proteasome biogenesis: the maturation of ~ subunits is an ordered
two-step mechanism involving autocatalysis. EMBO J 15:6887-6898

SchumacherTNM, Heemels M-T, Neefjes JJ, Kast WM, MeliefCJM, Ploegh H (1990) Direct binding of
peptides to empty MHC class I molecules on intact cells and in vitro. Cell 62:563-567

Schumacher TNM, Kantesaria DV, Heemels M-T, Ashton-Rickardt PG, Shepherd JC, Friih K, Yang Y,
Peterson P, Tonegawa S, Ploegh H (1994a) Peptide length and specificity of the mouse TAPlfTAP2
translocator. J Exp Med 179:533-540

Schumacher TNM, Kantesaria D, Serreze DV, Roopenian DC, Ploegh H (I994b) Transporters from H-2b,
H_2d

, H-2', H_2k
, and H_2g7 (NODlLt) haplotype translocate similar sets of peptides. Proc Natl Acad

Sci USA 91:13004--13008
Seemtiller E, Lupas A, Stock D, Lowe J, Huber R, BaumeisterW (1995) Proteasome from ThermopZasma

acidophilum: a threonine protease. Science 268:579-582
Seemtiller E, Lupas A, Baumeister W (1996) Autocatalytic processing of the 20S proteasome. Nature
382:468-470

Sette A, Vitiello A, Reherman B, Fowler P, Nayersina R, Kast WA, Melief CJM, Oseroff C, Yuan L,
Ruppert J, Sidney J, del Guercio M-F, Southwood S, Kubo RT, Chesnut RW, Gret HM, Chisari FV
(1994) The relationship between class I binding affinity and immunogenicity of potential cytotoxic T
cell epitopes. J Immunol 153:5586-5592

Shastri N, Nguyen V, Gonzalez F (l995a) Major histocompatibility class I molecules can present cryptic
translation products to T-cells. J BioI Chern 270:1088-1091

Shastri N, Serwold T, Gonzalez F (l995b) Presentation of endogenous peptidelMHC class I complexes is
profoundly influenced by specific C-terrninal flanking residues. J Immunol 155:4339-4346

Shepherd JC, Schumacher TNM, Ashton-Rickardt PG, Imaeda S, Ploegh HL, Janeway Jr CA, Tonegawa
S (1993) TAPI-dependent peptide translocation in vitro is ATP dependent and peptide selective. Cell
74:577-584

Shimizu Y, DeMars R (1989) Production of human cells expressing individual transferred HLA-A, -B, -C
genes using a HLA-A, -B, -C null human cell line. J Immuno1142:3320-3328

Sijts AI, Neisig A, Neefjes J, Pamer EG (I996a) Two Listeria monocytogenes CTL epitopes are processed
from the same antigen with different efficiencies. J Immunol 156:685-692

Sijts AI, VillanuevaMS, Pamer EG (1996b) CTL epitope generation is tightly linked to cellular proteolysis
of a Listeria monocytogenous antigen. J Immunol 156: 1497-1503

Siliciano RF, SoloskiMJ (1995) MHC class I-restricted processing of transmembrane proteins. J Immunol
155:2-5

Sinha AA, Lopez MT, McDevitt HO (1990) Autoimmune diseases: the failure of self tolerance. Science
248: 1380-1388

Snyder HL, Yewdell JW, Bennink JR (1994) Trimming of antigenic peptides in an early secretory
compartment. J Exp Med 180:2389-2394

Solheim JC, Harris, MR, Kindle CS, Hansen TH (1997) Prominence of ~2-microglobulin,class I heavy
chain conformation, and Tapasin in the interactions of class I heavy chain with calreticulin and the
transporter associated with antigen processing. J ImmunoI158:2236-2241

Spies T, DeMars R (1991) Restored expression of major histocompatibility class I molecules by gene
transfer of a putative peptide transporter. Nature 351:323-324



How Do Endogenous Proteins Become Peptides and Reach the Endoplasmic Reticulum 45

Spies T, Bresnahan M, Bahram S, Arnold D, Blanck G, Mellins E, Pious D, DeMars R (1990) A gene in
the human major histocompatibility complex class II region controlling the class I antigen processing
pathway. Nature 348:744--747

Spies T, Cerundolo V, Colonna M, Cresswel1 P, Townsend A, DeMars R (1992) Presentation of viral
antigen by MHC class I molecules is dependent on putative peptide transporter heterodimer. Nature
355:644-646

Spriggs M (1996) One step ahead of the game: viral immunomodulatory molecules. Annu Rev Immunol
14:101-130

Spurkland A, Knutsen I, Undlien DE, Vartdal F (1994) No association of multiple sclerosis to alleles at
the TAP21ocus. Hum ImmunoI39:299-301

Stein RL, Melandri F, Dick L (1996) Kinetic characterization of the chymotryptic activity of the 20S
proteasome. Biochemistry 35:3899-3908

Stohwasser R, Kuckelkorn U, Kraft R, Kostka S, Kloetzel P-M (1996) 20S proteasome from LMP7 knock
out mice reveals altered proteolytic activities and cleavage site preferences. FEBS Lett 383: 109-113

Stohwasser R, Standera S, Peters I, Kloetzel P-M, Oroettrup M (1997) Molecular cloning of the mouse
proteasome subunits MC14 and MECL-I: reciprocal1y regulated tissue expression of
interferon-y-modulated proteasome subunits. Eur J Immunol 27: 1182-1187

Suh W-K, Cohen-Doyle MF, Friih K, Wang K, Peterson PA, Williams D (1994) Interaction ofMHC class
I molecules with the transporter associated with antigen processing. Science 264:1322-1325

Suh W-K, Mitchel1 EK, Yang Y, Peterson PA, Waneck GL, Williams DB (1996) MHC class I molecules
form ternary complexes with calnexin and TAP and undergo peptide-regulated interaction with TAP
via their extracel1ular domains. J Exp Med 184:337-348

Suto R, Srivastava PK (1995) A mechanism for the specific immunogenicity of heat-shock protein
chaperoned peptides. Science 269: 1585-1588

Sykulev Y, Joo M, Vturina I, Tsomides IT, Eisen H (1996) Evidence that a single peptide-MHC complex
on a target cel1 can elicit a cytolytic T cel1 response. Immunity 4:565-571

Tabaczewski P, Stroynowski I (1994) Expression of secreted and glycosylphosphatidylinositol-bound
Qa-2 molecules is dependent on functional TAP-2 peptide transporter. J Immunol 152:5268-5274

Tamura T, Nagy I, Lupas A, Lottspeich F, Cejka Z, Schoofs G, Tanaka K, DeMot R, BaumeisterW (1995)
The first characterization of a eubacterial proteasome: the 20S complex of Rhodococcus. Curr BioI
5:766-774

Tanaka K, Tsurumi C (1997) The 26S proteasome:subunits and functions. Mol BioI Reports 24:3-11
Tighe MR, Hal1 MA, Cardi E, Ashkenazi A, Lanchbury JS, Ciclitira PJ (1994) Associations between alleles
of the major histocompatibility complex-encoded ABC transporter gene TAP2, HLA class II al1eles,
and celiac disease susceptibility. Hum ImmunoI39:9-16

Tobery TW, Siliciano RF (1997) Targeting ofHIV-I antigens for rapid intracel1ular degradation enhances
cytotoxic T lymphocyte (CTL) recognition and the induction of de novo CTL responses in vivo after
immunization. J Exp Med 185:909-920

Tomazin R, Hill AB, Jugovic P, York I, van Endert P, Ploegh HL, Andrews DW, Johnson DC (1996)
Stable binding ofthe herpes simplex virus ICP47 protein to the peptide binding site ofTAP. EMBO J
15:3256-3266

Townsend A, Bastin J, Gould K, Brownlee G, Andrew M, Coupar B, Boyle D, Chan S, Smith G (1988)
Defective presentation to class I-restricted cytotoxic T lymphocytes in vaccinia-infected cel1s is
overcome by enhanced degradation of antigen. J Exp Med 168:1211-1224

Townsend ARM, Bastin J, Gould K, Brownlee GO (1986) Cytotoxic T lymphocytes recognize influenza
haemagglutinin that lacks a signal sequence. Nature 324:575-577

Trowsdale J (1996) Molecular genetics of HLA class I and class II regions. In: Browning MJ, McMichael
AJ (eds) HLA and MHC:genes, molecules and function. Bios, Oxford

Trowsdale J, Hanson I,Mockridge I, Beck S, Townsend A, Kelly A (1990) Sequences encoded in the class
II region of the MHC related to the 'ABC' superfamily of transporters. Nature 348:741-744

Uebel S, Meyer TH, Kraas W, Kienle S, Jung G, Wiesmiil1er, Tampe R (1995) Requirements for peptide
binding to the human transporter associated with antigen processing revealed by peptide scans and
complex peptide libraries. J BioI Chern 270:18512-18516

Urban RG, Chicz RM, Lane WS, Strominger JL, Rehm A, Kenter MJH, Uytdehaag FGCM, Ploegh H,
Uchanska-Ziegler B, Zieglar A (1994) A subset ofHLA-B27 molecules contains peptides much longer
than nonamers. Proc NatI Acad Sci USA 91:1534-1538



46 Dipankar Nandi et al.

Ustrell V, Pratt G, Rechsteiner M (1995a) Effects of interferon and major histocompatibility
complex-encoded subunits on peptidase activities of human multicatalytic proteases. Proc Nat! Acad
Sci USA 92:584-588

Ustrell V, Realini C, Pratt G, Rechsteiner M (1995b) Human lymphoblast and erythrocyte multicatalytic
proteases: differential peptidase activities and responses to the I IS regulator. FEBS Lett 376:155-158

van Endert PM, Tampe R, Meyer TH, Tisch R, Bach J-F, McDevitt HO (1994a) A sequential model for
peptide binding and transport by the transporters associated with antigen processing. Immunity
1:491-500

van Endert PM, Liblau RS, Patel SD, Fugger L, Lopez T, Pociot F, Nerup J, McDevitt HO (1994b) Major
histocompatibility complex-encoded antigen processing gene polymorphism in IDDM. Diabetes
43:110-117

van Endert PM, RiganeIli D, Greco G, FIeischhauer K, Sidney J, Sette A, Bach J-F (1995) The peptide
binding motif for the human transporter associated with antigen processing. J ExpMed 182: 1883-1895

Van Kaer L, Ashton-Rickardt PG, Ploegh HL, Tonegawa S (1992) TAPI mutant mice are deficient in
antigen presentation, surface class I molecules, and CD4-8+ Tcells. Cell 71:1205-1214

Van Kaer L, Ashton-Rickardt PG, Eichelberger M, GaczynskaM, Nagashima N, Rock KL, Goldberg AL,
Doherty PC, Tonegawa S (1994) Altered peptidase and viral-specific T cell response in Lmp2 mutant
mice. Immunity 1:533-541

Van Santen HM, Woolsey A, Ashton-Rickardt PG, van Kaer L, Baas EJ, Berns A, Tonegawa S, Ploegh
H (1995) Increase in positive selection of CD8+ T cells in TAPI mutant mice by human
~2-microglobulin transgene. J Exp Med 181:787-792

Varshavsky A (1996) The N-end rule: functions, mysteries, uses. Proc Nat! Acad Sci USA
93:12142-12149

Villanueva MA, Fischer P, Feen K, Pamer EG (1994) Efficiency of MHC class I antigen processing, a
quantitative analysis. Immunity 1:479-489

Wang K, Friih K, Peterson PA, Yang Y (1994) Nucleotide binding of the C-terminal domains of the major
histocompatibility complex-encoded transporter expressed in Drosophila melanogaster cells. FEBS
Lett 350:337-341

Wang P, Gyllner G, Kvist S (1996a) Selection and binding of peptides to human transporters associated
with antigen processing and rat cim-a and -b. J Immunol 157:213-220

Wang P, Raynoschek C, Svensson K, Ljunggren H-G (1996b) Binding ofH-2Kb-specific peptides to TAP
and major histocompatibility complex class I in microsomes from wild type, TAPl, and
~2-microglobulinmutant mice. J Bioi Chern 27 I :24830-24835

Wang R-F, Parkhurst MR, Kawakami Y, Robbins PF, Rosenberg SA (1996c) Utilization of an alternative
open reading frame of a normal gene in generating a novel human cancer antigen. J Exp Med
183:1131-1140

Wei ML, Cresswell P (1992) HLA-A2 molecules in an antigen-processing mutant cell contain signal
sequence-derived peptides. Nature 356:443-446

Wenzel T, Eckerskorn C, Lottsspeich F, Baumeister W (1994) Existence of a molecular ruler in
proteasomes suggested by analysis of degradation products. FEBS Lett 349:205-209

White LC, Wright KL, Felix NJ, Ruffner H, Reis LFL, Pine R, Ting JP-Y (1996) Regulation of LMP2
and TAPI genes by IRF- I explains the paucity ofCD8+ T cells in IRF-l-/- mice. Immunity 5:365-376

Wiertz EJ, Jones TR, Sun L, Bogyo M, Geuze H, Ploegh HL (1996a) The human cytomegalovirus USll
gene product dislocates MHC class I heavy chains from the endoplasmic reticulum to the cytosol. Cell
84:769-779

Wiertz EJ, Tortorella D, Bogyo M, Yu J, Mothes W, Jones TR, Rapoport TA, Ploegh HL (1996b)
Sec61-mediated transfer of a membrane protein from the endoplasmic reticulum to the proteasome for
destruction. Nature 384:432-438

Wipke BT, Jameson SC, BevanMJ, Pamer EG (1993) Variable binding affinities of listeriolysin 0 peptides
for the H-2Kd class I molecule. Eur J Immunol 23:2005-2010

Wright KL, White LC, Kelly A, Beck S, Trowsdale J, Ting JP (1995) Coordinate regulation of the human
TAPI and LMP2 genes from a shared bidirectional promotor. J Exp Med 181:1459-1471

Yamazaki H, Tanaka M, Nagoya M, Fujimaki H, Sato K, Yago T, Nagata T, Minami M (1997) Epitope
selection in major histocompatibility complex class I-mediated pathway is affected by the intracellular
localization of an antigen. Eur J Immunol 27:347-353

Yang B, Braciale TJ (1995) Characteristics of ATP-dependent peptide transport in isolated microsomes.
JImmunoI155:3889-3896



How Do Endogenous Proteins Become Peptides and Reach the Endoplasmic Reticulum 47

Yang B, Hahn YS, Hahn CS, Braciale TJ (1996) The requirements for proteasome activity in class I major
histocompatibility complex antigen presentation is dictated by the length of preprocessed antigen. J
ExpMed 183:1545-1552

Yewdell JW, Bennink JR, Hosaka Y (1988) Cells process exogenous proteins for recognition by cytotoxic
T lymphocytes. Science 239:637-640

Yewdell JW, Ant6n LC, Bennink JR (1996) Defective ribosomal products (Drips), a major sources of
antigenic peptides for MHC class I molecules. J Immunol 157: 1823-1826

York lA, Rock KL (1996) Antigen processing and presentation by the class I major histocompatibility
complex. Annu Rev ImmunoI14:369-396

York lA, Roop C, Andrews DW, Riddell SR, Graham FL, Johnson DC (1994) A cytosolic herpes simplex
virus protein inhibits antigen presentation to CD8+ T lymphocytes. Cell 77:525-535

Yoshimura T, Kameyama K, Takagi T, Ikai A, Tokunaga F, Koide T, Tanahashi N, Tamura T, Cejka Z,
Baumeister W, Tanaka K, Ichihara A (1993) Molecular characterization of the 26S proteasome
complex from rat liver. J Struct Biollll:20Q--211

Zanelli E, Zhou P, Cao H, Smart MK, David CS (1995) Genetic polymorphism of the mouse major
histocompatibility complex-associated proteasome subunit Lmp7. Immunogenetics 41:251-254

Zhou N, Glass R, Momburg F, Hlimmerling OJ, Jondal M, Ljunggren H-G (1993a) TAP2-defective
RMA-S cells present Sendai virus antigen to cytotoxic T lymphocytes. Eur J Immunol 23: 1796-1801

Zhou P, Cao H, Smart M, Davis C (1993b) Molecular basis of genetic polymorphism in major
histocompatibility complex-linked proteasome gene (Lmp-2). Proc Natl Acad Sci USA 90:2681-2684

Zijlstra M, Bix M, Simister NE, Loring 1M, Raulet DH, Jaenisch R (1990) ~2-Microglobulin deficient
mice lack CD4-8+ cytolytic T cells. Nature 344:742-746

Zwickl P, Kleinz J, Baumeister W (1994) Critical elements in proteasome assembly. Nature Struct BioI
1:765-770



Molecular Requirements for Assembly
and Intracellular Transport
of Class I Major Histocompatibility Complex Molecules

ANNEM. FOURIE and YOUNG YANG

Introduction 49

2 Molecular Structure of Class I MHC Molecules. . . . . . . . . . . . . . . . . . . . . . . . . 50

3 Characteristics of the Antigenic Peptides Bound by Class I MHC Molecules 51
3.1 Motifs of Endogenous Peptides Bound by Class I MHC Molecules 52
3.2 In Vitro Synthetic Peptide-Binding Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3 Screening of Bacteriophage Peptide Display Libraries . . . . . . . . . . . . . . . . . . . . . 55
3.4 Algorithms and Artificial Neural Networks for Prediction

of Class I MHC-Binding Peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4 Generation and Translocation of Antigenic Peptides . . . . . . . . . . . . . . . . . . . . . . 56
4.1 Peptide Generator: The Proteasome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 Transporter Associated with Antigen Processing . . . . . . . . . . . . . . . . . . . . . . . . 58
4.3 Rules for Peptides Presentable In Vivo by Class I Molecules and Biological Relevance. . . . 60

5 Transport and Assembly of Class I MHC-Peptide Complexes . . . . . . . . . . . . . . . . . 62
5.1 Endoplasmic Reticulum System ofMolecular Chaperones BiP, Calnexin, and Calreticulin . . 63
5.2 Association of Peptide Transporters with Class I MHC Molecules . . . . . . . . . . . . . . . 65
5.3 Role of Peptides in Class I MHC Assembly and Transport . . . . . . . . . . . . . . . . . . . 65

6 Regulation of Class I MHC Antigen Presentation . . . . . . . . . . . . . . . . . . . . . . . . 66

7 Outlook 68

References 68

1 Introduction

The major function of the immune system is to detect and eliminate invading
pathogens from the cellular host (PAUL 1993). The presentation of peptides derived
from intracellular antigens by class I major histocompatibility complex (MHC)
molecules plays a central role in the cellular immune response, since specialized
immune CD8+ T lymphocytes recognize non-self peptides bound to class I molecules
on the surface of infected cells (YANG et al 1996). Thus class I molecules are
peptide-binding proteins that provide an extracellular representation of intracellular
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antigen content for inspection by the CD8+ T lymphocytes through interactions of
their T cell receptors (TCR) with the class I MHC-peptide complex.
Class IMHC antigen presentation is the first line ofdefense against viral infections

and malignant transformations. Since the assembly of the trimeric class I complex of
a transmembrane heavy chain, a soluble light-chain ~2-microglobulin, and a peptide
of eight to ten amino acids takes place in the endoplasmic reticulum (ER), distinct
biochemistry and cell biology strategies for antigenic peptide acquisition by class I
molecules have evolved. The peptides are generated in the cytosol by the proteasome,
a multisubunit and multicatalytic protease complex (Coux et aI1996), from intracel
lular antigens, either self or non-self (e.g., viral antigens), which are ubiquitinated by
the ubiquitination system (HOCHSTRASSER 1996a,b). The peptides of eight to ten
amino acids are then translocated across the ER membrane by the transporter
associated with antigen processing (TAP) (VAN ENDERT 1996), where they bind class
I molecules, stabilizing the class I heterodimers. Only after the assembly of the
trimolecular complex can these complexes be transported to the cell surface, via the
exocytic pathway, for inspection by CD8+ cytotoxic T lymphocytes. This chapter
describes our current molecular understanding of the mechanisms of antigen proc
essing and presentation by class I molecules, with particular emphasis on the
requirements for the assembly and intracellular transport of class I molecules, and
the nature of the peptides they present.

2 Molecular Structure of Class I MHC Molecules

The MHC has been extensively characterized in mouse and humans and has been
mapped to chromosomes 6 and 17, respectively (PAUL 1993). Three major gene
families, designated as class I, class II, and class III, have been identified in the MHC
region. The human class I gene family consists of a minimum of 36 open reading
frames (CAMPBELL et al. 1993; KRISHNAN et al. 1995), including the well-charac
terized HLA-A, -B, and -C heavy chains, which are currently known to have over
250 alleles on the basis of nucleotide sequence (PARHAM et al. 1996). The class I
heavy chains with a molecular mass of approximately 45 kDa are expressed as
transmembrane glycoproteins on the surface of almost all nucleated cells in nonco
valent association with ~2-microglobulin, a non-MHC-encoded light chain with a
molecular mass of approximately 12 kDa (YANG et al. 1996). The completion ofclass
I MHC assembly and its transport to the cell surface requires a third component, the
antigenic peptide of approximately eight to ten amino acids (BJORKMAN et al. 1987).
The molecular organization of the genes for class I heavy chains reflects their

domain structure, with a separate exon encoding each domain (PAUL 1993). A
transmembrane domain of approximately 25 amino acids connects three N-terrninal
extracellular domains of approximately 90 amino acids each, designated aI, a2, and
a3, to a cytoplasmic tail of approximately 30 amino acids at the carboxyl end. The
a3-domain of the class I heavy chain has an immunoglobulin-like structure and
displays a high degree of amino acid sequence homology to the constant region of
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Fig. 1. Molecular model of a class I-peptide complex presenting an octamer peptide. The OVA-8 peptide
(Pl-P8) complexed with the class I molecule H-2Kb is shown in yellow, while the <Xl and <X2 domains of
the heavy chain are shown in red and green, respectively

immunoglobulin molecules (PAUL 1993). As revealed from the three-dimensional
crystal structures of class I molecules (YOUNG et al. 1995), the al- and a2-domains
form a ~-sheet platform spanned by two a-helices that together form a peptide-bind
ing pocket (Fig. 1) and also make contacts with both the a3-domain and ~2-micro

globulin.
The peptide-binding groove of the class I molecule tethers the amino- and

carboxyl-termini of peptides through a network of hydrogen bonds between several
conserved residues at each end of the groove and the peptide (YOUNG et al. 1995).
The binding of peptides to class I molecules is mainly dependent on the backbone of
the peptide, with the exception of one or two anchor residues that fit into structurally
complementary pockets of the groove. Since almost all the polymorphic amino acid
residues within the family of class I molecules are clustered around the peptide-bind
ing groove, the shape of the groove and the spectrum of peptides bound are accord
ingly altered for each particular class I allele.

3 Characteristics of the Antigenic Peptides
Bound by Class I MHC Molecules

As described above, the bound peptide forms an integral part of the final class I
quarternary structure. Furthermore, the peptide represents the element that, in the
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context of a particular class I molecule, elicits an effector response upon recognition
by the antigen-specific receptors on CD8+ T lymphocytes. To elucidate this process,
detailed sequence analysis of class I MHC-binding peptides within protein antigens
is a prerequisite for predicting T cell epitopes in uncharacterized antigens. Extensive
progress towards achieving this goal has been made in recent years. A list of all known
MHC ligands (RAMMENSEE 1996; RAMMENSEE et al. 1993, 1995), as well as other
information on peptide binding specificity to class I molecules, has been compiled,
and a number of accessible databases and internet web sites have been established
(e.g., MHCPEP: http://wehih.wehi.edu.au/mhcpep/; ParkerIBIMAS: http://www_bi
mas.dcrt.hih.gov/molbio/hla_bind/hla_motiCsearch_info.html; Epimatrix: http:
//www.brown.edu/ResearchITB-HIV_LablEpimatrix/epimatrix.html; Immunoge
netics HLA Database at EBI: http://www.ebi.ac.uk/imgt/docsIHLA-DB.html).

3.1 Motifs of Endogenous Peptides Bound
by Class I MOC Molecules

The earliest approach to the identification of class I MHC-associated peptides was
acid extraction of peptides from whole cells, followed by fractionation using gel
filtration and high-performance liquid chromatography (HPLC), and testing of indi
vidual fractions for recognition by class I MHC-restricted T cells (ROETZSCHKE et al.
1990). This procedure was limited to the identification of peptides for which specific
CD8+ cytotoxic T cells were available. A significant breakthrough in characterization
of class I MHC-binding peptide motifs was the approach of pooled sequencing of
peptides eluted from purified class I molecules by Edman degradation (FALK et al.
1991) or separation of individual eluted peptides by HPLC (VAN BLEEK et al. 1990)
and their identification by mass spectrometry (HUNT et al. 1992).
The results of these analytical techniques indicated that the peptides presented by

class I molecules follow stringent rules which are different for each individual class
I allele (see example of murine class I Kb molecule in Table 1). The peptide length
was usually restricted to eight to ten amino acids (FALK et al. 1991), because the
peptide-binding pocket of the class I molecule is closed at both ends, and the N- and
C-termini of the peptides contribute significantly to the binding affinity (MATSUMURA
et al. 1992a). The allele-specific interactions are characterized by so-called anchor
positions, which result from anchoring peptide side chains in complementary pockets
of the class I peptide-binding groove. The type of anchor residue or residues required
for binding is determined by the nature of the side chains in the bin.ding pocket of a
particular class I allele-binding groove (MADDEN et al. 1992). The sum of allele-spe
cific peptide-class I MHC interaction requirements defines the binding motif for a
given class I molecule, characterized by the number, spacing, and specificity of
anchors, and also more degenerate preferences at non-anchor positions within the
peptide. Most of the peptide motifs determined by pooled sequencing of peptides
naturally presented by class I molecules have anchor residues in position P2, P3, or
P51P7 (MADDEN et al. 1992; RAMMENSEE et al. 1995; RAMMENSEE 1996) in addition
to a C-terminal anchor which can be hydrophobic or charged depending on the
particular class I allele.
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3.2 In Vitro Synthetic Peptide-Binding Studies

To gain insight into the complexity of class I MHC-peptide binding specificity,
synthetic peptide libraries and combinatorial peptide libraries were used in class I
peptide-binding assays. The peptide libraries utilized typically contain peptides of
constant length but heterogeneous sequences, but can in some cases contain distinct
sequences or a fixed amino acid at a certain position with a mixture of amino acids
at other positions. The influence of amino acids other than the anchor residues has
been studied using libraries of synthetic peptides in quantitative assays of binding to
the human class I HLA-A2.1 molecule (RUPPERT et al. 1993). In addition to confirm
ing the importance of major anchor residues at position 2 (with preference for Lor
M) and position 9 or 10 (with preferences for V, I, or L), this study also showed that
amino acids in other positions had a significant impact on binding affinity for
HLA-A2.1. When nonamer and decamer peptide libraries (based on viral and tumor
cytotoxic T lymphocyte epitopes) were used, containing L or M in position 2 and V,
I ,or L at the C terminus (position 9 or 10), it was found that only 34% of the nonamer
peptides (Kd, t oM) and only 23% of the decamer peptides bound with high affinity.
The high percentage of weak and non-binding peptides in the libraries indicated that
factors other than size and anchor residues are critical in determining the affinity of
a peptide for class I MHC binding. Prominent roles for the amino acids in positions
1,3, and 7, corresponding to "secondary" pockets in HLA-A2.1 predicted from X-ray
crystallography (SAPER et al. 1991), were also demonstrated. The resulting "ex
panded" motif increased predictability ofA2.1-binding epitopes to 70% as compared
to 20%-30% based on a simple peptide motif defined only by length and anchor
residues.
Based on the assumption that the binding of a peptide could be interpreted as the

sum of the independent contributions of each residue position and the total score
would be proportional to the binding energy of the peptide, a panel of nonamer
peptides of unique sequence was used in which each peptide differed by only one
amino acid from at least one other peptide in order to determine the contributions of
each position in a given peptide to binding to HLA-A2.1 (PARKER et al. 1994). It was
found that there was sequence-dependent variability of the peptide dissociation rate
that could not be predicted from the individual scores, indicating interdependent
interaction of amino acids within the peptide. However, the known A2.1-binding
peptides were in the top 2% of predicted binders in each case, suggesting that the
individual side chains bind somewhat independently of one another.
Similarly, the binding requirements for the murine class I Kb molecule have been

elucidated using peptide libraries (Table 1; UOAKA et al. 1995a). This study showed
that all amino acid positions in Kb-restricted octapeptides exhibited positive or
negative effects on Kb-peptide binding as well as recognition of the resulting
complexes by cytotoxic T cells. In addition, a strong interdependence was observed
for the effects of individual residues in the epitope-derived peptides. To assess the
contribution of each amino acid relative to a mixture of amino acids at each position
and to eliminate interdependent interactions, octamerpeptide libraries were used with
one amino acid fixed at a particular position, while the other positions had all amino
acids except cysteine equally represented (UOAKA et al. 1995b). It was concluded
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that, although major anchor residues have a primary influence on peptide binding to
class I molecules, all amino acids in the peptide contribute to the overall binding
affinity.

3.3 Screening of Bacteriophage Peptide Display Libraries

The peptide motifs of class II MHC molecules have been determined using peptide
libraries displayed on bacteriophage (HAMMER et aL 1992). However, free amino and
carboxyl termini provide substantial binding energy for peptide-class I MHC inter
actions and are normally required for stable binding, making phage peptide display
less suitable for analysis of class I MHC-binding peptides. Nevertheless, the N-ter
mina1 residue appears more critical for binding to class I molecules than the C
terminus, and additional residues at the C terminus are less disruptive for binding
(MATSUMURA et aL 1992b). Therefore, a bacteriophage peptide display library of
random 15-amino acid peptides expressed at the N terminus of gene VIII (SMITH et
aL 1995) ofM13 phage has been used to identify sequences of class I MHC-binding
peptides (M. Milik et aI., unpublished data). As expected, most of the "strong" binders
contained the anchor residues reported by previous studies. In addition, the informa
tion obtained from binding of random peptides displayed on phages to class I
molecules is being used as a database for "training" a neural network (see Sect. 3.4)
to predict class I MHC-binding peptides within uncharacterized antigens.

3.4 Algorithms and Artificial Neural Networks
for Prediction of Class I MHC-Binding Peptides

Prediction of class I MHC-binding peptides based only on a simple motif defined by
length and primary anchor residues is only effective in approximately 30% of cases
(RupPERTet aL 1993). Expanding the prediction to include contributions by secondary
anchors can only potentially increase the predictability up to 70% (RUPPERT et aL
1993). It became clear that utilization of all the available information generated from
detailed analysis of peptide binding to class I molecules is essential to make correct
predictions of class I MHC-binding peptides, because all positions in a peptide
contribute either positively or negatively to the overall binding affinity. Thus, given
a database of peptides that bind with known affinity to a class I molecule, the relative
frequency of each amino acid at each position can be deduced and programmed in a
matrix. Such a matrix (named "Epimatrix") has been developed, based on a database
of peptides derived from sequencing of peptides eluted from class I molecules
(JESDALE et aL 1996). Comparing the predictions for class I MHC-binding peptides
within the sequences of 67 proteins with those for the known class I ligands
(RAMMENSEE 1995, 1996; RAMMENSEE et aL 1993, 1995), Epimatrix correctly iden
tified the published MHC ligand within the top two scoring peptides in 11 of 13 cases
or in 55 of 67 cases. Thus Epimatrix permitted the selection of 67 class I MHC-bind
ing peptides from over 33 000 possible decapeptides.
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Mathematical matrix-based algorithms such as Epimatrix are based solely on
independent side chain values, whereas artificial neural networks can capture subtle
relationships within binding data and generalize them in order to classify nonlinearly
separable data. Thus artificial neural networks are able to predict sequences which
have a certain quality, such as high-affinity binding to class I molecules. Such a neural
network, trained on phage display results, has been employed to predict the class I
MHC-binding peptides with very good correlations between the immunodominant
epitopes and the high-affinity peptides (M. Milik et al. unpublished data). In addition,
prediction by the neural network was accurate in approximately 70% of cases.
Similarly, predictions of peptide binding for both HLA-A2 and H2-Kb have been
reported using another artificial neural network "trained" with published data drawn
from entries in the MHCPEP database (BRUSIC et al. 1996). Overall, the predictive
ability using the artificial neural network was 78% for HLA-A2.1 and 88% for
H-2Kb. Artificial neural network methodology has many advantages over other
approaches for predicting class I MHC-binding peptides, particularly as new data can
easily be incorporated. In addition, the flexibility of artificial neural networks allows
different applications of the same data, e.g., for prediction of all possible binders for
vaccine design and prediction of high-affinity peptides for drug design (BRUSIC et al.
1994). Thus, at present, artificial neural networks appear to be the method of choice
for predicting class I MHC-binding peptides.

4 Generation and Translocation ofAntigenic Peptides

4.1 Peptide Generator: The Proteasome

In the ER of the antigen-presenting cells, class I molecules acquire peptides that are
derived from intracellular proteins (YANG et al. 1996). These peptides are presumably
generated by cytosolic proteases. The first indication that the proteasome, the major
nonlysosomal protease in cells (ORLOWSKI 1993), was responsible for class I MHC
antigen degradation came from studies on ubiquitin-mediated protein degradation. It
was found that ubiquitination increased the efficiency of antigenic peptide presenta
tion (TOWNSEND et al. 1988) and that cells defective in an ubiquitin-activating enzyme
EI were incapable of presenting antigens by class I molecules (MICHAELEK et al.
1993). Since ubiquitinated protein substrates are degraded by proteasomes (Coux et
al. 1996), it was concluded that ubiquitin- and proteasome-mediated proteolysis plays
a crucial role in class I MHC antigen processing. The discovery that two interferon
(IFN)-inducible and MHC-encoded gene products, LMP2 and LMP7 (FRUH et al.
1992), were indeed integral subunits of the proteasome (FRUH et al. 1994), in
conjunction with the observation that inhibitors of the proteasome blocked class I
MHC antigen presentation (VINITSKY et al. 1994), placed the proteasome at the center
of the mechanism for processing antigen for presentation by class I molecules.
The proteasome, a multisubunit and multicatalytic proteinase complex found in

eukaryotes, prokaryotes, and archaeobacteria, is an essential part of the proteolytic
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machinery responsible for ubiquitin-mediated protein degradation (RECHSTEINER et
al. 1993). The proteasome has a molecular mass of approximately 700 kDa and
consists of a highly conserved cylindrical structure with sevenfold symmetry. X-ray
crystallographic analysis of the proteasome from the archaeobacterium Ther
moplasma acidophilum (LOWE et al. 1995) revealed that the particle consists of two
outer rings of a-subunits and two inner rings of ~-subunitswith a stoichiometry of
7a7~7~7a.By contrast, the proteasome of eukaryotes is composed of a family of 14
different, but homologous subunits of molecular masses between 20 and 35 kDa
(FRUH et al. 1992, 1994) which can be classified into a-type and ~-type subunits based
on their homology with the a- and ~-subunits of the T. acidophilum proteasome
(PETERS et al. 1993). The highly conserved a-type subunits are thought to be involved
in proteasome structure and are proteolytically inactive, whereas ~-type subunits are
more divergent in their primary structure and appear to be directly involved in
enzymatic activity (SEEMULLER et al. 1995). A threonine residue crucial for the
structure and activity of the proteasome catalytic sites (SEEMULLER et al. 1996) is only
exposed after cleavage of the amino-terminal portion of six ~-type subunits
(SEEMULLER et al. 1996), including IFN-inducible LMP (SEEMULLER et al. 1995) and
MECL-l (GROETIRUP et al. 1996a). Since all the catalytic threonine-containing
subunits are affected by IFN treatment, it seems that the whole catalytic spectrum of
the proteasome is modified by this process.
Upon IFN upregulation, such IFN-inducible ~-type subunits become integral

subunits of newly assembled proteasomes (FRUH et al. 1997). For example, during
this process of assembly, both LMP2 and LMP7 are autocatalytically processed and
displace the housekeeping ~-type subunits 2 and 10 (YANG et al. 1992b)(or delta and
MB-l (BELICH et al. 1994), respectively. Thus IFN induction permanently changes
the proteasomal subunit organization (YANG et al. 1996). Biochemical studies with
proteasome inhibitors (ROCK et al. 1994; VINITSKY et al. 1994) have provided
evidence that the proteasome is responsible for the generation ofclass I MHC-binding
peptides, since the inhibitors prevent antigen presentation by class I molecules.
Indeed, in vitro enzymatic studies of isolated proteasomes have demonstrated that the
altered molecular organization of the proteasome induced by IFN is responsible for
its functional changes in the catalytic activity and ultimately in antigen processing
(DRISCOLL et al. 1993; AKI et al. 1994; GACZYNSKA et al. 1993, 1994, 1996).
Moreover, in vivo evidence obtained from analysis ofLMP2 or LMP7 knockoutmice
(FEHLING et al. 1994; VAN KAER et al. 1994) indicates that IFN-induced proteasome
subunits playa major role in proteasome-mediated antigen processing, since both
LMP2 and LMP7 knockout mice are deficient in the generation of a subset of
antigenic peptides. Thus proteasome subunit exchange could be a fundamental
mechanism for modulating proteasome activities by cytokines during immune re
sponses (FRUH et al. 1997).
In eukaryotes, proteasome activities are modulated by specific regulatory proteins

that form complexes with proteasomes (YANG et al. 1996). Two regulatory com
plexes, the ATPase complex and PA28, have been studied to some extent. The
ATPase complex associates with the 20S proteasome in an ATP-dependent manner,
resulting in the 26S proteasome (RECHSTEINER et al. 1993). This 26S proteasome is
involved in the degradation of protein substrates in a ubiquitin-dependent manner
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(RECHSTEINER et al. 1993). The proteasome regulator PA28 has been shown to
associate with the 20S proteasome in vitro (CHU-PING et al. 1992,1993) and in vivo
(YANG et al. 1995) in an ATP-independent manner. Association of these regulatory
complexes appears to be reversible and regulated by phosphorylation (YANG et al.
1995). It is conceivable that evolutionary divergence of these regulatory complexes
is coupled with their functional specializations and that regulatory mechanisms exist
that render antigenic peptides more likely to become available to class I molecules
during immune responses. Antigen degradation could occur in two steps, namely,
initial degradation of whole antigen into intermediate-sized fragments by 26S pro
teasomal complexes followed by degradation of these fragments by the PA28-20S
proteasomal complexes to produce peptides of eight to ten residues in length (YANG
et al. 1996). Indeed, in vitro kinetic studies on the influence of PA28 on peptide
cleavage and specificity of the proteasome (CHU-PING et al. 1992) indicate that PA28
changes the cleavage behavior of the proteasome in a characteristic, qualitative and
quantitative manner. In the absence of PA28, the proteasome digests substrates by
consecutive and independent single cleavages. Upon association with PA28, products
generated by two flanking cleavages appear immediately as main products, while the
generation of single-cleavage products is strongly reduced. Since this PA28-induced,
coordinated double-cleavage mechanism appears to optimize the generation ofdomi
nant T cell epitopes (GROETIRUP et al. 1996b), the regulation ofPA28 expression by
IFN plays an essential role in proteasome-mediated antigen processing (YANG et al.
1996).

4.2 Transporter Associated with Antigen Processing

Within the ER, nascent class I molecules acquire peptides derived from cytosolic
proteins that are degraded by the proteasome (YANG et al. 1996). Thus it was obvious
that a translocation machinery is required to transfer peptides from the cytoplasm into
the lumen of the ER (TOWNSEND et al. 1989). The first evidence for one or more
transporters involved in the class I MHC-binding peptide translocation came from
the observation that the two MHC-encoded genes, termed transporters associated
with antigen processing (TAP), displayed a high homology with a family of genes
encoding proteins known as traffic ATPases or ATP-binding cassette transporters
(SPIES et al. 1990), suggesting that TAP function as ATP-dependent transporters
(YANG et al. 1996). Furthermore, several lines of evidence suggested that TAP is the
transporter that supplies peptides to class I molecules: (a) the expression of TAPI
and TAP2 is strongly enhanced by IFN (YANG et al. 1992a); (b) electron microscope
data show that the heterodimer of TAPI and TAP2 has a cellular localization
restricted to the membranes of ER and the pre-Golgi compartments (KLEUMER et al.
1992); (c) it has been observed that the cell surface expression of class I molecules
is abolished in TAP-deficient cells (LJUNGGREN et al. 1990).
Indeed, it has been demonstrated that both the full-length TAP proteins and the

soluble carboxyl-terminal domains of TAP1 or TAP2 bind ATP (WANG et al. 1994).
The relative potencies of the nucleotides in preventing azido-ATP binding to TAP
are in the order of ATP>GTP>CTP>ITP>UTP for both TAPI and TAP2 (WANG et
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al. 1994), suggesting that ATP is indeed the natural substrate for the TAP. Direct
evidence that TAP trans10cate peptides in an ATP-dependent manner was provided
by analysis of peptide import into microsomes or into the ER of streptolysin
O-permeabilized cells (ANDROLEWICZ et al. 1993). In this TAP-mediated peptide
transport assay, it was found that, in the presence ofa nonhydrolyzable ATP analogue,
no TAP activity could be detected and that TAP displayed a significant preference
for peptides of eight to 13 amino acids in the presence ofATP (MOMBURG et al. 1994a;
SCHUMACHER et al. 1994; HEEMELS et al. 1995). The upper end of this size limit seems
to be less stringent than the lower limit, but generally transport rates gradually
decrease with peptide length over 13 amino acid residues (ANDROLEWICZ et al. 1994).
This length specificity correlates well with the known length requirements for peptide
binding to class I molecules (HEEMELS et al. 1995). In addition to the length
restriction, TAP appears to display some sequence specificity in the peptides trans
ported. Human and rat TAP2a prefer both hydrophobic and basic amino acid residues
at the carboxyl-terminal position, whereas mouse and rat TAP2u are more selective
for peptides with hydrophobic carboxyl termini (MOMBURG et al. 1994a,c; SCHU
MACHER et al. 1994; HEEMELS et al. 1995). These specializations match the different
peptide-binding specificities of the class I molecules of human, mouse, and the two
rat haplotypes. The contribution of other positions to the quality of peptide binding
and/or transport has been discussed in a number of reports (DAVENPORT et al. 1996),
but its biological significance remains to be addressed. Interestingly, artificial neural
networks, similar to those used for class I MHC-binding peptides (see Sect. 3.4), have
recently been used to predict peptide-binding affinity for TAP. Very good correlation
between predicted and experimentally determined binding affinities was obtained (V.
Brusic and P. Van Endert, unpublished data)
Very little is known about the mechanism by which peptides are translocated by

TAP except for the peptide-binding and ATP-hydrolysis requirements. While ATP
binding, but not its hydrolysis, has been demonstrated for TAP1 or TAP2 separately
(WANG et al. 1994), peptide binding requires the presence of a TAP1I2 heterodimer
(VAN ENDERT 1996). In addition, it has been shown that ATP hydrolysis is not required
for peptide binding (MOLLER et al. 1994; Russ et al. 1995). The observation that the
peptide binding step is an ATP-independent process led to a model in which TAP
initially exists as an "inactive" complex with high substrate affinities, but low affinity
for ATP (VAN ENDERT et al. 1994). It is likely that peptide binding induces a
conformational change in TAP which increases the affinity for ATP. ATP binding
and hydrolysis may then result in a conformational change in TAP that facilitates
transfer of the bound peptide from the binding site to the translocation site or sites.
The peptide could then be released and translocated across the ER membrane by
comsuming the energy provided by ATP hydrolysis. This model, however, is debat
able, since others report that ATP binding is not correlated with any changes in
peptide affinity (UEBEL et al. 1995).
TAP seems to have coevolved with the class I molecules to provide the latter with

the best-fitting peptides, since TAP and class I molecules physically interact during
the peptide-loading process (see Sect. 4.2) and since TAP transports peptides of
essentially eight to 13 amino acids (MOMBURG et al. 1996; VAN ENDERT 1996),
whereas the class I peptide groove principally accommodates peptides of eight to ten
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amino acids. It is estimated that TAP-dependent peptide transport is very efficient,
as approximately 20 000 peptides are translocated every minute per cell, far more
than are needed to supply class I molecules, which have a much lower rate ofsynthesis
(about 100 molecules per minute) (MOMBURG et al. 1994a). In addition, the Km of
peptide transport for TAP has been estimated to be as high as 661 nM, with a
maximum velocity of 2.9 fmoVmin per flg microsomal protein (YANG and BRACIALE
1995). Thus it is reasonable to assume that overexpression of a non-self protein, e.g.,
a viral antigen expressed during viral infection, would lead to rapid and preferential
display of the resulting antigenic peptides on most class I molecules.

4.3 Rules for Peptides Presentable In Vivo by Class I Molecules
and Biological Relevance

An efficient immune response requires that a given class I molecule be capable of
binding a very large number and variety of peptides for presentation to CD8+ T
lymphocytes, since many infectious agents evolve rapidly (PAUL 1993). As a result,
a great number of different peptides may bind to a particular class I molecule with
different affinities, consistent with the estimation that a given class I molecule is able
to bind over 10 000 different peptides (ENGELHARD et al. 1993). While a given class
I molecule is capable of binding equally well to many peptides of distinct primary
sequence, a peptide shown to bind to a particular class I molecule can often associate
with many other, if not all, class I molecules in a manner which is quantitatively
different and generally isotype specific. Moreover, a family of no more than six
different class I molecules is expressed in the antigen-presenting cell of a given
individual (PAUL 1993), each member having a different peptide-binding specificity.
Elution and sequencing of naturally processed peptides presented in vivo by class

I molecules have revealed that the peptide length is typically eight to ten amino acids,
which is in good agreement with the length requirements for peptide transport by
TAP and the sizes of proteolytic products generated by the proteasome. The require
ment for the C-terminal anchor to be either hydrophobic or charged may reflect the
specificity of antigen processing and peptide transport rather than class I MHC-bind
ing specificity. As discussed in Sect. 4.1, proteasomes cleave preferentially after
hydrophobic or charged residues (DRISCOLL et al. 1993; GACZYNSKA et al. 1993;BoES
etal. 1994; FEHLING et al. 1994) and would thus generate peptides with C termini
corresponding to the requirements for class I MHC-binding. The C-terminal amino
acid also influences the efficiency of peptide transport by TAP (MOMBURG et al.
1994a-c; SCHUMACHER et al. 1994). It seems that the selection of peptides presented
by class I molecules is under strict stepwise restrictions from proteasomes, TAP, and
class I molecules, with each step further selecting a limited subset of peptides for
class I molecules. Since the degree of polymorphism in the LMP and TAP genes is
far more limited than the variability in different class IMHC peptide-binding grooves,
their specificity for peptide sequences should accordingly be less stringent than the
related class I MHC peptide anchor residue requirements. Thus the major role in
shaping the immune response appears to be contributed by class I MHC-binding



Molecular Requirements for Assembly and Intracellular Transport 61

specificity with some influence of the selectivity of the LMP proteasome or TAP
superimposed.
Apart from the known major and secondary anchor preferences, certain amino acid

residues appear to be favored or disfavored at certain positions in vivo. Some closely
related class I molecules exhibit fine specificity differences, e.g., HLA-A31- and
HLA-A33-bound peptides have similar anchors but different preferences at PI
position (FALK et al. 1994). These fine differences may be related to the linkage of
disease susceptibility to different alleles (FALK et al. 1995a-c). In addition, the
preferences for non-anchor residues in natural ligands may also be related to speci
ficity of antigen processing in vivo, such as the proteolytic specificity of the protea
some, TAP specificity, the peptide shuttling specificity of chaperones (FALK et al.
1995a-c; SRIVASTAVA 1993, 1996; SRIVASTAVA et al. 1994), or the specificity ofthe
interaction with the TCR (DAVIS et al. 1993, 1996).
The peptide structure in the context of a particular class I molecule seems to be

the primary focus of T cell recognition, and TCR dedicated to this task have evolved
in higher eukaryotes. Through the interaction between the TCR and the class I
MHC-peptide complex, T cells are able to sense fine differences in ligands (UDAKA
1996), although most of the peptide (66%) is buried in the binding groove and hence
contributes little to the surface exposed for recognition by the TCR (FREMONT et al.
1992). Single substitutions in exposed peptide residues can be sufficient to abolish T
cell recognition, even though the alteration may not significantly influence class I
MHC-peptide binding (MARYANSKI et al. 1990). Studies using a complete replace
ment set of peptide analogues for T cell antigens have identified peptide residues that
interact with the class I molecule and/or the TCR and have defined the biochemical
character of class I and TCR contact residues (reviewed in JORGENSEN et al. 1992;
DAVIS et al. 1996). Residues 1-3,5, and 8 should only indirectly affect interaction
with the T cell, while amino acids in position 7, 4, 6, and possibly 2 should contribute
most to interaction between the class I MHC-peptide complex and the TCR. Both
main-chain and side-chain variations in conformation of the class I molecule take
place upon peptide binding (FREMONT et al. 1992), with the most profound changes
being in the region of interaction with the TCR. Thus even minor alterations in class
I conformation may be sufficient to prevent association with the TCR. The interaction
of the TCR with the class I MHC-peptide complex is therefore exquisitely sensitive
to peptide sequence differences, either directly or indirectly through conformational
changes in the class I molecule to which it is bound. Thus the selectivity of the CD8+
T lymphocytes appears to result from the fine specificity with which TCR are engaged
to recognize peptides presented in the context of class I molecules. The crystal
lographic structure of the TCR-class I MHC complex (Fig. 2) clearly shows that the
TCR interacts though its hypervariable loops with the class I molecule bound to a
peptide and also with the side chains and some of the backbone of the peptide (GARCIA
et al. 1996), confirming that the bound peptide is an important determinant in TCR
recognition.
For prediction of T cell epitopes, most previous work has focused on binding

motifs for class I molecules. However, the highest-affinity peptides for class I MHC
binding may not necessarily represent the most favorable T cell epitopes, taking into
account the specificity of the proteasome, TAP transport of peptides, and/or other
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Fig. 2. Crystal structure of the oriented T cell receptor
(TCR}-class I MHC-peptide complex. A backbone tube
representation of a TCR (top, a-chain in yellowish green
and I3-chain in green), showing its orientation bound to a
class I MHC molecule (bottom, blue; ~2-microglobulin is
on the left) presenting an octamer peptide (middle, red)
with the PI residue positioned forward on the right. The
TCR covers the class I binding groove, so that the Va and
V~ complementarity-determining regions I and 2 are posi
tioned over the amino-terminal region and the carboxyl
terminal region of the bound peptide, respectively. In
addition, the Va and V~ complementarity-determining
region 3 straddles the peptide between the helices around
the central position of the peptide (see GARCIA et al. 1996
for details)

accessory molecules as well as the specificity of interaction with the TCR. The most
relevant approach is to make use of the rapidly growing database of naturally
presented peptides as a basis for an artificial neural network to predict T cell epitopes.
Endogenously presented peptides have already been selected by all the specificity
pressures within the cell, and this information can be captured by a neural network
without the necessity of defining the exact rules of specificity at each step. Under
standing the particular specificity ofeach particular class I allele is crucial in studying
linkage of certain MHC alleles to particular diseases or autoimmunity.

5 Transport and Assembly
of Class I MHC-Peptide Complexes

Intracellular transport and assembly of the class I molecules is a critical process in
the antigen presentation pathway, since the overall objective is to express as many
functional class I MHC-peptide complexes at the cell surface as possible. Thus
assembly ofclass I molecules is under strict quality control, and several discrete steps
have evolved to ensure that incompletely assembled class I molecules are not allowed
to exit the ER (PLOEGH 1995). In vivo data demonstrate that assembly of class I
molecules proceeds by the initial physical association ofheavy chain-~2-rnicroglobu
lin heterodimers, followed by their subsequent interaction with TAP heterodimers
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(BERGERON et al. 1994). Once heavy chain-~2-microglobulin-TAPcomplexes are
formed, associated with additional proteins such as tapasin (see Sect. 5.2), peptides
are then loaded and functional class I MHC-peptide complexes exit the ER (Fig. 3).

5.1 Endoplasmic Reticulum System ofMolecular Chaperones BiP,
Calnexin, and Calreticulin

Initial folding and assembly of the nascent class I heavy chain and ~2-microglobulin
appears to be orchestrated by the molecular chaperones of the ER, including BiP,
caInexin, and calreticulin (RAJAGOPALAN 1996); Fig. 3). These chaperones prevent
the formation of class I heavy chain protein aggregates by interacting with monoglu
cosylated N-linked oligosaccharides and/or exposed hydrophobic surfaces of the
incompletely assembled class I proteins (DEGEN et al. 1992). A model for an ordered
pathway for the chaperone-assisted folding of newly synthesized class I proteins has
been proposed (YANG et aI. 1996). Apart from being essential for the initial translo
cation of nascent heavy chain and ~2-microglobulininto the ER, BiP, an ER resident
member of the Hsp70 family, interacts in multiple ATP-controlled binding-release
cycles with extended nascent class I polypeptides (HEBERT et al. 1995). During the
folding cycles, BiP retains incompletely assembled class I proteins in the ER,
presumably by binding to partially folded, unassembled, or misfolded class I heavy
chains. However, an active role for BiP during the folding of class I molecules has
not been demonstrated. Subsequently, calnexin, a type I ER membrane protein with
a C-terrninal RKxRRx ER retrieval sequence, interacts transiently with class I heavy
chains (DEGEN et al. 1991, 1992; BERGERON et al. 1994; VASSILAKOS et al. 1996). The
association of class I heavy chain and calnexin promotes binding of ~2-microglobulin
to the folded heavy chain and retains free class I heavy chains in the ER. However,
studies in calnexin-deficient cells (SCOTT et al. 1995) indicate that there is no absolute
requirement for caInexin in class I assembly. The proper interaction of heavy chain,
~2-microglobulin, and peptide is further facilitated by a third chaperone, calreticulin,
a soluble ER-lumenal protein with high sequence similarity to the ectodomain of
caInexin and a C-terminal KDEL ER-retentionJretrieval motif (SADASIVAN et al.
1996). CaInexin and calreticulin have highly similar lectin-like specificity for pro
teins with monoglucosylated N-linked sugars and are part of the ER quality control
system. The folding of nascent proteins is thought to be accompanied by cycles of
de- and reglucosylation, which drives the dissociation from and the association with
calnexin and calreticulin (VAN LEEUWEN et al. 1996). Thus, once the class I molecule
has achieved its fully folded conformation, it would presumably no longer be
reglucosylated and would be released from calnexin and calreticulin. Recent studies
show that calreticulin associates simultaneously with heavy chainJ~2-microglobulin
and TAP (see Sect. 5.2), whereas calnexin does not bind class I molecules coinciden
tally with TAP (SADASIVAN et al. 1996). Since calreticulin-associated class I glyco
proteins are distinct from those associated with caInexin, but similar to those bound
to TAP (VAN LEEUWEN et al. 1996), it seems likely that caIreticulin serves as a different
part to calnexin of the proof-reading mechanism for class I assembly and peptide
loading in the ER.
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Fig.3. Intracellular assembly of class I MHC molecules. During the process of assembly. the
transmembrane class I heavy chain (H) initially interacts with the molecular chaperone calnexin (Cn) for
successive folding in the endoplasmic reticulum (ER, step 1) until it has folded sufficiently to bind a soluble
light-chain ~2-microglobulin (~2m, step 2). The association of class I H-fu-microglobulin heterodimer is
facilitated by the chaperone calreticulin. a soluble ER-luminal homologue of calnexin (Cr, step 3). The
complex of H-~2-microglobulin-Cr is then associated with the transporter associated with antigen
presentation (TAP) via tapasin, which binds independently to TAP and class I H-~2-microglobulin-Cr
complexes (step 4). Release of class I molecule from the complex requires binding of a peptide (P) of eight
to ten amino acids, which is translocated by the TAP across the membrane of the ER (step 5). Only after
the assembly of the trimolecular complex (step 6) can the class I H-~2-microglobulin-peptide complex be
expressed on the cell surface via the exocytic pathway (step 7) for inspection by CD8+ cytotoxic T
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5.2 Association of Peptide Transporters with Class I MHC Molecules

The presence of ~2-microglobulinduring class I biosynthesis aids formation and
maintenance of the class I disulfide bonds, which are also required for class I assembly
(RIBAUDO et al. 1992). In the absence of ~2-microglobulin,class I heavy chains are
labile and rapidly degraded (KOLLER et al. 1990; ZULSTRA et al. 1990); ~2-micro
globulin is thus important for de novo folding of class I proteins. Most importantly,
~2-microglobulinassociation is critical for class I molecule binding to TAP (SOLHEIM
et al. 1995). It has been shown that empty class I molecules are retained in the ER by
a physical association with TAP, via the TAPI subunit and ~2-microglobulin,as well
as the membrane-proximal a3-domain of the class I heavy chain (ORTMANN et al.
1994; SUH et al. 1994). The interaction of class I heavy chain-~2-microglobulin

dimers with TAP occurs via a novel MHC-encoded 48 kDa glycoprotein, tapasin
(SADASIVAN et al. 1996), which binds independently to TAP and class I heavy
chain-~2-microglobulin-calreticulin complexes. In tapasin-deficient cells, class I
MHC-TAP association and peptide loading appears to be defective (SADASIVAN et al.
1996). However, it is presently unclear whether class I MHC binding to TAP is a
prerequisite for peptide loading. Interestingly, calreticulin is present in TAP-class I
MHC complexes. Since deglucosylation of N-linked glycans is important for disso
ciation of class I proteins from both calreticulin and TAP (VAN LEEUWEN et al. 1996),
glycan processing seems to be functionally coupled to the release of class I proteins
from TAP. In addition to tapasin and calreticulin, several other proteins have also
been shown to be coprecipitated with TAP (YANG et al. 1996; our unpublished data).
Although the function of these coprecipitated proteins is presently unclear, it can be
envisaged that peptide transport is coupled to peptide loading onto the class I
molecules and that auxiliary proteins might be needed to orchestrate these events.
Thus these TAP-associated proteins could be either kinases which regulate TAP
activity, chaperones which are required to promote docking of empty class I com
plexes onto TAP, or factors which are essential for the delivery of peptides from the
cytosolic peptide transport machinery to the TAP. Upon peptide addition, class I
molecules associated with TAP are released, indicating that class I molecules asso
ciated with TAP require only peptides for their release from the ER.

5.3 Role of Peptides in Class I MHC Assembly and Transport

The physical properties of class I molecules are crucial factors for their presence at
the cell surface (LJUNGGREN et al. 1990; JACKSON et al. 1992; SYKULEV et al. 1994),

cytotoxic T lymphocytes. The TAP-translocated and class I-binding peptides are derived from intracellular
antigens, which are ubiquitinylated by the ubiquitin system (Vb, step I'). The cytosolic ubiquitinylated
antigens are recognized by the ATPase complex (AC, step 2') bound to the 208 proteasome (20S) and
degraded by the proteasomes in an ATP-dependent manner, resulting in the generation of peptides of
approximately eight to ten amino acids (step 3'). The interferon (IFN)-inducible PA28 proteasome
regulator (PA28), which binds the 208 proteasome, is believed to be responsible for the generation of
optimal antigenic peptide as well as for delivery of peptides to the TAP transporter
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since stability of a class I molecule appears not only to detennine whether the class
I molecule is able to reach the surface, but also to detennine its half-life at the cell
surface. Since a high-affinity peptide is able to confer a high degree of stability to a
given class I molecule, the affinity of the peptides bound to the class I molecules
appears to dictate the level of class I molecules at the cell surface, consistent with the
observation that in the absence of"optimal" peptides, class I molecules are short-lived
at the physiological temperature of 37°C (JACKSON et al. 1992). Thus the presence of
class I molecules on the cell surface is dictated by the availability of high-affinity
peptides to class I molecules. Overall, the availability of a peptidic epitope and its
affinity for the class I molecules govern the. intracellular transport rate and the
half-life, in addition to the immunogenicity (JACKSON et al. 1995), of the class I
MHC-peptide complexes. As a result, incompletely assembled class I molecules
(lacking bound peptides) are not transported to the cell surface, thus preventing CD8+
cytotoxic T lymphocytes from killing uninfected cells during exposure to foreign
antigens. It can therefore be concluded that the single most important factor deciding
whether a class I molecule is functional is the antigenic peptide.

6 Regulation ofClass I MHC Antigen Presentation

The MHC is tantamount to an eukaryotic operon encoding a complete kit for the
processing and presentation of antigens to T lymphocytes. The MHC linkage exhib
ited by almost all of these MHC genes could facilitate the coordinate evolution of
MHC haplotypes with compatible antigenic peptide specificities that offer an advan
tage in responding to the antigens ofpathogenic origin (YANG et al. 1996). In addition,
the expression of class I molecules on the cell surface can be increased by IFN (SONG
et al. 1994). Most importantly, the MHC molecules, including the class I molecules,
TAP, and proteasomal subunits LMP2 and 7, are all transcriptionally upregulated by
IFN (YANG et al. 1996). Moreover, several non-MHC-encoded genes, including
~2-rnicroglobulin, PA28, and MECL-l, that have been recruited by the immune
system are also induced by IFN (SONG et al. 1994). Thus IFN inducibility provides a
means of coordinately regulating several sets of genes, each of whose products are
essential to the efficient processing and presentation of antigens.
IFN plays a central role in immunomodulatory functions through upregulation of

the expression of a variety of genes responsible for a variety of immune responses
(LEVY et al. 1988; DECKER et al. 1991; SEN et al. 1993; TANAKA et al. 1993; PINE et
al. 1994). All MHC class I heavy chain genes as well as ~2-rnicroglobulin contain
upstream promoter elements which serve as recognition sites for IFN-stimulated
transcription factors (PELLEGRINI et al. 1993). In contrast to heavy chain and ~2-rni

croglobulin genes, the promoter elements of TAP and LMP do not contain the
IFN-stimulated response elements (BECK et al. 1992; FRUH et al. 1992; KISHI et al.
1993). A bidirectional promoter serves both TAPI and LMP2 (WRIGHT et al. 1995),
whereas LMP7 and TAP2 each seem to have their own promoter, although the latter
are not yet well characterized. The core region of the LMP21TAP1promotor contains
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two overlapping IFN consensus sequences and a y-activation sequence as well as
NFKB- and Spl-binding sites (MIN et al. 1996). Interestingly, induction of this
bidirectional promoter by IFN-regulated Statla results in a much more rapid induc
tion of TAPI and LMP2 transcripts compared to heavy chain and ~2-microglobulin

induction (EpPERSON et al. 1992; MIN et al. 1996). Thus it seems that peptide supply
to class I molecules is increased prior to upregulating the class I proteins, which is
consistent with the assumption that peptide supply for class I molecules is limiting.
During the evolution of the immune system, it appears that the proteasome has

undergone adaptations that favor antigen presentation. In addition to IFN-inducible
proteasome subunits LMP and MECL-l, the other adaptation consists in the PA28
proteasome regulator. The IFN inducibility of PA28 (REALINI et al. 1994; YANG et
al. 1995 AHN et al. 1995, 1996) represents an additional mechanism by which IFN
can affect proteasome activity. The fact that both PA28 subunits show a cytokine
response profile which corresponds exactly to the proteasomal subunits LMP2 and
LMP7 (AHN et al. 1996) makes it very likely that the corresponding genes have
elements similar to the TAPILMP promoters. Indeed, an analysis of the genomic
structures for PA28 reveals that the regulatory elements responsible for its induction
by IFN are very similar to the ones in the TAPILMP promoters (our unpublished
data). Therefore, it is reasonable to suggest that molecules such as TAP, class I heavy
chain, ~2-microglobulin, and LMP in the class I MHC antigen presentation system
are upregulated by IFN in concert with PA28 proteasome regulators in order to
optimize antigen presentation in an effective and synergistic manner.
Another potential mechanisn to improve antigen presentation efficiency would be

to have regulatory molecules transferring peptides from the sites of generation to
TAP. An efficient means to transfer peptides generated by PA28-20S proteasomal
complexes to TAP would be a direct association between the 20S proteasomal
complexes and the TAP on the ER membrane (YANG et al. 1996). Molecular
chaperones may be involved in this process and may be required to chaperone
peptides from their site of generation to TAP. Three heat shock protein genes,
HSP70-1, HSP70-2, and HSP70-Hom, are encoded in the MHC, 150 kb from
HLA-B-associated transcripts (MILNER et al. 1992; WALTER et al. 1994). These
HSP70 genes may have evolved to perform specialized functions in antigen process
ing and presentation, such as the unfolding and presentation of antigens for degrada
tion, binding and protection of antigenic peptides, or transport of peptides to the TAP
in the ER membrane. It has been suggested that gp96, an ER member of the hsp90
family of chaperones, may have a role in peptide loading of class I molecules (LI et
al. 1993; SRIVASTAVA et al. 1994), particularly as gp96 expression is IFN inducible
(ANDERSON et al. 1994). Immunization of mice with tumor-derived gp96 was shown
to protect the mice against subsequent challenge with tumor cells, and this protective
mechanism involved transfer of gp96-associated antigenic peptides to class I mole
cules in recipient animals. Furthermore, gp96 from vesicular stomatitis virus (VSV)
-infected cells contained bound peptides corresponding to the immunodominant
Kb-binding peptide ofVSV (NIELAND et al. 1996). From these results, an alternative
model was proposed, whereby gp96 could bind peptides derived from TAP and
transfer these peptides to class I molecules (SUTO et al. 1995). However, a recent
study using antisense to decrease gp96 levels by 90% showed no effect on class I
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expression (LAMMERT et al. 1996). Thus, if gp96 is involved in peptide loading of
class I molecules, it must act in addition to other mechanisms with the same function,
such as direct peptide transfer from TAP.

7 Outlook

Beyond the current knowledge described in this review, we believe that the complex
ity of the immune system is significantly greater than is presently appreciated. Many
important questions remain unanswered: Are there other molecules in the antigen
presentation pathway that remain to be discovered, such as the additional proteins
associated with TAP? What is the role of tapasin and/or other TAP-associated
proteins in class I peptide loading? What is the mechanism of peptide transport by
TAP? The regulatory mechanisms by which the proteasome and TAP activities are
'modulated, as well as the pathway by which peptides generated by the proteasomes
interact with the peptide transport machinery, also remain to be elucidated. The most
challenging task for the future is to achieve a detailed understanding of the molecular
mechanism by which the class I MHC-binding peptides are generated by protea
somes. With the rapid pace of biochemical studies on proteasome-mediated antigen
degradation and TAP-dependent peptide translocation, as well as a more detailed
understanding of the structures and functions of the TAP and the eukaryotic protea
somes from high-resolution X-ray crystallography, the answers to these and other
questions are likely to be forthcoming.
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Pathologic states such as viral or parasitic infections, cancer, autoimmune diseases,
or graft rejection have in common the development of an immune response that
involves the recruitment of activated T cells. T cell activation depends on two
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fundamental events: (1) the recognition of antigenic peptides associated with major
histocompatibility complex (MHC) molecules expressed at the surface of the pre
senting cells by antigen-specific T cell receptors (TCR) expressed by T cells and (2)
the TCR-mediated signal transduction cascade triggered by the association of the
TCR with its ligand, the peptide-MHC complex. Peptide-MHC interactions have
been studied extensively and are now well understood. Interactions of peptides with
MHC class I molecules (recognized by cytotoxic T lymphocytes, CTL) or with MHC
class II molecules (recognized by helper T cells) are comparable in some aspects, but
differ significantly in others. Their structural and biological principles. are well
documented (see, e.g., STERN and WILEY 1994; GREY et al. 1995; MADDEN 1995;
RAMMENSEE 1995; JONES 1997 and references cited in these reviews). In the past few
years, analysis of the molecular, structural, and biological aspects of MHC-pep
tide-TCR interaction has allowed the phannacological principles of the interaction
between the TCR and its ligand, the peptide-MHC complex, to be established
(HUDRISIER and GAIRIN 1996). Indeed, it is now well established that TCR ligands
may be endowed with agonist, partial agonist, or antagonist properties (for a review,
see, e.g., JAMESON and BEVAN 1995). The structure of the antigenic peptide defines
its ability to bind to the MHC molecule on the one hand and its efficiency to trigger
TCR activation on the other; subsequently and/or consequently, the structure of the
peptide-MHC complex dictates the functional (pharmacological) properties of the
TCR ligand.
In this review, we shall focus on the peptide-MHC class I complex. The structural

and molecular basis of peptide-MHC class I interactions will first be described,
followed by details of the determinants of peptide binding; the consequences for
interactions with T cells will then be presented, and finally the complexes will be
discussed in tenns of pharmacological principles and therapeutic applications.

2 Nature and Structure of the Two Components
of the T Cell Receptor Ligand:
The MHC Molecule and the Antigenic Peptide

Biochemical identification ofpeptides naturally bound toMHC and analysis by X-ray
radiocrystallography of MHC molecules in complex with endogenous or viral pep
tides provided very precise information on the respective structures of the two
components of the peptide-MHC class I complex.

2.1 MHC Class I Molecules

MHC class I molecules are encoded on chromosome 17 in mice and chromosome 6
in humans and are characterized by a very high polymorphism. They consist of a
single heavy chain (44 kDa), which is noncovalently ~ssociated with an invariant
light chain, ~2-microglobulin (12 kDa). The heavy chain is organized in three
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extracellular domains - <XI, <X2, and <X3 - of approximately 90 amino acids each, a
transmembrane segment, and a short cytoplasmic tail (NATHENSON et al. 1981).
Alignment of the MHC class I primary sequences indicated that the high polymor
phism was mainly concentrated in the <XI- and <X2- domains (BJORKMAN 1990). This
was further confirmed by radiocrystallographic analysis of the HLA-A2 molecule
(BJORKMAN et al. 1987a,b). This study revealed that the <Xl- and <X2- domains form
one structural domain consisting of two antiparallel <x-helices above a floor of eight
~-pleated sheets. The unresolved material found in this groove led to the hypothesis
that it might correspond to bound heterogenous peptides. Thus the domain formed
by the association <Xl/<X2 represents the peptide-binding groove. The <X3- and ~2-mi

croglobulin domains are structurally related to immunoglobulin domains. The <X3-do
main is the main binding site for the TCR coreceptor CD8, while ~2-microglobulin

interacts primarily with the <X3-domain but also with <Xl and <X2. These structural
features are shared by all the classical MHC class I molecules (Fig. I). A direct and
important consequence of this observation is the that the structure and function of
MHC molecules remains the same regardless of the animal system studied.

2.2 Antigens Presented by MHC Class I Molecules

2.2.1 Nature of the Antigens

The first demonstration that antigens presented to CTL by MHC class I were of
peptidic nature was made by TOWNSEND et al. (1986), who showed that cells coated
with a short peptide from the sequence of an influenza virus protein were recognized
by antiviral CTL as efficiently as the infected cells. Antigenic peptides associated
with MHC class I molecules may be of viral, bacterial, tumoral, or endogenous (self)
origin. They derive from the degradation of newly synthesized proteins and are
subsequently translocated in the endoplasmic reticulum, where they bind to the MHC
(HEEMELS and PLOEGH 1995). Their origins are quantitatively and qualitatively
variable. Self peptides seem to come mainly from ubiquitary proteins from cytoplas
mic or nuclear origin, and less frequently from membranes (HARRIS 1994). Viral
peptides can be selected from proteins contributing to the virus structure or from viral
enzymes (OLDSTONE et al. 1988, 1995; REHERMANN et al. 1995). Tumor antigens are
derived from overexpressed proteins, differentiation antigens, or mutated proteins
(BOON et al. 1994). The diversity of antigenic peptides has recently been extended to
proteins translated in non-open reading frames (MALARKANNAN et al. 1995) or from
introns (COULlE et al. 1995). Finally, as reviewed below (see Sect. 4.2.1), post-trans
lationally modified peptides can also be CTL epitopes (SKIPPER et al. 1996). The
diversity of peptides bound to a given MHC molecule at the cell surface has been
estimated to be over several thousands, each peptide being represented by between
one and approximately 1000 copies (HUNT et al. 1992). Interestingly, the set of
peptides was shown to be specific for a given MHC allele (CERUNDOLO et al. 1990;
FALK et al. 1990). This observation led to the basic identification of allele-specific
binding motifs (FALK et al. 1991).
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2.2.2 Allele-Specific Binding Motifs

A major contribution to our understanding of peptide-MHC class I interactions was
the identification of peptides endogenously bound to MHC class I molecules. Peptide
elution from MHC class I molecules in sufficient quantities allowed peptide pool-se
quencing studies (FALK et al. 1991). This analysis revealed the existence of peptide
binding motifs, based on both peptide length and sequence and specific for a given
MHC allele. The length of peptides bound to the MHC molecules is remarkably
homogenous (eight to 11 amino acids) and depends on the MHC allele (FALK et al.
1991; RAMMENSEE et al. 1995). For example, peptides eluted from the H-2Kb

molecule are octamers, whereas those eluted from H-2Db are nonamers. Longer
peptides (10- or ll-mers) are also found (JOYCE 1994). Sequencing of peptide
mixtures eluted from MHC class I showed that amino acid composition at the
different positions of the peptide sequence was not random. A more striking obser
vation was that two positions, one systematically found at the C terminus and the
other elsewhere in the peptide sequence, were occupied by a single amino acid (or a
very limited number of amino acids), called an anchor residue (FALK et al. 1991). The
C-terminal anchor is either a hydrophobic or a charged residue, and less commonly
an aliphatic one. This might be a reflection of antigen processing, since (a) the
enzymatic specificity of the proteasome (thought to be responsible for protein
degradation and antigen maturation) generates such C-terminal extremities (GROET
TRUP et al. 1996) and (b) the transport selectivity ofTAP (transporter associated with
antigen presentation) molecules (responsible for the translocation of antigenic pep
tides into the endoplasmic reticulum) is dictated in part by the peptide C termini
(SCHUMACHER et al. 1994). The second anchor residue is located within the peptide
sequence, most commonly at position 2 (e.g., H-2Kd, HLA-A2, or HLA-B27), but
also at positions 3 (HLA-Al) or 5 (H-2Kb or H-2Db). Peptide-binding motifs are now
known for more than 40 different MHC molecules (RAMMENSEE et al. 1995). Once
these motifs became known, it became a posteriori obvious that all the viral epitope
sequences previously identified on the basis ofCTL recognition in the context of one
given allelic restriction could be aligned according to the positions of the two MHC
anchor residues.

Fig. lA-F. Structural comparison of A,C,E human and B,D,F murine peptide-MHC class I complexes.
A,B The complexes are shown in association with ~2-microglobulin (~2m). C,D The complexes are seen
from the top of the bimolecular structure. E,F The extended conformation of the peptide bound to the
MHC molecule is seen from the MHC <X2-domain (not shown on the figure). The molecular models were
generated from crystal coordinates of a human MHC HLA-A2 molecule cocrystallized with hepatitis B
virus nucleocapsid 18-27 (FLPSDFFPSV) (MADDEN et al. 1993) or a murine MHC H-2Db molecule
cocrystallized with influenza nucleoprotein 366-376 (ASNENMETM) (YOUNG et al. 1994) using Insight
n (Biosym Technologies, CA)
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3 Structural and Molecular Basis
of Peptide-MHC Class I Interaction

3.1 Structural Basis

Major progress in our understanding of peptide-MHC class I interaction came from
the resolution of the crystal structure of MHC molecules associated with single
peptides. So far, seven MHC class I molecules have been crystallized with bound
peptides (FREMONT et al. 1992, 1995; MADDEN et al. 1992, 1993; SILVER et al. 1992;
ZHANG et al. 1992; GARBOCZI et al. 1994; YOUNG et al. 1994; REID et al. 1996). These
studies allow accurate molecular modeling of the interaction between peptides and
MHC class I molecules even if crystallographic data are not available (HUCZKO et al.
1993; LUESCHER et al. 1996). Peptides are bound to MHC class I molecules in an
extended conformation (MATSUMURA et al. 1992). This structural feature is due to
two factors: (1) the presence of bulky residues closing the ends of the binding cleft
and (2) the fixation of the peptide Nand C termini to the edges of the binding groove,
thereby placing the peptide in the proper orientation to be held in the cleft by the
hydrogen-bonding network (MATSUMURA et al. 1992; YOUNG et al. 1995). The
structural constraints of the MHC class I-binding groove also explain why peptides
bound to MHC molecules consist of eight to nine amino acids. However, longer
peptides can be accommodated by some MHC molecules by bulging of its middle
part or by extending out of the groove (COLLINS et al. 1994; JOYCE 1994). Shorter
peptides that cannot reach both ends of the groove can still bind to theMHC, probably
with only the C terminus fixed in the groove (HUDRISIER et al. 1995).
Radiocrystallographic studies have revealed that the NH2- and COOH-terminal

groups of the peptide interact with conserved residues located in two binding pockets
of the MHC molecules named A and F (MATSUMURA et al. 1992). The peptide
N-terminal residue is hydrogen bound to MHC Tyr7 and Tyr171 . The fact that its side
chain is directed outside the MHC-binding groove explains the diversity of residues
found at position 1. The COOH group of the peptide C-terminal residue interacts with
Tyr84, Thr143, and Lys146 of the MHC F pocket, the residue side chain being buried
in the groove. The peptide C terminus can be occupied by hydrophobic, aliphatic, or
charged residues, depending on the nature of the residue at position 116 ofthe MHC.
The involvement of peptide main-chain atoms in hydrogen bonds provides a general
mechanism for peptide binding to all classical MHC class I molecules and contributes
efficiently, in terms of energy, to the overall peptide-binding affinity (BOUVIER and
WILEY 1994).
An important observation is that the peptides' backbones are highly superimpos

able in an allele-dependent (LEWICKI et al. 1995a) or -independent manner (MADDEN
et al. 1993; YOUNG et al. 1994). Structural analysis of five peptides restricted to a
given MHC allele revealed that the strong structural homology is based on the
conserved bond network established between the peptide backbone and the MHC
cleft and the use of identical anchor residues. Slight differences were the result of
heterogeneous peptide length and/or of different peptide residue side chains directed
toward the TCR (MADDEN et al. 1993). The fact that main-chain atoms of the peptide
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strongly interact with the MHC accounts for the diversity of peptides bound by a
given MHC molecule. On the other hand, structural differences observed at the level
of peptide side chains account for the diversity of TCR recognition.
Peptide-binding specificity is controlled by three parameters: (I) the overall

hydrogen bond network established between the peptide main-chain atoms and
polymorphic MHC side chains; (2) discrete hydrogen bonds between some peptide
residue side-chain atoms and the MHC binding cleft; and (3) a series of recesses and
indentations forming the pockets B-E ofeach binding cleft (MATSUMURA et al. 1992).
Structural and physicochemical properties vary from one MHC molecule to another
and are responsible for the allele-specific binding motif by accommodating peptide
side chains (MATSUMURA et al. 1992). As mentionned above (see Sect. 2.2.2), the
internal anchor residue located at position 2, 3, or 5 of the peptide sequence is
accommodated by the pockets B, D, or C, respectively. The side chain of the anchor
residue can either mediate a hydrogen bond with a residue within the specific pocket
or simply fit into the pocket structure (ZHANG et aI. 1992; YOUNG et al. 1994). Position
3 can still serve as an auxilliary anchor when it is not a main anchor residue (JAMESON
and BEVAN 1992; SHIBATA et aI. 1992; RUPPERTet al. 1993; SAITO etal. 1993; PARKER
et al. 1994). Pocket E, which is poorly structured, is not essential for binding
specificity (MATSUMURA et al. 1992). Finally, multiple possibilities are offered to
different atoms of the peptide backbone to interact with residues of the MHC-binding
cleft at short or longer distances via hydrogen bonds or by hydrophobic or Van der
Walls interactions. In addition, the role of water in mediating peptide binding
(FREMONT et al. 1995; SMITH et al. 1996b) and the conformational flexibility of the
MHC-binding groove (SMITH et al. 1996a) are further important structural elements
that must be taken into account, explaining how MHC molecules manage to bind a
huge number of different peptides (YOUNG et al. 1995).

3.2 Molecular Basis

3.2.1 Kinetic and Thermodynamic Parameters

The first studies on peptide-MHC class I interaction did not clearly demonstrate
selective MHC binding (BOUILLOT et al. 1989). This was due to the peptides and the
methods used, the presence of peptides endogenously bound to MHC also being a
serious limiting factor. In addition, since peptide-MHC interaction takes place in the
endoplasmic reticulum, reconstructing the binding process in situ was difficult. Later,
the use of mutant cell lines expressing empty MHC molecules (DEMARS et al. 1985;
LJUNGGREN and KARRE 1985; SALTER and CRESSWELL 1986) allowed kinetic and
thermodynamic parameters to be measured and led to the demonstration that peptide
MHC class I interaction followed the classical rules of ligand-receptor interaction
(CERUNDOLO et al. 1991; CHRISTINCK et al. 1991). Two binding assays on viable cells
were developed. The first one is based on the stabilization of empty MHC class I
molecules at the cell surface in the presence of a specific peptide; the second one, a
competition assay, was derived from classicaIligand-receptor techniques and uses
high-affinity, MHC-selective probes. Both measurements are, in most cases, well
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correlated. Stabilization assays are more stringent and might be a more accurate
reflection of the in situ process (HUDRISIER et al. 1996). Competition assays allow the
measurement of intrinsic binding parameters. Radioactive probes are useful tools for
the direct quantitation of peptide-MHC complexes, and fluorescent ones for their
direct visualization, both providing accurate measurements of kinetic and thermody
namic parameters (CHRISTINCK et al. 1991; HUDRISIER et al. 1995). In addition,
fluorescent probes can be used to study antigen processing (DAY et al. 1995).
Alternatively, binding assays using purified, soluble recombinant MHC class I
molecules have been developed. In these assays, the experimental assessment of the
peptide-MHC class I interaction is based on the refolding of stable MHC-peptide-~2
microglobulin complexes, competition experiments with peptidic probes, or more
recently plasmon resonance measurements (BOYD et al. 1992; KHILKO et al. 1993;
SETIE et al. 1994b).
Association between peptide and MHC class I occurs within 1 h (CHRISTINCK et

al. 1991), whereas the time necessary for the complex to dissociate, as deduced from
dissociation kinetic studies, varies from minutes to hours depending on the MHC
molecule and the peptide studied and the approach used (CERUNDOLO et al. 1991;
CHRISTINCK et al. 1991; LUESCHER et al. 1991). Complex stability might be a critical
in vivo factor in determining the imrnunogenicity and the hierarchial importance of
high-affinity peptides (VANDER BURG et al. 1996). Depending on the study considered,
the affinity values deduced from kinetic or thermodynamic approaches are either
comparable (CERUNDOLO et al. 1991; CHRISTINCK et al. 1991) or different (BOYD et
al. 1992), suggesting a mechanism more complex than a simple first-order rate
interaction. In addition, ~2-microglobulin plays an important role by contributing to
the high affinity of complexes (TOWNSEND et al. 1989; BoYD et al. 1992). Despite the
diversity of the peptide sequences bound to the MHC, the observed affinity values
reflect rather strong interactions since they fall in the 1-500 nMrange for known viral
epitopes (FELTKAMP 1994; HUDRISIER et al. 1996). Interestingly enough, attempts to
design synthetic peptides of higher affinity (below nanomolar values) have failed up
to now. Indeed, this limit in affinity could reflect the adaptatibility of the MHC
molecule to present a large number of peptides (see Sect. 3.1 above). According to
the ligand-receptor rules, a higher affinity would correspond, in structural terms, to
a higher stringency of binding and would result, in functional terms, in a much
narrower range of peptides presentable by the MHC, a feature which is contradictory
to the function ofMHC.
As described below, the kinetic and thermodynamic binding parameters depend

on peptide structure (GAIRIN et al. 1995; HUDRISIER et al. 1995).

3.2.2 Structural Parameters

Improved binding techniques and knowledge of peptide-binding motifs have allowed
a fine delineation of peptide structural parameters such as length, primary (sequence),
and secondary (conformation) structures that playa role in peptide-MHC class I
interaction. As the MHC class I binding cleft is closed at each extremity, the peptide
length is an important parameter, and peptides with nonoptimal lengths usually
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display altered binding affinity: (a) lengthening the peptide at either the N or C
terminus is acceptable, but gradually decreases binding affinity, (b) deletion of the
C-terminal anchor results in a dramatic loss of MHC-binding properties, and (c)
N-terminal truncation can affect peptide binding to MHC dramatically or not at all,
depending on the epitope sequence (CERUNDOLO et al. 1991; CHRISTINCK et al. 1991;
GAIRIN et al. 1995; HUDRISIER et al. 1995).
The role of peptide primary structure on MHC binding has mainly been studied

using amino acid scanning (JAMESON and BEVAN 1992; SHIBATA et al. 1992; SAITO
et al. 1993; VAN DEN EYNDE et al. 1994) or peptide libraries (UDAKA et al. 1995). This
has allowed the contribution of the two anchor residues to the specificity and the
strength of peptide binding to be determined (SAITO et al. 1993). Replacement of the
anchor residues by an alanine usually led to a dramatic alteration of the peptide-bind
ing properties (JAMESON and BEVAN 1992; SHIBATA et al. 1992; SAITO et al. 1993;
VAN DEN EYNDE et al. 1994; HUDRISIER et al. 1997). However, such alteration can be
minimized if all the other positions of the peptide sequence are occupied by optimal
amino acids (HUDRISIER et al. 1995). Although rare, some peptides not fitting the
canonical binding motif can still bind efficiently to MHC (SHEIL et al. 1994). The
C-terminal anchor can be occupied by amino acids of comparable physicochemical
properties (e.g., hydrophobic or charged ones) (RAMMENSEE et al. 1995). At the other
anchor position, the same observation may apply for some MHC (e.g., Asp or Glu
can be found at position 3 for HLA-Al and Tyr or Phe at position 5 for H-2Kb), but
not for others for which only one amino acid is accepted (e.g., only Asn, and not GIn
is accepted at position 5 of H-2Db-restricted peptides).
Stereochemical and/or conformational changes occurring either at a main anchor

(HUDRISIER 1996) or at auxilliary ones (GAIRIN and OLDSTONE 1993) result in a
binding affinity decreased 1-3 logs, indicating that peptide secondary structure is also
a critical factor.

3.3 Application of the MOe-Binding Rules

3.3.1 Prediction of Cytotoxic T Lymphocyte Epitopes
Based on MOC-Binding Parameters

The accuracy of prediction ofCTLepitopes based solely on the presence of the anchor
residues in a peptide sequence is very low and has been limited to a few cases (PAMER
et al. 1991; DIBRINO et al. 1993; NAYERSINA et al. 1993; CERNY et al. 1995), strongly
suggesting that the allele-specific motif, although mandatory, is not sufficient to
ensure MHC binding. Systematic analysis of the binding properties of peptides
bearing allele-specific motifs revealed a critical role (favorable or unfavorable) for
residues at non-anchor positions (RUPPERT et al. 1993; HUDRISIER et al. 1996). Amino
acids that favor high-affinity binding are overrepresented in high-affinity peptides,
whereas unfavorable amino acids are overrepresented in nonbinders. The function of
non-anchor positions is to present residues to CTL, and a strong degeneracy of
residues should thus be accepted. However, some amino acids are not tolerated at all
at these positions, which therefore strongly control peptide selection by MHC class
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I molecules (RuPPERT et al. 1993; HUDRISIER et al. 1996). The presence of multiple
favorable residues at non-anchor positions does not necessarily lead to peptides of
higher MHC-binding affinity (see Sect. 3.2.1 above), nor does it predict their anti
genic or immunogenic properties (see Sect. 3.3.2). In contrast, the presence of a single
unfavorable residue is sufficient to prevent peptide binding to MHC. Interestingly, a
few non-anchor positions (usuallythree in a nonameric peptide sequence) can accept
amino acids of any kind without affecting MHC binding. This structural flexibility
allows a very large number of amino acid combinations (203, i.e., 8000) and the
generation of a CTL response against a wider spectrum of peptides (HUDRISIER et al.
1996). Knowledge of the anchor, auxilliary anchor, and detrimental residues for a
given MHC allele leads to the concept of extended binding motifs, which greatly
increase the prediction of CTL epitopes (GREY et al. 1995; PARKER et al. 1994;
WALDEN 1996).

3.3.2 Correlation Between MOC Binding, Antigenicity,
and Immnnogenicity

All the immunodominant viral epitopes described so far display high or intermediate
binding affinity for MHC class I molecules (FELTKAMP et al. 1994; SETTE et al. 1994;
HUDRISIER et al. 1996), whereas non-immunodominant epitopes do not (CHEN et al.
1994; OUKKA et al. 1994), suggesting a direct link between affinity and immuno
genicity ofMHC class I-restricted peptides. However, only few predicted high-affin
ity peptides represent CTL epitopes, indicating that the correlation between affinity
and immunogenicity is limited (SETTE et al. 1994; VAN DER BURG et al. 1996). Indeed,
high-affinity binding results in an increased peptide-MHC complex stability, an
element necessary for an efficient and productive association of the TCR (POGUE et
al. 1995; LEVITSKY et al. 1996). In fact, stability of peptide-MHC complexes, rather
than affinity, would correlate more accurately with the immunogenicity of antigenic
peptides (VAN DER BURG et al. 1996). High-affinity peptides predicted in a given
foreign protein are immunogenic when injected in mice. However, not all the
high-affinity viral peptides found within viral protein sequences generate a CTL
response following virus infection (OLDSTONE et al. 1995; HUDRISIER et al. 1996).
Indeed, additional parameters (BARBER and PARHAM 1994), including efficiency of
antigen presentation (OUKKA et al. 1994; OSSENDORP et al. 1996) and appropriate T
cell recognition (OLDSTONE et al. 1995), are required. Flanking sequences or residues
within the peptide sequence can perturb protein maturation and hamper generation
of the peptide by the proteasome (EINSENLHOR et al. 1992; OSSENDORP et al. 1996).
The peptide can also be a poor substrate for the TAP transporters (NEISIG et al. 1995).
Absence of TCR able to recognize the peptide can be responsible for the nonrecog
nition of a peptide even if it is presented by the MHC at the cell surface. Within a
pathogen, the immunogenicity of the different antigenic peptides is also modulated
by their hierarchial importance and their respective efficiency of CTL recognition
(MYLIN et al. 1995; OLDSTONE et al. 1995). Peptides only partially conforming to the
above-mentioned parameters can still be presented by MHC molecules at the cell
surface and can be recognized by CTL as non-immunodominant epitopes (OUKKA et
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al. 1994; VAN DER MOST et al. 1996). Though unclear, their role in vivo could be
important in situations in which an immunodominant epitope is removed. In addition,
they ca~ be used to potentially confer immune protection against pathogens (OUKKA
et al. 19\)6; VAN DER MOST et al. 1996).

3.3.3 Presentation of A Single Antigenic Peptide
by Mnltiple MOC Class I Molecules

A given antigenic peptide is usually presented to CTL in the context of a given MHC
molecule, a phenomenon known as "MHC restriction" (ZINKERNAGEL and DOHERTY
1974). Some antigenic peptides harbor in their sequence more than one MHC-binding
motif, allowing them, in some cases, to bind efficiently to multiple MHC class I
molecules. Only a very limited number of these multiple MHC-binding peptides are
known to be recognized in vivo by CTL in the context of more than one MHC
(OLDSTONE et at. 1992; MISSALE et al. 1993; HUDRISIER et al. 1997). Peptide binding
to multiple MHC molecules involves either comparable (SIDNEY et al. 1995; LUES
CHER et al. 1996) or different processes (SCHUMACHER et al. 1991; DEREs et al. 1992;
HUDRISIER et al. 1997) based on overlapping or nonoverlapping MHC-restricted
binding motifs, respectively. In addition to the presence of several binding motifs in
the sequence, the peptide structure and anchor residues must fit into the binding
pockets of the different MHC molecules. This can only be made possible by a
dramatic conformational change in the central part of the peptide backbone and the
reorganization of the respective anchor residues and TCR contacts in the correct
positions (Fig. 2). As a consequence, peptide-MHC class I complexes show quite
different antigenic surfaces to TCR (HUDRISIER et al. 1997). Peptide binding to diverse
MHC class I molecules has no redundancy in terms of T cell recognition; on the
contrary, it is a cellular means for the infected host to increase the diversity of its T
cell repertoire. In some (but not all) cases, multiple allelic antigen presentation should
confer a selective advantage to the infected cells to avoid viral escape strategies
(HUDRISIER et al. 1997). Indeed, such peptides are ideal candidates for vaccinal
approaches and would represent a valuable alternative to the use of peptide pools
(OLDSTONE et at. 1992).

4 Interaction of the Peptide-MHC Class I Complex
with T Cells

4.1 T Cell Receptor Recognition of the Peptide-MOC Complex

The interaction between the TCR and its ligand occurs at the level of complementary
determining regions (CDRl-3) with peptide and MHC residues (DAVIS and BJORK
MAN 1988). The crystal structures of peptide-MHC complexes have shown that
peptidic residues that do not interact with or are not directed toward the MHC
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Fig. 2. Molecular modeling of the structure of an antigenic viral peptide bound to two different MHC
molecules. Side view seen from the MHC cxz-domain (for the sake of clarity, the MHC structure is not
shown) of the lymphocytic choriomeningitis virus glycoprotein-l epitope (KlAVYNFATC) interacting
with H-2Kb (top left) or with H-2Db (top right). Note the dramatically different conformations adopted by
the peptide core sequence YNF (boxes) imposed by the specific MHC binding contraints. In the peptide
sequence (bottom), arrows indicate the orientation of the residues toward the MHC or the Tcell receptor
(TCR). Solid arrows, H-2Db; shaded arrows, H-2Kb. Note that each residue of the core sequence YNF is
an MHC anchor in one context and aTCR contact in the other (adapted from HUDRISIER et aI. 1997)

molecule are highly accessible to the solvent and point outside the binding groove
and are therefore potential TCR contacts. Study of monosubstituted analogues of
known epitopes has clearly identified these TCR contacts (JAMESON and BEVAN 1992;
SHIBATA et al. 1992; VAN DEN EYNDE et al. 1994). TCR-MHC interaction is less well
defined, but involves residues of the <Xl- and <X2-domains of the MHC (AmKuMAR
et al. 1988). It has been suggested that TCR-MHC interaction is mediated mainly
through electrostatic bonds (SUN et al. 1995). More recently, studies on the first
crystal structures ofTCR-ligand complexes have confirmed these data and suggested
a conserved orientation for the recognition of the peptide-MHC class I complex by
the TCR (GARBOCZI et al. 1996; GARCIA et al. 1996). The molecular principles of
ligand-TCR interactions are more difficult to establish than the peptide-MHC one,
since both the TCR and its ligand, the peptide-MHC class I complex, are membrane
associated. Directmeasurements have beenmade by surface plasmon resonance using
soluble molecules and by TCR photoaffinity labeling on viable cloned CTL
(CaRR et al. 1994; LUESCHER et al. 1994; ALRAMADI et al. 1995). These methods,
together with indirect ones, have shown that the affinity of the peptide-MHC class I
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complex for its specific TCR is weak (FREMONT et al. 1996), but is greatly reinforced
by the contribution of the coreceptor CD8 present at the surface of CTL (LUESCHER
et al. 1995; GARCIA et al. 1996). Although controversial, the concept of serial
engagement of several TCR by a single peptide-MHC complex is interesting, since
it reconciles the efficiency of CTL activation with the fact than only a few peptide
MHC complexes are present at the surface of a target cell and interact weakly with
the TCR (VALITUTII et al. 1995).

4.2 Structural Modifications of the Antigen and Their Consequences

From synthesis to degradation, proteins can be subject to several alterations, including
post-translational, metabolic, or chemical modifications or mutations that lead to
regulation or dysregulation of their function.

4.2.1 Post-translational, Metabolic, and Chemical Modifications

Themain post-translational, metabolic, and chemical modifications include phospho
rylation (Ser, The, Tyr), lipidation, bond rearrangement (Asn, GIn), oxidation (Met,
Cys), and hydroxylation (Lys, Pro). They take place in virtually all subcellular
compartments, including those in which antigens are processed. Among all the
possible post-translational modifications, attention has been focused on the glycosy
lation process (HAURUM et al. 1994, 1995; FERRIS et al. 1996; SKIPPER et al. 1996).
Glycosylation and antigen presentation take place in the same subcellular locations,
i.e., the cytosol and the endoplasmic reticulum. The first evidence that such modifi
cations could play an important role came from in vitro experiments based on the use
ofmodel peptides. HAURUM et al. (1994) have shown that 0- or N-glycosylation could
influence antigen selection by theMHC class I molecules and CTL recognition. These
authors have also shown that the TCR could recognize a glycosylated peptide and
that the glycosylated residue could confer specificity to TCR recognition. A similar
observation has recently been made for phosphorylated peptides (HAURUM 1997). In
a very elegant manner, CHEN et al. (1996) showed that chemically altered peptides
(in this case, altered by bond rearrangement) are also recognized by CTL. All these
data indicate that the TCR repertoire covers a wider range of products than unmodi
fied peptides.
However, the in vivo importance of such events remains unclear. For example, it

is interesting to note that all but one of the known T cell epitopes bears aglycosylation
motif. This could reflect either a preferential use of unmodified peptide as epitope or
alternatively a technical bias, post-translationally modified peptides not being spe
cifically sought. For instance, it is not known whether the processing ofglycoproteins
occurs before or after completion of post-translational or metabolic modifications
(FERRIS et al. 1996). One possibility is that proteins are deglycosylated or dephos
phorylated before entering the antigen-processing pathway. This hypothesis is sup
ported by the observation that the unique post-translational epitope characterized so
far is a deglycosylated peptide (SKIPPER et al. 1996).
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Therefore, the pathophysiological impact of post-translational modification of
antigens remains to be studied. In addition to its role in diversity of the immune
response, it would be interesting to consider the possibility that such altered antigens
could lead to an unwanted autoimmune response or alternatively that they may form
neoantigens in transformed or virally infected cells in an environment-dependent
context (e.g., stress, tissue- or cell-specific metabolic pathway).

4.2.2 Mutations of the Antigen Sequence and Their Impact
on Antigen Recognition and T Cell Activation

Pathogens use numerous strategies to avoid the immune response (Koup 1994). These
include the ability to downregulate MHC expression or the blocking of antigen
processing. Another important strategy consists in generating mutations in the
sequence of CTL epitopes. The relevance in vivo of antigenic variants for escape
strategies is still controversial (MOSKOPHIDIS and ZINKERNAGEL 1995; OLDSTONE et
al. 1995). Many pathogens escape CTL recognition by a single mutation at the level
of an epitope residue (FRANCO et al. 1995). Mutations can affect an anchor or an
auxilliary anchor residue, thus preventing peptide selection by the MHC molecule
(DECAMPOS-LIMA et al. 1993; COUILLIN et al. 1994; HUDRISIER et al. 1997). Mutations
can also affect CTL recognition by inducing a conformation change in the TCR
aggretope (PIRCHER et al. 1990). Conversely, the mutation can affect a TCR contact
of the antigenic peptide (LEWICKI et al. 1995a,b; HUDRISIER et al. 1997). By affecting
a crucial TCR contact, a mutation can prevent TCR-ligand interaction and conse
quently CTL activation even in the context of a polyclonal epitope-specific immune
response.
A much more sophisticated mechanism, TCR antagonism, used by naturally

occurring viral variants to evade the CTL response has been evidenced recently
(BERToLEmetal.1994;KLENERMAN 1994;REHERMANNetal.1995;REID 1996). This
mechanism, which is presented below (see Sect. 4.3.1), might have important impli
cations not only for pathogen escape strategies, but also for normal development or
manipulation of the cellular immune response (JAMESON and BEVAN 1995).

4.3 Pharmacological Principles and Therapeutic Applications

4.3.1 Peptide·MHC Class I Complexes Can Act as T Cell Receptor Agonists
or Antagonists

The concept of TCR antagonism implies altered CTL functions as a consequence of
TCR interactions with structurally altered peptide-MHC complexes. First demon
trated for peptides-MHC class II complexes, it was rapidly extended to peptide-MHC
class I complexes. Indeed, while the process of MHC-peptide-TCR recognition is
antigen specific, it is now well known that altered synthetic or natural variants of
MHC class I-restricted peptides can still be recognized by CD8+ T cells (JAMESON
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and BEVAN 1993; SEITE et al. 1994; KESSLER et al. 1996; MARTIN et al. 1996). CTL
functions comprise several activities, such as cytotoxicity, proliferation, cytokine
production, and memory, which are fully triggered by a so-called agonist. In the
manner of many other ligand-receptor interactions, peptide modification can alter
ligand-TCR interactions and subsequently CTL functions. Depending on the struc
tural modification, such peptides can lead to either full or partial T cell activation or
antagonism. Partial activation means that lymphocyte function is affected in a
qualitative way (e.g., cytotoxicity without cytokine production), whereas antagonism
represents a nonfunctional ligand-TCR interaction. Therefore, such cross-reactive
peptides are thought to playa role in physiopathological situations such as thymic or
peripheral T cell selection, anergy, memory, viral escape, or autoimmune disorders
(JAMESON and BEVAN 1995). How these mutations act to alter CTL activation is
unknown. Comparison of the crystal structures of an altered peptide endowed with
antagonist properties versus an agonist bound to HLA-B8 suggested that antagonism
might result from a conformational change in the TCR ligand (REID et al. 1996), but
this hypothesis remains controversial. Interestingly, CD8-dependent CTL clones
seem more prone to antagonism following epitope modification (KESSLER et al.
1996).
Taken together, these data imply that a single TCR can functionally interact with

several different ligands; these ligands can be classified as agonists, partial agonists,
or antagonists. A strong sequence homology between these ligands is not required,
since poorly related or minimally homologous peptides can stimulate the same TCR
(EVAVOLD et al. 1995; KERSH and ALLEN 1996). In addition, CD8+ T cells can be
partially activated by self-derived peptides (CAO et al. 1995). These findings have at
least two important consequences: (1) the concept of T cell epitope molecular
mimicry cannot be limited to sequence homology, but must be extended to antigenic
surface similarity (QUARATINO et al. 1995), and (2) multiple MHC class I-peptide
complexes that are ligands of a single TCR likely exist in the endogenous repertoire.
Recent evidence that antagonist peptides can playa role in the process of positive

or negative selection ofT lymphocytes suggests their importance in pathophysiologi
cal conditions. Their participation in such events, although speculative, might help
us to understand the role of peptides in shaping the lymphocyte repertoire and in the
maintenance of T cell memory or activation (JAMESON and BEVAN 1995). This might
also have important consequences in terms of therapeutic applications, since knowl
edge of the multiple TCR contacts in the antigen sequence, of their differential use
by various CTL clones (COLE et al. 1995), and of their hierarchial role in T cell
activation could lead to a better design of peptidic or nonpeptidic immunomodulatory
molecules.

4.3.2 Therapeutic Applications

Analysis of peptide-MHC interaction has resulted in various strategies to identify
antigens of therapeutic interest. Numerous viral or tumor antigens have now been
characterized in humans. A prime example is the identification ofmelanoma-specific
antigens of the melanoma antigen (MAGE) family (BOON et al. 1994). Recently, a
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new technique based on the use of multimeric peptide-MHC complexes has been
developed to detect antigen-specific CTL (ALTMAN et al. 1996). Improvement of this
technique could help in the future to monitor the benefits of a peptide-based immu
notherapy.
The fact that exogenously added peptides efficiently bind to cell-surface MHC

molecules opens up the possibility of using synthetic peptides to enhance or inhibit
an immune response. The use of synthetic peptides to modulate the CTL response
has already been investigated. In order to inhibit CTL response, high-affinity, MHC
class I-specific synthetic peptides have been used in vitro to inhibit the CD8+ CTL
response (GAIRIN and OLDSTONE 1992). In this strategy, peptides act as MHC blockers
by preventing the access of viral epitopes to MHC molecules. The limitation of this
approach is the requirement of constantly high amounts of synthetic peptides in cell
culture or biological fluids (ISHIOKA et al. 1994). A promising alternative approach
migh be the use of antagonist peptides, which, since they interact with the TCR, are
active even at low doses and are able to modulate lymphocyte recognition by affecting
cytokine response (KUCHROO et al. 1994). In order to enhance the immune response,
synthetic peptides corresponding to the sequence of natural epitopes can be used in
antitumor or antiviral vaccine strategies. Alternatively, covalent peptide-MHC com
plexes can be very useful tools to induce a CTL response (LUESCHER et al. 1992;
ANJUERE et al. 1995) and might represent potent immunomodulatory agents. How
ever, in order to fulfill this objective, the vaccination protocols and the route of
vaccine administration need to be carefully controlled. Indeed, depending on the route
of injection, the same peptide can either trigger CTL activation or induce tolerance
(AICHELE et al. 1995). Peptide vaccination has been also shown to promote the
rejection of a tumor (KAST et al. 1989) or its propagation (TOES et al. 1996). Another
limiting factor in the use of peptides is their possible degradation in biological media
and the short half-life ofcomplexes in vivo. Two recently successful approaches have
been developed in order to increase the stability of antigenic peptides presented by
MHC class I by introducing retro-inverso or reduced bonds (GUICHARD et al. 1995,
1996) or non-natural amino acids (AYYOUB et al. 1997) into the peptide sequence.
Finally, exotic peptides or peptides bearing nonpeptidic portions in their sequences
have also been successfully designed (ROGNAN et al. 1995; WEISS et al. 1995;
BOUVIER and WILEY 1996). Such structurally modified peptidic or nonpeptidic MHC
ligands might ultimately be of therapeutic interest.

5 Conclusion

The past decade of study on MHC class I-peptide-TCR interactions has revolution
ized our understanding of the CTL response to pathogens or cancer. The first half of
the decade saw the establishment of the general structural and molecular principles
of the MHC class I-peptide complex. In the past few years, these principles have been
more precisely defined. Further, and perhaps more importantly, the last 2 or 3 years
have seen spectacular progress in our knowledge of MHC class I-peptide-TCR
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interactions and the emergence of their pharmacological principles. Nevertheless,
their role in the development of the immune repertoire, T cell selection, activation,
or anergy has yet to be fully elucidated. Establishment of the structural and pharma
cological principles of MHC class I-peptide-TCR interactions is a key step in our
future understanding of the mechanisms involved in T cell ontogenesis, the evasion
of the immune system by pathogens, and their manipulation for therapeutic purposes.
In particular, the design of pharmacologically active TCR ligands (such as synthetic
peptide or nonpeptide vaccines, MHC blockers, TCR antagonists) that modulate
recognition of target cells by CTL and their use in immunotherapeutic approaches
against viral infection, cancer, or autoimmune disease represent a major challenge
for the next decade in scientific and clinical research.
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References III

1 Introduction

The ability ofhosts to respond to pathogens is one of the driving forces in the selection
of the immune system. The immune response to both bacteria and viruses involves
the ability ofT cell to recognize and to respond to pathogens. Both CD4+ and CD8+
T cells are important in the overall immune response. In the most basic paradigm,
CD4+ T cells respond to exogenous antigen, which is internalized, degraded, and
presented on the surface of antigen-presenting cells by major histocompatibility
complex (MHC)-encoded class II molecules. This arm of the response includes not
only helping B cells produce antibodies, but also the production of proinflamatory
cytokines, including interferon (INF)-y, tumor necrosis factor (TNF)-a, and inter
leukin (IL)-2. It is often stated that these responses are important in inhibiting the
spread of virus from cell to cell by aiding the production of antibodies which
neutralize virus and creating a cytokine milieu which does not support virus replica
tion. In contrast, CD8+ T cells respond primarily to peptides derived from endo
genously synthesized proteins. The T cells are able to recognize and kill the cells
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expressing these peptides by at least two major pathways, one utilizing perforin
exocytosis and the other utilizing fas-fas ligand interactions. This response has the
net effect of removing cells which are producing viruses or other pathogens which
have access to the cytoplasm of infected cells. This has given rise to the simple idea
that CD4 responses (and antibodies) block virus spread, while CD8 responses remove
the source of infection, resulting in clearance of pathogens which hide intracellularly.
Recently, ZINKERNAGEL (1996) has proposed a modification of this idea, suggest

ing that CD8 responses are effective against virus infections which are nonlytic and
result in persistent infections in the absence of a CD8 response, while CD4 responses
(and antibody) are effective against viruses which are themselves directly destructive
to cells.
Genetic null alleles have been used for many years to characterize the function of

genes and the pathways in which the gene products function. Such experiments of
nature were critical in the development of our understanding of the immune system.
For example, DiGeorge' s syndrome was crucial in establishing the role of the thymus.
These experiments have provided a mirror image of physiologists' surgical ablation
experiments with the advantage that genetic ablation occurs before birth, from the
earliest time of development. Recent advances in molecular genetics, particularly the
production of transgenic mice and the ability to perform homologous recombination
in embryonic stem cells, has allowed the reverse engineering of new mutations of
genes already cloned. This has resulted in a cottage industry for immunologists
studying the effects of deletions of important molecules and their subsequent effects
on the immune response in a variety of systems. This has been aided by the relatively
rapid availability of these new mouse strains.
This chapter will examine one of the first immunologically relevant knockout mice

to become available, i.e., the insertional mutation of the mouse ~2-microglobulin

gene. This mutation was produced almost simultaneously in two different laboratories
(ZULSTRA et al. 1989; KOLLER et al. 1990). While the mutants were constructed
slightly differently, there is no evidence that they differ in phenotype, and as a result
we will discuss all of the results here without regard to the mutant stock used in the
experiments. There is an additional genetic complication. The knockout mice were
constructed in 129/Sv embryonic stem cells. The chimeric mice were mated in the
first generation with B6 mice to simplify identification of the progeny derived from
embryonic stem cell-derived germ cells. These heterozygous animals were then
intercrossed, and homozygous mutant mice were selected and used to establish the
cell line. It is immediately clear that these animals have a mixed 129/C57BL6
background, and each separate line is a presumptive and distinct recombinant inbred
strain. Thus there can be substantial genetic differences between mice used in
different laboratories after only a few generations. This is now better controlled by
backcrossing the mutants onto a homogeneously inbred background. Several differ
ent inbred backgrounds are currently commercially available, and in the future this
should be less of a problem.
The initial characterization of the mutants was of profound importance. Several

theories had suggested that nonclassical MHC molecules might be important in
development, and the fact that these mice were largely normal disproved these
hypotheses. Of more immunologic interest was the composition of the peripheral T
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cell compartment. As expected, the mice lacked expression of functional class I
molecules on the cell surface. This had been expected from in vitro expression studies
(PARNES et al. 19S6). Even more interesting was the lack of CDS T cell expresssion
in the periphery despite normal CDS expression in the thymus. These mice were
profoundly deficient in functional CD4TDS+ T cells in the periphery. This result
itself showed the importance ofMHC class I expression and positive selection in the
developing T cell compartment in the thymus. The lack of CDS+ cells provided a
model system for testing the role of CDS+ cells in infections in a way that is much
more effective than either in vivo ablations with antibodies or adoptive transfer
experiments. Both these methods always have the limitation that removal of the target
cell population is incomplete, and most workers believed that the ~2-microglobulin
deficient mice would be a more effective system for examining the role of CDS+ T
cells.
An interesting question soon arose concerning the ability of ~2-microglobulin-de

ficient mice to produce functional natural killer (NK) cells. Since NK cells use class
I molecules as markers of the downregulation of killing, it was possible that NK
activity would not correctly develop in ~2-microglobulin-deficient mice (HOGLUND
et al. 1997). An early report suggested that ~2-microglobulin-deficientmice had
lowered NK activity (LIAO et al. 1991). Later experiments showed that, while they
were less able to respond to the NK inducer, poly I:C, they were able to produce NK
cells with other inducers (Su et al. 1994; TAY et al. 1995; ZAJAC et al. 1995). The
specificity of these NK cells was interesting. While NK cells from normal mice were
able to kill blast targets from ~2-microglobulin-deficient mice, NK cells from
~2-microglobulin-deficient mice did not recognize and kill syngeneic targets, but
could kill conventional targets and function to reject hematopoietic stem cells (BIX
et al. 1991; OHLEN et al. 1995; ZAJAC et al. 1995). This specificity was unexpected,
since the NK cells were not known to have a learning process to recognize self as T
cells do. However, it is clear that either the NKclass I receptors can distinguish among
levels of class I expression or there is another, independent mechanism of discrimi
nation which has not been previously appreciated.
Early on, several investigators appreciated that some CDS+ cells were produced

in their studies. Indeed, early papers showed that some CDS+ cells were produced by
alloimmunization (BIX and RAULET 1992; GLAS et al. 1992). Similarly, two groups
demonstrated that immunization with allogeneic tumor cells could stimulate the
production of a~, CDS+ cytotoxic T lymphocytes (CTL) in ~2-microglobulin-defi

cient mice (ApAsov and SITKOVSKY 1993, 1994; LAMOUSE-SMITH et al. 1993). It was
also appreciated that the development of y8-T cells was essentially normal in these
mice (RAULET et al. 1991). Thus it is important to remember that ~2-microglobulin
deficient mice are not completely deficient in CDS+ cells and that, under some
circumstances, potent CDS cell-mediated responses can be elicited. Nonetheless, the
mice are profoundly deficient in CDS+ cells, which allows the examination of the
role of CDS+ T cells in a variety of systems. The best studies reported have taken
pains to examine the possible involvement ofCDS+ cells in the responses studied and
have ruled out significant contributions of the CDS+ cells in the particular system
under study.
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2 Responses to Viruses

The existence of CDS-deficient mice should, in principle, allow the rigorous deter
mination of the role ofCDS+ T cells in resistance to and recovery from virus infection.
Not surprisingly, ~2-microglobulin-deficientmice have now been tested in many
different virus systems to attempt to determine the role ofCDS+ cells in the resistance
and clearance of virus. In this section, we will review in detail the work on the two
best-studied systems, lymphocytic choriomeningitis virus (LCMV) and influenza.
Both are illustrative of the complexities which arise from an innate lack of CDS+ T
cells.

2.1 . Lymphocytic Choriomeningitis Virus

The immune response to LCMV has been studied extensively in many laboratories
(ASANO and AHMED 1995). This virus has become the prototypical case of virus-in
duced, immunomediated pathology. In brief, when normal mice are infected with
LCMV intraperitoneally, they mount an efficient immune response, including both
antibodies and cytotoxic T cells. This response results in the clearance of the virus
from the mouse and resistance to reinfection by any route of infection. In contrast,
when mice are infected by intracranial injection, the mice regularly develop acute
encephalitis and die after about 1 week. Mice previously infected by the intraperi
toneal route are resistant to lethal disease following intracranial challenge. Adoptive
transfer experiments and ablation experiments showed that both protection from
reinfection and development of lethal disease completely depend on CDS+ T cells.
Depletion of CDS+ cells either by specific antibody treatment or by nonspecific
methods, such as sublethal irradiation, results in survival following intracranial virus
infection. Interestingly, while these animal survive, they become persistently viremic.
LCMV provides an ideal model to test the role of CDS+ cells in ~2-microglobu

lin-deficient mice. There are clear predictions as to the outcomes of infection. The
mice should not die following intracranial challenge and should not be able to clear
the virus. The results of the first experiments were surprising. When ~2-microglobu
lin-deficient mice were infected intracranially with LCMV, many of the infected
animals died, but survival was longer (MULLER et al. 1992). Other investigators found
a similar situation with variable survival, which seemed to depend on both the exact
virus stock used and the genetic makeup of the ~2-microglobulin-deficientmice
(DOHERTY et al. 1993; LEHMANN-GRUBE et al. 1993; QUINN et al. 1995). A widespread
finding was that ~2-microglobulin-deficientmice produced CD4+ T cells which were
capable oflysing LCMV infected but uninfected target cells, providing that the target
cells expressed class II molecules (MULLER et al. 1992; DOHERTY et al. 1993; QUINN
et al. 1993), These studies have all shown that the wasting disease in these mice is
caused by the CD4+ cells based on adoptive transfer of disease.
A great surprise is the lack of CNS pathology. Although intracranial infection

resulted in the most severe disease, there was little evidence of encephalitis in any of
the published experiments, although the virus used in all the experiments was able to
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provoke lethal encephalitis in normal mice (MULLER et al. 1992; DOHERTY et al. 1993;
LEHMANN-GRUBE et al. 1993; QUINN et al. 1993; CHRISTENSEN et al. 1994). Thus the
disease must be mediated by a different mechanism than the disease mediated by
CD8+ cells in wild-type mice. Recent experiments have shown that, while CD4+CTL
are able to kill target cells using a fas-dependent mechanism, wasting disease is not
dependent on the ability to carry out fas-dependent killing. Mice which are fas-defi
cient are equally susceptible to wasting disease as those whose fas expression is
normal (ZAJAC et al. 1996). A major possible mediator of this wasting disease is
TNF-a. ~2-Microglobulin-deficientmice produce TNF-a after infection, and weight
loss is a well-documented feature of high levels of TNF expression. In contrast,
fas-deficient, ~2-microglobulin-deficientmice are resistant to lethal disease mediated
by transfer of CD4+ T cells. Thus, while a dose of LCMV-immune CD4+ T cells
transferred to fas+, ~2-microglobulin-deficient mice results in lethal disease, the same
dose transferred to fas-~2-microglobulin-deficientmice results in survival (QUINN et
al. 1993; ZAJAC et al. 1996). It therefore appears that there are two pathologic
processes occurring in LCMV-infected, ~2-microglobulin-deficient mice. One is
mediated by direct damage to an unknown target organ and is dependent on fas-me
diated lysis of cells. This is most apparent in the lethal disease seen on adoptive
transfer. The second is independent of fas-mediated lysis, but is probably dependent
on cytokines, with major candidates being TNF-a and INF-y. Consistent with a role
for cytokines, male and female animals show differences in their susceptibility to
disease (MULLER et al. 1995).
Problems remain in how to interpret the above studies. As noted above, there are

some CD8+ cells in ~2-microglobulin-deficientmice, but it is unclear whether they
playa role in these responses. There is evidence for the production of CD8+ T cells
in response to both virus and peptide (LEHMANN-GRUBE et al. 1994; COOK et al. 1995).
This was expected to some extenasince it was known that, in cell lines, a smallamount of both correctly folded L and Db could be expressed and was associated
with peptide. Our own recent experiments show that CD8+ Ld-restricted CTL can be
produced from H2d ~2-microglobulin-deficient mice by infection with LCMV and
that these CTL have a peptide specificity identical to that of wild-type CD8+ CTL
from normal H2dmice (QUINN et al. 1997). Thus the role ofCD8+ T cells in response
to infections is unclear. It is clear that, while ~2-microglobulin-deficientmice are
profoundly depleted ofCD8+ T cells, these cells are not entirely absent. It is important
to note that this depletion also has effects on the CD4+ cells present. Thus a disease
mediated by CD4+ T cells is readily apparent in ~2-microglobulin-deficientmice, but
is not seen even on adoptive transfer in normal mice. Thus the CD4+ population in a
~2-microglobulin-deficient mouse is not simply the normal mouse complement of
CD4+ cells without CD8+ cells, but must contain cells with a different spectrum of
specificity as well.
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2.2 Other Viruses

Much less is known about the response of ~2-microglobulin-deficientmice to other
viruses, and much of the work involved has been of a more superficial nature, with
mice being infected with the virus in question and the outcome observed without
much detailed study of the underlying mechanisms.
A protective immune response to influenza virus has been reported to depend on

both CD4+ and CD8+ T cells. The prospect of using ~2-microglobulin-deficientmice
to elucidate the relative contribution of each compartment was enticing. In retro
spect, the results are not surprising. Influenza-infected ~2-microglobulin-deficient

mice produced CD4+ CTL that were class II restricted, as did LCMV-infected mice
(TAYLOR and BENDER 1995). The consequences of influenza infection were also
different in ~2-microglobulin-deficient mice. The virus was cleared from the lungs
more slowly than from wild-type mice (EICHELBERGER et al. 1991; BENDER et al.
1992). In addition, priming for resistance to subsequent infection was effective
(BENDER et al. 1994). In a similar manner, ~2-microglobulin-deficientmice could be
protected by vaccinia recombinants (EpSTEIN et al. 1993). In one report, the incidence
of fatal disease was increased (BENDER et al. 1992). Thus, consistent with the earlier
reports using CD4+ and CD8+ cells in adoptive transfer experiments, both CD4+ and
CD8+ cells playa role in the resistance to and/or recovery from influenza virus
infection (McDERMOTI et al. 1987; GRAHAM et al. 1994).
Sendai virus infection has also been investigated. There is delayed clearance of

Sendai virus, and there are some subtle alterations in IgA production (Hou et al. 1992;
HYLAND et al. 1994). In other viruses, such as reovirus, where Ig is the most important
mechanism of clearance, ~2-microglobulin-deficient mice clear the infection nor
mally (BARKON et al. 1996). In a similar manner, rotavirus clearance also occurred,
although it was slightly delayed, and ~2-microglobulin-deficientmice were resistant
to rechallenge (FRANCO and GREENBERG 1995). Neither mouse cytomegalovirus nor
herpes simplex virus was sensitive to the loss of class I molecules and CD8+ T cells
(MANICKAN and ROUSE 1995; POLIC et al. 1996). As mentioned above, it was possible
to document the production of CD4+ cells with CTL activity (NIEMIALTOWSKI et al.
1994). In contrast to these viruses, gamma herpesvirus 68 shows a pattern similar to
other viruses where clearance is delayed (WECK et al. 1996). Vaccinia virus infection
also results in survival, but subtle alterations of the antibody response occur (SPRIGGS
et al. 1992).
The response of ~2-microglobulin-deficientmice to Theiler's virus is interesting.

Theiler's virus causes a demyelinating disease that is in some ways similar to multiple
sclerosis. Genetic evidence based on resistance to disease mapping to the Db locus
has suggested that CD8+ T cells might play an important role in the disease. As in
many other systems, ~2-microglobulin-deficientmice failed to clear Theiler's virus
following infection (FIETIE et al. 1993; RODRIGUEZ et al. 1993). It is of particular
interest that, although these mice regularly developed areas of demyelination, they
did not die or develop other neurologic symptoms. Indeed, ~2-microglobulin-defi
cient mice showed areas of remyelination, which normal mice do not (MILLER et al.
1995). Together, these observations suggest that CD8+ cells do play an important role
in the production of disease and can inhibit remyelination, but are not required for
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demyelination itself. This is similar to the results using the coronavirus mouse
hepatitis virus (MHV) A59. In this system, too, virus is only cleared slowly, but the
mice are more sensitive to acute disease (LAVI and WANG 1995). Interestingly, even
at low virus doses, demyelination can occur, suggesting that CD8+ cells are not
required for demyelination (GOMBOLD et al. 1995).

~2-Microglobulin-deficient mice have also been used to investigate other poten
tially autoimmune diseases, including diabetes in NOD mice. This disease was
reported to require CD4 responses because of the requirement for the unusual IA
allele expressed by NOD mice (SLAITERY and MILLER 1996). Surprisingly, when the
~2-microglobulin mutation is crossed onto the NOD background, mice are resistant
to diabetes (SERREZE et al. 1994; SUMIDA et al. 1994; WICKER et al. 1994; WANG et
al. 1996). This provides a compelling argument for a role for class I molecules and
CD8+ T cells in the production of diabetes and insulitis in NOD mice.

3 Response to Nonviral Pathogens

The ~2-microglobulin-deficientmouse has been employed by several investigators
as a model system to determine the role of CD8+ T lymphocytes in the immune
response to nonviral pathogens. These studies must be interpreted cautiously for
several reasons. We have shown that wild-type CD8+ T lymphocytes are capable of
mediating protection against a lethal dose of Listeria monocytogenes (LM) in
~2-microglobulin-deficient mice (SERODY et al. 1996). Despite the lack of H-2Kb

molecules on the surface of cells in ~2-microglobulin-deficient mice, as shown by
flow cytometry, we have shown that Kb-restricted CD8+ lymphocytes are effective
in the adoptive transfer of protection.
The class I-restricted response has been best demonstrated in the H2d ~2-micro

globulin-deficient mouse. Using peptide pulsed target cells, COOK et al. (1995)
showed that Ld-restricted CD8+ T lymphocytes could be produced in the ~2-micro
globulin-deficient mouse. Therefore, changes in the response of the ~2-microglobu
lin-deficient mouse to nonviral pathogens cannot only be attributed to the lack of
class I-restricted CD8+ T lymphocytes. Additionally, ~2-microglobulin-deficient
mice have an exaggerated compensatory CD4+ response to pathogens (MARUSIC
GALESIC et al. 1993). This enhanced response may be capable of compensating for
the lack of cytolytic CD8+ T cells in these mice. Thus an equivalent response in these
mice does not indicate that CD8+ T cells have no role in the immune response to
different nonviral pathogens.

3.1 Listeria monocytogenes

LM is a facultative intracellular bacterium that causes meningoencephalitis in immu
nocompromised hosts (MIELKE et al. 1993). LM is actively taken up from the blood
by macrophages in the reticuloendothelial (RE) system after infection. Organisms are
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engulfed into the phagolysosome of the macrophage. The secretion of the protein
listeriolysin a allows for the organism to escape the phagolysosome and replicate
unrestricted in the cytoplasm. LM is capable of using the cellular actin machinery in
concert with the product oftheACTAgene to spread from cell to cell without entering
an extracellular phase (KOCKS et al. 1992).
The murine model of listeroisis is the best-characterized immune response to a

bacterial pathogen. In the 1960s, several groups demonstrated that T cell activation
of macrophages was critical for the eradication of LM after murine infection
(MACKANESS 1962; SIMON and SHEAGREN 1972). These groups also showed that the
hallmark of T cell activity in the response to LM was the formation of granulomata.
Further studies using severe combined immunodeficient (SCID) and nude mice

challenged the hypothesis that T cell activation ofmacrophages was the critical effect
in the clearance ofLM (EMMERLING et al. 1975). Current work suggests that multiple
arms of the immune response are critical in this clearance. By day 5 after infection,
detectable numbers of listeria-specific CDS+T cells can be found in the liver and
spleen of infected animals (MIELKE et al. 1993). The expansion and activation of these
T cells appears to be responsible for complete clearance of the bacterium. In addition,
yo T lymphocytes precede the appearance of a~ T lymphocytes after infection with
LM, and depletion of this population of lymphocytes resulted in enhanced numbers
of LM 5 days after an intraperitoneal infection.
ROBERTS et al. (1993) used ~2-microglobulin-deficient mice to evaluate the

specific role of CDS+ a~ T lymphocytes during a primary infection. Mice were
infected with LM intravenously and the course of infection was followed by plating
splenic and liver homogenates. These investigators found a statistically significant
increase in the number of LM at days S and 16 after infection in ~2-microglobulin

deficient mice as compared to C57BL/6 mice. No changes were seen at days 1,3, and
5 after infection. Using monoclonal antibodies, yo or NK cells were depleted in
~2-microglobulin-deficient mice on days 0 and 2 after infection. Depletion of yo T
lymphocytes led to a statistically significant (p.<001) 1- to 2-log increase in the
numbers ofLM in the spleen and liver after infection as compared to untreated control
mice. Treatment with antiasialo-GMI to deplete NK cells had no effect.
From this work, the authors concluded that CDS+ T lymphocytes were important

in mediating late clearance in murine listeriosis. In the absence of CDS+ a~ T cells,
yo T lymphocytes were critically important in the early immune response. However,
there were several factors that rendered definite conclusions from this work difficult
to interpret. ~2-Microglobulin-deficient mice initially had a mixed background of
129/J and C57BLl6 genes. Therefore, the C57BLl6 mouse, which the authors used,
is not a true control animal when comparing the in vivo response of the ~2-micro

globulin-deficient mouse. In addition, the clearance of LM in the ~2-microglobulin
deficient mice in these experiments is exaggerated at the later time points compared
to the clearance observed by our group (SERODY et al. 1996) and by LADEL et al.
(1994).
The latter authors extended the observations made by ROBERTS et al. (1993) by

comparing the response of ~2-microglobulin-deficientmice with A~-/- class II
knockout mice. A~-/- mice are devoid of CD4+ T lymphocytes as a result of the
inability to select this subset from the CD4+/CDS+ double-positive subset in the
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thymus (LADEL et al. 1994). In agreement with the results obtained by ROBERTS et al.
(1994), P2-microglobulin-deficient mice had a delayed clearance of LM. However,
LADEL et al. (1994) used heterozygous littermate control animals in the comparison.
p2-microglobulin-deficient mice showed a delay in clearance of LM as compared to
Ap-I- mice. In both model systems, treatment with a anti-yo T cell monoclonal
antibody exacerbated the infection. The LDso for LM of the p2-microglobulin-defi
cient mice was fourfold less than that of C57BLl6 mice.
LADEL et al. (1994) also investigated the role of CD4+ and CD8+ cells in the

protective memory response against LM. Mice were infected with a sublethal dose
of LM and then challenged with a dose 20 times the LDso for P2-microglobulin-de
ficient mice. Both p2-microglobulin-deficient and Ap-I- mice were able to respond
to a lethal infection with LM after a sublethal inoculum. However, again, the mutant
mice did not clear the second infection as quickly as control mice. Finally, the same
group of investigators evaluated the role of CD4+ and CD8+ lymphocytes in the
formation of granulomata. In both of the knockout mice, granulomata formation was
markedly impaired as compared to wild-type mice.
The natural route of infection of LM is through the gastrointestinal tract. EMOTO

et al. 1996 evaluated the response of P2-microglobulin-deficient mice to oral infection
with LM. They focused on the role of CD8aa and CD8a~ T lymphocytes during an
intestinal infection with LM. CD8aa T cells are selected independent of the presence
of P2-microglobulin; conversely, CD8a~ cells require the presence of P2-microglobu
lin. Thus, by using P2-microglobulin-deficient mice, they were able to focus on the
role of different intestinal intraepithelial cells (lEL).
This group found that the number of IFN-y-producing cells after T cell receptor

(TCR) ligation from IEL was less in p2-microglobulin-deficient mice than in het
erozygous littermates (p.<01). Interestingly, they showed that the population of
CD8aa lymphocytes was markedly reduced in P2-microglobulin-deficient mice.
There was a compensatory increase in the number of yo IEL in p2-microglobulin-de
ficient mice. Finally, IFN-yproduction and cytolytic activity were less in p2-micro
globulin-deficient mice than in heterozygote littermates. However, this decrease was
not as great as the decrement in cell numbers, suggesting that the residual IEL present
in P2-microglobulin-deficient mice are potent effectors.
We used P2-microglobulin-deficient mice to evaluate the specific role of class I

and class II-restricted CTL in the adoptive transfer of protection against a lethal
infection with LM. We showed that class II-restricted CTL are easily produced in
P2-microglobulin-deficient mice. These lymphocytes were capable of mediating
protection if given before an infection. However, we showed that early in infection,
class II-negative parenchymal cells are infected and limit the ability of class II-re
stricted lymphocytes to respond to an ongoing infection.
In accordance with previous work, we showed that H-2Kb-restricted lymphocytes

were effective in protecting p2-microglobulin-deficient mice despite the lack of Kb

complexes on the surface of the cells as determined by flow cytometry. Finally, we
demonstrated that the production oflFN-ywas not a requirement for activity of class
II-restricted effector cells.
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3.2 Mycobacteria and Fungi

Similar to the initial work in LM, multiple investigators have shown that the CD4+
T lymphocyte is critical for the immune response to Mycobacterium tuberculosis
(ORME 1994). Early in the first 3 weeks after infection, CD4+ T lymphocytes are
potent producers of IPN-y. This cytokine activates macrophages that have engulfed
the bacillus and is pivotal in the eradication of the organism. A specific role for CD8+
lymphocytes in the immune response to Mycobacterium tuberculosis has been more
difficult to identify.
Previous investigators had shown that mycobacterial-specific CD8+ T lympho

cytes could be produced in mice (DELIBERO et al. 1988). The in vivo role of
mycobacteria-specific CD8+ T lymphocytes in the immune response to this organism
has been investigated by FLYNN et al. (1992) using ~2-microglobulin-deficientmice.
~2-Microglobulin-deficient mice backcrossed onto a C57BL/6 background were
infected with acid-fast bacillus (AFB) and compared to C57BL/6 mice. Seventy
percent of the ~2-microglobulin-deficient mice died after infection with 106 AFB.
All of the wild-type mice survived this infection. In histologic sections, ~2-micro
globulin-deficient mice consistently had 1-3 logs greater AFB than wild-type mice.
Granulomata formation was similar in both types of mice.
The authors compared the response of ~2-microglobulin-deficientand C57BL/6

mice after infection with bacille Calmette-Guerin (BCG). No differences were seen
in mortality or colony-forming units (CFU) from spleen, liver, or lungs after infection.
Vaccination with BCG increased the time to death after infection with AFB, but did
not alter survival in ~2-microglobulin-deficientmice. After mycobacterial infection,
~2-microglobulin-deficient mice produced less IFN-y than C57BL/6 mice, but this
was not statistically significant.
The conclusion drawn from this work was that CD8+ T lymphocytes were

important in the control of pulmonary infection with Mycobacterium tuberculosis.
This may be due to infection of class I-expressing parenchymal cells of the lung by
AFB. The particular role ofclass I-restricted CTL or lymphocytes that recognize class
Ib molecules in the immune response to AFB cannot be ascertained from this work.

Histoplasma capsulatum is a fungus that causes a clinical illness closely resem
bling tuberculosis. CD4+ lymphocytes and macrophages are pivotal to the immune
response to H. capsulatum. DEEPE (1994) evaluated the role of CD8+ lymphocytes
in the immune response to H. capsulatum in ~2-microglobulin-deficientmice. Fungal
CFU were followed in ~2-microglobulin-deficientmice and heterozygote littermates
after infection. While no difference was seen 1 week after infection, statistically
significant differences were noted in CFU from spleen and liver in the knockout mice
at weeks 2 and 3 after infection (p.<Ol). While the magnitude of the infection was
greater in ~2-microglobulin-deficient mice, these mice were able to control infection
with H. capsulatum.
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3.3 Parasitic Infections

3.3.1 Leishmania

Murine infection with the arnastigote fonn ofLeishmania major has provided critical
insights into the role ofCD4+subsets in the immune response. Infection with L. major
in BALB/c mice produces a Th2 response and a progressive course that eventually
leads to death (HEINZEL et al. 1989). C57Bl/6 mice produce a Thl response and
survive. Blockage of the Th2 response in BALB/c mice by the administration of
anti-IL-4 monoclonal antibodies allows BALB/c mice to control the infection
(SADIeK et al. 1990). In contrast to the crucial role of CD4+ T cells, direct evidence
of a role for CD8+ lymphocytes has not been easily demonstrated.
WANG et al. (1996) infected ~2-microglobulin-deficient mice with L. major to

assess the role of CD8+ lymphocytes in the immune response. ~2-Microglobulin-de
ficient mice controlled the infection as well as control mice. This work suggested that
CD8+ lymphocytes are not critical in the clearance of L. major.

3.3.2 Plasmodia

The immune response to malaria is complex. Immunity to Plasmodia species is
dependent on persistent exposure to the organism. Presentation of plasmodial anti
gens by hepatic cells can initiate a T cell response that may be critical in the
maintenance of immunity. CD8+ CTL that recognize circumsporozoite proteins
(CSP) or sporozoite surface proteins (SPZ) can be demonstrated in humans (MALIK
et al. 1991). WHITE et al. (1996) used ~2-microglobulin-deficient mice to investigate
the immune response to attenuated P. berghei sporozoites. Spleen cells from ~2-mi

croglobulin-deficient mice generated proliferative activities to SPZ antigens similar
to those ofwild-type mice. However, unlike wild-type mice, which show a decrement
in proliferative activity after boosting, ~2-microglobulin-deficient mice showed an
increase in activity. This work suggested that CD8+ lymphocytes might downregulate
the immune response to SPZ after initial exposure.
WHITE et al. (1996) also evaluated whether SPZ from attenuated P. berghei were

protective in ~2-microglobulin-deficient mice. After SPZ priming and two boost
immunizations, wild-type and heterozygote littennates were protected against a 10
OOO-dose challenge with P. berghei SPZ. All ~2-microglobulin-deficient mice were
not protected by attenuated SPZ and became parasitemic at day 9 after infection. This
lack of protection in ~2-microglobulin-deficient mice was independent of the dose of
SPZ used. Unlike the response in wild-type recipients, wild-type splenocytes from
SPZ immunized animals did not protect ~2-microglobulin-deficientmice despite the
presence of antibody specific for CSP in these mice. Splenocytes from ~2-micro

globulin-deficient mice were incapable of protecting wild-type animals.
VAN DER HEYDE et al. (1993) evaluated the response of ~2-microglobulin-deficient

mice to infection with the erythrocytic stage of infection of Plasmodia chabaudi
adami, yoelii yoelii, and chabaudi chabaudi. No differences were seen in C57BLl6
or ~2-microglobulin-deficientmice after infection with any of the species of plasmo-
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dia used. This work suggests that CD8+ T lymphocytes are important in the immune
response to the exoerythrocytic stage of infection with P. berghei. As class I-restricted
CTL should not be capable of lysing infected erythrocytes, the lack of difference
between the clearance of several species of plasmodia in ~2-microglobulin-deficient

mice is not surprising.

3.3.3 Toxoplasma

The immune response to the intracellular protozoan Toxoplasma gondii is dependent
on the production of IFN-y (SUZUKI et al. 1988). The transfer of T lymphocytes from
immunized animals to naive recipients mediates adoptive transfer of protection.
CD8+ lymphocytes mediate this process more efficiently than CD4+ T lymphocytes
(GAZZINELLI et al. 1991). DENKERS et al. (1993) evaluated the immune response to T.
gondii in ~2-microglobulin-deficient recipients. Unexpectedly, both ~2-microglobu
lin-deficient and heterozygote littermate controls after vaccination with tachyzoites
were protected when challenged with virulent T. gondii. Resistance in both sets of
mice was dependent on the production of IPN-y. There was a striking increase in
NKl.l+ cells in ~2-microglobulin-deficient mice after vaccination, which was the
source of IFN-y in these mice, replacing the lost CD8+ T cells.

3.3.4 Chlamydia

T lymphocytes are important mediators of the immune response to Chlamydia sp.
~2-Microglobulin-deficient mice showed higher levels of organisms, but cleared the
infection with similar kinetics to wild-type mice (MAGEE et al. 1995).
MORRISON et al. (1995) evaluated the immune response to genital infection with

C. trachomatis. C57BU6 and ~2-microglobulin-deficientmice were no longer colo
nized by Chlamydia by 4-5 weeks after infection. In contrast, class II-deficient mice
shed organisms over a 1O-week period and showed a delay in resolution of the primary
infection. Histopathologic sections from the genitourinary tract of infected animals
confirmed the previous findings and demonstrated persistent inflammation only in
the class II-deficient mice.

4 Concluding Remarks

It is clear from the assembled data that ~2-microglobulin-deficient mice are not
simply the same as normal mice with CD8+ T cells removed. There are substantive
effects of maturation of the immune system without class I expression which go
beyond positive selection of CD8+ T cells. The role of CD8+ T cells includes both
positive and negative effects on subsequent immune responses. While the responses
to both bacteria and viruses are complex, ~2-microglobulin-deficient mice are able
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to mount substantial and protective immune responses. Itmust be stressed that, even
if a class I-deficient mouse can respond, this does not suggest that CD8+ T cells do
not have a role in those immune responses, but rather that CD4+cells can compensate
for the lack of CD8+ T cells. Thus the responses are complex and interrelated.
~2-Microglobulin-deficient mice have revealed more about the potential of CD4+
cells than the depletion of CD8+ cells during development.
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1 Introduction:
Host Cells That Restrict "Counterproductive" MHC Recognition

The host immune response is generally thought to consist of cells with "professional"
immunologic functions, such as B and T cells, macrophages, and natural killer (NK)
cells. However, differentiated cells which do not normally participate in immune
surveillance may be recruited to serve an integral function in the immune-mediated
elimination offoreign intracellular pathogens such as viruses. As discussed elsewhere
in this volume, most cells have the ability to present immunogenic, "non-self'
peptides (called epitopes) in association with "self' class I major histocompatibility
complex (MHC) molecules. This cell surface complex is engaged by the T cell
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receptor (TCR) of cytotoxic T lymphocytes (CTL). Appropriate MHC-epitope-TCR
interaction leads to the CTL-mediated lysis of the epitope-expressing target cell via
the perforation of the plasma membrane, introduction of CTL-derived proteolytic
enzymes (granzymes) into the target cell cytosol, and eventual cell death, presumably
via apoptosis.
For the majority of virally infected tissues, this strategy is ultimately beneficial:

the net gain (reduction in the number of virus-producing cells) outweighs the
consequence of lysis of an infected differentiated cell. This is true because, for most
tissues, immune-mediated cell loss is accompanied by increased cell proliferation,
which restores the damaged tissue. For example, hepatitis B virus (HBV) infects
between 5% and 40% of all hepatocytes within the livers of chronically infected
humans (BIANCHI and GUDAT 1980). An estimated 7% ofHBV-infected hepatocytes
are lost each day (NOWAK et al. 1996), implying that between 0.3% and 3% of all
hepatocytes must be replenished daily to maintain a stable liver cell mass. Thus, for
many virally infected tissues, a balance exists between cell loss and cell renewal.
The presentation of immunogenic epitopes by virally infected cells can be seen as

an altruistic event. Because the expression of these antigenic molecules often pre
cedes production of infectious viral progeny, immune-mediated lysis of the infected
cell destroys a "factory" of virus production and therefore decreases the total viral
burden. Thus these unfortunate few die for the benefit of the common good: reduced
viral load and recruitment of T cells to the site of a productive infection minimizes
the opportunity of the virus to infect a neighboring cell.
However, altruistic antigen presentation may not always benefit an infected host.

While expression ofMHC molecules is highest in cells such as those of the lymphoid
system, the gut, and the kidney, MHC class I is expressed to a low to undetectable
degree in other cells, including those of the brain, sperm cells at certain stages of
differentiation, and trophoblasts within the placenta (DAVID-WATINE et.al. 1990). In
this chapter, we discuss recent findings concerning the molecular basis and potential
benefits of low MHC expression, predominately focusing on class I MHC presenta
tion in central nervous system (CNS) neurons and trophoblasts within the placenta.
We also take a broader perspective concerning the lack of CTL recognition in the
CNS and describe work which suggests that neurons may employ several mecha
nisms, low MHC expression being one of them, to avoid immune cell recognition.

1.1 Obligatory Haplotype Mismatch:
The Maternal Fetal Interface

Pregnancy poses an unique challenge to the maternal immune response, since the
developing fetus can be viewed as a natural graft. The placenta contains fetal and
paternally derived histocompatibility antigens that are potentially immunogenic for
the maternal immune system (VOLAND et.al. 1994); the activation of the maternal host
defenses against what it perceives as "foreign" would obviously be detrimental to the
developing fetus. One factor contributing to the lack of a maternal anti-fetus response
is that the placental trophoblasts, which are in direct contact with maternal blood and
tissues, express little or no classical MHC antigens (FAULK and TEMPLE 1976; HUNT
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and ORR 1992). The deleterious consequences of trophoblast MHC expression on
fetal survival were confirmed in transgenic mouse studies in which a mouse class I
MHC gene (Dd) was expressed in murine trophoblasts under the transcriptional
control of the c-fos promoter, known to be highly expressed in trophoblasts during
development (DESCHAMPS et.al. 1985). Expression of this MHC molecule in vivo
resulted in a higher incidence of spontaneous abortion, measured as a function of
reduced transgene transmission to surviving pups. Thus, if the MHC expression had
no effect on survival of the pups, one would expect approximately 50% transmission
of the transgene in heterozygous (Dd transgenicxnormal) crosses. However, in the
litters born to these parents, transmission was reduced to 20%-30%, indicating in
utero death of 20%-30% of the transgenic fetuses. Breeding of the c-fos-MHC male
transgenic with ~2-microglobulin knockout females (who lack expression of the
classical class I MHC and therefore fail to positively select CD8+ T cells) restored
transmission of the transgene to 50% of the progeny. Thus, while the expression of
MHC molecules in the trophoblasts does not inexorably lead to spontaneous abortion
(20%-30% of surviving neonates of (Ddnormal) crosses were transgenic) there does
exist a correlation between transgene transcription and MHC expression on placental
tissues (VOLAND et al. 1994).
The absence ofMHC may not be the only way in which the fetus is protected from

the maternal immune response. In humans, the highly polymorphic "classical" MHC
class I molecules are encoded in the HLA-A, -B, and -C gene families. At least three
additional class I genes, HLA-E, -F, and -G have been identified. These nonclassical
(class Ib) genes are highly homologous to the classical HLA genes, and all associate
with ~2-microglobulin. However, in contrast to the classical HLA genes, HLA-E, -F,
and -G are nonpolymorphic: for example, HLA-G is derived from alternative splicing
and a premature stop codon (reviewed inWOOD 1994), resulting in a protein that lacks
a full cytoplasmic tail (GERAGHTY et.al. 1987). HLA-G is predominately expressed
on trophoblasts in fetal placental tissues at the materno-fetal interface, where the
classical class I and II genes are absent (CAROSELLA et al. 1996), implying that it plays
a potentially important role in maternal tolerance to the developing fetus.
Whether this nonclassical MHC expression on trophoblasts can present peptides

to the maternal immune response remains unresolved (SANDERS et.al. 1991; VINCE
and JOHNSON 1995). However, a link between HLA-G expression and resistance to
NK cell-mediated lysis has been demonstrated, suggesting that HLA-G acts as a
"surrogate" cell surface MHC molecule to prevent NK-mediated lysis (LIAO et.al.
1991). HLA-G is capable of inhibiting the NK activity of decidual large granular
leukocytes against the trophoblasts (FERRY et.al. 1991). Blocking the HLA-G antigen
with antibody restored NK cytolytic activity (CHUMBLEY et al. 1994). Since HLA-G
polymorphism is likely to be low, it is possible that HLA-G can serve as the public
ligand for the NK cell receptor, protecting fetal trophoblasts from NK killing and
conferring immunological tolerance to fetal tissue.
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1.2 Essential and Nonrenewable: CNS Neurons

For many viral infections, lysis of infected cells by the class I MHC-mediated CTL
response does not often result in long-term deficits since, following infection, many
of these tissues can recover by upregulation ofcell division. However, neurons of the
CNS are an essential, but nondividing population; therefore, loss of these cells, either
by virus-mediated cytolysis or CTL-mediated killing, would have obvious deleteri
ous consequences to a host. Thus the immune response to a virus may be more
damaging than the viral infection itself. Perhaps to provide protection against such
an immune response, normal uninfected CNS neurons lack surface expression ofclass
I MHC molecules. Whether neurons can be induced to express MHC is still debated,
although recent reports have convincingly shown that MHC expression on CNS
neurons can be detected under certain pathological circumstances. The debate centers
around the "inability" versus "reluctance" of CNS neuron class I MHC expression.
The inability of some neuronal culture systems to present epitopes has been attributed
to an intrinsic defect in the synthesis of the antigen-presenting machinery. Alterna
tively, reluctant expression may depend on stimulating factors such as cytokines that
are normally absent within the parenchyma; the presence of these inducers may allow
for upregulation of MHC on neurons.

2 Constraints on Immune Cell-Target Cell Interaction
in the Brain

The low level of class I MHC on all brain parenchymal cells implies that immune
responses in the CNS differ significantly from those in the periphery. In addition to
the low levels of MHC expression, may of additional features unique to the CNS
contribute to the hypothesis that immune responses are suppressed within the brain.
These features, including the presence of the blood-brain barrier and absence of
lymphatic drainage, have been extensively reviewed elsewhere (WEKERLE et al. 1986;
SEDGWICK and DORRIES 1991; CSERR and KNOPF 1992; RALL and OLDSTONE 1995).
Here, we briefly discuss recent contributions to understanding the role of the blood
brain barrier, lymphatic drainage, and brain-derived gangliosides in restricting im
mune recognition in the brain and describe how the neuronal environment may restrict
viral infections, indirectly altering the generation of immunogenic peptides.

2.1 The First Obstacle: The Blood-Brain Barrier Restricts Trafficking
of Immune Mediators into the CNS

The interface between the circulation and the brain parenchyma, known as the
blood-brain barrier, is comprised ofendothelial cells, basal membranes, and astrocyte
endfeet (RAPoPORT 1976; BRIGHTMAN et al. 1983). This complex barrier controls the
exchange of cells and metabolites between the blood and the brain, predominately
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due to tight junctions within the capillary endothelium. Consequently, many circu
lating lymphocytes are restricted from crossing the endothelial barrier and patrolling
the brain parenchyma. It is this high degree of surveillance imposed by the tightly
packed endothelial cells which has contributed to the belief that the CNS is immune
privileged.
Continuous tight junctions are not the only feature that makes the capillaries of

the CNS distinctive. Due to the need for blood-borne cells and metabolites to pass
between endothelial cells to enter the brain, a decisive factor in determining how
easily a molecule enters the CNS is lipid solubility (GOLDSTEIN and BETZ 1986).
Lipid-soluble molecules, such as nicotine, ethanol, and heroin, can readily cross the
barrier, while water-soluble molecules, including many of the immune-mediating
proteins such as antibodies, cytokines, and complement components, cannot gain
access to the parenchyma. For non-lipid-soluble molecules to enter the CNS paren
chyma, specific transporter molecules present on the endothelial cells are required.
From an immunological perspective, the blood-brain barrier restricts, but does not

prohibit, immune responses from occurring within the CNS. For example, lympho
cytes are not completely blocked from gaining access to the CNS (WEKERLE et al.
1986; HICKEY and KIMURA 1987; TYOR et al. 1989; HICKEY et al. 1991). Hickey and
coworkers have shown that activated T cells enter the CNS in a random manner
(HICKEY et al. 1991), regardless of antigen specificity or MHC compatibility. Thus
it appears that any T cell clone which is activated in the periphery will ultimately gain
access to the CNS parenchyma. This condition, as Hickey points out, is supported
experimentally by grafting studies in which an allograft, normally tolerated if grafted
into the CNS, will be rejected rapidly when the host is exposed to alloantigens in the
periphery (MASON et al. 1986). Furthermore, the barrier changes in response to viral
infections and inflammatory responses by altering the profile of adhesion molecules
expressed on the endothelial surface and by possible transient increases in blood-brain
barrier permeability (LASSMANN et al. 1991; WEKERLE et al. 1991; RALL et al. 1995).
Thus CNS "immune privilege" may be a constantly changing state, influenced both
by intra- and extraparenchymal conditions.

2.2 Absence of Conventional Lymphatic Drainage

While the blood-brain barrier was thought to restrict the efferent movement of
peripheral cells into the CNS, the absence of a conventional lymphatic system within
the CNS was believed to interfere with the afferent arm of immunity, alerting the
peripheral immune response to antigens within the CNS. However, despite the
absence of typical lymphatic channels in the brain, a connection between the CNS
and the lymphatics was demonstrated when a large fraction ofradioiodinated albumin
injected into the brain was isolated from cervical lymphatics (YAMADA et al. 1991).
These and other results (CSERR et al. 1992; WELLER et al. 1996) show that cerebral
extracellular fluids drain into the blood from the CNS along cranial nerves, primarily
the olfactory nerve, and along spinal nerve root ganglia. Thus the outflow of
cerebrospinal fluid (CSF) along cranial nerves and spinal nerve roots is the conduit
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for cross-talk between the brain parenchyma, the brain vasculature, and the lymphatic
system (YOFFEY and COURTICE 1970; CSERR and KNOPF 1992).

2.3 Influence of an Immunosuppressive Environment

The paucity of MHC expression on resident brain cells, the lack of lymphatic
drainage, and the presence of the highly selective blood-brain barrier collectively
suggest that immunological nonresponsiveness within the CNS is due to an absence
of lymphocyte access to the brain or an absence of recognition of infected cells.
However, the isolation and characterization of brain-enriched molecules with potent
immunosuppressive qualities suggests that the brain may also actively restrict im
mune responses.
One group of molecules with recently described immunomodulatory effects on

neurotropic viral infections are the sialic acid-containing glycosphingolipids known
as gangliosides. Gangliosides are ubiquitous cell membrane components that can also
be shed into the extracellular environment. Their multifunctional roles in cell meta
bolism include regulation ofcell-cell interaction, differentiation, signal transduction,
and growth regulation (reviewed in BERGELSON 1995).
The influence of soluble gangliosides on the immune response has been studied

for over a quarter of a century. In general, gangliosides have been shown to have
potent and apparently generalized immunosuppressive qualities, including the sup
pression of CTL, T helper cell, and NK cell proliferation (reviewed in BERGELSON
1995). Interestingly, one form of ganglioside (GM3) can activate cells, but these
lymphocytes have a suppressor phenotype (DYATLOVITSKAYA et al. 1991). While the
precise mechanisms used by gangliosides to downregulate the immune response are
not fully understood, their effects appear to be diverse, influencing cell surface
expression by insertion into the lipid bilayer and altering soluble mediator function
by binding to such proteins as interleukin-2 (IL-2), interferon gamma (IFN-y), and
tumor necrosis factor (TNF) (DYATLOVITSKAYA and BERGELSON 1987).
Gangliosides are enriched within the CNS (WIEGANDT 1971; IRANI et al. 1996),

especially within neurons. Recently, gangliosides were shown to selectively block
the in vitro production of Thl-associated cytokines, such as IL-2 and IFN-y, perhaps
by blocking NF-lCB activation (IRANI et al. 1996). Furthermore, gangliosides inhibited
T cell proliferation by preventing their entry into the cell cycle (IRANI et al. 1996).
The immunosuppressive role ofgangliosides in the resolution ofCNS viral infections
was substantiated in mice when intraparenchymal T cells, recruited to the brain
parenchyma in response to the neuronal infection caused by Sindbis virus, were
arrested in the cell cycle, despite the presence ofactivation markers (IRANI et al. 1997).
Thus, while activated cells routinely patrol the CNS (HICKEY et al. 1991), molecules
within the CNS microenvironment may suppress or impair the effector mechanisms
of intraparenchymallymphocytes.
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2.4 Restricted Replication of Viruses

Because of these unique aspects of the CNS environment, the degree of immunologi
cal surveillance and the vigor of the immune response is significantly less in the brain
than in peripheral organs. Taking these facts into consideration, it is not unexpected
that neurons have evolved unique capacities to prevent their destruction by viral
infections. Indeed, probably because CNS neurons are a harbor from the immune
response, a large number of DNA and RNA viruses are neurotropic.
Many of these viruses convert to a persistent phenotype upon infection of neurons.

In such cases, viral nucleic acids and proteins are readily detected in the absence of
direct cell death or induction of the immune response, and often in the absence of
production of extracellular infectious progeny. While the detailed mechanisms by
which viruses establish and maintain long-term persistent infections are largely
unknown, both viral genes and host cellular genes have been shown to cooperatively
promote viral persistence.
In the persistent infection caused by the murine virus lymphocytic choriomeningi

tis virus (LCMV), expression of nucleoprotein (NP) antigen and short (S) RNA
(RODRIGUEZ et al. 1983; FAZAKERLEY et al. 1991) is readily detected in the CNS, but
electron microscopy examination has failed to reveal mature viral particles budding
from infected neurons within the brain parenchyma, and almost no extracellular
infectious virus can be detected. This was also observed in recent studies using the
PC12 neuronal cell culture system (DE LA TORRE et al. 1993), in which differentiation
of the chromaffin-like PC12 cells to a neuronal phenotype was accompanied by a 3
to 4-1og decrease in the production of infectious virus.
How neurons block the production of infectious virus despite viral gene expression

remains unresolved and is relevant to the human infections caused by measles, rabies,
influenza, poliovirus, and mumps and the animal infections caused by Borna disease
virus (BDV), the coronaviruses, and the arenaviruses, among others. Since each of
these viruses can establish productive infections in other differentiated cells, the
dramatic reduction in infectious virus production in neurons suggests that the neuro
nal environment is in some way inhospitable for viral propagation.
While the cellular mechanisms that restrict infectious virus production in neurons

are not known, a number of observations indicate that the intracellular level of cyclic
nucleotides in neurons may be involved. For example, the shift from acute to
persistent measles virus infection in mouse neuroblastoma cultures depends on
functions that affect endogenous cyclic adenosine monophosphate (cAMP) and
cyclic guanosine monophosphate (cGMP) levels (MILLER and CARRIGAN 1982). In
human fibroblasts, the addition of cAMP-enhancing compounds significantly de
creased the yield of herpes simplex virus (HSV) I (STANWICK et al. 1977).
Neural cells contain abundant cAMP, with levels being closely correlated with

terminal differentiation, cessation of cell division, and induction of neuron-specific
functions (GREENGARD 1978). Since cAMP activates cAMP-dependent kinases and
cAMP-gated ion channels and can also interact with other second messenger signals,
it is reasonable to speculate that changes in the intracellular levels of cAMP or its
downstream effectors may be able to alter the efficiency of viral replication in CNS
neurons.
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How might decreased viral synthesis affect antigen presentation and resultant
immune recognition in the CNS? Reduced viral production, especially of extracellu
lar virus, would limit the availability of viral proteins to enter the circulation via the
lymphatics and activate or recruit the peripheral immune response. Furthermore,
reduced levels of replication also impact on the number of endogenously synthesized
viral peptides which can serve as epitopes for class I MHC recognition. Finally, many
viral infections have been shown to enhance the transcription of the antigen-present
ing machinery; perhaps slowly replicating viruses would not trigger this activation,
resulting in a lower level of class I MHC-presented molecules on infected neurons.

3 MHC Expression in Neurons

3.1 Expression of Class I MHC
in Peripheral Nervous System Neurons

The hypothesis that has been proposed as to why CNS neurons do not express class
I MHC molecules relates to the consequences of CTL-mediated lysis of these
nondividing cells: depletion of a critical and nonrenewable population would have
dramatic effects on the host. Therefore, ifMHC expression and terminal differentia
tion are linked, one might expect that peripheral neurons, which can regenerate, might
express class I MHC under certain circumstances. Indeed, both in vivo and in vitro
studies have confIrmed that peripheral neurons can express class I MHC RNA.
However, whether these cells can present endogenously generated peptides on the
cell surface, and whether peripheral nervous system (PNS) neurons serve as targets
for CTL recognition and attack, remains unresolved.
In an effort to assay whether brain-derived cells could serve as targets for

alloantigen-specific CTL lysis, primary PNS neurons from the superior cervical
gangliawere cultured and used as targets in standard chromiumrelease assays (KEANE
et al. 1992). PNS neurons were lysed both by allospecific CTL and by purified
granules obtained from lymphokine-activated killer (LAK) cells, whereas CNS
neurons remained refractory to CTL killing, even after 3 weeks in culture. Interest
ingly, no expression ofMHC class I was detected on the surface of the PNS neurons
by immunohistochemistry; however, the authors argue that the degree ofkilling seen
in these cultures (as much as 60% at effector to target ratios of 40:1) and the purity
of their CTL population strongly suggests that neuronal death is mediated through
interaction of T cells with target cells via T cell receptor-class I MHC association.
In vivo, the ability of peripheral neurons to express MHC and to be lysed by CTL

is less clear. Following a peripheral nerve lesion of rat facial and sciatic motor nerves,
an induction of class I MHC antigens was detected. The MHC expression was
transient for some lesions (e.g., MHC expression decreased 21 days after nerve crush,
coincident with nerve regeneration), although MHC antigen remained detectable in
nonregenerating lesions, such as a cut nerve (MAEHLEN et al. 1988, 1989; O'MALLEY
and MACLEISH 1993). While there is no evidence that upregulated MHC expression
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results in the CTL-mediated lysis of these neurons, MAEHLEN et al. (1989) speculate
that MHC expression may serve to signal cell death by a nonimmunological process,
a hypothesis supported by later studies with "electrically silent" CNS neurons
(NEUMANN et al. 1995).
Increased neuronal MHC expression could be due to the local inflammation,

edema, and neighboring cell dysregulation that is induced by physical damage to
neurons. Therefore, the effect of a neuron-specific, relatively noninflammatory
lesion, such as a viral infection, may help to understand the link between intra- and
extraneuronal stimuli. In an in vivo model ofacute HSV infection ofperipheral nerves
(SIMMONS 1989; SIMMONS and TSCHARKE 1992), class I MHC protein expression in
the PNS was upregulated transiently in satellite and Schwann cells (both of glial
origin), but not in neurons within the HSV-infected spinal ganglia (PEREIRA et al.
1994). The authors report that, while no protein was expressed on HSV-infected
neurons, class I MHC mRNA was detected, leading to two possible interpretations.
In one case, these mRNAs correspond to classical MHC molecules, implying that the
block in cell surface protein expression is post-transcriptionally controlled. This
block could restrict translation of the MHC RNA themselves or could abrogate the
function of accessory antigen-presenting molecules required to bring the MHC
antigens to the cell surface. Alternatively, these transcripts could correspond to
nonclassical MHC antigens, which would not be detected as proteins with the
antibodies used in this study.
Thus the variability in PNS neuronMHC, RNA and protein expression is governed

in part by the system (in vivo or in vitro) and the stimulating event (viral infection,
nerve crush, axotomy). In general, however, PNS neurons appear to respond to
deleterious stimuli; the role of upregulated MHC "classical or nonclassical" on the
neuronal surface remains to be elucidated.

3.2 Expression of Class I MHC in CNS Neurons In Vitro

Most studies that evaluate neuronal antigen-presenting capacity in vitro find that
MHC expression is low or absent in quiescent neurons, but can be induced by such
stimuli as cytokines, viral infections, or direct injury. These reports collectively argue
that the normal, low to negligible expression of class I molecules reflects a regulatory
control rather than a genetic lesion in CNS neurons (LAMPSON and FISHER 1984). Two
reports, however, suggest that MHC proteins are either constitutively absent or
constitutively expressed on cells of neuronal origin. One study used the neuroblas
toma line N2A to convincingly demonstrate constitutive expression ofMHC, equal
ing that of a control ependymoblastoma line (TING et al. 1987). These cells were also
efficient targets for CTL, but not for NK cells, implying that "classical" TCR-MHC
interactions between CTL and these neuroblastoma cells occurred. These results
differed from previous reports using the same cell line that were not able to detect
MHC expression (LAMPSON et al. 1983; WONG et al. 1984; MAIN et al. 1985). TING
et al. (1987) noted that detection strategies that depend on antibodies are exquisitely
sensitive to antibody concentration and suggested that this may explain the discrep
ancy between their findings and previous reports.
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In 1993, MASSA et al. (1993) evaluated the ability of IFN-y to induce MHC
expression in primary embryonic neuronal cultures and found that, while IFN-ycould
activate MHC transcription in cultured astrocytes, primary CNS neurons remained
refractory to the cytokine stimulus. As discussed later in this chapter, the block was
attributed to an absence of induction of a nuclear factor which binds to the IFN-re
sponsive consensus sequence.
These disparate findings may not be as controversial as they initially appear; TING

et al. (1987) correctly notes the inherent problem of comparing a neuroblastoma cell
line with neurons in vivo: it is possible that only dividing neurons, e.g., neuroblas
toma, normally express class I MHC, linking MHC expression with mitotic activity
and differentiation status. Consistent with this hypothesis, the primary neurons used
by MASSA et al. (1993) were evaluated 8 days post-culture, a time when these cells
are no longer mitotically active.
Cell division may not be the only parameter that determines the inducibility of

MHC genes in neurons. Recently, NEUMANN et al. (1995, 1997) used the combined
approaches of electrophysiology and reverse transcriptase-polymerase chain reaction
(RT-PCR) to monitor MHC transcription in the presence or absence of cytokine
stimulation. While other reports had evaluated the effect of cytokine addition to
neurons in culture (LAMPSON and FISHER 1984; JOLY et al. 1991; DREW et al. 1993),
the added approach of patch clamping allowed correlations to be drawn between
MHC expression and functional activity in individual neurons. In this recent report,
transcription ofMHC class I genes was very rare in neurons with spontaneous action
potentials, as determined by whole-cell patch clamping of cultured hippocampal
neurons. However, in electrically silent neurons, defined as those without spontane
ous action potentials, class I MHC transcription was detected; class I MHC protein
expression could be seen only in electrically silent neurons treated with IFN-y. Thus
neurons may possess the basic requirements to interact with CD8+ cells, but expres
sion of these molecules is tightly regulated. In cases of overt neural damage and loss
ofneural activity, MHC upregulation might serve to target a damaged cell population.
In a follow-up study, NEUMANN et al (1997) confirmed that basal neuronal expression
ofMHC class I genes differed significantly from gene expression in other cells; while
transcription of the heavy chain appeared intact in most primary neurons, there was
a failure to transcribe either ~2-microglobulin (the light chain of the class I MHC
heterodimer) or the transporter proteins TAP-l and -2 (NEUMANN et al. 1997).
Consequently, unstimulated primary neurons failed to express MHC on the cell
surface. The addition of IFN-y induced ~2-microglobulin and TAP transcription in
some, but not all cultured neurons. To understand how the expressing and nonex
pressing cells differed, reagents which suppressed electrical activity were added to
the cultures andMHC surface expression was monitored. Suppression of the neuronal
electric activity by the addition of a sodium channel blocker led to induction of class
I expression on virtually all neurons, reinforcing the connection between MHC
expression and a lack of electrical activity reported earlier (NEUMANN et al. 1995).
In one ofthe first papers to appear on the issue ofneuronal MHC expression (WONG

et al. 1984), IFN-y was found to induce a dramatic expression of H-2 antigens on
virtually all oligodendrocytes, astrocytes, and microglia, while MHC expression was
found on at least "some" neurons. While later reports noted the potential problem of
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non-neuronal contamination in these studies (BARTLETI et al. 1989), the disparity in
MHC expression observed in the original report, when viewed in the context of recent
findings, may reflect replicative or functional differences between neuron popula
tions.
Viral infection has also been shown to increase MHC expression on cultured

neuronal cell lines. In one study, persistent infection of neuroblastoma cells (C1300)
with measles virus (Edmonston strain) was shown to induce MHC protein expression
on the cell surface (GOPAS et al. 1992). The motivation for this work was not to
correlate the relevance of their neuroblastoma line to in vivo neuronal MHC expres
sion, but rather to parallel neuroblastomas of children. The authors argue that viral
infection ofmalignant neuroblasts may serve both to upregulate MHC expression and
to provide unique immunogenic (viral) peptides forCTL recognition and lysis (GOPAS
et al. 1992). In support of this hypothesis, persistently infected C1300 cells not only
expressed higher levels of cell surface MHC, but also could be recognized and lysed
by measles virus-elicited CTL.
A second example of virus-induced MHC expression in vitro evaluated the

susceptibility of BDV-infected neurons to CTL recognition and lysis (PLANZ et al.
1993). In the wild, infection of horses and sheep with BDV often leads to an
encephalomyelitis accompanied by severe neurological disorders (LUDWIG et al.
1988); the inflammation has led to the characterization of Borna disease as an
immunopathological condition (NARAYAN et al. 1983). Both CD4+ T helper cells and
CD8+ CTL are found in CNS lesions. Effector lymphocytes isolated from brains of
persistently infected rats showed haplotype-specific cytotoxic activity when incu
bated with BDV-infected primary neurons, confirming that these neurons can be
targets for virus-specific CTL (PLANZ et al. 1993).

3.3 Expression of Class I MOC in CNS Neurons In Vivo

While in vitro studies of neuroblastomas and cultured primary neurons have told us
much about the constraints on neuronal MHC induction and the stimuli that can
overcome such constraints, these systems may not reflect the MHC status of neurons
in vivo. For example, immunosuppressive molecules normally present in the CNS,
such as gangliosides, would not be expected to function in vitro. Furthermore, the
process of culturing primary neurons often involves trypsinization and incubation
with serum-containing medium; these conditions could provide essential "back
ground" stimulation for MHC expression on cultured cells. Consequently, to establish
whether certain pathological conditions are accompanied by enhanced MHC expres
sion, an immunohistochemical study (LAMPSON and HICKEY 1986) correlated MHC
expression in human brain biopsies evaluated as "histologically normal" with those
containing a range of neuropathological lesions, including glial tumors. HLA expres
sion could be found adjacent to vessel walls in all brains, regardless of their condition.
However, MHC expression did not overlap with any parenchymal cell, including
neurons, oligodendrocytes, microglia, or astrocytes (LAMPSON and HICKEY 1986). It
should be noted that none of the specimens examined in this communication showed
obvious lymphocytic inflammation. Given the suggestion that activated lymphocytes
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and their products may induce neuronal MHC expression (FONTANA et al. 1984;
HICKEY et al. 1985), the absence of MHC, even in glial tumor-bearing individuals,
may not be surprising. However, as these authors point out, exposure to circulating
lymphocytes alone is not sufficient to induce MHC; class I expression is also absent
from parenchymal cells in areas of the brain that lack a blood-brain barrier (WHELAN
and LAMPSON 1985).
A more extensive study of 40 human brain specimens by SOBEL and AMES (1988)

was able to detect class I expression in parenchymal cells, but notably no expression
was seen in neurons (as determined by their location in the brain, not by neuronal
antibody double labeling). The expression patterns, similar to the conclusions drawn
by Lampson and Hickey, did not change as a function of age, sex, duration between
death and tissue preservation, systemic illnesses at the time of death, or CNS lesions.
Importantly, the 40 brains surveyed included a number of neuropathologic diseases
expected to induce immune cell infiltrates, including atherosclerosis, hydrocephalus,
and metastatic carcinoma.
Neither of these studies, however, included patients with neuronal viral infections

which had been shown in vitro to upregulate MHC expression. In subacute sclerosing
panencephalitis (SSPE), the rare but lethal neurodegenerative disease of the CNS
following acute measles virus infection, MHC induction on neurons was found in
five out of six autopsy specimens (GOGATE et al. 1996). However, when MHC and
neuronal markers were used to colocalize the signals in these sections, MHC expres
sion was rarely found on infected neurons. The disparity between measles virus
infection and MHC expression could be explained by two hypotheses. In one
scenario, enhanced neuronal MHC expression may not be a direct consequence of
viral infection, but may be controlled by exogenous factors induced by viral replica
tion in the CNS. Alternatively, MHC-expressing, measles virus-infected neurons may
serve as efficient targets for antiviral CTL, with infected cells cleared by the cytolytic
immune response prior to acquisition of the brain tissue (GOGATE et al. 1996).
Because analysis of autopsy specimens does not afford the opportunity to evaluate

the progression of the disease and the factors that govern MHC expression, animal
model systems of neurotropic viral infections have proven informative. In experi
mental viral infections ofmice and rats and in one case of spongiformencephalopathy
caused by the scrapie agent, infection of neurons correlated with MHC induction
(DUGUID and 'fRzEPACZ 1993; BILZER and STITZ 1994; PEARCE et al. 1994).
Infection ofmice with a highly neurotropic variant ofmouse hepatitis virus (MHV)

establishes a limited infection within the brain and has a low mortality rate (PEARCE
et al. 1994). Clearance of virus from the brain is associated with infiltration of CD8+
lymphocytes, suggesting that CTL-mediated lysis may contribute to viral clearance.
Infection of astrocytes by MHV had previously been shown to induce MHC expres
sion on these infected cells (GOMBOLD and WEISS 1992); in the study by Pearce and
colleagues, upregulation of class I antigens in the nerve fiber layer was also seen,
suggesting that some neurons may be capable ofMHC antigen presentation. A similar
correlation between CD8 T cell infiltration and MHC upregulation on neurons was
found for BDV infection (BILZER and STITZ 1994). In this paper, treatment of
BDV-infected rats with the anti-CD8 monoclonal antibody OX-8 inhibited the
immunopathologic reaction and reduced MHC class I antigen expression on neurons.



eNS Neurons 127

Collectively, it has been demonstrated that all neurons, peripheral or central, in
vitro or in vivo, can be induced to express class I MHC. The stimuli that result in
induction may be viral (e.g., measles), cellular (e.g., CD8+ T cells), or soluble (e.g.,
IFN-y), although not all members of these groups can induce class I antigen expres
sion. For example, persistent infection with the arenavirus LCMV does not induce
neuronal class I MHC (MuCKE and OLDSTONE 1992). Discovering the aspects of viral
infection that govern MHC regulation remains a major effort in virology and
immunology research, and the list of viral proteins that interfere with the antigen-pre
senting pathway continues to grow (reviewed in SPRIGGS 1996). It is important to
note that, despite evidence of MHC expression on neurons, no reports exist of
neuronal lysis in vivo by CTL. Consequently, despite transitory changes in blood
brain barrier permeability, movement of CNS antigens to the periphery via a lym
phoid route, and presentation of foreign peptides by class I antigens, the "immune
privilege" of the mammalian CNS is apparently preserved.

4 Basis of Neuronal Block in MHC Expression

4.1 Reduced Activity of Transcription Factors

If neurons can be induced to present antigens via the class I pathway, but normally
do not, what intracellular mechanisms are responsible for suppression and how does
an inducing signal override this blockade?
Amplification of the N-myc gene is correlated with an increased growth rate and

enhanced metastatic ability of human neuroblastomas (BERNARDS et al. 1986). While
the issue remains controversial (FELTNER et al. 1989), there appears to be an inverse
correlation between expression of the N-myc gene and MHC class I expression: as
the neuroblastoma progresses, the level of N-myc increases while the level of class I
antigens decreases. The effect ofN-myc on MHC expression was reversible with IFN
treatment. Interestingly, this association between N-myc expression and class I
synthesis was true only for neuroblastoma; expression of N-myc in fibroblasts was
not correlated with levels of class I antigen expression (BERNARDS et al. 1986).
It was later found that two distinct elements in the MHC promoter render the class

I genes susceptible to myc-induced suppression (LENARDO et al. 1989). N-myc
reduced the binding of a transcription factor specific for one of these elements, the
MHC class I enhancer. Consequently, in the presence of high concentrations of
intracellularmyc, the activity of this enhancer is compromised and cellular transcrip
tion of MHC genes is constitutively low. The identity of this nuclear transcription
factor was shown to be the pSO subunit of the inducible transcription factor NF-KB
(VANT VEER et al. 1993). Introduction of the NF-KB pSO subunit into neuroblastoma
cells restored expression of class I molecules.
Why do neuroblastomas express such high levels of N-myc? To test the idea that

N-myc expression results from the inactivation or loss of some N-myc repressor,
VERSTEEG et al. (1990) fused neuroblastomas overexpressing N-myc with lines that
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do not express N-myc. N-myc expression was turned off in the resulting hybrids,
confirming the hypothesis that the absence of the N-myc suppressor can account for
the unusually high levels in neuroblastomas. As predicted, the level of class I MHC
transcription in these hybrids was restored, verifying the causal link between N-myc
and class I expression.
Defects in MHC class I transcription are not the only obstacles to antigen

presentation in neuronal cell lines. JOLY and OLDSTONE (1992) found that the OBL-21
cell line, previously shown to express low levels of the class I heavy chain (JOLY et
al. 1991), also expressed negligible levels of the TAP-l and -2 transporter proteins
(previously called HAM molecules), which are responsible for shuttling proteolyzed
peptide fragments into the endoplasmic reticulum. While the levels ofN-myc in this
cell line have not been established, nor is it known whether N-myc overexpression is
the cause of decreased transcription of the TAP genes, it is generally appreciated that
many antigen-presenting genes share common regulatory motifs, leaving open the
possibility that N-myc can sequester nuclear transcription factors that regulate mul
tiple genes involved in antigen presentation.
The above studies employed transformed cell lines as model systems, again raising

the relevance of neuroblastoma lines to primary neurons or neurons in vivo. MASSA
and colleagues (1993) evaluated the ability of class I antigens to be upregulated by
IFN-yin primary astrocytes, neurons, and oligodendrocytes. They found that expres
sion in oligodendrocytes and astrocytes could be enhanced by the addition of the
stimulatory cytokine, but that neurons remained refractory to the effects of IFN-y.
The differences in inducibility among these cell types was due to differences in the
expression of nuclear factors specific for the NF-lCB-like region I enhancer within the
class I promoter. Thus, similar to neuroblastomas, the absence of class I MHC in
neurons appears to be linked to a decreased abundance or activity of DNA-binding
transcription factors. A critical difference between primary neurons and neuroblas
tomas is their response to cytokine stimulation. Addition of IFN-y or TNF-a induces
MHC expression in most neuroblastoma cells (DREW et al. 1993), whereas primary
neurons are generally refractory to cytokine stimulation.
The expression of the IFN-~ gene is regulated by enhancers similar to those found

in the MHC genes (BURKE and OZATO 1989). One might therefore predict that the
IFN-~ gene would be similarly downregulated in primary neurons, although surpris
ingly the data indicate that it is highly expressed in neurons following treatment with
IFN-~-inducing stimuli (WARD and MASSA 1995). The authors discuss the potential
benefit of this differential regulation: neurons successfully escape MHC class I-re
stricted lysis by downmodulating MHC cell surface expression, while retaining the
beneficial properties ofIFN-~ production, which include restriction of viral infection
within a cell population (SCHIJNS et al. 1991).
Finally, while transcription factors do playa pivotal role in MHC regulation,

cis-acting signals appear to also regulate cell type-specific MHC expression (MURPHY
et al. 1996). Cell-specific expression of class I antigens is achieved in part by a series
of negative and positive regulatory elements located within the extended class I MHC
promoter (WEISSMAN and SINGER 1991). The constitutive ability of this promoter to
function in a given cell type is dependent on the activity of the activating and silencing
domains within the promoter. Thus it is possible that the class I promoter in neurons
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is constitutively functional, but is actively repressed by upstream elements. MURPHY
and coworkers (1996) demonstrated that the removal of four elements upstream of
the transcriptional start site of the class I promoter ofthe non-MHC-expressing human
neuroblastoma line CHP-126 restored constitutive MHC expression. Two of these
"silencer" elements display differing functions in CHP-126 and HeLa cells. Silencer
B, located between nucleotides 402 and 503 within the class I MHC promoter,
suppresses MHC expression in neuroblastomas, but enhances expression in HeLa
cells; likewise, silencer A, which suppresses expression in the CHP-126 cells, has no
detectable function in HeLa cells.
The authors acknowledge that NF-KB plays a critical role in cytokine-induced

expression. However, while NF-KB may be necessary for cytokine-induced expres
sion, it is not necessary for constitutive expression, since an upstream enhancer is
able to activate the promoter in the absence of NF-KB. Thus suppression of constitu
tive MHC synthesis appears to reside, at least in part, at the level of cis-acting
elements within the MHC promoter, in addition to the altered function of transcrip
tional regulators (MURPHY et al. 1996).

4.2 Reduced Susceptibility to Cytotoxic T Lymphocyte-Mediated Lysis
and the Potential Role of Cytokines

An underlying assumption of this chapter is that increased neuronal MHC expression
confers a higher susceptibility to CTL-mediated recognition and lysis. Three studies
suggest that this may not be an accurate assumption and that neurons may be
refractory to CTL lysis at a level beyond TCR-MHC recognition.
As described earlier in this chapter, cytokine treatment of neuroblastoma cell lines

can upregulate cell surface MHC expression. However, despite increased levels of
MHC, MAIN and colleagues (1988) found that neurons remained resistant to CTL
mediated lysis. The authors noted that "neuroblastoma lines [with increased MHC]
did not form conjugates with primed T cells." Retrospectively, in light of the need
for bothMHC and costimulatory signals to result in target lysis, these neuroblastomas
may be deficient in either the critical "second signal" or in cell surface adhesion
molecule expression needed for binding of the CTL to its target.
The requirement for TCR-MHC recognition can be bypassed using purified

granules obtained from CTL or LAK cells. Differing conclusions are drawn by two
groups who assessed the susceptibility of primary neurons in culture to purified
granules. One group (KEANE et al. 1992) reported that, while leucoagglutinin-treated
primary CNS neurons triggered granzyme release from effector cells, neurons re
mained resistant to the cytolytic effects of these granules, unlike other cultured
resident brain cells. They concluded that neurons possess protective mechanisms,
beyond blocks in target cell-CTL interaction, that render them refractory to CTL-de
livered cytotoxins. A more recent report (RENSING-EHL et al. 1996) readdressed this
issue and found that both extracted granules and purified perforin could induce
virtually complete lysis of neurons. The major differences between these studies were
the age and type of neurons studied; in the paper by Keane and colleagues, whole
embryonic brain was used as a source of neurons; in the report by Rensing-Ehl and
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coworkers, cerebellar granule cells from day-7 neonates served as a source ofneurons.
These papers underscore the importance of the model system in interpreting these
studies: differentiation status, host age, and neuronal subtype are all factors in
immune susceptibility.
Finally, if neuronal MHC expression and CTL lysis are linked events, one might

expect that reconstitution of class I MHC on the surface of neurons in vivo might
rendermouse CNS neurons more susceptible to CTL lysis following an inflammatory
CNS lesion. However, when CNS neurons were driven to constitutively express a
transgene-encodedMHC molecule (RALL et al. 1995) and were subsequently infected
with the neurotropic virus LCMV, adoptive transfer of antiviral CTL resulted in
recruitment of CTL to the brain parenchyma and more rapid clearance of virus from
infected neurons, but no appreciable loss of neurons within infected brains. Thus
MHC expression was sufficient to recruit CTL to the CNS parenchyma and to allow
virus clearance, but clearance was not accompanied by cell loss (RALL et al. 1995).
How these CTLexert their virucidal, but not cytocidal, effects in vivo is not known.

It is conceivable that factors released from neurons or glial cells, such as gangliosides,
may interfere with CTL-neuronal interactions. Alternatively, intraparenchymal cy
tokine production may participate in the clearance of infectious virus from transgenic
brains. Inhibition of viral synthesis in the absence of cell death has been documented
in the CTL response to HBV infection ofhepatocytes (GUIDOTfi et al. 1994) and in
human immunodeficiency virus (HIV) (HSEUH et al. 1994). In these systems, inflam
matory cytokines such as IFN-y and TNF-a can downregulate viral expression
without concomitant cell death. Studies are underway to test the ability ofCTL-elabo
rated cytokines to resolve neurotropic viral infections in the absence of cell killing.

5 Conclusions

In summary, the paucity of neuronal expression of the class I MHC antigens seems
to reflect a reluctance, rather than an inability, to synthesize these proteins. The
burden borne by cells which can present foreign peptides in the context of class I
MHC is that they will become targets of the cytolytic response. In most cases, such
altruistic behavior benefits the host, since CTL lysis of virally infected cells will likely
precede virus maturation, thereby limiting the spread of the infection. For some cells,
however, such behavior would not benefit the host. In the case of placental tro
phoblasts that lie at the junction between the maternal and fetal systems, absence of
MHC expression helps to protect the developing "graft" from maternal recognition.
In the CNS, negligible MHC expression protects essential and nonrenewable neurons
from immune-mediated cytolysis.
The potential of neurons to express class I MHC antigens, however, suggests that

various stimuli, including cytokines, viral infections, and alterations in neuronal
function may allow these cells to become targets for CTL recognition. The mecha
nisms by which these stimuli cause increased MHC expression and the ultimate
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consequences of CTL-neuron interactions in the host remain issues of paramount
importance to our understanding of immunologically mediated CNS diseases.
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1 Introduction

Adenoviruses are ubiquitous double-stranded DNA viruses that can infect the epi
thelial surfaces of the gastrointestinal and respiratory tracts (SHENK 1996). Once
adenovirus has infected the epithelial surface, it is internalized and uncoated. Its DNA
is transported to the nucleus, where it is transcribed. The genes of adenovirus can be
divided into early and late transcription units depending on whether they are tran
scribed before (early) or after (late) the onset of viral DNA replication. The first gene
to be expressed is EIA. It produces two alternatively spliced products, 289R and
243R. These products activate transcription of other adenovirus genes as well as both
up- and downregulating host cell transcription. One cassette of genes that is activated
by EIA is early region 3 (E3). These genes had been deemed "nonessential" because
they are not required for viral replication in vitro. Other early-region proteins
activated by EIA are EIB (which is involved in viral mRNA transport into the
nucleus), E2 (which is involved in viral DNA replication), and E4 (which is associated
with virion assembly). Following the onset of viral DNA replication, the late genes
are transcribed and translated. These proteins are the structural proteins of the
nucleocapsid which are synthesized in the cytoplasm and transported into the nucleus
for virion assembly. Virions are released via an unknown mechanism and result in
lysis of the cell.
Adenoviruses can be divided into 47 serotypes (Adl-Ad47) forming six groups

(A-F) based on DNA homologies, serum cross-reactivities, and oncongenicity in
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rodents (HORWITZ 1996). Serotypes differ in their ability to infect different epithelial
surfaces and in the pathological outcome of infection. For example, Ad8 and Adl9
of group D are associated with keratoconjunctivitis, while groups Band C are
associated with mild to severe upper respiratory infections. The most common of
these group C viruses are Ad2 and AdS, which cause acute respiratory infections and
can persist for years after initial infection (BRANDTet al. 1966; Fox et al. 1969, 1977;
HILLIS et al. 1973). How adenoviruses persist in the face of a vigorous, virus-neutral
izing immune response is not known.
Viruses, especially DNA viruses, have evolved immunomodulatory proteins that

are capable of counteracting both the specific and the innate immune responses
(reviewed in GOODING 1992; McFADDEN and KANE 1994; McFADDEN et al. 1996;
SMITH 1994), adenoviruses have evolved multiple mechanisms for downregulating
the immune response (reviewed in WOLD and GOODING 1989; GOODING and WOLD
1990). Suppression of immune responses by adenoviruses may be a critical factor
that allows them to remain latent in lymphodial tissue (GINSBERG et al. 1990) and/or
persist for years after primary infection in spite of a strong anti-adenovirus immune
response (BRANDT et al. 1966; Fox et al. 1969, 1977; HILLIS et al. 1973). In order to
avoid detection by cytotoxic T lymphocytes (CTL), one of the main effector cells
against viral infections, adenoviruses as a group have evolved two different mecha
nism for preventing antigen presentation on major histocompatibility complex
(MHC) class I (PAABO et al. 1986). Representative serotypes of most genera of
adenovirus produce a protein - typified by the E3 protein gpl9K of Ad2 and Ad5
that binds MHC class I within the endoplasmic reticulum (ER), thus preventing its
translocation to the cell surface (PAABO et al. 1986; BURGERT and KVIST 1985;
TANAKA and TEVETHIA 1988). The highly oncogenic Ad12 utilizes the transactivating
protein EIA to reduce mRNA levels of MHC class I and antigen-processing genes
in transformed cells (SHEMESH et al. 1991, 1993; ROTEM YEHUDAR et al. 1994b).

2 Structure of gp19K and Its Interaction with MHC Class I

The gp19K protein is one of the most abundant early proteins and consists of 142
amino acids after signal sequence cleavage (Fig. 1). Its ER luminal domain contains
107 amino acids (residues 1-107) and is glycosylated at positions 12 and 61
(KORNFELD et al. 1981; WOLD et al. 1985). The 20- to 24-amino acid transmembrane
domain (residues 108-127) is followed by a IS-amino acid cytoplasmic domain. This
final 15 amino acids contains the ER retention signal, which is a combination oflinear
sequences (NILSSON et al. 1989; JACKSON et al. 1990) and conformational motifs
(GABATHULER and KVIST 1990). The gpl9K protein can bind to class I molecules of
many species (SESTER and BURGERT 1994) and retain them in the ER (KVIST et al.
1978; SIGNAS et al. 1982). The interaction between MHC class I and gp19K is not
covalent and does not involve disulfide bonds or carbohydrates, but the gp19K
intramolecular disulfide bonds are necessary for binding (BURGERT and KVIST 1985).
The gp19K protein binds to many different alleles in mouse and humans with
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Fig. 1. gp19K from group C (AdZ and Ad5) adenoviruses. Luminal domains are as defined by HERMISTON
et al. (1993b). ER, endoplasmic reticulum. See text for details

differing affinities (Cox et al. 1990; BEIER et al. 1994). Since gp19K is capable of
binding to such diverse class I molecules, it was initially believed that it must bind
to the <X3-domain or to a highly conserved region or a conformational epitope
elsewhere. Exon shuffling between binding and nonbinding alleles showed that the
important region for binding mapped to the <Xl- and <xz-helix of the variable domains
of the class I molecule (BEIER et al. 1994; FEUERBACH et al. 1994). Using another
method, FLOMENBERG et al. (1994) mapped the binding regions on MHC class I using
antibodies against HLA class I. They showed that antibodies against the <X3-region,
the conserved domain, did not block binding to gpl9K, but with antibodies against
theN terminus of the <Xl-domain or the C terminus of the <Xz-domain, gp19K binding
was inhibited. The gp19K protein does not bind in the peptide cleft, since CTL can
still recognize cells expressing gp19K which is not retained in the ER (Cox et al.
1991). It has been proposed that gp19K binds underneath the antigen-binding cleft
similar to superantigens binding to MHC class II (FEUERBACH et al. 1994).
To define further the important regions on gp19K for MHC class I binding,

extensive mutagenesis of gp19K has been performed. SESTER and BURGERT (1994)
reported that the cysteines involved in disufhide linkages are critical for MHC class
I binding (cys-ll, -28; cys-22, -83), while the other three cysteines have no effect on
binding. To investigate the luminal regions, HERMISTON et al. (1993b) generated a
series of 14 small (three- to 12-residue) in-frame deletion mutants. Functional studies
revealed that all deletions in the luminal domain eliminated MHC class I binding,
with the exception of deletions in the membrane proximal region (~102-1O7).These
authors proposed to divide the gp19K luminal domain into three subdomains: the
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variable domain (amino acids 1-84, higWy variable among adenovirus serotypes),
the conserved domain (amino acids 84-98, highly conserved among adenovirus
serotypes), and the spacer domain (amino acids 99-107). The variable domain would
interact with the variable regions of the <XI- and <X2-domains on MHC class I and the
conserved region could interact with the ~2-microglobulin-binding region (<X3). The
spacer domain is probably used for structural purposes, moving gp19K further from
the membrane, and is not absolutely required for MHC class I binding.

3 Function of gp19K

The gpl9K protein alone functions to retain MHC class I in the ER and to reduce
CTL recognition of anti-adenovirus, anti-SV40, and allogeneic CTL (ANDERSSON et
al. 1985,1987; BURGERT and KVIST 1985; RAWLE et al. 1989; JEFFERIES and BURGERT
1990; Fig. 2).Mutants lacking the six-amino acid ER retention signal still bind MHC
class I, and the MHC class I-gp19K complex is translocated to the cell surface, where
it can be recognized by CTL (Cox et al. 1991). In some cell lines, there is a decrease
in cell surface expression ofMHC class I that correlates with a reduction in CTL lysis

Recognition by CfL
II e terior

Tran pon to the pI rna membrane

Transpon to Golgi complelt (Endo H re i tant)f Blocked by gpl9K

COOH

gpl9K
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Fig. 2. Steps in presentation of antigen by MHC class I inhibited by adenovirus gp19K. en, cytotoxic T
lymphocytes; ER, endoplasmic reticulum; TAP, transporter associated with antigen presentation; ~2m,
~2-microglobulin
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(ANDERSSON et al. 1985; BURGERT et al. 1987). In other cell lines, there is no reduction
in cell surface MHC class I, but there is still a reduction in CTL lysis (Cox et al. 1990;
ROUTES and COOKE 1990). The reason for this dichotomy is probably that, during
virus infection, only newly synthesized class I molecules bear viral peptides and
preexisting MHC class I on the surface is irrelevant to antiviral CTL. Hence infected
cells can appear to retain MHC class I on the surface and be resistant to MHC class
I-restricted antiviral CTL. We find that gp19K is most effective in preventing CTL
lysis in cell lines that express low levels ofMHC class I. Higher levels ofMHC class
I expression correlate with intermediate- or low-level inhibition of CTL lysis by
gp19K (T.E. Sparer, F.C. Rawle, and L.R. Gooding, unpublished observations). Thus
gp19K appears to have a limited capacity for sequestering MHC class I that can be
overcome in cells synthesizing higher levels of MHC class I. Similarly, interferon
(IFN)-y treatment of cells, which increases MHC class I expression, also overcomes
gp19K-mediated inhibition ofCTL lysis (see below). ROUTES and Cooke (1990) have
observed that only in cells which are EIA transformed is there a reduction in cell
surface MHC class I. Furthermore, these authors found a direct correlation between
the amount of EIA expressed and the extent of gpl9K-mediated MHC class I
downregulation (ROUTES et at. 1993). They propose that, during normal infection, a
few cells become EIA transformed, and the resultant resistance to CTL allows these
few cells to become persistently infected. In contrast, KORNER and BURGERT (1994)
found that expression of E3 proteins in lymphoid cells, the cell type that harbors
adenovirus during persistence, caused extensive inhibition ofMHC class I expression
in the absence of EIA. These authors also found that the NF-KB sites within the E3
promoter can be activated with either tumor necrosis factor (TNF) or other processes
such as cell activation, increasing transcription of the gp19K gene and resulting in a
reduction of CTL lysis (KORNER et al. 1992). Recently it has been shown that gp19K
ER retention is necessary for the activation of NF-KB transcription factor (PAHL et
al. 1996). When gp19K is retained in the ER, the ER becomes "overloaded" and
activates a pathway leading to NF-KB activation. NF-KB stimulates the transcription
of the class I genes. This could be a form of antiviral response by an infected cell to
overcome gpl9K. On the other hand, gpl9K's NF-KB-binding sites within the E3
promoter would compensate for the increase in MHC class I expression. Perhaps in
a persistent infection in some cells MHC class I would be overexpressed and would
overcome gp19K retention, while in others NF-KB activation of E3 or lack ofMHC
class I in the infected cell would allow the cell to resist CTL lysis.
In addition to retention of MHC class I, it is possible that gp19K also acts by

inhibiting chaperone proteins in the ER. In some gpl9K-transfected cell lines, two
other proteins are coprecipitated with gp19K and MHC class I (FEUERBACH and
BURGERT 1993). These proteins, with a molecular mass of 100 and 110 kDa, respec
tively, are transmembrane glycoproteins with disulfide bridges that are induced by
starvation, but not by heat shock. The proteins can be dissociated when peptide is
added, which indicates that they are chaperone proteins. These proteins could be
involved in MHC folding or assembly and/or peptide binding. Even without gpl9K
present, some gplOO/110 is associated with MHC class I (Kd

), indicating that the
proteins may be associated with normal peptide loading. These chaperones are not
calnexin (88 kDa), because, unlike gp100/11O, calnexin is a nonglycoslyated phos-
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phoprotein; gp100/110 are not identical to gp96, because they are not induced by heat
shock. One possibility is that they could be related to the 105-kDa protein that
associates with Db molecules of RMA-S lysates, as described by TOWNSEND et al.
(1990). It remains to be established whether gpl9K could be preventing egress from
the Golgi apparatus by preventing peptide binding or transport or by forcing MHC
into a conformation that cannot release gpl00/l1O. It could be that a total reduction
in MHC class I on the cell surface may not be beneficial for adenoviruses, since the
lack of cell surface MHC class I could make the cell vulnerable to lysis by natural
killer (NK) cells, aIthough one study did not find a correlation between adenovirus
infection/cell surface MHC class I and NK lysis (BOSSE et al. 1991).
The role of gp19K in vivo is less clearly defined. It could elicit its effect on either

the afferent (generation) or the efferent (effector) phase of the immune response. The
presence ofgp19K in the immunizing virus did not alter CTL generation in the mouse
by either intraperitoneal or intranasal inoculation (RAWLE et aI. 1989; SPARER et aI.
1996). In contrast, Lee et al. (1995) claim to have prevented CTL generation by
inoculating mice with an adenovirus vector overexpressing gpl9K. Recently, ILAN
et al. (1997) have shown that adenovirus-specific CTL generation and humoral
response are prevented when an adenovirus vector overexpresses all of the E3
proteins. These data are confounded by the inclusion of the entire E3 region. It is
possible that the effects that were observed could be amplified by the other immun
regulatory proteins contained in E3. Since human adenovirus is a nonproductive
infection in mice (i.e., relatively low levels of gp19K expression), one possible
explanation for these discrepancies is that only overexpression of gp19K prevents
CTL expansion. In contrast, Cox et aI. (1994) could not find any differences in
vaccinia-specific CTL when gp19K was overexpressed by a vaccinia vector. Even
this does not answer the question completely, however. The vaccinia response could
be driving a much stronger immune response that could overcome the gp19K effect
(e.g., IFN-y), or vaccinia-infected cells might not be the same as those infected by
adenovirus; therefore, gp19K cannot perform its usual function.
Perhaps it is not surprising that gp19K does not function in vivo as it does in vitro.

After all, a reduction of 50%-90% in CTL-specific lysis, the most that can be
attributed to gp19K expression in vitro, means that there are cells that can still be
recognized by adenovirus-specific CTL. The cells that are recognized could stimulate
CTL priming in vivo. In addition, it is possible that in vivo priming is carried out by
cells which can process exogenous adenovirus antigens. Rock and coworkers have
shown that both a subset of macrophages and cloned dendritic cells can present
exogenous antigens in the context of class I molecules to CTL (ROCK et al. 1993;
SHEN et al. 1997). If adenovirus antigens are processed in noninfected macrophages,
CTL epitopes could be presented without interference by gp19K.

If gp19K cannot prevent CTL generation, perhaps its in vivo role dampens the
efferent (effector) phase of the immune response. Even if adenovirus cannot prevent
CTL priming, it could dampen cellular destruction. Initially, in a cotton rat model of
adenovirus pneumonia, it appeared that gp19K was involved in the reduction of
adenovirus-induced immune pathology (i.e., efferent function) (GINSBERG et al.
1990). Cotton rats inoculated intranasaIly with adenovirus lacking gp19K showed
greater perivascular/peribroncholiar infiltrates than rats infected with the parent virus.
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Others have shown that islet cells from E3 transgenic mouse donors survive longer
than nontransgenic cells (EFRATet al. 1995). Since CTL playa major role in islet cell
rejection, these data imply that gp19Kcould prevent recognition of transplanted cells.
Whether the increased longevity of the graft is due to other E3 proteins, such as the
TNF resistance proteins, cannot be excluded. In contrast, in mice infected with a
recombinant vaccinia virus overexpressing gp19K, there are no changes in NK
activity, CD4+/CD8+ ratios, or vaccinia pathogenesis (Cox et al. 1994; GRUNHAUS et
al. 1994). Once again, this could be due to an overly aggressive anti-vaccinia
response. However, in our hands, deletion of gp19K from the infecting adenovirus
had no effect on pulmonary infiltration or CTL responses in a mouse pneumonia
model (SPARER et al. 1996). Hence, at present, the utility of gp19K for subverting
CTL effects in acute infection remains uncertain.
Why did gp19K not decrease the efferent arm (i.e., destruction of infected cells

and/or lung pathology)? First, it is possible that adenovirus infects cells that overex
press MHC class I and can override the gp19K effect, or gp19K could be underex
pressed in lung cells, thus not sufficiently reducing MHC class I antigen presentation.
Second, cytokines such as IFN-yare capable of increasing MHC class I expression
and/or transporter proteins, which would overcome the gp19K effect (ROUTES 1992;
FLOMENBERG et al. 1996; SPARER et al. 1996). In either of these cases of acute
adenovirus infection, the role of gp19K in persistence is not addressed. In a natural
infection, the survival of a few lymphoid cells in which gp19K has been overex
pressed due to activation of NF-lCB could prevent CTL recognition (ROUTES et al.
1993; KORNER and BURGERT 1994). Currently, there is no model for adenovirus
persistence in vivo, but the fact that Ad? gp19K is highly conserved in clinical isolates
(HERMISTON et al. 1993a) underscores the importance of gp19K in natural infection.
In a natural infection, the function of gp19K could permit persistence of a few
adenovirus-infected cells, while allowing acute infection pathogenesis or an ade
novirus-specific immune response.

4 Adenovirus Type 12 EIA Downregulation ofMHC Class I

All subgenera of adenovirus modulate MHC class I expression via E3 gp19K except
for group A (PAABO et al. 1986, 1989). Group A (i.e., Ad12) uses another early region
protein, ElA, to modulate MHC class I expression. The ElA of Ad12 is a transacti
vating protein that induces transcription of class I genes in acutely infected mouse
cells (ROSENTHAL et al. 1985), but downregulates the transcription of MHC class I
(SCHRIER et al. 1983; EAGER et al. 1985) and transporter/proteosome genes (ROTEM
YEHUDAR et al. 1994a, 1996) in Ad12-transformed cells. Although both Ad5 and
Ad12 are capable of transforming cells, only Ad12-transformed cells can induce
tumors in rodents. The downregulation of class I molecules may be responsible for
the increase in tumorigenicity in this group (BERNARDS et al. 1983; SCHRIER et al.
1983; VASAVADA et al. 1986; ROTEM YEHUDAR et al. 1994a,b, 1996), although other
groups do not see a correlation between a decrease in MHC class I and tumorigenesis
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(PEREIRA et al. 1995). Soddu and Lewis (1992) have even shown that high levels of
MHC class I actually increase tumorigenicity in BALB/c mice. Downregulation of
MHC class I transcription occurs in transformed rat (SCHRIER et al. 1983), mouse
(EAGER et al. 1985), and human cells (PAABO et al. 1989) by several means without
affecting ~2-microglobulinmRNA levels.
Several studies have shown that Ad12 EIA might function via downregulation of

the murine enhancer element. The enhancer element in mouse H-2Kb class I contains
three elements: Rl, Rl', and R2. The Rl region is activated by NF-KB binding, and
over 70% of the enhancer activity comes from this region (BURKE et al. 1989). The
Rl enhancer activity is shut down in Adl2-transformed cells, but not in AdS-trans
formed ones. The nonconserved portion between the two maps to the first exon of
between CR2 and CR3 (PEREIRA et al. 1995). The inhibition of NF-KB binding is
specific for the transcriptionally active form of the protein such that NF-KB pSo-p6S
heterodimer is prevented from binding to Rl, while the transcriptionally inactive
pSo-pSO homodimer is unaffected (KUSHNER et al. 1996; Lru et al. 1996). This is in
contrast to the observation made by SCHOUTEN et al. (199S), who observed a decrease
in levels of pSO due to a decrease in the processing of the pSO precursor (plOS). The
inhibition of pSo-p6S binding to Rl occurs in the nucleus and not in nuclear
translocation, implying that downregulation is due to a nuclear localizing factor (Lru
et al. 1996). E1A could be the NF-KB-inhibitory factor, but purified recombinant E1A
is not capable of directly preventing NF-KB binding in vitro (Lru et al. 1996). It is
possible that EIA utilizes a cellular factor to bind to NF-KB pSo-p6S.
In transformed mouse cells, Ad12 EIA downregulates MHC class I by decreasing

NF-KB binding, but EIA also induces binding of the negative regulator COUP-TF,
which binds to the R2- of the class I enhancer (KRALL! et al. 1992; KUSHNER et al.
1996). In addition, preliminary evidence suggests a downregulation at the third
enhancer-binding site Rl'. It appears that Ad12 EIA uses global downregulation at
all three enhancer sites in order to downregulate transcription ofMHC class I. Others
have shown that, in order to obtain full suppression of class I, EIA must bind to the
upstream negative regulatory repeats (CAA(A)CAAA) in the H_2bm promoter
(OZAWA et al. 1993). From these data, it appears that the EIA downregulation of
MHC class I is complex and varied, depending on the regulatory elements involved
in the different species.
The 289R EIA product causes downregulation of the amount of cell surface MHC

class I not only because the amount of MHC class I produced is decreased, but also
because MHC class I egress is halted in the ER (SHEMESH et al. 1991; SHEMESH and
EHRLICH 1993). Ad12 ElA also downregulates transcription of members of the
proteosome complex (LMP2 and LMP7) and the peptide transporter (TAP-2) (ROTEM
YEHUDAR et al. 1994a,b, 1996). The proteosome complex is responsible for cleavage
of endogenously synthesized proteins that are then transported into the ER, where
they are loaded onto MHC class I. ROTEM YEHUDAR et al. (1996) showed that EtA
causes inhibition of transport of newly synthesized swine and H-2Db class I mole
cules, even though the levels ofmRNA are normal. They showed that transfection or
infection with vaccinia expressing TAP genes only partially restored MHC class I
transport. Expression of the LMP2 and LMP7 of the proteosome complex along with
the TAP-2 gene completely restored the egress of swine class I molecules, but not
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H-2Db
. Levels of mouse H-2Db molecules were not completely restored until IFN-y

was added. These data indicate that adenovirus blockage of the transporter and
proteosome genes can prevent MHC class I progression through the ER, but total
reconstitution in some cases requires the addition of IFN-y.
Does the decrease in MHC class I alter the immune response? The answer to this

question is controversial. Adl2 downregulation of MHC class I was shown to
decrease influenza-specific CTL recognition in Ad12-transformed cells lines, but not
in Ad5-transformed cell lines in vitro (YEWDELL et al. 1988). In vivo, AdI2-trans
formed cells transfected with MHC class I are no longer tumorigenic (TANAKA et al.
1985). Further, KAST et al. (1989) have shown that induction of adenovirus-specific
CTL can lead to tumor eradication, even without increasing the amount ofMHC class
I on tumor cells. These data support the hypothesis that the decrease in MHC class I
and the immune response allows for tumor survival. In contrast to these findings,
SODDU and LEWIS (1992) showed that, in spite of low levels of class I, AdI2-trans
formed cells can be recognized by allospecific CTL and can function to elicit
Adl2-specific protection against tumors; thus, even though there are low levels of
MHC class I on the surface, these are sufficient to mediate functions. Similarly,
PEREIRA et al. (1995) did not find a correlation between downregulation ofMHC class
I, allospecific CTL recognition and tumor induction in Adi2/5 hybrid cell lines.
Perhaps the discrepancies can be explained by differences in the adenovirus-trans
formed cell lines used in these studies.
Even though the different subtypes infect different mucosal surfaces and cause a

variety of different diseases, all adenoviruses combat the immune response by
interfering with class I antigen presentation. Downregulation of the class I antigen
processing and -presentation pathway is a common theme among viruses. The
herpesviruses have developed proteins that can interfere with TAP (FRUH et al. 1995;
HILL et al. 1995) or withMHC class I processing via the EBNA1repeats (LEVITSKAYA
et al. 1995). Recently, the gp40 protein from murine cytomegalovirus (CMV) has
been shown to inhibit MHC class I egress from the cis-Golgi (ZIEGLER et al. 1997).
Although both gp19K and gp40 retain MHC class I, there are differences in cellular
location, retention signals, and coprecipitation with MHC class I. As more viral
immunoregulatory proteins are discovered, this may present an opportunity for
discovering other processes present in normal antigen presentation. In the non-group
C subtypes of adenovirus, there are many other E3 proteins which have no functions
assigned to them (BASLER and HORWITZ 1996; YEH et al. 1996). Whether these
proteins can counteract MHC class I processing and presentation via different means
remains to be investigated.
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1 Introduction

It is now well established that animal viruses evade host immunity by many different
mechanisms. In an immunocompetent host, the evolutionary pressure brought to bear
on viruses is obviously immense, and thus their existence will ultimately dependent
upon one form or another of immune subterfuge, subversion, suppression, or abro
gation. However, there must also be a well-established balance between the ability
of a virus to go around host immunity and the host's ability to adapt to the virus and
ultimately contain it. In the event that this balance is not established, either the host
or the virus will be eliminated. It is also important to note that viruses have had a very
long time to study the immune system, many millions of years longer than immu
nologists. Thus, much can be learned by examining the effects of viruses on the
immune system and their evasion strategies, not only about the intricate interplay
between viruses and the immune system, but also about the workings of the immune
system itself.
Smaller viruses, such as myxoviruses, picomaviruses, and retroviruses, evade the

immune system by changing their coats, restricting the expression of dominant
epitopes, or infecting important opponents. By contrast, large DNA viruses, such as
the adenoviruses, herpesviruses, and poxviruses, have the luxury of large coding
capacities and thus express an elaborate array of proteins that have specific effects
on immune recognition and effector functions.
Herpesviruses are particularly interesting examples of the interplay between virus

and host, because their life cycle is characterized by long-term persistence or lifelong
latency. Persistence usually includes expression of most viral polypeptides, so that
viral progeny are produced and shed, usually at low levels. An example is human
cytomegalovirus (HCMV), a ~-herpesvirus that replicates relatively slowly and that
can be continuously or intermittently shed by immunocompetent adults and infants
(reviewed in BRITI and ALFORD 1996; MOCARSKI 1996). HCMV probably persists in
monocytes and macrophages and in the salivary gland, and persistence appears to be
related to the state of differentiation of host cells, so that infection is abortive in some
cells but lytic in others. During abortive replication, viral gene expression may be
relatively limited and, as a result, immune responses may also be dampened. HCMV
and its murine cousin, MCMV, may also establish infections that may be more
appropriately defined as latent infections. For example, MCMV can be reactivated,
by coculture with permissive cells, from the spleen, salivary glands, prostate, and
testes, even though there is little or no gene expression in the tissues. Latency
normally involves expression of a limited subset of the viral genes, if any at all, and
for several viruses latency is restricted to a narrow set of tissues. During latency, the
genome is normally present as a closed circle rather than in the linear form found in
virions. A classic example of latency is that of herpes simplex virus (HSV), which
establishes a latent infection in sensory neurons that innervate the mucosal epithelium
where the primary infection occurs (reviewed ROIZMAN and SEARS 1996; WHITLEY
1996). During latency, HSV proteins are not expressed. Periodic reactivation from
latency, induced by stress, ultraviolet (UV) light, or other stimuli, leads to HSV
replication in the neuron and reinfection at the mucosa. Epstein-Barr virus (EBV)
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establishes a latent infection in B cells, where the viral genome is continuously
maintained as a closed circle and with very restricted gene expression.
Latency itself is an important mechanism for herpesvirus immune evasion. HSV

is largely invisible to the immune system during its latent phase, since the nervous
system is an immunopriviledged site and viral proteins are not expressed. This is an
ideal scenario in which the virus hides and waits until robust immunity subsides. EBV
is latent in B cells, cells with much more exposure to the immune system, but
nonetheless remains camouflaged by virtue of limited gene expression and by
inhibiting presentation of viral antigens. However, all the herpesviruses must even
tually reactivate from latency and replicate, and viral progeny must be spread to other
hosts; during this process, the viruses come under fire from a fully primed immune
system. Therefore, this cycle oflatency, replication, and virus spread, followed again
by latency, presents obvious problems as well as benefits in terms of dealing with
host immunity. To replicate in this environment, herpesviruses have devised many
fascinating mechanisms to evade host immunity, among these methods of blocking
antigen presentation pathways. In this chapter, we review the molecular mechanisms
that we currently know herpesviruses use to manipulate antigen presentation. In order
to consider the biological significance of these mechanisms, we have included a brief
review of current knowledge of the immune response to each virus, focusing in
particular on the CDS+ cytotoxic T lymphocyte (CTL) response.

2 Herpes Simplex Viruses

2.1 Immunity

HSV is the best studied of the a-herpesvirus family. Primary HSV infection in the
mucosal epithelium is characterized by strong immune responses, including nonspe
cific, humoral, and cell-mediated immunity. From the limited information available,
it is not absolutely clear whether humoral or cell-mediated responses predominate in
clearance of virus, but most of the evidence suggests that cell-mediated immunity is
more important (reviewed in SCHMID and ROUSE 1992; YORK and JOHNSON 1994).
Mice are the most widely used animal models of HSV infection, but there are

clearly qualitative and quantitative differences between the immunity seen in mice
and in humans, and the relative contribution of different immune cell types may be
skewed in mice. Moreover, there are major differences in the biology of virus
infection in mice versus humans. Latency in mice does not lead to spontaneous
recurrences, as is the case in humans. HSV rarely spreads beyond the sensory ganglia
to aggressively infect the central nervous system (CNS) in humans, yet this is
common in mice (reviewed in ROIZMAN and SEARS 1996; WHITLEY 1996). However,
studies of humans can also be difficult to interpret, because most involve relatively
few patients, the data represents only a snapshot in the course of lifelong infection,
and control groups are often not used.
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Strong humoral responses are produced in response to HSV infection, and anti
bodies generated during primary infection can effectively neutralize viruses; how
ever, there is little or no evidence that antisera can prevent or ameliorate HSV
infection in humans (reviewed in KOHL 1992). In mice, antibodies can protect against
infection and may restrict neuronal spread in some instances. However, antibodies
become less effective in clearing virus after infection of even a single cell, because
HSV can spread efficiently and rapidly from cell to cell without entering the
extracellular milieu and because, after establishment of latency, there are no targets
for the antibodies. Indeed, HSV can reactivate from latency and cause recurrent
infections in spite of high antibody titers (ZWEERINK and STANTON 1981), and
antibody titers do not predict the time to recrudescence or severity of secondary
lesions (DOUGLAS and COUCH 1970).
Innate (nonspecific) and acquired (specific) cellular immunity appear to be crucial

for virus clearance during ongoing infection in mice and humans, although these
responses may be less effective in preventing the initial (primary) infection and in
limiting virus spread during the early stages of infection in the mucosa (reviewed in
COREY and SPEAR 1986; SCHMID and ROUSE 1992). Macrophages and natural killer
(NK) cells are the first cells to be involved in HSV clearance, and these cells limit
spread while specific immune responses develop (reviewed in DOMKE-OPTIZ and
SWATZKYM 1990). However, macrophages and NK cells are not sufficient to prevent
infection and spread of HSV in mice (reviewed in SCHMID and ROUSE 1992).
Nevertheless, studies of patients with defects in NK cells have suggested that NK
cells are an important component of the anti-HSV immune response (BIRON et al.
1989; JAWAHAR et al. 1996).
Studies in mice and humans have demonstrated that T cells are important or

essential to the process of containing and clearing primary and recurrent HSV
infections. Patients treated with immunosuppressive agents prior to organ transplan
tation or with depressed T cell function frequently develop severe HSV disease
(QUINNANet al. 1984; COREY and SPEAR 1986). Inmice, adoptive transfer ofanti-HSV
T lymphocytes protected recipients and curtailed the progression of HSV infection
(reviewed in SCHMID and ROUSE 1992). Both CD4+ and CD8+ T cells could protect
mice from HSV challenge, and immunodepletion experiments similarly indicated
important roles for both cell types in vivo (MARTIN et al. 1987; NASH et al. 1987;
reviewed in SCHMID and ROUSE 1992).
CD8+ CTL can protect mice from primary, acute HSV infection and limit the

establishment of latent infection (BONNEAU and JENNINGS 1989). However, in some
laboratories, low frequencies ofCD8+ CTL have been observed, and the CD8+ CTL
response to HSV in mice has been characterized as "weak" (SCHMID and ROUSE 1992).
There has also been evidence for anti-HSV, CD4+ CTL in mice (NASH et al. 1987;
KOLAlTlS et al. 1990), and these CTL may compensate for the low numbers of CD8+
CTL. Early studies of human CTL clones also provided evidence for CD4+ CTL
(YASUKAWA and ZARLING 1984a; SCHMID 1988). It is not clear how effective CD4+
CTL may be in vivo if host cells do not express class II, although cytokines may
induce expression ofclass II proteins in the mucosa. Studies from several laboratories
indicated that humans produce both CD4+ and CD8+ CTL responses directed at
HSV-infected target cells, but the frequencies of the CD8+ CTL were low (YASUK-
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AWA and ZARLING 1984a; SCHMID 1988; TORPEY et al. 1989; TIGGES et al. 1992). In
some of these studies, bulk cultures were restimulated with UV-inactivated HSV
(TORPEY et al. 1989), although in other cases restimulation was with peripheral blood
mononuclear cells (PBMC) infected with HSV (TIGGES et al. 1992). Thus the low
frequencies of CD8+ CTL that were observed may well be related to methods of
restimulation. More recently, there was a report of relatively high frequencies of
CD8+CTL restimulated using phytohemagglutinin (PHA)-stimulated, HSV-infected
PBMC (POSAVAD et al. 1996). Therefore, it is not clear at this point whether the low
frequencies of CD8+ CTL observed in humans in previous studies were related to
methods ofdetecting these cells or to the inhibition ofantigen presentation that occurs
after HSV infection (see below).

2.2 Complement and Immunoglobulin Receptors

HSV expresses receptors for complement and for IgG, and these may effect some
degree of resistance to humoral immune responses or certain types of cellular
responses (reviewed in YORK and JOHNSON 1994). HSV glycoprotein C, denoted gC,
binds complement factor C3 fragments (SEIDEL-DuGAN et al. 1897; CINES et al. 1982;
SMILEY and FRIEDMAN 1985; EISENBERG et al. 1987; KUBOTA et al. 1987; McNEARNEY
et al. 1987; TAL-SINGER et al. 1991). HSV complement receptors can protect virions
and virus-infected cells from complement-mediated neutralization either in the
presence or absence of antibodies, but there is no evidence to date that this occurs in
vivo (McNEARNEY et al. 1987; HIDAKA et al. 1991). The HSV IgG receptors are
composed of a complex of two glycoproteins, gE and gI, and bind the Fc domain of
both monomeric and antigen-complexed IgG (JOHNSON and FEENSTRA 1987; JOHNSON
et al. 1988). Early work suggested that the Fc receptors on the surface of virions might
interfere with binding of cytotoxic antibodies or lymphocytes (COSTA and RABSON
1975). It has also been suggested that the Fc receptors might allow "double binding"
or "bipolar bridging" of IgG, so that IgG bound to antigen (through its antigen-bind
ing domain) on the surface of infected cells would also be bound at the Fc domain
(LEHNER et al. 1975; FRANK and FRIEDMAN 1989). This binding of the Fc domain
might preclude complement binding or interactions with Fc receptors on immune
cells. There is evidence that Fc receptors on infected cells can provide resistance to
IgG and complement in vitro (FRANK and FRIEDMAN 1989; DUBIN et al. 1991), but
there is no evidence to date that this alters the course of disease in vivo (reviewed in
YORK and JOHNSON 1994).

2.3 Inhibition of Natural Killer, Macrophage, and T Cell Function
by Cell·to·Celi Spread

Soon after infection with HSV, human fibroblasts become sensitive to lysis by NK
cells (FITZGERALD-BocARSLY et al. 1989). However, late in the infection, the HSV
infected cells become relatively resistant to the effects of NK cells or lymphokine
activated killer (LAK) cells, and, after contact with the virus-infected targets, the
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effectors can be rendered unable to lyse other targets (CONFER et al. 1990). This effect
was initially attributed to "disarming" of the NK cells, which, after contacting
HSV-infected fibroblasts, were inactivated in a reversible fashion. However, sub
sequent studies demonstrated that there was a requirement for spread ofHSV into the
NK cells after contact with infected fibroblasts, so that expression of HSV early (E)
genes occurs in the NK cells (YORK and JOHNSON 1993). A similar inhibitory effect
was observed with CD8+ CTL placed in contact with HSV-infected targets (POSAVAD
et al. 1994). Inhibition of NK or T lymphocytes required direct contact with infected
cells, infection of the effectors by extracellular virus was inefficient, and NK cells
were irreversibly altered within a few hours of contact with infected targets (CONFER
et al. 1990; YORK and JOHNSON 1993). HSV is well adapted to spreading directly from
cell to cell in solid tissues, and it appears that the virus utilizes this property to spread
from infected target cells into lymphocytes in order to tum off the effectors. It is not
clear how HSV alters the lymphocytes, although it is likely that these effects are
mediated through structural components of the virus or E gene products. Whether
this effect is relevant in vivo is not clear.

2.4 Inhibition of MHC Class I Antigen Presentation

Evidence has been presented that HSV infection of human fibroblasts and keratino
cytes leads to resistance to HSV-specific, CD8+ CTL lysis, although virus-infected
B cells can be lysed (POSAVAD and ROSENTHAL 1992; KOELLE et al. 1993; POSAVAD
et al. 1994; YORK et al. 1994). Fibroblasts and keratinocytes are normally hosts for
the virus in vivo, and CTL lysis of B cells is likely to be largely irrelevant in vivo.
This inhibition was observed early after infection, well before infectious progeny
were produced, and was due to inhibition ofMHC class I antigen presentation because
incubation with appropriate peptide antigens allowed the HSV-infected fibroblasts
to be lysed by CD8+ CTL (TIGGES et aI. 1992; KOELLE et al. 1993). Inhibition of
antigen presentation may explain defects in CD8+ CTL observed in vivo (discussed
above) and the preference for structural components of the virus (TIGGES et al. 1992),
which would enter the class I pathway immediately after infection. Therefore, HSV
infection leads to a rapid cessation of class I antigen presentation. By contrast, mouse
fibroblasts can be lysed by anti-HSV, CD8+ CTL, and thus antigen presentation is
not blocked in these cells.
HSV infection of cells leads to rapid degradation of host mRNA, which is largely

caused by a structural component of the virion known as the virion host shutoff (vhs)
protein. HSV-l vhs protein is much less active than vhs of HSV-2 (FENWICK and
EVERETT 1990). HSV-l and HSV-2 mutants lacking vhs reduce cell surface expres
sion of MHC class I less efficiently and with slower kinetics than is observed with
wild type HSV-lor HSV-2, but CD8+ CTL lysis of fibroblasts infected with these
mutants is still difficult to detect early after infection (POSAVAD et al. 1994; TIGGES
et al. 1996). The vhs protein clearly decreases synthesis ofMHC class I within 2-6 h
of infection with HSV-2 and more slowly after infection with HSV-l (HILL et al.
1994; YORK et aI. 1994; TIGGES et al. 1996); however, in most experiments, MHC
class I is expressed early in the infection. Therefore, vhs cannot account for the
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abrogation ofantigen presentation in the first hours of infection orwhere vhs-negative
mutants are used. Furthermore, experiments involving an HSV recombinant, F
US5MHC, that expresses mouse MHC class I (Kb) proteins demonstrated that
expression of class I molecules in human fibroblasts during the course of virus
infection did not allow presentation of viral antigens (YORK et al. 1994). Therefore,
viral proteins (other than vhs) that are produced early in infection, apparently inhibit
MHC class I presentation, although vhs plays some role in blocking de novo synthesis
of MHC class I, especially at late stages of infection (TIGGES et al. 1996).

2.5 ICP47, An Inhibitor of TAP

MHC class I proteins in HSV-infected human fibroblasts were found to be retained
in the endoplasmic reticulum (ER) or cis-Golgi compartment, apparently in a pep
tide-empty form (HILL et al. 1994; YORK et al. 1994). Mutants unable to express an
HSV protein, ICP47, were unable to cause MHC class I retention, and ICP47,
expressed using recombinant adenovirus vectors, blocked class I antigen presentation
(YORK et al. 1994). ICP47 is one of the immediate-early (IE) HSV proteins, which
can be expressed in the absence of other HSV polypeptides; the other IE proteins
upregulate E gene expression. ICP47 is a small (88-arnino acid) protein that has no
obvious signal or transmembrane sequences. Therefore, obvious cellular targets of
ICP47 were cytosolic components of the class I antigen presentation pathway. Indeed,
ICP47 bound to the transporter associated with antigen presentation, TAP, and
inhibited TAP-mediated peptide translocation across the ER membrane (FRUH et al.
1995; HILL et al. 1995). More detailed biochemical analysis of the interaction between
ICP47 and TAP indicated that ICP47 bound to the cytoplasmic surface of TAP and
inhibited peptide binding without affecting the binding of ATP (AHN et al. 1996a;
TOMAZIN et al. 1996). Peptides, at relatively high concentrations, inhibited ICP47
binding to TAP, and binding ofICP47 was to a region or domain ofTAP that included
the peptide-binding site (Tomazin et al. 1996). ICP47 binding to TAP was of high
affinity compared to that of peptides, and it bound in a more stable fashion than
peptides. Moreover, it remained accessible to proteases added from the cytoplasmic
surface and was not transported into the ER membrane or lumen (TOMAZIN et al.
1996). Together, these results demonstrate that ICP47 blocks peptide binding to TAP
and subsequent transport by binding tightly to the peptide-binding domain of TAP.
It was interesting that ICP47 could be boiled for 10 min without affecting its

inhibitory activity (AHN et al. 1996a; TOMAZIN et al. 1996). More recently, the protein
was synthesized as an 87-arnino acid peptide (missing the N-terminal methionine),
and this molecule had similar inhibitory capacity to ICP47 produced in bacteria
(GALOCHA et al. 1997). Therefore, ICP47 has the capacity to renature after heating or
in vitro synthesis, or alternatively the protein only takes on an active conformation
during binding to TAP. Consistent with the latter hypothesis, circular dichrosim
studies revealed no evidence of ordered structure for uncomplexed ICP47 in solution
(BEINARTet al. 1997). Fragments ofHSV-l ICP47 (ICP47-1) encompassing residues
2-53 and 1-35 were active in inhibiting TAP in permeabilized cells (GALOCHA et al.
1997), suggesting that the 1-35 region contains the core region for binding to TAP.
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However, it should be noted that the most highly conserved region of ICP47-l and
HSV-2 ICP47 (ICP47-2) is in the region between residues 33 and 47, which is largely
outside the region that is sufficient to block TAP (residues 2-35). There is also
significant homology between HSV-l and HSV-2 ICP47 at the N terminus in the
region found to be sufficient for function. Since the stability of ICP47-TAP interac
tion was not characterized in these studies, residues outside the 2-35 region may
affect binding in some consequential way. Moreover, assays involving peptide
transport in permeabilized cells may not comprehensively duplicate how ICP47
functions in infected cells, and ICP47 may have additional targets.
ICP47 appears to be able to effectively inhibit presentation of the vast majority of

the 75 HSV polypeptides (YORK et al. 1994) by being among the very first proteins
produced in infected cells and by binding with high affinity to TAP. Indeed, we
recently found that human fibroblasts infected with an HSV-l ICP47 mutant were
effectively lysed by CD8+ CTL (65% cell lysis), yet cells infected with wild-type
HSV were not lysed above background levels (% lysis) observed with uninfected
cells (P. Jugovic and D.C. Johnson, unpublished). Moreover, expression of ICP47
for long periods can reduce MHC class I expression by over 99% in transfected cells
(S. Riddell, personal communication). At the earliest moments ofHSV infection, one
might expect that structural components of the virion might well bypass ICP47's
inhibitory effects and enter the class I pathway, and those rare CD8+ CTL cloned
from patients have specificity for these proteins (TIGGES et al. 1992). One intriguing
consequence of ICP47's effects might be increased sensitivity to NK cell lysis.
Indeed, there are numerous studies demonstrating that HSV-infected human cells
become targets for NK cells, and IE gene expression is sufficient for this effect
(FITZGERALD-BoCARSLY et al. 1991; KAUFMAN et al. 1992).
In contrast to what is seen with human fibroblasts, HSV-infected mouse cells were

much less sensitive to the effects of ICP47-1. Concentrations of ICP47-1 reaching
10 flM introduced into permeabilized mouse fibroblasts did not obviously inhibit
TAP-mediated transport (TOMAZIN et al. 1996). In similar assays, ICP47-2 was
somewhat more effective, although concentrations of 10 flM or more were required
in order to obtain partial inhibition (A. Hill, R. Tomazin, P. Jugovic, and D.C.
Johnson, unpublished). In another assay, mouse TAP expressed in insect cell mi
crosomes was inhibited by 40% using 10 flM ICP47-1 (AHN et al. 1996). By
comparison, ICP47-1 at concentrations of only 0.15 IlM inhibited 50% of the TAP
in human fibroblasts (AHN et al. 1996; TOMAZIN et al. 1996). Therefore, it appears
that both ICP47-l and ICP47-2 are poor inhibitors of TAP and antigen presentation
in mouse cells. Nevertheless, one must explain weak CD8+ T cell responses in mice
and observations that CD4+ T cells are more important than CD8+ T cells in some
experimental infections of mice (MANICKAN and ROUSE 1995). One could hypothe
size that ICP47 affects antigen presentation in mice, even though there are not
conspicuous effects on antigen presentation in mouse fibroblasts. Consistent with
this, HSV-2-infected mouse cells were found to be less susceptible to HSV-specific
CTL and, by using HSV-lxHSV-2 intertypic recombinants, this resistance to CTL
mapped to the Us region of the HSV-2 genome (CARTER et al. 1984), which includes
the ICP47 gene (MCGEOCH et al. 1985). Previously, we found that the ICP47-2 protein
inhibited mouse TAP somewhat better than ICP47-1. Therefore, it is possible that
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this difference accounts for the resistance of HSV-2-infected cells to CD8+ CTL and
may suggest that there are inhibitory effects of ICP47 in mouse cells.
Recently, we characterized the replication and pathogenesis of an HSV-l ICP47

negative mutant in mice. The ICP47-negative mutant was able to initiate an infection
in the mouse cornea, but displayed markedly reduced ability to cause pathology and
encephalitis in the nervous system when compared to wild-type HSV-1 (GOLDSMITH
et al. 1998). The mutant caused a primary infection in the epithelial layer of the cornea
and spread to the sensory ganglia, but instead of replicating well in the nervous system
and subsequently causing encephalitis, as with wild-type HSV-l, the virus was
largely cleared. An ICP47-rescued version of this virus behaved similarly to wild
type HSV-1. However, in mice depleted ofCD8+ T cells (using anti-CD8 antibodies),
the ICP47-negative mutant caused pathology similar to that of wild-type HSV-l.
There is evidence that CD8+ T cells playa central role in restricting virus replication
in sensory ganglia (SIMMONS and TSCHARKE 1992), yet these T cells playa less
important role in limiting virus during the primary infection in the cornea (reviewed
in SCHMID and ROUSE 1992). Therefore, ICP47 appears to alter the course of viral
pathogenesis in an organ in which HSV replication is contained by CD8+ T cells.
This implies that ICP47 confers resistance to CD8+ T cells in these mice in some
unknown cell type, e.g., neurons or other cells in nervous system. To date, we have
not established whether this is related to inhibition of the MHC class I antigen
presentation pathway or to some other effect on the immune system. One would have
predicted that an ICP47-negative mutant would not behave differently from wild-type
HSV in mice. These results provide an interesting example of the dangers inherent
in extrapolating from in vitro biochemical data to animals.
It should also be noted that the effects of ICP47 in vivo are not likely to be absolute.

Human fibroblasts treated with interferon (IFN)-y can be lysed by HSV-specific CTL
(TIGGES et al. 1992), and the HSV-induced downregulation ofMHC class I in human
keratinocytes was reversed by treatment with IFN-y (MIKLOSKA et al. 1996). IFN-y
upregulates the expression of TAP and, with higher TAP present, it appears that
ICP47 cannot reach quantities sufficient to block TAP. These results may explain
previous observations that CD8+ T cells appear in human HSV lesions only after
CD4+ T cells have been present for several days and cytokines such as IFN-yare
present (CUNNINGHAM and MERIGAN 1983). Thus we might expect that these CD8+
T cells could recognize HSV-infected cells later in the course of lesion formation and
after IFN-y (produced by CD4+ T cells or NK cells) has upregulated TAP. It is well
known that IFN-y levels strongly influence the severity of clinical disease (CUNNING
HAM and MERIGAN 1983; BURCHETI et al. 1992; YAMAMOTO et al. 1993). Therefore,
there appears to be a balance established between the early efforts of HSV to block
the immune system, so that progeny can be produced, and later efforts by the host to
overcome the immune escape and shutdown virus replication.
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3 Cytomegaloviruses

The CMVs are the best studied of the ~-herpesviruses, viruses which infect a variety
of cells in vivo, including macrophage/monocytes, endothelial cells, epithelial cells,
and a long list of other cell types. These are large viruses with coding capacity for
over 200 proteins, more than twice that of HSV. It is already clear that HCMV and
MCMV contain rich repertoires ofproteins that interfere with theMHC class I antigen
presentation pathway. The multiplicity of mechanisms they employ raises questions
of its own: why do the viruses need so many genes, and how do they coordinate these
genes to achieve the desired manipulation of the immune system?
CMVs are ancient and ubiquitous members of the herpesvirus family. Most or all

mammalian species possess CMV, and most individuals acquire CMV infection,
usually in early life. CMV are highly species specific; for instance, individual Old
WorId primate species possess distinct CMV and, although rhesus CMV can be
propagated in human fibroblasts in vitro, there is little evidence for sustained
cross-species infection in vivo. CMV that are phylogenetically more distant cannot
even infect cells from the other species in vitro.
Current evidence, based on genomic sequences of several CMV, is consistent with

the notion that the cytomegaloviruses have cospeciated with their hosts (MCGEOCH
1992). Thus there has been a protracted period of coevolution between these viruses
and their individual host species' immune systems. Genes in the central part of the
MCMV genome and in the unique long (UL) component of the HCMV genome,
regions thought to encode functions necessary for virus replication, are more homolo
gous, whereas genes nearer ends of the genome and in theUs region ofHCMV, where
most of the immunomodulatory genes are located, are less homologous.
Nevertheless, HCMV and MCMV appear very similar in many aspects of their

biology. They both infect similar organs (liver and spleen in primary infection, lung
in recurrent infection, and salivary gland as a site of persistence), and both viruses
can be recovered from most organs during infective episodes and infect a similar
spectrum of cell types (epithelial, endothelial, monocyte/macrophage). Both viruses
have a similar relationship with their host (causing severe disease upon immunosup
pression of a host that was previously free of symptomatic infection). There are also
some differences, due to host or viral factors or both. For example, unlike MCMV,
HCMV can cross the placenta and cause congenital infection. Moreover, HCMV and
MCMV differ in their replication cycle in permissive cells. HCMV replication is
unusually protracted, especially in cells such as macrophages, where replication can
take many days. MCMV can usually replicate in a much shorter period of time,
producing infectious virions in less than 24 h. The slower replication cycle ofHCMV
may necessitate differences in the mechanisms of interference with antigen process
ing. Cells which produce viral progeny in a relatively short period may be less
vulnerable to attack by certain components of the immune system, e.g., CTL, than
those which replicate virus more slowly.
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3.1 Murine Cytomegalovirus

3.1.1 Immune Control and the Characteristics
of the Immune Response

MCMV has been studied as a model ofCMV infection for two decades and has many
advantages over HCMV, given that an animal model is available and the virus tends
to replicate better in cultured cells. As might be expected for a virus this large which
replicates in a large number of cell types, immune control ofMCMV is multifaceted
and complex. Important control of MCMV infection is mediated through both the
innate and acquired immune systems (reviewed in KOSZINOWSKI 1991). Here, we will
summarize aspects of the CD8+ T cell and NK responses, both of which are affected
by viral interference with the MHC class I antigen presentation pathway.
CD8+ cytotoxic T cells are readily generated by mice in response to infection by

MCMV. Splenocytes or draining lymph nodes from infected mice, restimulated with
MCMV in vitro, differentiate into effector CTL. MCMV gene expression can be
manipulated by drug treatment of cells to allow enhanced expression of IE genes, i.e.,
those expressed in the absence of de novo synthesis of viral proteins. When cells
expressing IE proteins were offered to MCMV-primed CTL lines, a dominant CTL
response in H_2d mice was found to be directed against an epitope derived from the
IE protein pp89 (KoSZlNOWSKl et al. 1987). However, when E gene transcription was
allowed to progress, the pp89 epitope was no longer presented, despite the continued
synthesis of pp89 (REOOEHASE et al. 1986; DEL VAL et al. 1989). These experiments
provided the first example of inhibition of antigen presentation by MCMV (and other
herpesviruses). The molecular basis of this is described below. After E gene expres
sion was allowed, however, a second population of MCMV-specific CTL was able
to lyse the infected cells in both H_2d and H_2b mice (DEL VAL et al. 1989; CAMPBELL
et al. 1992). The antigen or antigens recognized by these "E-specific" CTL have not
yet been identified, nor has the means by which they avoid the interference with
antigen presentation, which effectively precludes pp89 presentation. The pp89-spe
cific response was effective in virus control, as adoptively transferred pp89-specific
CTL could protect against a lethal MCMV infection, and immunization with pp89,
expressed using a recombinant vaccinia, protected mice against subsequent challenge
with a lethal dose ofMCMV (REOOEHASE et al. 1987; JONJIC et al. 1988; REOOEHASE
et al. 1988; DEL VAL et al. 1991). Therefore, both MCMV IE- and E-specific CTL
are generated and the IE-specific CTL can'protect hosts, but MCMV E gene products
inhibit presentation of IE proteins to CD8 T cells.
NK cells recognize and lyse some cells that have lost MHC class I expression

(YOKOMAYA1995), and these cells therefore play an important role in detecting cells
that are infected with virus, where the virus blocks the class I pathway. As with other
herpesviruses, NK cells playa crucial role in controlling MCMV in vivo (SCALZO et
al. 1992; ORANGE et al. 1995; TAY et al. 1995; ORANGE and BIRON 1996). There are
at least two genetic susceptibility loci to MCMV in mice, one of which is called
Cmv-l and maps to the region on chromosome 6 that contains NK receptors (SCALZO
et al. 1995). Mice differing in this locus have splenic CMV titers which differ 103_
to 104-fold during acute infection, yet the titers of resistant mice approach those of
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susceptible mice if NK cells are depleted (SCALZO et aI. 1992). Two murine NK
receptors, Ly-49A and NKR-Pl, that recognize MHC class I and impart a negative
signal to NK cells are encoded in the chromosome 6 NK locus to which the Cmv-l
locus is tightly linked. The molecular basis of the NK-linked resistance to MCMV in
the mouse is a subject of active investigation. The nature ofNK recognition in general
is a complex subject currently receiving considerable attention (for comprehensive
recent coverage, see PARHAM 1997), and the impact of MCMV on NK recognition
will no doubt prove very interesting.

3.1.2 Retention of Class I Molecules in a Pre-Goigi Compartment
by gpm152 (gp40)

The molecular details of how MCMV inhibits class I presentation of IE proteins have
begun to be understood in recent years. Investigations of the synthesis and expression
ofMHC class I in H-2d fibroblasts indicated that, after E genes were expressed, MHC
class I slowly disappeared from the cell surface and most newly synthesized MHC
class I was retained inside the cell in an endoglycosidase H-sensitive form (DEL VAL
et al. 1992). At the time when the pp89 epitope was no longer recognized by CTL,
pp89 peptide capable of sensitizing CTL could still be extracted from Ld molecules
within infected cells, indicating that the retained class I molecules were loaded with
peptide (DEL VAL et al. 1992). Moreover, other proteins, ~-galactosidase expressed
from an IE promoter (DEL VAL et al. 1989), or an SV40 T antigen encoded by the cell
(CAMPBELL et al. 1992) were not presented when MCMV E genes were expressed.
Thus the antigen presentation defect caused by E gene products is not selective for
pp89, affecting both another antigen expressed as an IE gene and a constitutively
synthesized cellular protein. Nevertheless, as noted above, presentation of E gene
products occurs during the early phase ofMCMV infection, perhaps because there is
more abundant expression of these proteins.
A deletion mutant, ~94.5, which contains a 9.4-kb deletion, mapped the region

encoding the gene responsible for ER retention of class I to the HindIII-E region of
the MCMV genome, i.e., in cells infected with ~94.5, acquisition of endoglycosidase
H resistance by class I molecules is normal (THALE et al. 1995). By injecting DNA
fragments into cells and scoring for intracellular MHC class I retention, the MCMV
gene ml52 was found to mediate MHC class I retention (ZIEGLER et aI. 1997). A
recombinant vaccinia virus expressing ml52 caused both retention of class I MHC
and a major reduction in CTL recognition of pp89.
MCMVml52 encodes a type I membrane glycoprotein with a predicted molecular

mass of 42 kDa (ZIEGLER et aI. 1997). The gene produces two protein products of
37 kDa and 40 kDa, respectively, both of which are glycosylated and reduce to a
single band on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE) after treatment with endoglycosidase H. Here, we will refer to the products
of the ml52 ORF as gpml52. A pulse-chase experiment of gpm152 expressed using
a vaccinia vector revealed that, after 3 h of chase, most of the protein was no longer
recovered using an antipeptide antibody raised to part of the intraluminal domain of
the protein. The small fraction of the glycoprotein which was recovered after 3 h was
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endoglycosidase H resistant and ran on SDS gels at a position intermediate between
gp37 and gp40. Thus gpml52 apparently had a short half-life and was probably
degraded, but a fraction of the protein was processed in the Golgi compartment. In
contrast, the class I MHC that was retained by gpml52 had a longer half-life.
Confocal microscopy of MHC class I in MCMV-infected cells revealed that it
colocalized with the ER-Golgi intermediate compartment marker p58. Staining of
gpml52 revealed a similar pattern, although there was not exact colocalization, and
gpm152 was also identified in lysosomal compartments. Coprecipitation of gpm152
and class I MHC was not observed in either standard or mild detergent lysates. A
mutant of gpm152 lacking the putative cytosolic tail was still able to cause retention
of class I MHC. Thus, although it is clear that gpm152 causes MHC class I retention,
the mechanism by which it does so is unknown.
Surprisingly, even though synthesis and transport of class I was normal in cells

infected with ~94.5 (the mutant lacking the region containing mI52), with prolonged
expression of E genes there was still a progressive loss of sensitivity to lysis by
pp89-specific CTL, concomitant with decreased surface MHC class I (THALE et al.
1995). This does not appear to be due to decreased synthesis or transport of MHC
class I. Therefore, it was postulated that there is a mechanism or mechanisms for
downregulating class I at the cell surface encoded outside the 9.4-kb fragment deleted
from ~94.5. Finally, it should also be noted that ml52 is a member of a clustered
family of genes within the MCMV genome. The function of other members of this
family is not known, but by analogy with HCMV it is possible that some may affect
antigen presentation.

3.1.3 Association of gpm04 (gp34) with MOC Class I Molecules
in the Endoplasmic Reticulum

TheMCMV gene m04 encodes a second protein that affects theMHC class I pathway,
a 34-kDa glycoprotein previously known as gp34. Here, we will refer to this
glycoprotein as gpm04. It was identified as a protein coprecipitating with class IMHC
in MCMV-infected cells (KLEIJNEN et al. 1997) and exists in two glycosylation states
within an infected cell. The first form has three endoglycosidase H-sensitive N-linked
glycans and is presumably resident in a pre-Golgi compartment. Most of the gpm04
found in infected cells is found in this form. The second form is associated with MHC
class I and contains two endoglycosidase H-resistant glycans and one endoglycosi
dase H-sensitive glycan. Since some of this second form can be iodinated on the cell
surface, it is presumed that it resides stably bound to MHC class I at the cell surface.
However, to date there is no information as to how gpm04 affects the function of the
MHC class I molecules to which it is bound.
Synthesis of gpm04 begins within 2 h of infection of fibroblasts, and the protein

is quite stable. It is expressed in stochiometric excess over MHC class I, leading to
the suggestion that it may displace gpml52, allowing egress of some MHC class I to
the surface. Since surface MHC class I might import resistance to NK cells, it has
been speculated that gpm04 could act as a decoy to prevent NK lysis of infected cells
(KLEIJNEN et al. 1997). Alternatively, gpm04 may act to destabilize MHC class I on
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the surface of infected cells (THALE et al. 1995). However, to date, there is no data
that support either hypothesis. In the MCMV genome, the gpm04 gene is a member
of a family (the m02 family) of type-1 membrane glycoproteins comprising 15
members, five of which share with m04 two conserved cysteine residues and a
proline-rich region in the carboxy-terminal third of the protein (RAWLiNSON et al.
1996). Nothing is known about the function of these other proteins, nor of the proteins
they encode, but, again by analogy with HCMV, it is possible that several members
of this family alter antigen presentation.

3.1.4 Transcriptional Downregulation ofMHC Class I
in Transformed Cells

Using an SV40-transformed fibroblast line, it was noted that MCMV infection led to
a decreased synthesis of class I molecules (CAMPBELL and SLATER 1994). This was
found to be due to an inhibition of transcription. Further studies revealed that this
effect was limited to transformed cell lines; in primary fibroblast lines, the synthesis
ofMHC class I was actually stimulated by MCMV infection (A. Campbell, personal
communication). Thus the relevance of this phenomenon in vivo remains unclear. It
is distinctly possible that, in vivo, a population of cells infected with MCMV behaves
as do the transformed cells, so that there is downregulation of class I genes.

3.1.5 Class I Homologue

The sequence of the MCMV genome revealed an open reading frame (ml44)
predicted to encode a protein with significant homology to MHC class I proteins
(RAWLiNSON et al. 1996). This was of particular interest, because HCMV is also
known to encode a class I homologue, the UL18 gene (discussed below). However,
m144 does not share a common position in the MCMV genome with that of UU8
in HCMV. As predicted, each viral gene product is more homologous to the MHC
protein of its own species than to the other viral protein. The greatest homology
between the two proteins is in the a3-domains, and both proteins bind ~2-microglobu
lin (BROWNE et al. 1990; P. Bjorkman, personal communication). Both viral gene
products have lost the predicted CD8-binding site. At present, the best guess for the
function of both viral gene products is that they serve to provide resistance to NK
cells, and there is some evidence for this with the HCMV product (see below).
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3.2 Human Cytomegalovirus

3.2.1 Immunity

Given what we now know about HCMV's immune evasion, it is perhaps surprising
that one of the first demonstrations of the importance of cellular immunity in
controlling herpesviruses in humans came from studies of HCMV, in which it has
been shown that CTL are critical for control of HCMV after bone marrow transplan
tation (REUSSER et al. 1991). It became apparent, however, that the nature of antigen
recognition by HCMV-specific CTLwas unusual. Many HCMV-specific CTLclones
could recognize cells infected with UV-irradiated virus, i.e., viruses capable of
entering target cells and uncoating, but not expressing viral proteins (RIDDELL et al.
1991). The major tegument protein ofHCMV, pp65, was identified as the major target
antigen, and it was obvious that delivery of the protein to the cytosol by the infecting
virion was sufficient for target sensitization (LI et al. 1994). Recent work indicates
that pp65 provides immunodorninant CTL epitopes in many and perhaps most
individuals (BERENCSI et al. 1997). A second important target of the anti-HCMV
CD8+ CTL response is the major IE protein (GILBERT et al. 1993; BERENCSI et al.
1997). The IE protein is a more conventional antigen for presentation by the MHC
class I pathway, since it is a nonstructural protein and its presentation depends on de
novo synthesis of the protein very early in virus infection.
As with MCMV, NK cells are thought to play an important role in controlling

HCMV disease. An adolescent with selective and complete NK cell deficiency
suffered severe infections with a number of herpesviruses, including HCMV (BIRON
et al. 1989).

3.2.2 Rapid Degradation ofMOC Class I in Infected Cells:
Independent Mediation of this Effect by US2 and usn

Cells infected with HCMV showed a progressive decline in cell surface levels of
MHC class I and concomitant decreased susceptibility of peptide-pulsed targets to
lysis by CTL (WARREN et al. 1994). Metabolic labeling and pulse-chase analysis of
HCMV-infected cells revealed that class I heavy chain was synthesized in normal
amounts but then very rapidly degraded (BEERSMA et al. 1993; WARREN et al. 1994;
YAMASHITA et al. 1994). The half-life of ~2-microglobulinwas normal, and other
membrane glycoproteins, such as transferrin receptor, were not affected. Degradation
appeared to be relatively specific for human class I alleles; in mouse cells expressing
the human class I allele HLA-B27, only the human class I was degraded (BEERSMA
et al. 1993). The region of the HCMV genome responsible for this effect was
identified by utilizing a panel ofHCMV mutants with deletions in the Us component.
These studies identified at least two loci independently capable ofmediating the rapid
destruction of newly synthesized class I, a region including US2 and other genes, and
a second region including the USII gene (JONES et al. 1995).
The mechanism by which US11 and US2 cause rapid destruction ofMHC class I

was recently studied using US2- and US II-transfected U373 cell lines (WIERTZ et al.



164 David C. Johnson and Ann B. Hill

1996a,b). Pulse-chase studies of the USII transfectant revealed that the half-life of
MHC class I in these cells was less than 1 min. However, breakdown ofMHC class
I was inhibited in the presence of proteasome inhibitors (LLnL, Cbz-LLL, or
lactacystin), and a lower molecular weight form of MHC class I accumulated. This
intermediate was a deglycosylated form of the heavy chain, and there was evidence
favoring deglycosylation by the action of N-glycanase, known to be present in the
cytoplasm. Cell fractionation experiments confirmed that the heavy-chain interme
diate was found in the cytosol (WIERTZ et al. 1996a). Thus US11 caused newly
synthesized MHC class I which had been cotranslationally glycosylated to be
extruded into the cytosol, where it was deglycosylated by N-glycanase and then
degraded by the proteasome. The US11 glycoprotein is an ER resident, type I
membrane glycoprotein, and there was no evidence for direct binding of US11 to
class I, although it would seem likely that there is a transient interaction before
degradation.
US2 appears to act in a similar manner as US11. US2-transfected U373 cells

showed rapid degradation of the class I heavy chain following extrusion from the ER
membrane (WIERTZ et al. 1996b). The process with US2 was less efficient than in
US11 transfectants, and perhaps for this reason it was possible to provide a more
detailed analysis of intermediates in the degradation pathway. In the US2-transfected
cells, the class I heavy chain associated with ~2-microglobulin and acquired a folded
conformation, yet was deglycosylated and degraded. Most intriguingly, deglycosy
lated heavy chain was found associated with the Sec61 complex. Sec61 is the
mammalian homologue of a yeast protein known to be important in cotranslational
translocation of proteins into the ER and is thought to act as a proteinaceous pore
through the membrane. Furthermore, the US2 glycoprotein itself could be found to
coprecipitate with class I and was also subject to translocation into the cytosol,
deglycosylation, and proteasomal degradation. Therefore, US2 and USII apparently
trigger a common pathway used by cells for protein import into the ER and probably
also for export of proteins, so that MHC class I is reverse translocated back out of the
ER through the Sec-61 membrane pore.

3.2.3 Retention ofMHC Class I in the Endoplasmic Reticulum by US3

The US3 open reading frame, which is adjacent to the US2 gene in the HCMV
genome, encodes another protein which binds to class I molecules, but causes
retention in the ER (AHN et al. 1996b; JONES et al. 1996). In both infected and
transfected cells, US3 specifies two protein products, with molecular weights of
22 kDa and 18 kDa, respectively. The 22-kDa protein contains N-linked oligosac
charides and coprecipitates with MHC class I in digitonin (but not NP40) celllysates.
The US3 glycoprotein has a half-life of about 1 h and is mostly found in an
endoglycosidase H-sensitive form, although a small fraction ofthe proteins manages
to leave the ER, especially in experiments involving long chase periods (JONES et al.
1996). In long chase experiments, a fraction of class I heavy chains associate with
~2-microglobulin in US3-transfected U373 cells and appear to be loaded with
peptides from thermostability experiments (AHN et al. 1996b). However, these class
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I complexes remain endoglycosidase H sensitive for protracted periods. Therefore, it
appears that gpUS3 associates withMHC class I before peptide loading, but theMHC
class I is not prevented from acquiring peptides. Confocal microscopy involving the
US3 transfectants revealed an intense perinuclear staining for class I heavy chains,
supporting the notion that class I is efficiently retained in the ER by US3 (JONES et
al. 1996). This apparently contrasts with a different subcellular localization of class
I seen in cells expressing MCMV (ZIEGLER et al. 1997), although in other ways the
action of the genes seems analogous. US3 is expressed as an IE gene in HCMV-in
fected human fetal fibroblasts and U373 cells and is therefore likely to exert its action
before US2 and US11 in these cells. It has been proposed that US3 may assist the
function ofUS2 and US11 by retaining MHC class I for subsequent destruction (AHN
et al. 1996b).

3.2.4 Interference of US6 in the Function of TAP

A fourth gene in the HCMV US region, US6, has been found to decrease MHC class
I expression in transiently transfected cells (AHN et al. 1997; HENGEL et al. 1997;
KOSZINOWSKI et al. 1997; P. Cresswell, personal communication). Peptide transport
assays involving permeabilized cells revealed that TAP-mediated peptide transport
was blocked in HCMV-infected cells. The US6 gene was found to be responsible for
this effect. Unlike ICP47, the US6 glycoprotein causes its effect by interacting with
TAP at the luminal interface and can be coprecipitated with TAP, tapasin, MHC class
I, and calnexin as part of a large multimeric complex.

3.2.5 Inhibition of Natural Killer Cells by Class I Homologue UL18

The sequence of the HCMV genome revealed an open reading frame, UU8, which
is homologous to human class I molecules (BECK and BARRELL 1988). The UL18
protein, expressed by using a vaccinia virus vector, binds ~2-microglobulin (BROWNE
et al. 1990), and this heterodimeric complex binds peptides (FAHNESTOCK et al. 1995).
Nevertheless, the protein has been difficult to detect in HCMV-infected cells. It has
been speculated that this viral protein acts as a decoy for NK cells. To test this
hypothesis, UU8 was transfected into the HLA-A,B,C-negative human cell line
721.221, which is normally a target for HLA-C-inhibited human NK clones. Cell
surface expression of gpULl8 was extremely low; nevertheless, the transfectant was
more resistant to lysis by NK cells of a number of specificities (REYBURN et al. 1997).
From these data, it was concluded that the UU8 protein confers resistance to NK
cells. Inclusion of saturating amounts of antibodies directed against the inhibitory
receptor NKIR did not inhibit lysis, and the investigators concluded that the UU8
product must interact with another NK receptor. The function of the UU8 product
clearly requires further investigation.
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3.2.6 Prevention by pp65 of the Recognition of Immediate-Early Protein

One further selective effect on antigen presentation has been described in HCMV-in
fected cells. As mentioned above, CTL clones specific for the major IE protein of
HCMV were isolated from immune donors, and their specificity was demonstrated
by using cells infected with a vaccinia vector expressing IE. HCMV-infected cells,
however, were very poorly lysed (GILBERT et al. 1993). This was attributed to a
selective effect of the virion tegument protein pp65 on the ability of IE to be correctly
processed for presentation (GILBERT et al. 1996). In cells coinfected with vaccinia
vectors expressing the IE protein and pp65, no presentation of IE was seen, whereas
cells infected with the vector expressing IE alone were lysed. pp65 apparently causes
IE to be phosphorylated, probably indirectly because pp65 produced in bacteria has
no kinase activity (S. Riddell, personal communication). A mutant form of pp65
without the capacity to cause phosphorylation of IE did not block antigen presentation
of IE (GILBERT et al. 1996). It was suggested that phosphorylation of IE precludes its
access to the class I antigen presentation pathway, perhaps at the level of the
proteasome. Since this effect should be very early in the infection, the relative roles
of pp65 and the IE protein US3 in preventing presentation of IE in cells infected with
HCMV remain unclear. Nevertheless, the vaccinia experiments have demonstrated
that coexpression of pp65 and IE decreases the presentation of IE epitopes. One of
the more curious aspects of this story is the existence of IE-specific CTL in donors
infected with HCMV. If IE is not effectively presented in HCMV-infected cells, how
were these CTL primed in vivo?

3.3 Why Do Cytomegaloviruses Express Multiple Genes
Which Inhibit Antigen Processing?

MCMV and HCMV clearly express a substantial number of proteins that inhibit or
have the potential to inhibit the MHC class I antigen presentation pathway, yet there
are still CD8+ CTL responses directed to these viruses. These CTL are known to play
a critical role in controlling CMV infections. It is possible that the multiple genes act
additively or synergistically to improve the overall efficacy of the blockade. This may
be important, since in some cells these viruses are slow to induce viral gene expression
so that, by expressing more genes, inhibtion may be more complete. There are a
number of alternative hypotheses. First, the CMV genes may be regulated differen
tially in different cell types. The CMV infect many different cell types in vivo, and
it is easy to imagine that the virus would desire different degrees of immune control
in cells in which progeny virus is produced versus cells in which persistent infection
occurs. Thus we might expect differential expression of the genes responsible for
immune evasion, either quantitatively or kinetically, in different host cells. There is
clearly evidence for host cell control of viral transcription, including USII (KERRY
et al. 1997). Second, there is evidence for differential susceptibility of class I alleles
to the effects ofCMV immunomodulatory proteins. Many of the CMV gene products
described above probably interact directly with MHC class I and, since class I
molecules are polymorphic, not all may be affected to the same extent. A possible
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purpose of seemingly redundant functions, such as those performed by US2 and
USll, would be to more effectively cover the range of class I alleles. The suscepti
bility of various mouse class I proteins to US2 and US11 was investigated, and
differences were found in their susceptibility to the two viral proteins (MACHOLD et
al. 1997). It seems likely that more subtle differences may also exist in the suscepti
bility of human class I alleles to these viral gene products. The foregoing answers to
this question must also consider the evolutionary argument that even a minute
selective advantage gained by individual members of this family of proteins will be
sufficiently beneficial to allow the virus a selective advantage in the face of CD8+ T
cells over millions of years.

4 Epstein-Barr Virus

EBV is a member of the y-herpesvirus family which maintains a lifelong latent
infection in B lymphocytes and productively infects stratified epithelium in the
nasopharynx (reviewed in KIEFF 1996; RICKINSON and KIEFF 1996). EBV encodes
about 100 proteins that are expressed during lytic infection (BAER et al. 1984), but
during latent infection of B lymphocytes only a relatively small number of latent
proteins are expressed. In B cells immortalized in vitro, known as lymphoblastoid
cell lines (LCL), EBV nuclear antigens (EBNA)-1 to -6 and latent membrane proteins
LMPl, LMP2A, and LMP2B are expressed (reviewed KIEFF 1996). EBV is also
associated with several human cancers, i.e., Burkitt's lymphoma (BL), naso
pharyngeal carcinoma (NPC), and Hodgkin's disease (HD). In BL, EBNA-l is the
only latent protein expressed, whereas in BL and HD there is expression of LMP
proteins as well (reviewed in Moss et aI. 1996; RICKINSON and KIEFF 1996). EBNA-l
to -6 and LMP proteins are also expressed in infectious mononucleosis (1M) and
post-transplantation lymphoproliferative disease. Latently infected cells can be
switched into Iytically infected cells in vitro by the use ofphorbol esters, cross-linking
of surface IgM, or treatment with calcium ionophore (LUKA et al. 1979). During lytic
infection, viral proteins can be subdivided into early antigens (EA), membrane
antigens (MA), and viral capsid antigens (VCA) (THoRLEY-LAWSON et al. 1977).

4.1 Immune Responses

Humoral responses to EBV during the acute phase ofIM consist largely in IgG and
IgM directed to MA and VCA (reviewed in KHANNA et aI. 1995). Interestingly, the
anti-MA responses appear to be largely restricted to gp85, rather than gp350/220, yet
anti-gp-350/220 antibodies are much more effective in neutralizing EBV (HENLE and
HENLE 1980). Antibody responses to EBNA-l and EBNA-2 appear later, during the
convalescent phase. The late appearance and specificity (anti-gp85 rather than
anti-gp3501220) of anti-EBV humoral responses suggests that they do not playa
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primary role in limiting virus spread (PEARSON et al. 1979; reviewed in KHANNA et
al. 1995).
Anti-EBV cellular responses function to limit acute 1M infections and to maintain

or restrict latent infections. EBV is frequently reactivated and shed in more substantial
amounts from the oropharynx after immunosuppression (reviewed in KHANNA et al.
1995; RICKINSON and KIEFF 1996). In vitro and in vivo studies have provided ample
evidence that T lymphocytes control expansion of latently infected B cells (THOR
LEY-LAWSON et al. 1977; THoRLEy-LAWSON 1980). B cells in culture will proliferate
in response to infection with EBV, and this proliferation can be controlled by T
lymphocytes, primarily CD8+ CTL reactivated in vitro (Moss et al. 1978). In 1M,
there is dramatic expansion ofT cells and establishment of a population ofCD46RO+
cells, considered to be memory T cells, that can later be stimulated to become CD8+
and CD4+ CTL. Apparently, these CTL playa primary role in limiting virus spread.
CD4+ and CD8+ CTL recognize both latent and lytic antigens in 1M (STRANG and
RICKINSON 1987; TOMKINSON et al. 1989). CTL epitopes have been described in eight
of the nine latent antigens, with most of the reactivity to EBNA-3, -4, and -6.
Curiously, EBNA-l, which is expressed in all latently infected B cells and in BL,
appears not to act as a target for CD8+ T cells based on the inability to generate or
identify anti-EBNA-l CD8+ CTL, either as clones or in polyclonal culture. However,
an anti-EBNA-l CD4+ T cell clone has been described (Moss et al. 1994). There is
evidence for control of EBV by IFN-y, released by CD4+ T cells (ANDERSON et al.
1983; BEJARANO et al. 1990), and the relative contribution of cytolysis versus
cytokines in controlling EBV is not well understood.

4.2 Resistance of Epstein-Barr Virus Cytotoxic T Lymphocytes
and Inhibition of Antigen Presentation

Since EBV antigens are expressed in latently infected cells and in EBV-associated
tumors and yet the cells persist in the blood for long periods, one might expect that
there are mechanisms in play to prevent recognition by T lymphocytes. Indeed, at
least four different reasons for the defects in T cell recognition of BL and other
EBV-positive cells have been described: (1) limited expression of viral antigens, (2)
downregulation of antigen presentation genes and cell adhesion molecules, (3) loss
of dominant CTL epitopes, and (4) failure of latent antigens to undergo processing
and antigen presentation.

4.2.1 Limited Expression ofViral Antigens

Many BL cells express EBNA-l and no other EBV antigens (SAMPLE et al. 1991;
MARCHINI et aI. 1992a,b), and this very restricted form ofgene expression has obvious
advantages in terms of avoiding recognition by T cells. Since EBNA-l is both
necessary and sufficient for EBV DNA replication in mitotic cells (YATES et al. 1984;
MIDDLETON and SUGDEN 1994), EBNA-I is observed in all EBV-infected B cells that
persist and in all malignancies associated with EBV. It was widely believed that
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EBNA-l does not include MHC class I epitopes or that these are masked in some
fashion (reviewed in Moss et al. 1996). However, more recent observations on
cis-acting sequences in EBNA-l that preclude antigen presentation (see Sect. 4.2.4)
probably explain, at least in part, defects in recognition of EBNA-l-expressing cells
and the persistence in latently infected and BL cells. But this does not explain how
other EBV latent proteins avoid recognition, so that tumors, e.g., NP and HD, that
express LMPI and LMP2 are not rejected. It is possible that these proteins acquire
properties that make their presentation less efficient. Consistent with this, LMPI
derived from an NPC cell was not recognized by CTL when expressed in a mouse
model, whereas another LMPI from B95.8 cells was immunogenic (Hu et al. 1991).
Changes in LMPI from HD cells compared with "wild-type" EBV have been reported
(KNECHT et al. 1993), suggesting that LMPI is altered during tumorigenesis.

4.2.2 Downregulation of Antigen Presentation and Cell Adhesion Molecules

Although BL cells do express MHC class I proteins at the cell surface and can present
to allospecific CTL clones (TORSTEINDOTTIR et al. 1986), there have been reports that
the surface MHC class I in these cells is conformationally aberrant, perhaps as a result
of inefficient peptide loading (KHANNA et al. 1994; ROWE et al. 1995). There are low
levels ofTAP, and perhaps other components of the class I pathway, which may result
from deficiencies in transcription ofMHC genes in these cells (KHANNA et al. 1994).
Combined with these defects, there is a marked reduction in expression oflymphocyte
function-associated antigen (LFA)-I, LFA-3, and intercellular adhesion molecule
(ICAM)-l in BL cells, which might be expected to reduce CTL adherence (GREGORY
et al. 1988; KHANNA et al. 1993).

4.2.3 Loss of Dominant Cytotoxic T Lymphocyte Epitopes

Masucci and colleagues described a dominant CTL epitope in EBNA-4 presented by
HLA-All, which is a relatively infrequent haplotype in Caucasian and central
African populations (GAVIOLI et al. 1993). In populations from the lowlands ofPapua
New Guinea or China, where HLA-All is very frequent, EBV isolates rarely
contained the epitope; instead, the epitope was altered, abrogating CTL recognition
and binding to HLA-All (DE CAMPOs-LIMA et al. 1993, 1994). Therefore, like other
viruses (PIRCHER et al. 1990; PHILLIPS et al. 1991), EBV has apparently evolved to
avoid expression of immunodominant CTL epitopes. However, this mechanism may
not be universal, because an EBNA-3 HLA-B35 epitope is largely conserved in West
African populations in which the B35 is relatively frequent (LEE et al. 1995).

4.2.4 Failure to Undergo Processing and Antigen Presentation

Recently, a novel and interesting effect on the antigen presentation pathway was
observed with the EBNA-l protein (LEVITSKAYA et al. 1995). EBNA-l is comprised
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of two unique domains, an N-terminal domain (amino acids 1-89) and a C-terminal
domain (amino acids 327-641), separated by a region containing Gly-Ala repeats that
varies in length in different EBV (BAER et al. 1984). Recombinant EBNA-l proteins
devoid of Gly-Ala repeats could be recognized by CD8+ CTL clones (specific for
CTL epitopes introduced into the protein), but EBNA-l proteins with the Gly-Ala
repeat were not recognized (LEVITSKAYA et al. 1995). Moreover, when the Gly-Ala
repeat was transferred to another protein, EBNA-4, which is a good CTL antigen, the
recombinant EBNA-4 proteins were not recognized by EBNA-4-specific CD8+ CTL
clones. However, since other class I antigens could be presented in EBNA-l-express
ing cells, the class I pathway was not itself blocked. Therefore, this Gly-Ala sequence
apparently acts in cis to prevent presentation of EBNA-l (and other proteins into
which it is inserted) by class I molecules. This result may explain the inability to
generate CD8+ CTL clones specific for EBNA-l and the persistence of cells express
ing EBNA-l in vivo. The mechanism by which EBNA-l avoids presentation has not
yet been described in the literature, but recent results suggest that EBNA-l proteins
containing the Gly-Ala repeat are more resistant to in vitro proteasome-mediated
degradation than are forms of the protein without the Gly-Ala repeat (M. Masucci,
personal communication).

5 Conclusions

In the long term, each of these herpesviruses attempts to replicate and spread to other
hosts, often in the face of a fully primed, robust immune response. However, each
must also avoid undue damage to the host, as the survival of the virus depends on
this, while at the same time ensuring that the host does not eradicate the virus.
Different herpesviruses accomplish these aims by different means. HSV establishes
a latent infection in the nervous system, a safe haven oflong-lived, nondividing cells
which are not subject to the normal immune surveillance mechanisms. Periodic
reactivation of HSV leads to production of progeny that can spread infection to other
hosts. ICP47 probably functions early during replication in epithelial cells to prevent
presentation to CD8+ T cells so that virus can be produced, but later in the disease
the effects of ICP47 are lessened by IFN-y. The CMV infect a variety of cell types,
including macrophages/monocytes, which are professional antigen-presenting cells.
Persistence in monocytes/macrophages may be related to the stage of differentatia
tion, so that during infection of less-differentiated cells only a limited set of viral
antigens are expressed. However, to achieve production of infectious progeny, there
must be replication either in differentiated macrophages or in other cells, followed
again by immune control. It is likely that the ability of CMV to avoid immune
response in macrophages/monocytes requires immunomodulatory functions that are
not required in other cell types. Thus it appears that CMV carries a heavy load of
genes that function in immune evasion. EBV persists in B cells, which are also subject
to intensive immune regulation and replicates primarily in nasopharyngeal
epithilium. However, as with HSV, there is a latent state in which very limited gene
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expression occurs. One of these genes, EBNA-l, has evolved an ingenious ability to
avoid the class I antigen presentation pathway in latently infected or tumor cells.
Therefore, each of these viruses has very different requirements for its immunomodu
latory arsenal, replicating in different cells types and using different strategies to
persist in the host. With the tools of molecular virology and immunology, it should
be possible to characterize viral genes that inhibit the immune system without a great
deal of difficulty. However, the task of understanding how these genes impact the
overall picture of virus pathogenesis and persistence will be more difficult.

References

Ahn K, Meyer TH, Uebel S, Sempe P, Djaballah H, Yang Y, Peterson PA, Fruh K, Tampe R (l996a)
Molecularmechanism and species specificity ofTAP inhibition by herpes simplex virus ICP47. EMBO
J 15:3247-55

Ahn K, Angulo A, Ghazal P, Peterson PA, Yang Y, Fruh K (l996b) Human cytomegalovirus inhibits
antigen presentation by a sequential multistep process. Proc Natl Acad Sci USA 93:10990--10995

Ahn K, Gruhler A, Galocha B, Jones TR, Wiertz EJHJ, Ploegh HL, Peterson PA, Yang Y, Fruh K (1997)
The ER-Iuminal domain of the HCMV glycoprotein US6 inhibits peptide translocation by TAP
lnununity 6:613-621

Anderson U, Britton S, de Ley M, Bird G (1983) Evidence for the ontogenetic precedence of suppressive
Tcell functions in the human neonate. Eur J lnununoI13:613-619

Baer R, Bankier AT, Biggin MD, Desinger PL, Farrell PJ, Gibson TJ, Halfull G, Hudson G, Satchwell C,
Sequin C, Fuffnell P, Barrell B (1984) DNA sequence and expression of the B95-8 Epstein-Barr virus
genome. Nature (London) 310:207-211

Beck S, Barrell BG (1988) Human cytomegalovirus encodes a protein homologous to MHC class I
antigens. Nature 331:269-272

Beersma MFC, Bijlmakers MJE, Ploegh H (1993) Human cytomegalovirus down-regulates HLA class I
expression by reducing the stability of class I heavy chains. J lnununoI151:4455-4464

Beinart D, Neumann L, Vebel S, Tampe R (1997) Structure of the viral TAP-inhibitorICP47 induced by
membrane association. Biochemistry 36:4694-4700

Bejarano MT, Masucci MG, Morgan A, Morein B, Klein G, Klein E (1990) Epstein-Barr virus (EBV)
antigens processed and presented by B cells, B blasts, and macrophages trigger T-cell-mediated
inhibition ofEBV-induced B-cell transformation. J Virol64:1398-1401

Berencsi K, Endresz V, Gyulai Z, Pincus S, Cox WI, Plotkin SA, Gonczol E (1997) Cytotoxic T
lymphocyte responses to human cytomegalovirus (HCMV). Sixth International Cytomegalovirus
Workshop, 5-9 March, Perdido Beach, Alabama (abstr 151)

Biron CA, Byron KS, Sullivan JL (1989) Severe herpesvirus infections in an adolescent without natural
killer cells. N Engl J Med 320: 1731-1735

Bonneau RH, Jennings SR (1989) Modulation of acute and latent herpes simplex virus infection in
C57BU6 mice by adoptive transfer of inunune lymphocytes with cytotoxic activity. J Virol
63:1480--1484

Britt WJ, Alford CA (1996) Cytomegalovirus. In: Fields BN, Knipe DM, Howley PM et al (eds) Fields
virology. Raven-Lippincott, Philadelphia, pp 2493-2523

Browne H, Smith G, Beck S, Minson T (1990) A complex between the MHC class I homologue encoded
by human cytomegalovirus and beta 2 microglobulin. Nature 347:770--772

Burchett SK, Corey L, Mohan KM, Westall J, Ashley R, Wilson CB (1992) Diminished interferon-g and
lymphocyte proliferation in neonatal and postpartum primary herpes simplex virus infection. J Infect
Dis 165:813-818

Campbell AE, Slater JS (1994) Down-regulation ofmajor histocompatibility complex class I synthesis by
murine cytomegalovirus early gene expression. J ViroI68:1805-1811



172 David C. Johnson and Ann B. Hill

Campbell AB, Slater JS, Cavanaugh VJ, Stenberg RM (1992) An early event in murine cytomegalovirus
replication inhibits presentation of cellular antigens to cytotoxic T lymphocytes. J ViroI66:3011-3017

Carter VC, Jennings SR, Rice PL, Tevethia SS (1984) Mapping of a herpes simplex virus type 2-encoded
function that affects the susceptibility of herpes simplex virus-infected target cells to lysis by herpes
simplex virus-specific cytotoxic T lymphocytes. J ViroI49:766-771

Cines DB, Lyss AP, Bina M (1982) Fc and C3 receptors induced by herpes simplex virus on cultured
human endothelial cells. J Clin Invest 69:123-128

Confer DL, Vercellotti GM, Kotasek D, Goodman JL, Ochoa A, Jacob HS (1990) Herpes simplex
virus-infected cells disarm killer lymphocytes. Proc Natl Acad Sci USA 87:3609-3613

Corey L, Spear PG (1986) Infections with herpes simplex viruses (2). N Engl J Med 314:749-757
Costa JC, Rabson AS (1975) Role ofFc receptors in herpes simplex virus infection. Lancet 1:77-78
Cunningham AL, Merigan TC (1983) Gamma interferon production appears to predict time of recurrence
of herpes labialis. J Immunol 130:2397-2400

de Campos-Lima PO, Gavioli R, Zhang QJ, Wallace LE, Dolcetti R, Rowe M, Rickinson AB, Masucci
MG (1993) HLA-All epitope loss isolates of Epstein-Barr virus from a highly All+ population.
Science 260:98-100

de Campos-Lima PO, Levitsky V, Brooks J, Lee SP, Hu LF, Rickinson AB, Masucci MG (1994) T cell
responses and virus evolution: loss of HLA AII-restricted CTL epitopes in Epstein-Barr virus isolates
from highly All-positive populations by selective mutation of anchor residues. J Exp Med
179: 1297-1305

Del Val M, Munch K, Reddehase MJ, Koszinowski UH (1989) Presentation of CMV immediate-early
antigen to cytolytic T lymphocytes is selectively prevented by viral genes expressed in the early phase.
Cell 58:305-315

Del Val M, Schlicht HI, Volkmer H, Messerle M, Reddehase MI, Koszinowski UH (1991) Protection
against lethal cytomegalovirus infection by a recombinant vaccine containing a single nonameric T-cell
epitope. J ViroI65:3641-3646

Del Val M, Hengel H, Hacker H, Hartlaub U, Ruppert T, Lucin P, Koszinowski UH (1992)
Cytomegalovirus prevents antigen presentation by blocking the transport of peptide-loaded major
histocompatibility complex class I molecules into the medial-Golgi compartment. J Exp Med
176:729-738

Domke-Optiz I, Swatzkym R (1990) Natural resistance to herpes simplex virus infections: the
macrophage-interferon axis. In: Boston AL (ed) Herpes viruses, the immune system, and AIDS.
Kluwer, Dordrecht, pp 171-202

Douglas RG, Couch RB (1970) A prospective study of chronic herpes virus infection and recurrent herpes
labialis in humans. J Immunol 104:289-295

Dubin G, Socolof E, Frank I, Friedman HM (1991) Herpes simplex virus type I Fc receptor protects
infected cells from antibody-dependent cellular cytotoxicity. J ViroI65:7046-7050

Eisenberg RJ, Ponce de Leon M, Friedman HM, Fries LF, Frank MM, Hastings JC, Cohen GH (1987)
Complement component C3b binds directly to purified glycoprotein C of herpes 'simplex virus types
I and 2. Microb Pathog 3:423-435

Fahnestock MJ, Johnson n, Feldman RM, Neveu JM, Lane WS, Bjorkman PJ (1995) The MHC class I
homologue encoded by human cytomegalovirus binds endogenous peptides. Immunity 3:583-590

Fenwick ML, Everett RD (1990) Transfer of UL41, the gene controlling virion-associated host shutoff,
between strains of herpes simplex virus. J Gen Virol 71 :411-418

Fitzgerald-Bocarsly P, Feldman M, Curl S, Schnell J, Denny T (1989) Positively selected Leu-lla
(CDI6+) cells require the presence of accessory cells or factors for the lysis of herpes simplex
virus-infected fibroblasts but not herpes simplex virus-infected Raji. J ImmunoI143:1318-1326

Fitzgerald-Bocarsly P, Howell DM, Pettera L, Tehrani S, Lopez C (1991) Immediate-early gene expression
is sufficient for induction of natural killer cell-mediated lysis of herpes simplex virus type I-infected
fibroblasts. J ViroI65:3151-3160

Frank I, Friedman HM (1989) A novel function of the herpes simplex virus type I Fc receptor: participation
in bipolar bridging of antiviral immunoglobulin G. J Virol 63:4479-4488

Fruh K, Ahn K, Djaballah H, Sempe P, van Endert PM, Tampe R, Peterson PA, Yang Y (1995) A viral
inhibitor of peptide transporters for antigen presentation. Nature 375:415-418

Galocha B, Hill AB, Cook R, Barnett B, Nolan A, Raimondi A, McGeoch D, Ploegh HL (1997)
Identification of the active site oflCP47, an herpes simplex virus encoded inhibitor ofTAP. J Exp Med
185: 1565-1572



Herpesvirus Evasion of the Immune System 173

Gavioli R, Kurilla MG, de Campos-Lima PO, Wallace LE, Dolcetti R, Murray RJ, Rickinson AB, Masucci
MG (1993) Multiple HLA All-restricted cytotoxic T-Iymphocyte epitopes of different
immunogenicities in the Epstein-Barr virus-encoded nuclear antigen 4. J Virol 67: 1572-1578

Gilbert MJ, Riddell SR, Li CR, Greenberg PD (1993) Selective interference with class I major
histocompatibility complex presentation of the major immediate-early protein following infection with
human cytomegalovirus. J ViroI67:3461-3469

Gilbert MJ, Riddell SR, Plachter B, Greenberg PD (1996) Cytomegalovirus selectively blocks antigen
processing and presentation of its immediate-early gene product. Nature 383:72()""722

Goldsmith K, Chen W, Johnson DC, Henducks RL (1998) ICP47 enhances herpes simplex virus
neurovirulence by the blocking CD8+ T cell response. J Exp Med (in press)

Gregory CP, Murray R, Edwards CF and ABR (1988) Down regulation of cell adhesion molecules LFA-3
and ICAM-I in Epstein-Barr virus-positive Burkitt's lymphoma underlies tumor cell escape from
virus-specific T cell surveillance. J Exp Med 167:1811-1824

Hengel H, Koopman JO, Flohr T, Murangi W, Goulmy E, Hammerling GJ, Koszinowski UH, Momburg
F (1997) A viral ER resident glycoprotein inactivates the MHC encoded peptide transporter. Immunity
6:623---{j32

Henle W, Henle G (1980) Epidemiologic aspects of (EBV) -associated diseases. Ann NY Acad Sci
354:326-331

Hidaka Y, Sakai Y, Toh Y et al (1991) Glycoprotein C of herpes simplex virus type I is essential for the
virus to evade antibody-independent complement-mediated virus inactivation and lysis of
virus-infected cells. J Gen Virol72:915-921

Hill AB, Barnett BC, McMichael AJ, McGeoch DJ (1994) HLA class I molecules are not transported to
the cell surface in cells infected with herpes simplex virus types I and 2. J Immunol 152:2736-41

Hill A, Jugovic P, York I, Russ G, Bennink J, Yewdell J, Ploegh H, Johnson D (1995) Herpes simplex
virus turns off the TAP to evade host immunity. Nature 375:411-415

Hu LF, Minarovits J, Cao SL, Contreras-Salazar B, Rymo L, Falk K, Klein G, Ernberg I (1991) Variable
expression of latent membrane protein in nasopharyngeal carcinoma can be related to methylation
status of the Epstein-Barr virus BNLF-I 5' -flanking region. J Virol65: 1558-1567

Jawahar S, Moody C, Chan M, Finberg R, Geha R, Chatila T (1996) Natural killer (NK) cell deficiency
associated with an epitope-deficient Fc receptor type IlIA (CD16-11). Clin Exp Immunol 103:408-413

Johnson DC, Feenstra V (1987) Identification of a novel herpes simplex virus type I-induced glycoprotein
which complexes with gE and binds immunoglobulin. J ViroI61:2208-2216

Johnson DC, Frame MC, Ligas MW, Cross AM, Stow ND (1988) Herpes simplex virus immunoglobulin
G Fc receptor activity depends on a complex of two viral glycoproteins, gE and gI. J Virol
62:1347-1354

Jones TR, Hanson LK, Sun L, Slater JS, Stenberg RM, Campbell AE (1995) Multiple independent loci
within the human cytomegalovirus unique short region down-regulate expression of major
histocompatibility complex class I heavy chains. J Virol 69:4830-4841

Jones TR, Wiertz EJ, Sun L, Fish KN, Nelson JA, Ploegh HL (1996) Human cytomegalovirus US3 impairs
transport and maturation of major histocompatibility complex class I heavy chains. Proc Natl Acad
Sci USA 93:11327-11333

Jonjic S, del Val M, Keil GM, Reddehase MJ, Koszinowski UH (1988) A nonstructural viral protein
expressed by a recombinant vaccinia virus protects against lethal cytomegalovirus infection. J Virol
62:1653-1658

Kaufman DS, Schoon RA, Leibson PJ (1992) Role for major histocompatibility complex class I in
regulating natural killer cell-mediated killing of virus-infected cells. Proc Nat! Acad Sci USA
89:8337-8341

Kerry JA, CD, and V, Stanley TL, Jones TR, Stenberg RM (1997) Role of cellular transcription factors in
human cytomegalovirus replication. Sixth International CytomegalovirusWorkshop, 5-9March 1997,
Perdido Beach, Alabama (abstr 2)

Khanna R, Burrows SR, Suhrbier A, Jacob CA, Griffin H, Misko IS, Sculley TB, Rowe M, Rickinson AB,
Moss DJ (1993) EBV peptide epitope sensitization restores human cytotoxic T cell recognition of
Burkitt's lymphoma cells. Evidence for a critical role for ICAM-2. J Immunol 150:5154-5162

Khanna R, Burrows SR, Argaet V, Moss DJ (1994) Endoplasmic reticulum signal sequence facilitated
transport of peptide epitopes restores immunogenicity of an antigen processing defective tumour cell
line. Int Immunol 6:639---{i45

Khanna R, Burrows SR Moss DJ (1995) Immune regulation in Epstein-Barr virus-associated diseases.
Microbiol Rev 59:387-405



174 David C. Johnson and Ann B. Hill

Kieff E. (1996) Epstein-Barr virus and its replication. In: Fields BN, Knipe DM, Howlet PM et al. (eds)
Fields virology. Raven-Lippincott, Philadelphia, pp 2343-2396

Kleijnen MF, Huppa JB, Lucin P, MukheIjee S, Farrell H, Campbell AE, Koszinowski 00, Hill AB,
Ploegh HL (1997) A mouse cytomegalovirus glycoprotein, gp34, forms a complex with folded class I
MHC molecules in the ER which is not retained but is transported to the cell surface. EMBO J
16:685--Q94

Knecht H, Bachmann E, Brousset P, Sandvej K, Nadal D, Bachmann F, Odermatt BF, Delsol G, Pallesen
G (1993) Deletions within the LMPI oncogene ofEpstein-Barr virus are clustered in Hodgkin's disease
and identical to those observed in nasopharyngeal carcinoma. Blood 82:2937-2942

Koelle DM, Tigges MA, Burke RL, Symington FW, Riddell SR, Abbo H, Corey L (1993) Herpes simplex
virus infection of human fibroblasts and keratinocytes inhibits recognition by cloned CD8+ cytotoxic
T lymphocytes. J Clin Invest 91:961-968

Kohl S (1992) The role of antibody in herpes simplex virus infection in humans. Curr Top Microbiol
Immunol 179:75-88

Kolaitis G, Doymaz M, Rouse BT (1990) Demonstration of MHC class II-restricted cytotoxic T
lymphocytes in mice against herpes simplex virus. Immunology 71:101-106

Koszinowski UH (1991) Molecular aspects of immune recognition of cytomegalovirus. Transplant Proc
23:70-73

Koszinowski UH, Reddehase MJ, Keil GM, Schickedanz J (1987) Host immune response to
cytomegalovirus: products of transfected viral immediate-early genes are recognized by cloned
cytolytic T lymphocytes. J ViroI61:2054-2058

Koszinowski UH, Koopman 10, Rohr T, Muranyi W, Goulmy E, Hammerling GJ, Momburg F, Hengel
H (1997) Inactivation of the MHC encoded peptide transporters by a cytomegaloviral ER resident
glycoprotein. Sixth International Cytomegalovirus Workshop, 5-9 March 1997, Perdido Beach,
Alabama,p9

Kubota Y, Gaither TA, Cason J, 0'Shea JJ Lawley TJ (1987) Characterization of the C3 receptor induced
by herpes simplex virus type I infection of human epidermal, and A431 cells. J Immunol
138:1137-1142

Lee SP, Morgan S, Skinner J, Thomas WA, Jones SR, Sutton J, Khanna R, Whittle HC, Rickinson AB
(1995) Epstein-Barr virus isolates with the major cytotoxic T cell epitope are prevalent in a highly
B35.01-positive African population. Eur J ImmunoI25:102-110

Lehner T, Wilton 1M, Shillitoe EJ (1975) Immunological basis for latency, recurrences and putative
oncogenicity of herpes simplex virus. Lancet 2:60-62

Levitskaya J, Coram M, Levitsky VS, I, Steigerwald-Mullen PM, G, K, MG, K, MG, M (1995) Inhibition
of antigen processing by the internal repeat region of the Epstein-Barr virus nuclear antigen-I. Nature
375:685--Q88

Li CR, Greenberg PD, Gilbert MJ, Goodrich 1M, Riddell SR (1994) Recovery of HLA-restricted
cytomegalovirus (CMV)-specific T-cell responses after allogeneic bonemarrow transplant: correlation
with CMV disease and effect of ganciclovir prophylaxis. Blood 83: 1971-1979

Luka J, Kallin B, Klein G (1979) Induction of the Epstein-Barr virus (EBV) cycle in latently infected cells
by n-butyrate. Virology 94:228-231

Machold RP, Wiertz EJHJ, Jones TR, Ploegh HL (1997) The HCMV gene products US II and US2 differ
in their ability to attack allelic forms ofmurine major histocompatibility complex (MHC) class I heavy
chains. J Exp Med 185:363-366

Manickan E, Rouse BT (1995) Roles ofdifferent T-cell subsets in control of herpes simplex virus infection
determined by using T-cell-deficient mouse-models. J Virol 69:8178-8179

Marchini A, Cohen fl, Wang F, Kieff E (l992a) A selectable marker allows investigation of a
nontransforming Epstein-Barr virus mutant. J ViroI66:3214-3219

Marchini A, Longnecker R, Kieff E (1992b) Epstein-Barr virus (EBV)-negative B-Iymphoma cell lines
for clonal isolation and replication of EBV recombinants. J ViroI66:4972-4981

Martin S, Moss B, Berman PW, Laskey LA, Rouse BT (1987) Mechanisms of antiviral immunity induced
by a vaccinia virus recombinant expressing herpes simplex virus type I glycoprotein D: cytotoxic T
cells. J Virol 61 :726-734

McGeoch OJ (1992) Molecular evolution of the large DNA viruses of eukaryotes. Semin ViroI3:399-409
McGeoch DJ, Dolan A, Donald S, Rixon FJ (1985) Sequence determination and genetic content of the
short unique region in the genome of herpes simplex virus type I. J Mol Bioi 181:1-13



Herpesvirus Evasion of the Immune System 175

McNearney TA, Odell C, Holers VM, Spear PG, Atkinson lP (1987) Herpes simplex virus glycoproteins
gC-I and gC-2 bind to the third component of complement and provide protection against
complement-mediated neutralization of viral infectivity. 1 Exp Med 166:1525-1535

Middleton T, Sugden B (1994) Retention of plasmid DNA in mammalian cells is enhanced by binding of
the Epstein-Barr virus replication protein EBNAI. 1 ViroI68:4067-4071

Mikloska Z, Kesson AM, Penfold ME, Cunningham AL (1996) Herpes simplex virus protein targets for
CD4 and CD8 lymphocyte cytotoxicity in cultured epidermal keratinocytes treated with
interferon-gamma. 1 Infect Dis 173:7-17

Mocarski ES lr (1996) Cytomegaloviruses and their replication. In: Fields BN, Knipe DM, Howley PM
et al (eds) Fields virology. Raven-Lippencott, Philadelphia, pp 2447-2492

Moss DJ, Rickinson AB, Pope lH (1978) Long-term T cell-mediated immunity to Epstein-Barr virus in
man. I. Complete regression of virus-induced transformation in cultures of seropositive donor
leukocytes. Int 1 Cancer 22:662---{j68

Moss Dl, Burrows SR, Suhrbier A, Khanna R (1994) Potential antigenic targets on Epstein-Barr
virus-associated tumours and the host response. Ciba Found Symp 187:4-13

Moss Dl, Schmidt D, Elliott S, Suhrbier A, Burrows S, Khanna R (1996) Strategies involved in developing
an effective vaccine for EBV-associated diseases. Cancer Res 69:211-243

Nash AA, layasuriya A, Phelan 1, Cobbold SP,Waldmann H, Prospero T (1987) Different roles for L3T4+
and Lyt 2+ T cell subsets in the control of an acute herpes simplex virus infection of the skin and
nervous system. 1Gen ViroI68:825-833

Orange lS, Biron CA (1996) Characterization of early IL-12, IFN-alphabeta, and TNF effects on antiviral
state and NK cell responses during murine cytomegalovirus infection. 1 Immunol 156:4746-4756

Orange lS, Wang B, Terhorst C, Biron CA (1995) Requirement for natural killer cell-produced interferon
gamma in defense against murine cytomegalovirus infection and enhancement of this defense pathway
by interleukin 12 administration. 1 Exp Med 182: 1045-1056

Parham P (ed) NK cells, MHC class I antigens and missing self. Immunol Rev 155
Pearson GR, Qualtiere LF, Klein G, Norin T, Bal IS (1979) Epstein-Barr virus-specific antibody-dependent
cellular cytotoxicity in patients with Burkitt's lymphoma. Int 1 Cancer 24:402-406

Phillips RE, Rowland-lones S, Nixon DF, Gotch PM, Edwards lP, Ogunlesi AO, Elvin JG, Rothbard A,
BanghamCR, Rizza CR et al (1991) Human immunodeficiency virus genetic variation that can escape
cytotoxic T cell recognition Nature 354:453-459

Pircher D, Moskopidis D, Rohrer U, Burki K, Hengartner H, Zinkemagel RM (1990) Viral excape by
selection of cytotoxic T cell-resistant virus variants in vivo. Nature (Lond) 346:629

Posavad CM, Rosenthal KL (1992) Herpes simplex virus-infected human fibroblasts are resistant to and
inhibit cytotoxic T-Iymphocyte activity. 1 ViroI66:6264---6272

PosavadCM, Newton 11, Rosenthal KL (1994) Infection and inhibition ofhuman cytotoxic T lymphocytes
by herpes simplex virus. 1 ViroI68:4072-4074

Posavad CM, Koelle DM, Corey L (1996) High frequency of CD8+ cytotoxic T-Iymphocyte precursors
specific for herpes simplex viruses in persons with genital herpes. 1 Virol 70:8165-8168

Quinnan GV, Masur H, Rook AH, Armstrong G, Frederick WR, Epstein 1, Manischeqitz MS, Mecher
AM, lackson L, Ames 1, Smith HA, Parker M, Pearson GR, Panillo 1, Mitchell C, SE, S (1984)
Herpesvirus infections in the acquired immune deficiency syndrome. lAMA 252:72-77

Rawlinson WD, Farrell HE, Barrell BG (1996) Analysis of the complete DNA sequence of murine
cytomegalovirus. 1 ViroI70:8833-8849

Reddehase Ml, Fibi MR, Keil GM, Koszinowski UH (1986) Late-phase expression of a murine
cytomegalovirus immediate-early antigen recognized by cytolytic T lymphocytes. 1 Virol
60:1125-1129

Reddehase Ml, Mutter W, Munch K, Buhring Hl, Koszinowski UH (1987) CD8-positive T lymphocytes
specific for murine cytomegalovirus immediate-early antigens mediate protective immunity. 1 Virol
61:3102-3108

Reddehase Ml, 10njic S, Weiland F, Mutter W, Koszinowski UH (1988) Adoptive immunotherapy of
murine cytomegalovirus adrenalitis in the immunocompromised host: CD4-helper-independent
antiviral function of CD8-positive memory T lymphocytes derived from latently infected donors. 1
ViroI62:1061-1065

Reusser P, Riddell SR, Meyers JD, Greenberg PD (1991) Cytotoxic T-Iymphocyte response to
cytomegalovirus after human allogeneic bone marrow transplantation: pattern of recovery and
correlation with cytomegalovirus infection and disease. Blood 78: 1373-1380



176 David C. Johnson and Ann B. Hill

Reyburn H, 0, M, Valez-Gomez M, Sheu EG, Pazmany L, Davis OM, Strominger JL (1997) Human NK
cells: their ligands, receptors and functions. Immunol Rev 155:119-125

Rickinson AB, KieffE (1996) Epstein-Barr virus. In: Fields BN, Knipe OM, Howley PM et al (eds) Fields
virology. Raven-Lippincott, Philadelphia, pp 2397-2446

Riddell SR, Rabin M, Geballe AP, Britt WJ, Greenberg PO (1991) Class I MHC-restricted cytotoxic T
lymphocyte recognition of cells infected with human cytomegalovirus does not require endogenous
viral gene expression. J ImmunoI146:2795-2804

Roizman B, Sears AE (1996) Herpes simplex viruses and the replication. In: Fields BN, Knipe OM,
Howley PM et al (eds) Fields virology. Raven-Lippincott, Philadelphia, pp 2231-2295

Rowe M, Khanna R, Jacob CA, Argaet V, Kelly A, Powis S, Belich M, Croom-Carter0, Lee S, Burrows
SR et al (1995) Restoration of endogenous antigen processing in Burkitt's lymphoma cells by
Epstein-Barr virus latent membrane protein-I: coordinate up-regulation of peptide transporters and
HLA-class I antigen expression. Eur J ImmunoI25:1374-1384

Sample J, Brooks L, Sample C, Young L, Rowe M, Gregory C, Rickinson A, KieffE (1991) Restricted
Epstein-Barr virus protein expression in Burkitt lymphoma is due to a different Epstein-Barr nuclear
antigen I transcriptional initiation site. Proc Natl Acad Sci USA 88:6343-{)347

Scalzo AA, Fitzgerald NA, Wallace CR, Gibbons AE, Smart YC, Burton RC, Shellam GR (1992) The
effect of the Cmv-1 resistance gene, which is linked to the natural killer cell gene complex, is mediated
by natural killer cells. J ImmunoI149:581-589

Scalzo AA, Lyons PA, Fitzgerald NA, Forbes CA, Yokoyama WM, Shellam GR (1995) Genetic mapping
of Cmv1 in the region of mouse chromosome 6 encoding the NK gene complex-associated loci Ly49
and musNKR-Pl. Genomics 27:435-441

Schmid OS (1988) The humanMHC-restricted cellular response to herpes simplex virus type 1is mediated
by CD4+, CD8- T cells and is restricted to the DR region of the MHC complex. J Immunol
140:3610--3616

Schmid OS, Rouse BT (1992) The role of T cell immunity in control of herpes simplex virus. CUIT Top
MicrobioIImmunoI179:57-74

Seidel-Dugan C, Ponce de Leon M, Friedman HM, Eisenberg RJ, Cohen GH (1897) Identification of
C3b-binding regions on herpes simplex virus type 2 glycoprotein C. J Virol64:1897-1906

Simmons A, Tscharke DC (1992) Ami-CD8 impairs clearance of herpes simplex virus from the nervous
system: implications for the fate of virally infected neurons. J Exp Med 175: 1337-1344

Smiley ML, Friedman HM (1985) Binding of complement C3b to glycoprotein C is modulated by sialic
acid on herpes simplex virus type I-infected cells. J Virol 55:857-851

Strang G, Rickinson AB (1987) Multiple HLA class I-dependent cytotoxicities constitute the
non-HLA-restricted response in infectious mononucleosis. Eur J ImmunoI17:IOO7-1013

Tal-Singer R, Seidel-Dugan C, Fries L, Huemer HP, Eisenberg RJ' Cohen GH, Friedman HM (1991)
Herpes simplex virus glycoprotein C is a receptor for complement component iC3b. J Infect Dis
164:750--753

Tay CH, Welsh RM, Brutkiewicz RR (1995) NK cell response to viral infections in beta
2-microglobulin-deficient mice. J Immuno1154:780--789

Thale R, Szepan U, Hengel H, Geginat G, Lucin P, Koszinowski UH (1995) Identification of the mouse
cytomegalovirus genomic region affecting major histocompatibility complex class I molecule
transport. J Virol 69:6098-{)105

Thorley-Lawson DA (1980) The suppression ofEpstein-Barr virus in vitro occurs after infection but before
transformation of the cell. J Immunol 124:745-751

Thorley-Lawson DA, Chess L, Strominger JL (1977) Suppression on in vitro Epstein-Barr virus infection.
A new role for adult human lymphocytes. J Exp Med 146:495-508

Tigges MA, Koelle 0, Hartog K, Sekulovich RE, Corey L, Burke RL (1992) Human CD8+ herpes simplex
virus-specific cytotoxic T-lymphocyte clones recognize diverse virion protein antigens. J Virol
66: 1622-1634

Tigges MA, Leng S, Johnson DC, Burke RL (1996) Human herpes simplex virus (HSV)-specific CD8+
CTL clones recognize HSV-2-infected fibroblasts after treatment with IFN-gamma or when virion host
shutoff functions are disabled. J Immunol 156:3901-3910

Tomazin R, Hill AB, Jugovic P, York I, van Endert P, Ploegh HL, Andrews OW, Johnson DC (1996)
Stable binding of the herpes simplex virus ICP47 protein to the peptide binding site of TAP. EMBO J
15:3256-3266

Tomkinson BE,Maziarz R Sullivan JL (1989) Characterization of the T cell-mediated cellular cytotoxicity
during acute infectious mononucleosis. J Immunol 143:660--670



Herpesvirus Evasion of the Immune System 177

Torpey DJ, Lindsley MD, Rinaldo C (1989) HLA-restricted lysis of herpes simplex virus-infected
monocytes andmacrophages mediated by CD4+ and CD8+T lymphocytes. J Immunol142: 1325-1332

Torsteindottir S, Masucci MG, Ehlin-Hendricksson G, Brautbar G, Basset GB, Klein G, Klein E (1986)
Differentiation-dependent sensitivity of human B-cell-derived lines to major histocompatibility
complex-restricted T-cell cytotoxicity. Proc Nat! Acad Sci USA 83:5620-5624

Warren AP, Ducroq DH, Lehner PJ, Borysiewicz LK (1994) Human cytomegalovirus-infected cells have
unstable assembly of major histocompatibility complex class I complexes and are resistant to lysis by
cytotoxic T lymphocytes. J Virol 68:2822-2829

Whitley RJ (1996) Herpes simplex viruses. In: Fields BN, Knipe DM, Howley PM et al (eds) Fields
virology. Raven-Lippincott, Philadelphia, pp 2297-2342

Wiertz EJ, Jones TR, Sun L, Bogyo M, Geuze HJ, Ploegh HL (1996a) The human cytomegalovirus USII
gene product dislocates MHC class I heavy chains from the endoplasmic reticulum to the cytosol. Cell
84:769-779

Wiertz EJ, Tortorella D, Bogyo M, Yu J, Mothes W, Jones TR, Rapoport TA, Ploegh HL (1996b)
Sec61-mediated transfer of a membrane protein from the endoplasmic reticulum to the proteasome for
destruction. Nature 384:432-438

Yamamoto T, Osaki T, Yoneda K, Ueta E (1993) Immunological investigation of adult patients with
primary herpes simplex virus-l infection. J Oral Pathol Med 22:263-267

Yamashita Y, Shimokata S, Saga S, Mizuno S, Tsurumi T, Nishiyama Y (1994) Rapid degradation of the
heavy chain of class I major histocompatibility complex antigens in the endoplasmic reticulum of
human cytomegalovirus-infected cells. J ViroI68:7933-7943

Yasukawa M, Zarling JM (1984a) Human cytotoxic T cell clones directed against herpes simplex
virus-infected cells. I. Lysis restricted by HLA class II MB and DR antigens. J ImmunoI133:422-427

Yates J, Warren N, Reisman D, Sugden B (1984) A cis-acting element from the Epstein-Barr viral genome
that permits stable replication of recombinant plasmids in latently infected cells. Proc Nat! Acad Sci
USA 81:3806-3810

Yokomaya WM (1995) Natural killer cell receptors specific for major histocompatibility complex class I
molecules. Proc Nat! Acad Sci USA 92:3081-3085

York lA, Johnson DC (1993) Direct contact with herpes simplex virus-infected cells results in inhibition
of lymphokine-activated killer cells because ofcell-to-cell spread of virus. J Infect Dis 168:1127-1132

York lA, Johnson DC (1994) Inhibition of humoral and cellular immune recognition by herpes simplex
viruses. In: McFadden G(ed) Viroceptors, virokines and related immune modulators encoded by DNA
viruses. Landes, Austin, pp 89-110

York lA, Roop C, Andrews DW, Riddell SR, Graham FL, Johnson DC (1994) A cytosolic herpes simplex
virus protein inhibits antigen presentation to CD8+ T lymphocytes. Cell 77:525-535

Ziegler H, Thiile R, Lucin P, Muranyi W, Flohr T, Hengel H, Farrell H, Rawlinison W, Koszinowski UH
(1997) A mouse cytomegalovirus protein retains MHC class I complexes in the ERCIC/cis-Golgi
compartments. Immunity 6:57-66

Zweerink HJ, Stanton LW (1981) Immune response to herpes simplex virus infections: virus-specific
antibodies in sera from patients with recurrent facial infections. Infect Immun 31 :624-630



Intracellular Transport of Molecules
Engaged in the Presentation of Exogenous Antigens

TOMMY W. NORDENO', JEAN-PIERRE GORVEL2, and ODDMUND BAKKE'

I Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2 Assembly and Initial Transport of MHC Class II and Invariant Chain
2.1 Structure...............................
2.2 Expression of MHC Class II and Invariant Chain . . . . . . . . . .
2.3 Interaction of Invariant Chain with MHC Class II 0.- and ~-Chains

2.4 Invariant Chain Assocation Helps MHC Class II Molecules
to Exit the Endoplasmic Reticulum

2.5 Multimerization of Invariant Chain .. . .
2.6 The First Transport Steps .

3 MHC Class II in the Endocytic Pathway ..
3.1 Retention ofMHC Class II Molecules in the Antigen-Processing Pathway.
3.2 Processing Events in the MHC Class II Presentation Route .
3.3 Functions of HLA-DM . . . . . . . . .
3.4 Intracellular Sites for Peptide Loading. . . . . . . . . . ..
3.5 Routes Back to the Surface. . . . . . . . . . . . . . . . . .

4 Presentation of Exogenous Antigens by Molecules other than MHC Class II
4.1 Presentation of Endocytosed Antigens by MHC Class I Molecules
4.2 Presentation of Nonclassical Antigens by Nonclassical Molecules

5 Signals for Sorting to the Peptide-Loading Compartments
5.1 General Comments .
5.2 Sorting to Endosomes . . . . . . . . . . . . . . . . . . . . . . .
5.3 Sorting Signals Contained in the Cytoplasmic Tail of Invariant Chain
5.4 Sorting Signal(s) in the Cytoplasmic Tail of MHC Class II Molecules
5.5 A Tyrosine-Based Sorting Signal in the HLA-DMCytoplasmic Tail .
5.6 Basolateral Sorting Signals Within MHC Class II and Invariant Chain .

6 Concluding Remarks on the Many Roles of Invariant Chain

References .

180

180
180
181
182

182
184
184

185
185
185
187
190
192

193
193
194

196
196
197
198
199
200
200

201

203

IDivision of Molecular Cell Biology, Department of Biology, University of Oslo, 0316 Oslo, Norway

2Centre d'Immunologie, INSEM-CNRS de Marseille-Luminy, Case 906, 13288 Marseille Cedex 09,
France



180 Tommy W. Nordeng, Jean-Pierre GorveI, and Oddmund Bakke

1 Introduction

Major histocompatibility complex (MHC) class I and class II molecules bind peptides
and present them to T cells. Whereas class I molecules predominantly bind peptides
generated from endogenously synthesized cytoplasmic proteins*, class II molecules
mainly present peptides derived from internalized degraded material (for reviews
about class 1- and class II-presenting pathways, see GERMAIN and MARGULIES 1993;
NEEFJES and MOMBURG 1993; Buus 1994).
After synthesis and translocation into the endoplasmic reticulum (ER), class II

molecules associate with the invariant chain (Ii) and the resulting complex traverses
the Golgi complex and accumulates in endosomal compartments. Here, Ii is pro
teolytically degraded (BLUM et al. 1988), leaving the class II molecules free to bind
peptides derived from endocytosed antigen. The peptide class II complexes are
subsequently transported to the cell surface for presentation to CD4+ T cells.
During the past 10 years, our knowledge has considerably improved about the

molecular mechanisms of protein antigen processing and presentation in the context
of MHC molecules. Their polymorphism and high level of expression have allowed
extensive biochemical, structural, and genetic studies on pathogen-derived peptides
presented to T lymphocytes. Recently, novel molecules related toMHC antigens have
been discovered. Their function is to present "nonclassical" pathogenic antigens to
T cells, and they can be divided in two groups: the nonclassical MHC class I proteins
(class Ib molecules) and the class I-related molecules (the CDI family) encoded
outside of theMHC. Whereas the class Ib molecules present nonconventional peptide
antigen by TAP (transporter associated with antigen presentation)-dependent mecha
nisms, the CDI molecules bind non-peptide antigen, probably somewhere in the class
II peptide-loading pathway. In this review, in addition to MHC class II-mediated
presentation of exogenous antigen, we will also discuss a parallel role for CD1
molecules.

2 Assembly and Initial Transport ofMHC Class II
and Invariant Chain

2.1 Structure

In humans, class II molecules are encoded by the polymorphic HLA-DR, HLA-DQ,
and HLA-DP genes and expressed as noncovalent heterodimers of two transmem
brane polypeptides, the a-chain (35 kDa) and the ~-chain (27 kDa) (for a review, see
KAUFMAN et al. 1984). Whereas the luminal domains of class II molecules have an

By "cytoplasm" we mean the content of a cell within the plasma membrane, but outside the nucleus and
all membrane bounded compartments.



Intracellular Transport ofMolecules Engaged in the Presentation of Exogenous Antigens 181

intrinsic ability to associate (KL£R-NIELSEN et al. 1990; WETTSTEIN et al. 1991),
interactions by the transmembrane domains promote the formation of correctly
assembled complexes (COSSON et al. 1992). After synthesis and translocation into the
ER, the a- and ~-chains associate with a third transmembrane glycoprotein, Ii (SUNG
et al. 1981; KVIST et al. 1982), forming a nonameric (a~Ii)3-subunitcomplex (ROCHE
et al. 1991b).
Ii is a type II transmembrane protein, and a number of Ii isoforms exist, defined

by the primary amino acid sequence. The major form is a glycoprotein of 31-33 kDa
(p33). In humans, an alternative form of Ii, p35, containing an amino-terminal
cytoplasmic extension of 16 residues, results from initiation of translation at an
alternative AUG codon upstream of the one used to generate p33 (STRUBIN et al. 1986;
0'SULLIVAN et al. 1987). Additional species of the p33 and p35 isoforms result from
alternative splicing of the Ii mRNA where the additional exon 6b is introduced. This
gives rise to the p41 and p43 forms, respectively, containing a 64-amino acid insertion
in the luminal domain (STRUBIN et al. 1986; O'SULLIVAN et al. 1987; KOCH 1988).

2.2 Expression ofMOC Class II and Invariant Chain

Coordinate expression ofMHC class II and Iimolecules has been reported in human
tissue (QUARANTA et al. 1984; VOLC-PLATZER et al. 1984) and in tissue culture cells
(LONG 1985). However, whereas transcription ofIi is controlled by elements common
to those controlling MHC class II transcription (ZHU et al. 1990; BROWN et al. 1991),
distinct elements have been identified (WRIGHT et al. 1995) with tissue-specific
activity (ZHU et al. 1990). These elements probably enable distinct regulation of
transcription from the Ii gene relative to MHC class II genes. In fact, Ii has been
observed in almost absence of MHC class II in some cell lines (LONG et al. 1984;
ACCOLLA et al. 1985; LENARDO et al. 1989) and vice versa (MOMBURG et al. 1986).
Expression of both Ii and class II molecules can be increased in a variety of cell

lines by stimulation with cytokines such as tumor necrosis factor (TNF)-a (PESSARA
et al. 1990; KOLK et al. 1993), interferon (IFN)-y (COLLINS et al. 1984; EADES et al.
1990; BROWN et al. 1991,1993; KOLK et al. 1992), and interleukin (IL)-4 (NOELLE et
al. 1986; POLLA et al. 1986). However, treatment with mitomycin C or phorbol esters
is reported to upregulate Ii synthesis in fibroblasts not expressing MHC class II
(RAHMSDORF et al. 1983, 1986), and adding granulocyte-macrophage colony-stimu
lating factor (GM-CSF) to macrophage cell lines leads to elevated Ii expression,
whereas class II molecules are not induced (KLAGGE et al. 1997). In contrast,
treatment with the heavy metal lead (Pb) increases MHC class II expression (MCCABE
et al. 1990), possibly by a post-translational mechanism (MCCABE et al. 1991; Guo
et al. 1996). Whereas Ii expression can be increased by a similar mechanism in mouse
cells (MCCABE et al. 1991), lead has no effect on Ii expression in human cells (Guo
et al. 1996). This demonstrates the existence of species- or cell type-specific factors
regulating MHC class II expression at a post-transcriptional level (MAFFEI et al. 1989)
and yet another mechanism for modulation of Ii versus MHC class II expression. In
antigen-presenting cells (APC), Ii is usually produced in excess of class II molecules
(KvIsTet al. 1982; NGUYEN et al. 1989), and overproduction can be further increased
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by activation of protein kinase C (PKC) (SHIH et al. 1995). Interestingly, PKC
activation has aIso been demonstrated to affect proteolysis of Ii (BAROIS et al. 1997),
and in transfected cell lines, inhibited Ii protein degradation in an expression level
dependent fashion (T.W. Nordeng and O. Bakke, manuscript in preparation).

2.3 Interaction of Invariant Chain with MHC Class II a- and ~-Chains

A region corresponding almost exclusively to exon 3 of Ii (residues 82-107) plays a
critical role in the interaction of Ii with a~ (FREISEWINKEL et al. 1993; ROMAGNOLI et
al. 1994). It is now well established that the CLIP region occupies the peptide-binding
groove of class II molecules, thereby promoting correct folding and inhibiting
premature binding of resident peptides (ROMAGNOLI et al. 1994; BANGIA et al. 1995;
GAUTAM et al. 1995; GHOSH et al. 1995; LEE et al. 1995; LIANG et al. 1995, 1996;
MALCHEREK et al. 1995; MORKOWSKI et aI. 1995; SETIE et al. 1995; Wu et al. 1996).
CLIP can be subdivided into two functional regions: the C-terrninal segment (residues
92-105) occupies the peptide-binding groove, whereas the N-terrninal segment
(residues 81-98) binds outside the groove and seems to be important for a fast off-rate
for CLIP (KROPSHOFER et al. 1995a,b). However, the exact nature of CLIP binding
is clearly different for each member of the polymorphic MHC class II family, as the
affinities for individual a~ dimers vary dramatically (BANGIA et al. 1995;MALCHEREK
et al. 1995; SETIE et aI. 1995).
A model explaining how a single region of Ii may bind to the large number of

peptide-binding domains has been proposed by LEE and MCCONNELL (1995). They
predicted that bound CLIP will assume the same conformation as that adopted by
antigenic peptides and that CLIP may bind in a single, general way across products
of class II alleles. Recent work by WEENINK et al. (1997) lends support to this theory.
They propose that there is a general backbone of a periodic nature within the CLIP
sequence that minimizes deleterious contacts and allows promiscuous binding to class
II molecules. Thus, the CLIP property may lie in avoiding high-affinity binding rather
than in fitting into a polymorphic groove.
A role for additional regions of Ii other than CLIP in maintaining the association

has been reported (VOGT et al. 1995; NEWCOMB et aI. 1996), but such interactions are
not effective on their own in the assembly process (FREISEWINKEL et al. 1993;
BIJLMAKERS et al. 1994; ROMAGNOLI et al. 1994).

2.4 Invariant Chain Association Helps MHC Class II Molecules
to Exit the Endoplasmic Reticulum

Ii acts as a "chaperone" for class II molecules in their maturation process (CLAESSON
WELSH et al. 1985; LAYET et aI. 1991; SCHAIFF et al. 1991; ANDERSON et al. 1992);
the binding of Ii aids, but is not an absolute requirement for, the transport of class II
molecules out of the ER (LAYET et aI. 1991; ANDERSON et al. 1992; NUENHUIS et al.
1994). Similarly, in the presence of MHC class II, Ii is transported more efficiently
from the ER to the Golgi complex (SIMONIS et al. 1989; LAMB et aI. 1991), indicating
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that exit from the ER is mutually facilitated by (X~-li assembly. Studies based on
cross-linking of proteins suggest that class II and Ii molecules are released from the
ER as a 3x3 subunit complex (ROCHE et al. 1991b), but the precise order of assembly
is not clear. (X~-dimers either assemble stepwise to preexisting Ii trimers (ROCHE et
al. 1991b), or separate (X- and ~-chains associate with Ii trimers one at a time to form
a nonameric complex (LAMB et al. 1992; ANDERSON et al. 1994). However, the
contribution of Ii to subunit assembly differs for allelic variants of (X~, suggesting
that sequential associations of (X, ~, and Ii may be affected by polymorphic differences
(BIKOFF et al. 1995). (X~ expressed in cells lacking Ii transiently forms large aggre
gates in the ER (BONNEROT et al. 1994; MARKS et al. 1995), suggesting that assembly
may be important to avoid interactions of empty MHC class II binding sites to
exposed segments in the ER (ZHONG et al. 1996).
Calnexin, a ubiquitous ER phosphoprotein, associates with unassembled subunits

of multimeric complexes (DEGEN et al. 1991; AHLUWALIA et al. 1992; GALVIN et al.
1992; HOCHSTENBACH et al. 1992; SCHREIBER et al. 1994) as well as viral (HAMMOND
et al. 1994) and secretory monomeric (Ou et al. 1993) glycoproteins. It has been
shown that calnexin also associates with Ii and the (X- and ~-chains and remains
associated with the assembling (X~-Ii complex until the final class II subunit is added
to form the nonameric complex (ANDERSON et al. 1994; SCHREIBER et aI. 1994). As
dissociation of ca1nexin parallels egress of (X~-li from the ER, these results suggest
that calnexin retains and stabilizes both free subunits and partially assembled MHC
class II-Ii complexes until the nonamer is complete. However, the molecular require
ments for association of (X~-Ii complexes with calnexin remain uncertain, as neither
replacement of the transmembrane region of the DR~-subunit with a guanosine
phosphatidylinositol (GPI) anchor nor deglycosylation of the complex constituents
abolishes the association (ARUNACHALAM et al. 1995). When expressed in the absence
of Ii, class II molecules are found aIso to aggregate with the ER resident chaperone
BiP (BONNEROT et al. 1994). Thus it is likely that (X~-Ii interaction also mediates
dissociation of these molecules from other chaperones known to bind and to retain
misfolded or partially folded proteins in the ER.
Although association of several peptides to MHC class II alone is not efficient in

the ER (ERICSON et aI. 1994), probably due to the low pH required for binding (JENSEN
1991), another function of Ii seems to be the prevention of premature peptide binding
to class II molecules (BUSCH et aI. 1996). The p35 and p43 forms ofIi are retained in
the ER (LOTTEAU et al. 1990; LAMB et aI. 1991) by a calnexin-independentmechanism
(ARUNACHALAM et al. 1995), and a double-arginine motif in the prolonged amino-ter
minal segment of the cytoplasmic tail has been identified as the ER retention signaI
(SCHUTZE et al. 1994). p35 Ii inhibits presentation of endogenous antigen (DOD! et aI.
1994; LONG et al. 1994; VEENSTRA et al. 1996), and in vitro studies utilizing isolated
(X~-li trimers have shown that class II molecules only bind peptide in the absence of
Ii (ROCHE et al. 1990; NEWCOMB et al. 1993; ERICSON et aI. 1994). Using antigen
transgenic and Ii knockout mice, BODMER and colleagues (1994) found Ii to limit the
diversity of endogenous peptides bound to class II molecules.
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2.5 Multimerization of Invariant Chain

In the absence of association with class II molecules, human Ii forms a trimer, and
an l8-kDa fragment of Ii produced by proteinase K, lacking the cytoplasmic and the
transmembrane region, is also trimeric (MARKS et al. 1990). The region between
amino acids 163 and 183 (exon 6) is essential for trimerization ofIi (BIJLMAKERS et
al. 1994; GEDDE-DAHL et al. 1997). This carboxy-terrninalluminal region is thus
essential for trimerization, but, as other studies have shown (AMIGORENA et al. 1995;
NEWCOMB et al. 1996), it is not required for maintaining the nonameric complex.
The exact function of Ii trimerization is currently uncertain. Oligomerization is

not a prerequisite for Ii-MHC class II association as Ii mutants unable to trimerize
still bind to MHC class II (BERTOLINO et al. 1995). The association of p33/p4IIi with
p35/p43Ii in trimers and higher molecular weight aggregates contributes to the
retention of the p33/p41 forms in the ER (ARUNACHALAM et al. 1994), where they
undergo degradation to smaller, amino-terminally cleaved forms (NGUYEN et al.
1989; MARKS et al. 1990). Ii retention in the ER could be a way of promoting correct
conformation of (a~Ii)J. Another possible function of Ii trimerization could be the
formation of a motif made up of adjacent chains which could be recognized by the
protein-sorting machinery. ARNESON and MILLER (1995) have demonstrated that the
Ii trimer must consist of at least two chains containing the sorting signals in order to
be transported efficiently to endosomes. This observation is compatible with the
reported inability of cells transfected with truncated Ii constructs lacking the region
important for trimerization to present certain peptides (BERTOLINO et al. 1995).
Coupling between trimerization and transport is further supported by the observation
that Ii-induced vacuolation of endosomes is restricted to the same region (GEDDE
DAHL et al. 1997).

2.6 The First Transport Steps

Once assembled, the nonameric complex is transported to the Golgi network, where
it undergoes glycosylation and terminal sialylation. A small portion of Ii (2%-5%)
may acquire a chondroitin sulfate moiety to a particular serine side chain (residue 201
in p33) (SANT et al. 1985a,b). This proteoglycan version ofIi can interact with CD44
on T cells and stimulates the response of these molecules (NAUJOKAS et al. 1993). In
the absence ofIi, a~ is poorly glycosylated (ELLIOTI et al. 1994). Conversely, in the
absence of a~, Ii fails to gain resistance to endoglycosidase H (EndoH) (PIETERS et
al. 1993), suggesting that Ii alone poorly acquires complex-type sugars or is not
transported to the endocytic pathway via the Golgi complex (CHERVONSKY et al.
1995). However, the Ii glycosylation pattern does not differ between the MHC class
II-negative mutant lymphoblastoid cell line T2 and its MHC class II-positive parental
cell line Tl (HENNE et al. 1995), demonstrating that association with MHC class II is
not a general prerequisite for Ii transport via the Golgi network.
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3 MHC Class II in the Endocytic Pathway

3.1 Retention ofMHC Class II Molecules
in the Antigen-Processing Pathway

Newly synthesized class II molecules are retained in the endocytic pathway for 1-3 h
before they appear at the cell surface (NEEFJES et al. 1990). In endosomes, Ii is
sequentially degraded by proteases (BLUM et al. 1988; NGUYEN etal. 1989; MARKS
et al. 1990; PIETERS et al. 1991; NEWCOMB et al. 1993; Xu et al. 1994), an event
required for proper peptide-MHC class II complex formation (ROCHE et al. 1991a;
NEEFJES et al. 1992; DAIBATA et al. 1994; MARIc et al. 1994; AMIGORENA et al. 1995).
By subcellular fractionation of a human fibroblast cell line stably transfected with

Ii and HLA-DR, we have shown that material endocytosed in the fluid phase is
retained in early endosomes together with Ii and class II molecules (GORVEL et al.
1995). At a high level of expression, Ii has been found to accumulate in an unusual
cohort of large endosomal vesicles in transfected cells (PIETERS et al. 1993; ROMAG
NOLI et al. 1993; ARUNACHALAM et al. 1994; POND et al. 1995; SUGITA et al. 1995;
GEDDE-DAHL et al. 1997; STANG et al. 1997), where vacuolation is proportional to the
expression of level of Ii (T.W. Nordeng, S. Kj0lsrud, B. Bremnes, and O. Bakke,
manuscript in preparation). The rate of endocytic flow is lowered from this compart
ment (ROMAGNOLI et al. 1993; GORVEL et al. 1995). However, the delay is not caused
by the vacuolation itself, as the transport rate of membrane-bound and fluid-phase
ligands through the endocytic pathway of both M1 cells (GORVEL et al. 1995) and
polarized Madin-Darby canine kidney (MDCK II) cells (T.W. Nordeng and O.
Bakke, manuscript in preparation) is lowered, although these cells fail to vacuolate
in response to Ii expression.
In conclusion, these findings suggest that Ii regulates the movement of both

endocytosed antigen and newly synthesized MHC class II-Ii complexes in the
endosomal pathway and thus contributes to the efficiency of peptide capture by MHC
class II where antigen is limiting. The phenotypic alterations induced by Ii, however,
have only been seen so far in transfected cells. The effect of Ii is thus a biological
phenomena, but it still remains to be seen whether the same or similar mechanisms
are active in "professional" APC such as B cells, macrophages, and dendritic cells.
Interestingly, however, isolated Langerhans cells expressing Ii are found to contain
large lucent acidic vacuoles with the characteristics of early endosomes (KAMPGEN
et al. 1991; PuRE et al. 1990; STOSSEL et al. 1990).

3.2 Processing Events in the MHC Class II Presentation Route

In general, for MHC class II presentation, antigen must be internalized by endocytosis
for subsequent processing within endosomes/lysosomes. Exogenous antigens are
endocytosed by APC by different mechanisms. In B lymphocytes, for instance,
receptor-mediated endocytosis by surface Ig is an efficient way of specific uptake.
However, fluid-phase endocytosis, micropinocytosis, or phagocytosis also allows
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solutes and particles to be internalized by APe. The antigen then reaches a first
compartment located at the cell periphery, the early endosome (pH, approximately
6.3), from which the antigen can be recycled back to the cell surface or it may be
transported to later endocytic organelles and eventually to lysosomes for ultimate
degradation (pH, 4.5-5.0).
Acidic pH in the endocytic pathway is maintained to a large extent by the vacuolar

H+-ATPase. This multimeric membrane protein is located in endosomes, lysosomes,
the trans-Golgi network (TGN), and clathrin-coated vesicles. Different inhibitors are
known to block vacuolar acidification. These are acidotropic weak bases such as
chloroquine and ammonium chloride (THORENS et al. 1986), carboxylic ionophores
such as monensin and nigericin (TARTAKOFF 1983), and the macrolide antibiotics
bafilomycin Al and concanamycin B (BOWMAN et al. 1988; YOSHlMORI et al. 1991;
WOO et al. 1992). The latter two reagents inhibit the vacuolar H+-ATPase directly at
nanomolar concentrations on intact cells, and it has been demonstrated that bafilomy
cin Al prevents the formation of carrier vesicles in BHK cells (CLAGUE et al. 1994).
Intracellular acidification of TGN is directly associated with the transfer of an
ADP-ribosylation factor (ARF) from the cytoplasm to membrane vesicles (ZEUZEM
et al. 1992). Several other studies have also emphasizedthe idea that acidification in
the endocytic pathway contributes to protein trafficking (KLIONSKY et al. 1992; YILLA
et al. 1993; CHAPMAN et al. 1994; BENAROCH et al. 1995; ESCOLA et al. 1996). In
APCs, it has been demonstrated that low pH is not only important for antigen
processing, but also for MHC class II transport steps and antigen presentation
(BENAROCH et al. 1995; ESCOLA et al. 1996).
Antigen processing includes both proteolysis, apparently mediated by a spectrum

of different proteases (VIDARD et al. 1992), and disulfide reduction (JENSEN 1991;
HAMPL et al. 1992). Disulfide reduction seems to be mediated in high-density,
lysosome-like compartments (COLLINS et al. 1991), and immunoelectron microscopy
has shown that lysosome-like compartments in some cells contain high levels of class
II molecules (PETERS et al. 1991; HARDING et al. 1992). Processing of endocytosed
antigen is blocked at 18°C (HARDING et al. 1990), also suggesting involvement of late
endosomes or lysosomes, as transport from early endosomes to later compartments
is blocked at this temperature. Furthermore, liposome-encapsuled antigens are effi
ciently processed only after lysosomal targeting (HARDING et al. 199Ia,b). These
observations suggest a role for lysosomes in class II antigen processing.
Processing of Ii is necessary to achieve peptide loading on mature class II

molecules (ROCHE et al. 1991a; DAIBATA et al. 1994). During intracellular transport
ofMHC class II-Ii complexes, Ii is sequentially degraded from the luminal C-terminal
side, but is still associated with class II molecules (BLUM et al. 1988; NGUYEN et al.
1989; MARKS et al. 1990; PiETERS et al. 1991; NEWCOMB et al. 1993; Xu et al. 1994)
in a nonameric complex (AMIGORENA et al. 1995). Although it has been established
that processing of Ii and exogenous antigen involves proteolysis, it has been difficult
to resolve the involvement of the specific proteases (for a review, see BERG et al.
1995). Both cathepsin D and cathepsin B are necessary for Ii degradation (DAIBATA
et al. 1994; MIZUOCHI et al. 1994), and it seems that aspartyl proteases (cathepsin D
and E) may be involved in the early steps of Ii degradation (MARIC et al. 1994;
KAGEYAMA et al. 1996), whereas cysteine proteases (cathepsin Band L) catalyze the
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final steps (MARIC et al. 1994). Both cysteine proteases (TAKAHASHI et al. 1989;
NEEFJES et al. 1992; MrzUOCHI et al. 1994) and cathepsin D (DIMENT 1990; MrzUOCHI
et al. 1994) are involved in processing of exogenous antigen. Recently, the cysteine
protease cathepsin S has been demonstrated to be essential for efficient Ii proteolysis
leading to the formation of sodium dodecy1 sulfate (SDS)-stab1e complexes, i.e., 0./3
molecules remaining as dimers in SDS-polyacrylamide gel electrophoresis (PAGE)
buffers at room temperature (RIESE et al. 1996). Cathepsin S is an endopeptidase with
a broad range of pH activity expressed by B lymphocytes, macrophages, and bone
marrow-derived dendritic cells. This suggests that cathepsin S may be active in
organelles other than lysosomes and consequently that lysosome compartments are
not the sites at which Ii degradation occurs. The specific inhibition of cathepsin S
activity leads to the accumulation of the CLIP fragment and prevents antigen
presentation.

Ii has sequence similarity with the cystatin family of protease inhibitors and has
recently been demonstrated to inhibit the enzymatic activity of cathepsin L and H,
whereas cathepsin B was not inhibited (KATUNUMA et al. 1994). In addition, the p41
form ofIi is more resistant to proteolysis than the p33 form (KAMPGEN et al. 1991;
ARUNACHALAM et al. 1994), resulting in a 12-lcDa fragment remaining associated with
MHC class II for a prolonged period of time (FINESCHI et al. 1995). The peptide
fragment encoded by the extra exon in p4IIi has been coisolated with cathepsin L in
human kidneys (OGRINC et al. 1993) and found to inhibit the activity ofthis protease
(FrNESCHI et al. 1996; BEVEC et al. 1997) as well as the cathepsin L-like enzyme
cruzipain (BEVEC et al. 1997). Thus another role of Ii in antigen presentation may be
to modulate proteolysis in endosomes. This function of Ii may also explain Ii-medi
ated endosomal accumulation/retention, as altered proteolytic activity decreases the
rate of endocytic flow (NEEFJES et al. 1992; ZACHGO et al. 1992).

3.3 Functions of HLA-DM

The analysis of mutant B cell lines unable to present exogenous antigen (MELLINS et
al. 1990) led to the search of other genes mapping to the class II region of the MHC
locus (MELLINS et al. 1991; CEMAN et al. 1992, 1994; RmERDY et al. 1992a; MALNATI
et al. 1993). The two genes HLA-DMA and HLA-DMB encode a heterodimer
HLA-DM, which has been shown to playa critical regulatory role in MHC class
II-restricted antigen presentation (FLING et al. 1994; MORRIS et al. 1994; SLOAN et al.
1995; Fig. 1). Cell lines lacking HLA-DM are defective in the presentation of a
number of epitopes derived from intact protein antigen, but not of exogenously
supplied peptides, and their class II molecules lack the characteristics of mature,
peptide-loaded molecules, e.g., SDS stability and recognition by conformation-spe
cific antibodies. The majority of class II molecules in such cells lack a wild-type
repertoire of endogenous peptides; instead, they are associated with the CLIP frag
ment of Ii (RmERDY et al. 1992b; SETTE et al. 1992). However, not all class II
molecules require HLA-DM for proper peptide loading, and it has been suggested
that HLA-DM dependency might be allele and/or species specific (STEBBINS et al.
1995).
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In vitro-isolated HLA-DM molecules enhance peptide loading directly by accel
erating the off-rate of CLIP (DENZIN et al. 1995; SHERMAN et al. 1995; SLOAN et al.
1995), suggesting that HLA-DM is necessary for active removal of CLIP in vivo.
HLA-DM is expressed at a low steady state level compared to class II molecules
(l :23), but in a peptide-loading compartment the ratio is 1:5 (SCHAFER et al. 1996).
However, as HLA-DM is able to mediate CLIP removal in an enzyme-like fashion,
one HLA-DM molecule may facilitate loading of 3-12 HLA-DR molecules per
minute, depending on the HLA-DR alleles and peptides used (VOGT et al. 1996).
Based on coprecipitation analysis showing that more HLA-DM precipitates from
HLA-DR-CLIP complexes than from HLA-DR complexes loaded with stable pep
tides, it has been suggested that the latter is an unfavorable substrate for HLA-DM
(DENZIN et al. 1996; KROPSHOFER et al. 1996).
Whereas the catalytic effect of HLA-DM involves a transient interaction with

MHC class II, prolonged association may be necessary to prevent aggregation of
empty class II molecules (DENZIN et al. 1996; KROPSHOFER et al. 1997), thus taking
over the role of Ii during a~ assembly and transport to a peptide-loading compart
ment. Data suggest that HLA-DM also physically interact with class II molecules
during their functional maturation (MONJI et al. 1994), and both HLA-DM (SANDER
SON et al. 1996) and its murine equivalent, H-2M (MONJI et al. 1994) have been shown
to associate with Ii during synthesis. This suggests that the low pH of a peptide-load
ing compartment may not be a prerequisite for HLA-DM function and that HLA-DM
may also play novel roles during biosynthesis and intracellular transport of a~-li
complexes.
The question then arises as to the criteria HLA-DM uses to differentiate between

CLIP fragments and peptides destined for stable association with class II molecules.

Fig. 1. Transport routes for proteins involved in the presentation of exogenous antigen. Exogenous antigen
are internalized by endocytosis and degraded to peptide antigen, primarily in late endocytic compartments,
including phagolysosomes. Class I and COl molecules associate with J32-microglobulin (132m) in the
endoplasmic reticulum (ER), whereas class II molecules associate with trimeric invariant chain (Ii),
forming a nonameric complex. These interactions are crucial for subsequent release from ER chaperones
such as calnexin and BiP and subsequent transport out of the ER. OM (encoded by HLA-DM) and MHC
class I molecules may associate with Ii, but the significance of these interactions remains uncertain.
Transport from the ER to the Golgi apparatus is mediated by COPII-coated vesicles. In a post-ER
compartment, the p35 Ii isoform may be recognized, possibly by COPI, for ER retrieval. Direct transport
from the trans-Golgi network (TGN) to endosomes is mediated via c1athrinJAP-I-coated vesicles, whereas
possible coats on vesicles destined for the plasma membrane have not yet been characterized. However,
molecules on the plasma membrane may be internalized into c1athrinJAP-2-coated vesicles, the coat is
stripped off, and the vesicles fuse with early endosomes. Here, proteolysis of Ii and internalized antigen
is initiated and processed antigenic peptides may then bind to the groove of class II, and possibly also class
I molecules. However, efficient exchange of CLIP (the Ii fragment associated with the class II groove)
and peptide does not take place until MHC class II reaches the OM-containing compartment for peptide
loading (CPL). The "X" compartment is thought to be an intermediate in the transport of class WCLIP to
the CPL, whereas the proposed "floppy" compartment may contain recycling class II molecules that have
lost their ligand. Class II-peptide complexes may then be transported to the cell surface by direct fusion
of the CPL with the plasma membrane or by some vesicle shuttle mechanism. To our knowledge, nothing
is currently known about the route to the cell surface taken by class I molecules and CDI molecules after
acquisition of antigen in endocytic compartments
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Recent experiments show that it is the off-rate rather than the affinity of the peptide
that determines whether HLA-DM can remove it from the class II groove (KRop
SHOFER et aI. 1996; WEBER et aI. 1996). A dynamic model for HLA-DM function was
suggested by KROPSHOFER et al. (1997) whereby HLA-DM executes its function by
proof-reading the kinetics of the a~-peptide association. At low pH, HLA-DM
interaction with a~-peptide complexes will stabilize the open-state conformation of
the peptide-binding groove. In this model, low-stability peptides with a higher
off-rate than HLA-DM will be released, whereas high-stability peptides will remain
bound, leading to HLA-DMdissociation. Thus a single class II molecule may undergo
several rounds of peptide editing by HLA-DM until a high-stability peptide is
captured.
The efficiency of HLA-DM-mediated editing of the peptide repertoire presented

by class II molecules relies on several factors, such as the ratio of MHC class II to
HLA-DM, the availability of high- versus low-stability peptides, and the pH of the
reaction milieu. Other molecules may also be involved in the modulation of the
peptide repertoire. AnotherMHC class II-like protein, HLA-DO, is expressed in some
MHC class II-positive cell types, including dendritic cells and subpopulations of
thymus cells (DOUEK et al. 1997). HLA-DO may associate with Ii (DOUEK et al. 1997)
and HLA-DM (LIUEDAHL et aI. 1996) during intracellular transport and codistributes
with HLA-DR (DOUEK et al. 1997) and HLA-DM (LIUEDAHL et aI. 1996) in the cell,
but so far there is no proof for a role ofHLA-DO in antigen presentation. In addition,
signal transduction initiated by surface receptors such as immunoglobulins and
possibly class II molecules themselves (for a review, see SCHOLL et al. 1994) could
modulate peptide loading by several mechanisms. Interestingly, BAROIS et al. (1997)
have recently shown that activation of PKC by B cell receptor ligation modulates Ii
proteolysis and leads to delayed formation of SDS-stable class II molecules and
reduced antigen presentation.

3.4 Intracellular Sites for Peptide Loading

Several laboratories have isolated a type of compartment which constitutes the major
site for peptide loading (CPL, compartment for peptide loading) (AMIGORENA et al.
1994; QIU et al. 1994; TULP et aI. 1994; WEST et al. 1994; CASTELLINO et aI. 1995;
ESCOLA et aI. 1995). Subcellular fractionation combined with pulse-chase labeling
experiments followed by immunoprecipitations demonstrated that the CPL is the first
site at which newly synthesized class II molecules and processed peptides encounter
one another. CPLs were characterized in B cell lines and splenic B lymphoblasts,
melanoma cells and dendritic cells. Percoll gradient centrifugation (QIU et al. 1994;
WEST et aI. 1994; ESCOLA et aI. 1995) or free-flow electrophoresis (AMIGORENA et al.
1994) were among the most powerful methods to demonstrate that the CPL do not
have the same characteristics as either early or late endosomes or lysosomes, suggest
ing that they may be specialized compartments in APC. It has also been reported that
entry to this compartment is mediated by distinct transport vesicles, the so-called
X-compartment, containing SDS-labile class II molecules still associated with Ii (Xu
et al. 1995).
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At the ultrastructural level the CPL correspond to multivesicular or multilaminar
structures enriched with class II molecules and with a diameter of 0.2-0.5 /lm.
However, the properties of isolated CPL differed depending on fractionation proce
dures, cell types, and species. In one of the first published observations of endosomal
vesicle labeling for MHC class II, multilamellar compartments were described and
termed MIIC (MHC class II compartment; PETERS et al. 1991). In humans, MIIC
appear to be more closely related to lysosomes than to early endosomes, as they also
label for the lysosomal-associated membrane protein (LAMP)-1 and ~-hexoamini

dase, but are negative for the cation-dependent and cation-independent mannose-6
phosphate receptors which accumulate in late endosomes. However, in a recent study
ofEpstein-Barr virus (EBV)-transformed human B cells, we found CPLcharacterized
by the colocalization of HLA-DM and class II molecules associated with CLIP or
loaded with peptide in mannose-6-phosphate receptor-positive/prelysosomal com
partments (STANG et aI., submitted). SANDERSON et aI. (1994) and ROBBINS et aI.
(1996) have also shown that MIIC contain HLA-DM molecules. The class II com
partments isolated by subcellular fractionation from melanoma cells and B lym
phoblastoid cells are also of the MIIC type (TuLP et aI. 1994; WEST et aI. 1994;
FERNANDEZ-BoRJA et aI. 1996). In contrast, in mouse A20 B cells, the corresponding
class II-containing vesicle (CIIV) compartment isolated by free-flow electrophoresis
by AMIGORENA et al. (1994) differs from MIIC in that it contains the transferrin
receptor early endocytic marker and is devoid of lysosomal protein LAMP-I.
In a murine B cell line, ESCOLA et aI. (1995, 1996) identified a lysozyme-loading

compartment (LLC) with characteristics similar to that of CIIV, i.e., presence of
transferrin receptor and absence of lysosomal enzymes. However, ultrastructural
studies showed that the morphology of the LLC is somewhat similar to that of the
MIIC. It has been proposed that both LLC and CIIV arise from early endosomes
(AMIGORENA et al. 1995; ESCOLA et aI. 1996). Based on the kinetics ofthe appearance
of bovine serum albumin (BSA)-gold in the compartments, it has been suggested that
the multivesicular MIIC are positioned earlier in the pathway than the multilaminar
MIIC (RAPOSO et aI. 1996). In the CH27 B cell lymphoma, at least two different
compartments were defined based on density shift on percoll gradient and formation
of "floppy" versus "compact" forms of class II molecules (Qru et al. 1994). The
functional significance of these differences and the possible relationship between the
various CPL has not yet been established.
MHC class II molecules accumulate in an intracellular compartment that is

favorable for peptide loading and, as discussed above, many studies claim that these
are unique for APC. However, as they are mainly characterized by morphology and
the presence of MHC class II, it is really not possible to make a direct comparison
with cells not expressing these molecules. In one study, it was concluded that
expression of HLA-DR without Ii is sufficient for the formation of endocytic
structures morphologically analogous to MIIC (CALAFAT et al. 1994). In another
study it was found that HLA-DR, Ii, and HLA-DM were all required to reconstitute
an operational CPL in non-APC (KARLSSON et al. 1994). In conclusion, CPL could
be a specialized compartment unique to APC, but it is just as likely that it represents
a general part of the endocytic pathway where MHC class II accumulate under certain
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conditions, perhaps regulated by MHC class II, Ii, and HLA-DM, which are all
components of this compartment.
Class II molecules have also been locaIized to endosomes early in the pathway

(PIETERS et aI. 1991; HARDING et al. 1992), and several studies have shown that
antigens can be processed and bound to MHC class II in early endosomal compart
ments (McCoY et al. 1993a,b; GAGLIARDI et aI. 1994; AMIGORENA et aI. 1995; GRIFFIN
et al. 1997). Moreover, retrograde traffic between terminal lysosomes and late
endosomes (JAHRAUS et aI. 1994) could enable binding of terminally processed
antigen without entry of class II molecules into terminal lysosomes. Based on the
different characteristics of the CPL described and the different degradative require
ments for antigen processing reported, we conclude that peptide loading may occur
at various steps of the endocytic pathway (ESCOLA et aI. 1995; GRIFFIN et aI. 1997)
depending on the specific degradative capacity ofendosomal populations ofdifferent
cells as well as the vulnerability of disparate antigens to proteolysis.

3.5 Routes Back to the Surface

Once class II molecules have been loaded with high-affinity peptides, the complexes
are ready to migrate to the cell surface. Peptide loading promotes a conformational
change in class II molecules, converting them to an SDS-resistant compact form
(GERMAIN et al. 1991; SADEGH-NASSERI et al. 1991; WETTSTEIN et al. 1991; NEEFJES
et al. 1992). The existence of floppy dimers, i.e., SDS-stable class II dimers that have
lost their ligand, but retain enhanced denaturation resistance except in the binding
domain itself (DORNMAIR et al. 1989; SADEGH-NASSERI et aI. 1991; BIKOFF et al. 1993,
1995), argues that high-affinity peptide binding leads to some refolding of the
a~-dimer rather than just gluing the chains together (for a review, see GERMAIN et al.
1996). Surface receptors such as the epidermal growth factor (EGF) receptor are
efficiently internalized only after ligand binding (for a review, see SCHLESSINGER et
al. 1983), and it is tempting to suggest a similar mechanism for peptide-MHC class
II departure from a peptide-loading compartment. Another possibility is that a~-di
mers liberated from Ii follow a possible default route back to the surface.
Transport of complexes to the cell surface could involve a direct fusion of CPL

with the plasma membrane or vesicle-mediated membrane traffic between LLC,
CIIV, or MIIC and the plasma membrane. In human lymphoblastoid B cells, mul
tivesicular MIIC have the propensity to fuse directly with the plasma membrane and
deliver internal vesicles called exosomes, able to stimulate TH lymphocytes, into the
medium. However, this direct fusion was found to be too slow to represent a major
pathway for antigen presentation (RAposo et al. 1996). This fusion has not yet been
described in murine B cells, but LLC membrane fractions prepared for electron
microscopy show the presence of budding areas with internal membranes (ESCOLA
et al. 1996). The significance of these buds is not clear, but they might generate
vesicular compartments containing internal vesicles en route to the cell surface in a
microtubule-independent manner. Upon fusion with the plasma membrane, these
vesicular compartments will release their content of vesicles to the external medium.
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Therefore, they could constitute a potential source of microvesicles with class II
molecules exposed at their surface interacting with T lymphocytes.
Transport intermediates between CPL and the cell surface have not been reported,

possibly due to a transient existence and lack of markers or other special charac
teristics. By stably expressing a chimeric molecule with the green fluorescence
protein (GFP) attached to the cytoplasmic tail ofHLA-DR~,WUBBOLTS et al. (1996)
showed that acidic HLA-DR~-GFP-containingvesicles moved rapidly to the plasma
membrane in the Mel JuSo melanoma cell line, suggesting a direct fusion of the
lysosome-like compartments with the plasma membrane. In a recent electron micros
copy study of EBV-transformed hUl:nan B cells, we found small cytoplasmic vesicles
that contained only mature class II molecules and no endocytic markers (STANG et
aI., submitted). These vesicles might in principle be small shuttling vesicles from the
CPL to the plasma membrane. In conclusion, there is some evidence that transport
from the CPL to the plasma membrane could occur via a direct fusion ofmultivesicu
lar compartments with the plasma membrane, but this does not rule out the possibility
that shuttling vesicles might also be used to transport mature class II molecules to the
plasma membrane.

4 Presentation of Exogenous Antigens
by Molecules Other Than MHC Class II

4.1 Presentation of Endocytosed Antigens by MHC Class I Molecules

It was earlier believed that a strict division of labor exists between class I and class
II molecules; class I molecules bind peptides generated from endogenously synthe
sized cytoplasmic proteins, whereas class II molecules present peptides derived from
internalized degraded material. However, recent data suggest exceptions to this focus
on cytoplasmic versus endocytic origin of the antigen (for a review, see GERMAIN
1994; HARDING 1996; WATTS 1997). Indeed, class I molecules are able to present
exogenous peptides on certain cell types (ROCK et al. 1990, 1993), but the mechanisms
involved remain unclear. In principle, for loading of exogenous peptides on class I
molecules, the antigen has to be targeted to the ER, where class I molecules usually
bind peptides, or the class I molecules could be targeted to endosomes. Experimental
data are now available on both mechanisms.
Studies on phagocytic cells have revealed that peptides derived from antigen

coated latex beads may be presented by class I molecules in a TAP-dependent fashion,
indicating that peptide loading takes place in the ER (KOVACSOVICS-BANKOWSKI et al.
1993, 1995). Noncoupled antigens fed to macrophages together with latex beads may
also be processed to class I peptides by a variety of cell lines (REIS E SOUSA and
GERMAIN 1995), and antigen might obtain access to the cytoplasm by rupture of the
macrovesicular membranes (NORBURY et al. 1995; REIS E SOUSA and GERMAIN 1995).
A distinct pathway from phagosomes to the ER has also been suggested (PFEIFER et
al. 1993), and this may be a potential source of class I peptides.
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Class I molecules can associate with Ii in the ER (CERUNDOLO et al. 1992; SUGITA
et al. 1995), possibly by interactions in the peptide-binding groove (VIGNA et al.
1996), and MHC class I has been found to colocalize with Ii in endosomes in HeLa
cells (SUGITA et al. 1995). Thus it is possible that class I molecules directed to
endosomes by Ii could acquire peptide in a way analogous to class II molecules.
However, the immunological significance ofMHC class I presentation of exogenous
antigen is uncertain, but it could be an important mechanism in the defense against
pathogens residing in endosomes.

4.2 Presentation of Nonclassical Antigens by Nonclassical Molecules

The CD1 family is composed of members which are distantly related to MHC class
I and class II molecules. CDI molecules are cell surface glycoproteins consisting of
a heterodimer composed of an a-chain with a molecular weight of 43 00~9 000
associated with ~2-microglobulin (CALABI et aI. 1989). The human CDI genes are
located on chromosome 1 and are not linked to the MHC locus. However, they carry
an intronlexon structure similar to that ofMHC class I genes and display limited, but
significant homology with MHC class I and class II molecules. The four members of
the human CDI family are noncovalently associated with ~2-microglobulin, a char
acteristic that identified CDI molecules as class I-related molecules. The members
of the CD1 family have been identified in the human, mouse, rat, rabbit, and sheep.
They are characterized by both limited polymorphism and distribution (thymus,
dendritic cells, intestinal epithelium, GM-CSF-activated monocytes, and lymph
nodes). Different subclasses have been identified in several mammalian species and
characterized by their specific tissue distribution. For example, CDld is mainly
expressed in enterocytes and B lymphocytes, and CDla--c in dendritic cells and
thymocytes (BENDELAC 1995).

It has become clear that CD1molecules playa unique role in antigen presentation.
The first line of evidence that CDI molecules act as presenting molecules of
non-peptide antigens came from the demonstration that CD1b-restricted Mycobac
terium tuberculosis T cell clone recognized mycolic acid, a heterogeneous branched
and long-chain fatty acid mainly expressed in mycobacteria (BECKMAN et al. 1994).
Two other T cell clones were shown to recognize the lipoarabinomannan (LAM) of
M. leprae, a lipoglycan composed of a hydrophobic lipid-containing phosphatidyli
nositol group linked to polysaccharide complexes (SIELING et al. 1995). Recently, it
was shown that LAM can also be presented in the context of CDlc (BECKMAN et al.
1996). In contrast to class Ib molecules, CDlb and CDlc presentation is TAP
independent and does not require the HLA-DM molecule (PORCELLI et al. 1992;
BECKMAN et al. 1996). However, it has been shown that endosomal acidification is
required for efficient presentation and that concanamycin A, an inhibitor of Na/H
ATPase, blocks CDlb presentation (PORCELLI et al. 1992; SUGITA et aI. 1996). These
results indicate that non-peptide antigen loading and presentation by CD1b have the
characteristics of class II-restricted peptide presentation. Peptides and glycolipids
seem to require internalization for interactions with CD1b, which is compatible with
the specific intracellular location of CDlb in several cell types (SUGITA et aI. 1996).
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The intracellular compartment enriched in CD1b corresponds to a prelysoso
malllysosomal compartment with intralaminar and multivesicular structures. It con
tains lysosomal enzymes, HLA-DM, and MHC class II molecules. This suggests that
CDlb molecules are able to reach the peptide-loading compartment. This unique
endocytic property of CD1b to be endocytosed and delivered to MIIC compartment
is due the presence of the YQNI internalization motif in the CDlb cytoplasmic tail
of the molecule (SUGITA et al. 1996; Table 1). These data suggest that glycolipid
CDlb association might occur in CPL and that molecule receptors might exist that
target glycolipids to CPL. Conversely, mouse CDld, mainly expressed in entero
cytes, can bind to hydrophobic peptides with features different from peptides bound
to MHC class I and class II (CASTANO et al. 1995). In particular, TAP expression is
not required.
The T cell-recognizing antigens in the context of CDI presentation include

CD4-,CDS- a~ and yo T cells, CDS+ a~ T cells (PORCELLI et al. 1992; CASTANO et
al. 1995; SIELING et al. 1995), CD4-,NKl- T cells, and CD4+,NKI+T cells (BENDE
LAC 1995). In addition, many of the CDI-restricted cell lines seem to be autoreactive
in that they recognize CD1+ cells without foreign antigens (PORCELLI 1995). The
non-peptide antigens identified so far are presented by nonpolymorphic antigen-pre
senting molecules to a subset of T lymphocytes probably recruited upon infection.
These molecules should provide new tools in vaccine development, since they should
be recognized in all animal or human targets.

5 Signals for Sorting to the Peptide-Loading Compartments

5.1 General Comments

The cytoplasmic tails of membrane proteins contain the information for sorting to
various intracellular destinations. Two main classes of endosomal sorting signals
have been identified, one class characterized by an essential tyrosine, e.g., in HLA
DM, and one by a leucine-based motif, e.g., in Ii and the tail of the class II ~-chain
(Table 1; for a review, see SANDOVAL and BAKKE 1994). There is increasing evidence
that both classes of sorting signals interact directly with the adaptor complexes AP-l
and AP-2 for clathrin-dependent sorting from the TGN or the plasma membrane,
respectively (GLICKMAN et al. 1989; BOLL et al. 1995; HEILKER et al. 1996). Studies
on adaptor complexes binding to tail columns indicate a multivalent attachment of
aggregated adaptor complexes (BOLL et al. 1996; MARKS et al. 1997), suggesting a
model in which binding to the signals is associated with clustering of the adaptors.
In fact, adaptor complexes tend to drive the formation of coats in vitro (BECK et al.
1991), and a requirement for AP clustering is in agreement with the current model in
which adaptors are first recruited to the membrane by a docking protein and then
associate to form a coat to which the membrane proteins diffuse laterally (for a review,
see PEARCE and ROBINSON 1990).
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Table 1. Sorting signals of proteins to the endosomalllysosomal route

Type of signal

Tyrosine

Leucine

Membrane protein

Transferrin receptor
CI mannose-6-P receptor
LAMP-l
LAMP-2
CD63
CD3y
HLA-DM~

CDlb

CI mannose-6-P receptor
Invariant chain

Limp II
HLA-DRI ~-chain

Sorting signal

l7aa-LSYTRF-45aa-tm
tm-24aa-YKYSKV-135aa
tm-RKRSHAGYQTI
tm-KHHHAGYEQF
tm-KSIRSGYEVM
tm-15aa-QLYQPL-19aa
tm-WRRAGHSSYTPLP-12aa
tm-RRRSYQNIP

tm-151aa-DDSDFLLHV
MDDQRDLIS-22aa-tm
9aa-NNEQLPML-13aa-tm
tm-GQGSTDERAPLIRT
tm-RNQKGHSGLQPTGFLS

Destination

Early endosomeslPM
TGN/late endosomes
Lysosomes
Lysosomes
Lysosomes
Lysosomes
CPL
CPLIPM

TGN/late endosomes
Endosomes
Endosomes
Lysosomes
CPLIPM

Sequences are shown for tyrosine- and leucine-based sorting signals that have been demonstrated to be
involved in targeting to endosomal compartments, including the compartment for peptide loading. The
amino acids critical for sorting are shown in bold. The sorting motifs were obtained from references in the
text and databases and are examples that may differ somewhat between various species.
aa, amino acids; TON, trans-Golgi network; tm, transmembrane region; CPL, compartment for peptide
loading; PM, plasma membrane; lAMP, lysosomal-associated membrane protein; C/, cation independent.

A specific interacting subunit of the AP complexes was recently demonstrated for
the tyrosine-based signals, as the YXX0 motifs (in a single-letter amino acid code,
Y represents tyrosine, X is any amino acid, and 0 represents a bulky, hydrophobic
amino acid). are shown to interact with the medium-chain subunits of both AP-l and
AP-2 (OHNO et al. 1995; RApOPORTet al. 1997). No such interaction was demonstrated
for the leucine class signals in their assays, although there are data indicating that
these also mediate binding to the AP complexes (HEILKER et al. 1996; DIETRICH and
GEISLER, submitted) and can in particular also bind to the medium chains (BREMNEs
et aI., submitted). MARKS et al. (1996) have shown that proteins containing tyrosine
based sorting signals compete for components of the sorting machinery. Using an
inducible expression system, we have found a protein (Ii) containing a leucine-based
signal to compete with a protein containing a tyrosine-based signal (transferrin
receptor) for internalization from the plasma membrane (T.W. Nordeng and O.
Bakke, manuscript in preparation), indicating that both types of signals can interact
with common components of the sorting machinery. However, others have failed to
demonstrate competition between leucine- and tyrosine-based signals (MARKS et al.
1996) and even between tyrosine-based signals (WARREN et al. 1997), indicating that
such interactions also can depend on sequences surrounding the actual signal.
Furthermore, phosphatidylinositol 3-phosphate, a product of phosphoinositide 3-ki
nases (for a review, see DE CAMILLI et al. 1996), is found to bind to AP-2 (GAIDAROV
et al. 1996) and to actually increase their affinity for tyrosine-based signals
(RAPOPORT et al. 1997), suggesting that the sorting machinery is regulated by signal
transduction.
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The sorting of the immune molecules to the peptide loading compartment is most
likely directed by the various adaptor complexes, i.e., AP-l in sorting from the Golgi
complex and AP-2 in sorting from the plasma membrane. Adaptor complexes have
recently also been identified on endocytic membranes - AP-l on early endosomes
(LE BORGNE et al. 1996) and AP-2 on lysosomes (TRAUB et al. 1996) and, under special
conditions, also on early endosomes (SEAMAN et al. 1993) - and thesemay be involved
in similar sorting mechanisms to direct the molecules at sorting stations in endosomes
and lysosomes and possibly back from the peptide-loading compartment to the
plasmamembrane (Fig. 1; for a review, see KREIS et al. 1995; ROBINSON 1997). Based
on sequence similarity with the characterized adaptors, there are candidate molecular
machineries for other sorting stations, such as AP-3 (SIMPSON et al. 1996; DELL'AN
GELICA et al. 1997) and a novel clathrin coat identified on early endosomes (STOOR
VOGEL et al. 1996), and more are likely to appear in the near future. In addition to the
adaptors and their interacting molecules, targeting ligands on the transport vesicles
and corresponding receptors on the target membrane are necessary similar to other
transport steps involving vesicular transport (for a review, see ROBINSON 1997;
SCHIMMOLLER et al. 1997). Finally, the transport has to be powered by motors
interacting with the cytoskeleton, the best characterized of which are dynein and
kinesin (for a review, see GOODSON et al. 1997).
Altogether, the details of how membrane molecules are recognized and travel

within the endosomal pathway still largely remain unclear. The area that has been
most thoroughly elucidated over the last few years comprises the actual sorting
signals encoded in the cytoplasmic domains of the molecules, whereas the rest of the
machinery and how it works is still largely unknown. Table 1 lists sorting signals of
molecules that are sorted to the endosomaVlysosomal pathway and found to colocal
ize with the immune molecules at different intracellular locations.

5.2 Sorting to Endosomes

a~-li nonamers leave the ER in coatamer-coated vesicles and are transported through
the Golgi complex, possibly also by COPII-coated transport vesicles (Fig. 1). In a
post-ER compartment, a double-arginine motif in the prolonged tail of the p35 Ii
isoform is recognized for ER retrieval (SCHUTZE et al. 1994), possibly by COPI in a
mechanism resembling the recognition of double-lysine motifs in type I molecules
(COSSON et al. 1994; LETOURNEUR et al. 1994). The intracellular route used by MHC
class II-Ii to the endosomal compartments is still under debate. The MHC class II-Ii
complex could either be sorted directly from the TGN to an endosomal compartment
(NEEFJES et al. 1990; PETERS et al. 1991; ODORIZZI et al. 1994; BENAROCH et al. 1995;
WARMERDAM et al. 1996) or indirectly via the plasma membrane (ROCHE et al. 1993;
BREMNES et al. 1994; ODORIZZI et al. 1994; HENNE et al. 1995; Fig. 1). Transport via
the plasma membrane/early endosomes is estimated to be rapid, and plasma mem
brane residence may be less than 1min (ROCHE et al. 1993; BREMNES et al. 1994); the
time occupied in this part of the pathway is therefore short compared to the biosyn
thetic pathway, which is in the range of 1-3 h for class II molecules to appear on the
plasma membrane (NEEFJES et al. 1990). In a recent study, SALAMERO et al. (1996)
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found that a~-Ii expression recruited AP-l adaptor complexes to Golgi membranes.
This recruitment was dependent on the Ii cytoplasmic tail, again suggesting that AP-l
interacts with leucine signals.
On the basis of all these results, we conclude that MHC class II-Ii complexes may

reach endosomes by dual pathways, one direct to endosomes and the other via the
plasma membrane. Similar, dual endosomal routes have also been reported for other
membrane proteins, including the LAMP-l (CARLSSON et al. 1992), the lysosomal
membrane glycoprotein Igpl20 (Igp-A) (HARTER et al. 1992), and the mannose-6
phosphate/insulin-like growth factor II receptor (JOHNSON et aI. 1992).
Why should there be more than one pathway to the endosomes and peptide-loading

compartment? Cointernalization of antigens and MHC class II-Ii complexes in the
same endocytic vesicle could obviously ensure that MHC class II molecules and
antigenic peptides meet at the correct processing stage of easily degradable antigens.
Indeed, antigen processing and peptide association to MHC class II have been
demonstrated in early endosomes (McCoY et al. 1993a,b; GAGLIARDI et aI. 1994). On
the other hand, direct sorting of MHC class II-Ii complexes to a late endosomal
compartment could prevent occupancy of all available class II molecules by peptides
from easily degradable antigens. Alternative entry levels of MHC class II-Ii com
plexes to the endocytic pathway may thus promote the presentation of a broader
spectrum of antigenic peptides, regardless of the vulnerability of the endocytosed
antigen to protease activity. The multiple sorting signals in the Ii cytoplasmic tail and
MHC class II might be involved in the fine-tuning of the intracellular transport of the
MHC class II-Ii complex, e.g.,sorting between endosomal populations or retention
in a particular endosomal maturation stage.

5.3 Sorting Signals Contained in the Cytoplasmic Tail
of Invariant Chain

As discussed below, there are several sorting signals within the MHC class II-Ii
complex, and all of these could contribute to the routing and the final destination of
the molecules. Ii alone is efficiently sorted to endosomes if released from the ER
(BAKKE et al. 1990; LOTIEAU et al. 1990), and the cytoplasmic tail of Ii has two
leucine-based motifs; leucine-isoleucine (LI) in positions 7 and 8 and methionine
leucine (ML) in positions 16 and 17. These signals are independently sufficient for
endosomal localization of Ii and for rapid internalization of Ii from the plasma
membrane (tn, 1 min) (BREMNES et al. 1994). Two-dimensional magnetic resonance
imaging (MRI) studies on a peptide corresponding to the cytoplasmic tail ofIi showed
that the LI motif is located within a regular a-helix (MOTIA et aI. 1995). This
prediction was supported by biological data showing that residues neighboring on LI
in the helical secondary structure could abolish internalization, whereas residues
opposite LI were mutated without influencing sorting, making this combined motif
a putative signal patch (MOTIA et aI. 1995). Amino-terminal acidic residues were
essential for a functional leucine signal, a feature which is also found in similar sorting
motifs (POND et al. 1995). Data from ARNESON and MILLER (1995) show furthermore
that multimers of the Ii cytoplasmic tail may be required for efficient endosomal
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sorting ofMHC class II-Ii complexes. In a recent MRI study, the cytoplasmic tail of
Ii was seen to be able to form trimers in solution (MOTIA et al. 1997), indicating that
the cytoplasmic tail also has an intrinsic property to interact. Interestingly, these
trimers were not parallel, but arranged in an up-down-up orientation, which might
indicate that different trimers can interact with each other. The full cytoplasmic tail
of Ii is also involved in endosomal sorting, resulting in retention of endocytosed
material and an enlargement of the endosomes (PIETERS et al. 1993; ROMAGNOLI et
al. 1993; STANG et al. 1997). This special phenotype is not seen when part of the tail
is removed or the residues are mutated (PIETERS et al. 1993; ROMAGNOLI et al. 1993;
POND et aI. 1995). From the above data, one may conclude that properties other than
LI and ML signals also influence Ii trafficking, but the mechanisms remain to be
elucidated.

5.4 Sorting Signal(s) in the Cytoplasmic Tail
ofMHC Class II Molecules

Although it was initially reported that the major sorting information for endocytic
transport of (X~-li complexes resided within Ii, it has become clear that class II
molecules also contain endosomal sorting information (SALAMERO et al. 1990;
HUMBERT et al. 1993; SIMONSEN et aI. 1993). Class II molecules can be internalized
and recycled (REID et al. 1990), and PINET et al. (1995) have shown that the
cytoplasmic tails of class II heterodimers are essential for this routing of MHC class
II. Recently, ZHONG et al. (1997) reported that the mouse LL sequence in the C
terminus of the ~-chain of AK is a sorting signal. We have confirmed this for the
corresponding FL motif in HLA-DRI (A. Simonsen and O. Bakke, unpublished).
Both the (X- and the ~-cytoplasmic tails are necessary for efficient internalization from
the plasma membrane (ZHONG et al. 1997) and, as seen below, these signals are also
involved in the polarized sorting of class II.
Cells expressing class II molecules in the absence of Ii or together with a truncated

Ii lacking the endosomal sorting signals have been shown to present certain antigens
efficiently (ANDERSON et al. 1993; NUENHUIS et al. 1994; PINET et al. 1994; ZHONG et
al. 1997). Ii-independent antigen presentation has been demonstrated to be either
dependent (HARDING et al. 1989; KAKIUCHI et al. 1990, 1991; ST.-PIERRE et al. 1990;
PINET et aI. 1994; SWIER et al. 1995; ZHONG et al. 1997) or independent (HARDING et
al. 1989; KAKIUCHI et al. 1990; NUENHUIS et al. 1994; PINET et al. 1994, 1995; ZHONG
et al. 1997) of newly synthesized class II molecules, suggesting that recycling class
II molecules can reach endosomes containing degraded antigens. The function of
MHC class II recycling has been proposed to be the loading of easily degradable
antigenic peptides within an early endosomal compartment (PINET et al. 1995). The
route taken by such recycling molecules back to the cell surface could possibly
involve a transport vehicle resembling the floppy compartment (QIU et al. 1994;
Fig. 1). Furthermore, in light of the observation that truncation of the class II ~-chain
tail results in a decreased fraction ofCLIP-containing class II molecules on the surface
(SMILEY et al. 1996), it is possible that the sorting signals within class II tails are also
involved in the sorting within endosomes.
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5.5 A Tyrosine-Based Sorting Signal in the HLA-DM Cytoplasmic Tail

HLA-DM is sorted to the same intracellular location as MHC class II, but is largely
absent from the cell surface(KARLSSON et al. 1994; SANDERSON et al. 1994). The
cytoplasmic tail of the ~-chain contains a typical tyrosine-based signal, and three
groups have confirmed that the sorting motif was indeed YTPL (LINDSTEDT et al.
1995; COPIER et al. 1996; MARKS et al. 1996). Interestingly, LINDSTEDT et al. (1995)
found that Ii could associate with the mouse equivalent, H2-M, and that the sorting
of Ii could replace a deleted H2-M signal. The fact that HLA-DM, like most known
lysosomal membrane residents, contains a tyrosine signal, whereas MHC class II and
Ii contain leucine signals, indicates that both groups of signals can sort molecules to
intracellular CPL.

5.6 Basolateral Sorting Signals Within MHC Class II
and Invariant Chain

The plasma membrane of polarized epithelial cells is divided by tight junctions into
apical and basolateral domains. Class II molecules have been found at the basolateral
surface and in intracellular vesicles in tissue epithelial cells of humans and rodents
(HART et al. 1981; SELBY et al. 1981; SKOSKIEWICZ et al. 1985; BLAND et al. 1986;
SARLES et al. 1987; VIDAL et al. 1995). The basolateral surface faces the vascular
space, where the class II molecules may encounter and present antigen to emigrating
T cells. Staining of the apical brush border surface, in addition to basolateral and
intracellular staining, has been observed in epithelial cells of the human intestine
(SCOTT et al. 1980; HIRATA et al. 1986). Recently, we have studied the sorting ofMHC
class II and Ii in polarized MDCK II cells (SIMONSEN et al. 1997). Leucine-based
sorting motifs were found to be individually sufficient for sorting ofIi to endosomes,
and at least fractions of the molecules are transported via the basolateral plasma
membrane; Ii is also required for efficient targeting of the class II molecules to the
basolateral surface. In addition, a separate novel basolateral signal is located within
the ten membrane-proximal residues of the Ii cytoplasmic tail (SIMONSEN et al. 1997).
MHC class II is routed to the basolateral domain after the release from Ii; these
molecules must therefore also contain basolateral sorting information. In particular,
the cytoplasmic tails of the class II molecules were found to be essential for this
transport (A. Simonsen et al., unpublished).
The biological significance of several distinct basolateral sorting signals located

within the Ii cytoplasmic tail and the class II molecules might relate to an essential
function of epithelial cells and other polarized tissue in performing MHC class
II-dependent antigen presentation. The various signals might also be involved in
fine-tuning of the intracellular transport of the MHC class II-Ii complex, such as
sorting between endosomal populations, e.g., to the compartment for peptide loading.
As cognate apical and basolateral transport pathways exist in nonpolarized cells
(MUSCH et al. 1996; YOSHIMORI et al. 1996), the redundancy of sorting signals may
be generally applicable to other cell types. Whether the complexity of basolateral
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sorting of the MHC class II-Ii complex reflects its immunological importance in
polarized cells is still an open question.

6 Concluding Remarks on the Many Roles of Invariant Chain

Although several reports have shown that MHC class II antigen presentation may
also function independently ofli (for a review, see HAMMERLING and MORENO 1990),
data from Ii knockout mice (BIKOFF et al. 1993; VIVILLE et al. 1993; BODMER et al.
1994; ELLIOTT et al. 1994; WONG et al. 1996) and cell lines (STOCKINGER et al. 1989;
PETERSON et al. 1990; BERTOLINO et al. 1991; NADIMI et al. 1991; HUMBERT et al.
1993) show that this accessory molecule is indeed essential for class II antigen
presentation. The past years of research have provided information about how motifs
encoded by all seven exons of Ii contribute to its many functions (for a review, see
GERMAIN et al. 1996). Interestingly, evidence is now accumulating for distinct
functional roles for the different Ii isoforms. The p41 form of Ii, which can be found
in large quantities in dendritic cells and Langerhans cells (KAMPGEN et al. 1991), may
be a more potent stimulator of antigen presentation than the p33 form under certain
conditions (PETERSON et al. 1992), possibly by modulating the proteolytic machinery
(FINESCHI et al. 1996; BEVEC et al. 1997). However, others have failed to show any
effect of p41 Ii in cell lines (STOCKINGER et al. 1989; SERWE et al. 1997) and in p4l
knockout mice (TAKAESU et al. 1995, 1997), and the exact role of this Ii isoform is
thus still unclear.
Another point of regulation are the two start codons within the human Ii gene; use

of the first, and weakest, AUG gives rise to the p35 form, which is found overex
pressed in certain cancer cells (VEENSTRA et al. 1993, 1996). p35 Ii is effectively
retained in the ER, but those molecules that escape are preferentially transported to
endosomes via the plasma membrane, whereas the p33 form takes a more direct route
from the TGN to the peptide-loading compartment (WARMERDAM et al. 1996). The
effect of this property of p35 Ii has not yet been tested in the context of MHC class
II presentation, but it could be speculated that cointemalization of class II molecules
and antigen in early endosomes could be beneficial in cases in which the antigen is
very sensitive to proteolysis. Table 2 summarizes the reported effects ofli expressed
as different isoforms and at various levels.
In this review, we have described the intracellular transport ofmolecules involved

in the presentation of exogenous antigen mediated by class I and class II molecules
and members of the CD1 family. Ii associates with both class I and class II molecules
as well as HLA-DO and HLA-DM and is shown to playa central role in antigen
presentation by the MHC molecules. In addition, the possibility cannot be ruled out
that Ii also influences presentation by CD1molecules through its interaction with the
proteolytic machinery in the endocytic pathway. In addition to its roles in modulating
intracellular events related to antigen processing and capture, Ii can also stimulate TH
cells directly by interactions with CD44. It has also recently been demonstrated that
Ii is required for B cell maturation and function by an MHC class II-independent
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mechanism (SHACHAR et al. 1996). Thus, in the future, Ii may tum out to be an
important molecule in other processes as well as antigen presentation.
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1 Introduction to MHC Class II - Structure and Function

Major histocompatibility (MHC) class II molecules are heterodimeric transmem
brane glycoproteins that are constitutively expressed on certain cells of the immune
system, where they play an important role in the development and function of the
immune system. Three differentMHC class II isotypes, HLA-DR, -DQ and -DP, have
been described in humans, each encoded by distinct a-chain and ~-chain genes. A
high degree of allelic polymorphism of the MHC class II genes is responsible for the
genetic diversity of the MHC class II system. The function ofMHC class II molecules
that was first understood was their role as transplantation antigens (BACH and VAN
ROOD 1976). The crucial role of MHC class II in the initiation and regulation of the
immune response was later suggested by the discovery that MHC class II genes are
responsible for the genetic basis of high and low immunological responsiveness to
antigen (immune response genes) (BENACERRAF 1981). Since then, the pivotal func
tion ofMHC class II molecules in the context of antigen presentation to CD4+ T cells
has been unraveled in a number of important studies (e.g. BABBITT et al. 1985; SELLE
at al. 1987).
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Following their assembly inside the cell, MHC class II heterodimers are trans
ported to a specific endocytic compartment, where their peptide-binding groove
(located within the polymorphic part of the molecule) is loaded with peptides derived
from processed exogenous protein antigens (CRESSWELL 1994a). The peptide-MHC
class II complex is then transported to the cell surface, where it is recognised by the
T cell receptor (TCR), leading to MHC class II allele-restricted and antigenic
peptide-specific activation of CD4+ T cells. Professional antigen-presenting cells
(APC) such as cells of the monocyte/macrophage lineage, B cells or dendritic cells
(e.g. Langerhans cells) express MHC class II molecules constitutively, although
MHC class II expression on these cells can be significantly increased following
activation. MHC class II molecules are essential for cognate interaction of B cells
with CD4-expressing T helper cells. These helper T cells, activated by APC present
ing the antigenic peptides in the context of MHC class II, interact with B cells in
T-dependent immunoglobulin production and isotype switching. De novoMHC class
II expression is inducible in a variety of otherwise MHC class II-negative cell types
such as T cells, fibroblasts or endothelial cells upon activation with a variety of stimuli
such as cytokines, thereby enabling these cells to present antigenic peptides to CD4+
T cells under physiological or certain immunopathological conditions.
In addition to antigen presentation, MHC class II molecules mediate superantigen

induced T cell activation. Superantigens are microbial products such as bacterial
toxins, e.g. staphylococcal enterotoxins (SE), toxic shock syndrome toxin (TSST)-I,
that bind to MHC class II molecules without a requirement for antigen processing
and induce T cell activation upon binding to the TCR ~-chain at a site outside the
antigen-binding groove (HERMAN et al. 1991). MHC class II molecules themselves
are also capable of eliciting signals following interaction with ligands such as
superantigens, leading to the activation of an MHC class II-positive cell such as the
B cell or the monocyte (SCHOLL and GEHA 1994). Furthermore, expression of MHC
class II molecules on cells within the thymus is critical for the development and
maturation ofT cells of the CD4+ lineage.

2 MHC Class II-Deficient Mice

Patients with primary immunodeficiency diseases provided opportunities to study the
consequences of the complete absence ofcertain components of the immune system.
These "experiments of nature" showed immunological defects indicative for the role
of the absent or defective structure in immune function. During the last few years,
however, a new and powerful genetic approach has made in-depth studies possible
that have contributed significantly to our understanding of the role that individual
gene products such as lymphokines or cell surface molecules play in the development
and function of the immune system. By combining the techniques of homologous
recombination in embryonic stem cells with blastocyst injection, genetically modified
mouse strains can be generated that show targeted mutations in specific genes
(CAPECCHI 1989; FUNG-LEUNG and MAK 1992). This genetic approach has been
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utilised to generate mice that are deficient in MHC class II expression. In the mouse,
two isotypes of MHC class II molecules are expressed, I-A and I-E, each composed
of a specific u- and ~-chain. The requirement for surface expression of MHC class
II molecules is the formation of a pair consisting of one u- and one ~-chain.Most of
the embryonic stem cell lines used for gene targeting are derived from mouse strains
of the H-2b haplotype, which already has a deletion in the I-Eu gene, resulting in the
inability to produce I-Eu protein and to express I-E on the cell surface (MATHIS et al.
1983). Targeted disruption ofeither the I-Au or the I-A~ gene resulted in the inability
to produce I-Au or I-A~ protein, respectively, and in H-2b embryonic stem cells
already negative for I-E expression led to an MHC class II-deficient phenotype
(COSGROVE et at. 1991; GRUSBY et al. 1991; KONTGEN et at. 1993).
More recently, mice deficient in MHC class II expression have been generated by

targeted disruption of the MHC class II transactivator (CIITA) gene (CHANG et al.
1996). CIITA is a trans-acting regulatory factor that is involved in the induction of
the coordinate expression of MHC class II genes and is defective in one type of
patients with MHC class II deficiency (REITH et al. 1995). CIITA-deficient mice do
not express conventional MHC class II molecules on the surface of splenic B cells,
dendritic cells or peritoneal resident macrophages. However, a subset of thymic
epithelial cells express MHC class II molecules. The consequences of the CIITA-de
fect in the mouse resemble the findings observed in patients with a CIITA defect (e.g.
BCH; see MANNHALTER et al. 1991). The numbers of mature CD4+ T cells in the
periphery are reduced in CIITA-deficient mice, and T-dependent antigen responses
are impaired.
In addition to mouse strains deficient in MHC class II expression, MHC class

I-deficient mice have been generated by gene targeting and disruption ofthe ~2-mi
croglobulin gene (KOLLER et al. 1990; ZULSTRA et al. 1990; RAULET 1994). Mice
bearing a mutated ~2-microglobulin gene were mated with MHC class II-deficient
mice, and subsequent intercrossing of offsprings heterozygous for both mutations
generated animals homozygous for mutations at both the ~2-microglobulin and the
MHC class II loci, resulting in deficient expression of both MHC class I and class II
antigens (GRUSBY et al. 1993).

3 Invariant Chain-Deficient Mice

The invariant chain is a nonpolymorphic type II transmembrane protein that plays an
important role in the intracellular transport and peptide loading of MHC class II
molecules (CRESSWELL 1994b). The invariant chain associates with MHC class II
molecules in the endoplasmatic reticulum (ER), inhibits their aggregation with other
proteins, facilitates u- to ~-dimer assembly and protects the unoccupied peptide-bind
ing groove from binding of peptides encountered in the ER or during transit from the
ER to the endocytic, exogenous antigenic peptide-containing compartment. It en
hances the egress of MHC class II molecules from the ER and participates in the
transport through the Golgi complex to the endosomal compartments. Somewhere
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within the endosome, the invariant chain is proteolytically degraded and dissociates
from the MHC class II dimer, followed by binding of short peptides derived from
proteolytic cleavage of endocytosed foreign and self-protein antigens. Peptide-MHC
class II complexes are then transported to the cell surface.
Studies in invariant chain-deficient mice generated by targeted disruption of the

invariant chain gene have demonstrated that the appearance of peptide-loaded MHC
class II molecules at the cell surface depends critically on the invariant chain. Peptides
bound in the groove of MHC class II molecules are needed for MHC complexes to
achieve the proper confirmation and full stability at the cell surface, and loading of
exogenous peptides onto class II molecules is inefficient in the absence of invariant
chain (BUSCH et al. 1995). In mice lacking the invariant chain, most class II molecules
are held up in the ER, and the small amounts that eventually exit bypass the endosomal
compartments and appear at the surface in reduced numbers and in an atypical form
(BIKOFF et al. 1993; VIVILLE et al. 1993; ELLIOTI et al. 1994). Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis shows that the
class II molecules that are able to reach the cell surface in invariant chain-deficient
mice lack the compact conformation typically associated with stable peptide binding,
suggesting that they may be empty or only occupied by losely bound peptides.
However, the altered class II molecules expressed in reduced amounts on cells from
invariant chain-deficient mice can bind peptides added exogenously and thereby
convert to the compact form (BIKOFF et al. 1993, 1995; VIVILLE et al. 1993; ELLIOTI
et al. 1994), showing that the structure ofMHC class II molecules is principally intact.
As a result of the defective MHC class II transport to the cell surface, APC from
invariant chain-deficient mice showed a strongly reduced ability to present several
exogenously supplied proteins such as HEL or OVA, while they could efficiently
present the corresponding optimal peptides. Efficient presentation of proteins in
association with MHC class II was only possible at high antigen concentrations
(BIKOFF et al. 1993; VIVILLE et al. 1993).

4 MHC Class II Deficiency-
A Regulatory Defect in MHC Class II Gene Transcription

In view of the importance of MHC class II molecules for the development and
function of the immune system, it is evident that abnormalities in MHC class II
expression are likely to be associated with severe immunodeficiency (KLEIN et al.
1993) or may playa role in the pathological T cell activation that can be observed in
certain autoimmune diseases (ACHA ORBEA and McDEVITI 1990).
MHC class II deficiency is an autosomal recessive disease characterised by cellular

and humoral immunodeficiency. A lack of surface expression of MHC class II
molecules leads to a severe impairment in antigen presentation, resulting in defective
T cell responses to recall antigen and defective T-dependent antibody responses
(GRISCELLI et al. 1993). The majority ofpatients have hypogarnmaglobulinaemia and
an impaired production of specific antibodies following infection or after vaccination
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(SMITH et al. 1988; GRISCELLI et al. 1993; KLEIN et al. 1993). Within the first year of
life, the patients present with severe failure to thrive, and deterioration of the clinical
picture occurs due to severe bacterial, fungal and viral infections. The disease is
associated with high mortality at an early age, and bone marrow transplantation
(BMT) is considered to be the only possible cure for the patients (GRISCELLI et al.
1993; KLEIN et al. 1993). Engraftment ofbone marrow-derivedMHC class II-positive
APC of donor origin results in the correction of the immunodeficiency; however,
expression ofMHC class II in non-haematologic cells most likely remains defective,
although this has not been directly demonstrated by studies in patients after BMT up
to now. The possible long-term clinical consequences of such a residual defect are
unclear.
In patients withMHC class II deficiency, constitutive and inducible cell membrane

expression ofMHC class II molecules is defective, while expression of the invariant
chain is normal, and MHC class I expression is normal or only slightly decreased. In
all patients in whom there is a defect in the coordinate expression of all MHC class
II genes, especially if the defect has been characterised and affects coordinate MHC
class II gene expression, e.g. CIITA or RFX-5, constitutive MHC class II expression
is absent on all APC. The defect can be detected by the lack of HLA-DR expression
on the surface of peripheral blood mononuclear cells such as B lymphocytes and
monocytes (GRISCELLI et al. 1993). In addition, inducible expression of MHC class
II molecules is defective, such as in activated T cells and in fibroblasts stimulated
with interferon (IFN)-y (DE PREvAL et al. 1988). The latter finding indicates that
defective MHC class II expression in the patients is not limited to bone marrow-de
rived cell types. Preliminary reports have indicated that other constitutively MHC
class II-positive cells, such as Langerhans cells of the skin, show an abnormal MHC
class II expression in the patients (GRISCELLI et al. 1993), but definite studies have
not been published. In very preliminary statements, a defective expression of MHC
class II has also been reported for non-haematologic cells other than fibroblasts, such
as gastrointestinal epithelial cells and endothelial cells (GRISCELLI et al. 1993).
Several observations provided evidence that MHC class II deficiency is caused by

a regulatory defect at the transcriptional level. The defect in MHC class II expression
was observed at both the mRNA and protein level and affects the expression ofmore
than one of the MHC class II genes, HLA-DR, -DP, -DQ, (X- and ~-chains. IFN-y is
known to coordinately upregulate the expression of all MHC class II genes at the
transcriptional level, but in general fails to induce normal MHC class II mRNA
expression in patients with MHC class II deficiency. In addition, family studies
showed that the disease segregates independently from the MHC class II gene loci
(DE PREVAL et al. 1985), further indicating that the genetic defect is not located in the
MHC class II genes themselves but rather involves trans-acting regulatory factors
essential for MHC class II gene transcription. It is thus important to emphasise that
the defects in the MHC class II gene-targeted mice and in the MHC class II-deficient
patients are principally different.
Further progress in the molecular characterisation of the defect in MHC class II

deficiency was achieved by the discovery that patients from different families could
be ascribed to different groups ofgenetic defects, indicating that defects in different
trans-acting regulatory factors can lead to an MHC class II-negative phenotype in
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humans. Somatic cell hybridisation experiments employing Epstein-Barr virus
(EBV)-transformed B cell lines from different patients and in vitro-generated MHC
class II-deficient mutant cell lines showed that the majority of patients with MHC
class II deficiency fall into three distinct complementation groups, A-C (HUME and
LEE 1989; BENICHOU and STROMINGER 1991; SEIDL et al. 1992; LISOWSKA-GROSPIERRE
et al. 1994). One experimentally generated MHC class II-negative mutant cell line
defines a fourth complementation group D to which no patient has yet been ascribed
(GLADSTONE and Pious 1978). In addition, recent reports have described three patients
from two unrelated families with new phenotypes of MHC class II deficiency
characterised by a residual expression of certain MHC class II genes (HAUBER et al.
1995; PEIJNENBURG et al. 1995). Both families were shown to represent new and
different complementation groups (PEIJNENBURG et al. 1995; DOUHAN et al. 1996; B.
Lisowska-Grospierre, personal communication), so that currently patients withMHC
class II deficiency can be subdivided into at least five different complementation
groups.
The expression of the MHC class II genes is regulated mainly at the transcriptional

level (MACH et al. 1996). A highly conserved promoter-proximal region is located
upstream of the transcription initiation site and is sufficient to mediate both consti
tutive and inducible expression of MHC class II genes (BENOIST and MATHIS 1989;
GLIMCHER and KARA 1992; TING and BALDWIN 1993). This promoter-proximal region
contains sequence motifs called S, X, X2 and Y boxes. Transient transfection
experiments (BENOIST and MATHIS 1989; GLIMCHER and KARA 1992; TING and
BALDWIN 1993), studies in transgenic MHC class II-deficienct mice (DORN et al.
1987; VAN EWIJK et al. 1988) and in vitro transcription experiments (HUME and LEE
1990; DURAND et al. 1994) have led to the concept that the MHC class II promoter
behaves as a single functional unit in which the different boxes all contribute to
optimal promoter activity by specifically binding different nuclear proteins in a
coordinated manner.
Two types ofmolecular defects affecting different trans-acting promoter-binding

proteins have been discovered in patients with MHC class II deficiency (REITH et al.
1995; MACH et al. 1996). RFX is a complex of nuclear proteins binding to the X box
ofMHC class II promoter regions and consists of at least two subunits, p75 and p36.
By in vitro binding assays, a defect in the binding of RFX to the X box was detected
in patients with MHC class II deficiency belonging to complementation groups B and
C, while in patients from complementation group A binding of all factors including
RFX to the MHC promoter region was normal (REITH et al. 1988; STIMAC et al. 1991;
HERRERO SANCHEZ et al. 1992; HASEGAWA et al. 1993; DURAND et al. 1994). In
accordance, analysis of MHC class II promoter occupation in vivo showed unoccu
pied promoter regions in RFX-deficient cells, while in vivo promoter occupation was
normal in cells where normal in vitro binding of trans-regulatory factors such as RFX
to the MHC class II promoter regions was detected.
A genetic complementation approach based on the transfection of mammalian

cDNA expression libraries into MHC class II-deficient patient cell lines to function
ally complement the defect led to the identification of the genetic defects in patients
belonging to complementation groups A and C (HUME and LEE 1989; BENICHOU and
STROMINGER 1991; STEIMLE et al. 1993, 1995; STEIMLE and MACH 1995). Transfection
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of a 4.5-kb cDNA called CIITA into all cell lines belonging to complementation
group A restored normal levels of HLA-DR, -DQ and -DP (STEIMLE et al. 1993).
Subsequently, mutations in the CIITA gene (gene deletions and point mutations) were
detected in patient cell lines from complementation group A, and all mutated CIITA
alleles were shown to be inactive in transfection experiments, thereby confirming that
the defect inMHC class II expression observed in complementation group A is caused
by mutations in the CIITA gene (STEIMLE et al. 1993).
The same genetic complementation approach was applied to investigate the defect

in patient cell lines of complementation group C. A 3.4-kb cDNA was isolated that
was capable of restoring normal MHC class II expression (STEIMLE et al. 1995) and
by sequence analysis was shown to encode a new family member of the X box-bind
ing proteins RFXl to 4, which was therefore named RFX5. Patients from comple
mentation group C showed mutations in RFX5, confirming that gene defects in RFX5
are responsible for the deficient MHC class II phenotype in these patients. RFX5 is
the p75 subunit of the RFX complex found to display defective binding activity in
complementation group C (REITH et al. 1988; DURAND et al. 1994; STEIMLE et al.
1995).
Genetic defects leading to defective RFX binding are most likely heterogeneous,

since not only patients with a defect in RFX5, but also cell lines belonging to other
complementation groups display defective RFX binding activity (REITH et al. 1988;
STIMAC et al. 1991; HERRERO SANCHEZ et al. 1992; HASEGAWA et al. 1993; CHIN et al.
1994; DURAND et al. 1994). In these patients, the defect or defects could affect
mutations in p36, the smaller subunit of RFX, in another yet unidentified RFX
subunit, or in a trans-acting factor regulating binding activity of RFX.
Recently, twin brothers with MHC class II deficiency belonging to a new,

previously unrecognised complementation group were described and were charac
terised by an isotype-, chain- and cell-specific residual expression of certain MHC
class II genes (HAUBER et al. 1995; DOUHAN et al. 1996). In addition, these patients
can be distinguished from previously described patients by the relatively benign
clinical symptomatology and by the unexpected finding that T cell and antibody
responses could be induced following vaccination, at least against some antigens such
as tetanus toxoid (WOLF et al. 1995). Elucidation of the molecular defects affecting
these and other patients with residual expression of some MHC class II genes
(PEUNENBURG et al. 1995) could provide additional insights in dyscoordinate and
cell-specific levels of the regulation of MHC class II expression. The regulatory
defect observed in these families, at a level affecting only certain MHC class II genes
and probably certain cell types more than others, is in marked contrast to the situation
observed in patients with a defect in RFX5 or CIITA, defects that clearly affect the
basic and coordinate regulation of MHC class II gene expression.
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5 Biological Consequences ofMHC Class II Deficiencies

5.1 Role ofMHC Class II in CD4+ T Cell Development

The capacity of the immune system to discriminate between self and non-self is
largely defined by the T cell repertoire. Mature T cells exclusively respond to foreign
antigen presented on selfMHC molecules, a phenomenon called MHC restriction of
antigen-induced T cell activation. Two mechanisms are responsible for the develop
ment of a T cell repertoire that is self-tolerant and self-MHC restricted, namely
positive and negative selection, both processes which T cells undergo during thymic
development. Negative selection eliminates T cells that express TCR with potential
specificity for self determinants by clonal deletion, while positive selection selects T
cells that are capable of recognising foreign antigens in the context of self-MHC. In
addition to TCR-dependent thymic selection mechanisms that regulate the appropri
ate T cell repertoire, signals have to be delivered to immature CD4+CD8+ double
positive thymocytes to promote selective commitment to either the CD4+ or the CD8+
single-positive lineage. Although the exact mechanisms regulating the intrathymic
development of CD4+ or CD8+ single-positive T cells are still under debate (GUIDOS
1996), interaction of TCR and CD4 as a co-receptor with MHC class II molecules
expressed on cells within the thymus is considered to be critical for the development
and maturation of the CD4+ single-positive T cell lineage, and interaction of TCR
and CD8 as a co-receptor with MHC class I antigens is important for selection of
CD8+ single-positive T cells.
The first set of experimental evidence in support of the importance ofMHC class

II in the development of CD4+ T cells came from treatment of mice with antibodies
againstMHC class II (KRUISBEEK et al. 1985a). Long-term treatment ofnewborn mice
with anti-MHC class II had a profound effect on T cell development (KRUISBEEK et
al. 1983) and resulted in the absence ofmature T cells of the CD4+CD8-T celllineage
(KRUISBEEK et al. 1985a). Mice treated with anti-Ia in the neonatal period had
markedly reduced la antigen expression in thymic and splenic tissues (FULTZ et al.
1982; KRUISBEEK et al. 1983) and showed an abrogation of self-class II-restricted and
non-self class II-specific allo-T cell proliferation (KRUISBEEK et al. 1983, 1985b).
Exogenous interleukin (lL)-2 restored the defect, indicating that the reason for the
impaired alloresponse is a malfunction in the IL-2-producing cell population known
to be mainly associated with the CD4 subset. Spleen cells from anti-MHC class
II-treated mice had a significantly reduced IL-2 production as compared to normal
mice, and the frequency of IL-2-producing cells was also markedly decreased.
Antigen-presenting function is practically abrogated in these animals. The defective
T cell-proliferative response correlated with defective thymic APC function (KRUIS
BEEK et al. 1985a). Further investigations in mice treated with anti-Ia antibody
revealed that CD4+ T cells (LYT2L3T4+ T cells) were virtuallJ absent in the spleen
and in the thymus, while the other T cell subsets (LYT2+L3T4 cortical immature T
cells, LYT2~3T4- functional CTL precursors and LYT2L3T4- precursor thymo
cytes) were present in normal numbers.
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Further experimental evidence that MHC class II molecules are critical for the
development of CD4+ T cells by positive selection comes from the analysis of
transgenic mice that express rearranged TCR of defined specificity and MHC
restriction (THE et al. 1988; BENOIST and MATHIS 1989; BERG et al. 1989; BILL and
PALMER 1989; SCOTT et al. 1989). The most compelling evidence for the role ofMHC
class II in T cell development comes from mice made MHC class II deficient by gene
targeting. These mice show an almost complete absence ofmature CD4+CD8- T cells
in the thymus and the periphery (COSGROvEet al. 1991; GRUSBY et al. 1991; KONTGEN
et al. 1993). In invariant chain-deficient mice, defective MHC class II-dependent
selection of CD4+T cells by thymic epithelial cells could also be observed and leads
to a reduction in the numbers of peripheral CD4+ T cells to approximately 25% of
normal and to alterations in the T cell repertoire due to the inability of normal
presentation of self-peptides in association with MHC class II during intrathymic T
cell development (TOURNE et al. 1995; WONG and RUDENSKY 1996).
Two models tried to explain how immature CD4+CD8+ (double-positive) T cells

become committed to either the CD4 or the CD8 lineage (GRUSBY and GLIMCHER
1995). According to the stochastic model, CD4+CD8+ cells randomly down-regulate
either one of the co-receptor molecules; transitional cells expressing a TCR and CD4
or CD8 bind to MHC class II or I, respectively, and undergo positive selection. The
second model suggests that ligation of the TCR and either CD4 or CD8 instructs the
cell to down-regulate the other unused co-receptor (instructional model). There is
experimental evidence for both the stochastic (GUIDOS et al. 1990; CROMPTON et al.
1992) and the instructional hypothesis (BORGULYA et al. 1991; ROBEY et al. 1991). It
also appears feasible that the instructional model could apply in the differentiation
for CD4+ and the stochastic for CD8+ T cells. The fact that CD4 transitional cells
(CD4+CD8Io) can be detected in MHC class II-deficient mice (CHAN et al. 1993;
CRUMP et al. 1993; GRUSBY and GLIMCHER 1995) that show a marked reduction in
the numbers ofmature CD4+ single-positive T cells, and that CD4IoCD8+ cells (CD8
transitional cells) are detectable in ~2-microglobulin-deficient mice that lack mature
CD8+ single-positiveT cells would favour, but does not prove the stochastic hypothe
sis.
In normal mice, CD4 transitional cells that display a TCR restricted for MHC class

II undergo positive selection, while those cells that display a class I-restricted TCR
are not selected and die. In MHC class II-deficient mice, however, CD4+ transitional
cells become arrested in their development due to the lack of positive selection.
Transitional cells in MHC class II-deficient mice have down-regulated the expression
of both the recombination activating gene (RAG) and the terminal deoxynucleotidyl
transferase (TdT) gene while expressing the activation marker CD69 (CHAN et al.
1993; CRUMP et al. 1993), indicating that CD4+ transitional cells had received an
activation signal in an MHC class II-deficient environment, possibly through MHC
class I. Consistent with this finding, animals defective in the expression of both MHC
class I and II do have CD4 and CD8 transitional cells, but these cells do not
overexpress the TCR and the CD69 structure to a comparably high extent as observed
on transitional cells in the single deficient animals (CHAN et al. 1993; CRUMP et al.
1993).
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It has thus been speculated that a combination of stochastic and instructional
processes may subsequently be operational. The MHC-independent random down
regulation of the co-receptor molecules is followed by up-regulation of TCR due to
an MHC-derived signal independent of CD4 or CD8 lineage commitment; on these
transitional cells, expression of TCR and co-receptor molecule with the same MHC
restriction then leads to positive selection on this MHC antigen.
The requirement for MHC class II on radioresistant thymic nursing cells for the

development of mature CD4+ T cells is well agreed upon (BEVAN 1977; FINK and
BEVAN 1978; ZINKERNAGEL et al. 1978a,b), while the question whether bone marrow
derived cells are also capable of this function has been controversial (LONGO and
SCHWARTZ 1980; LONGO andDAVIS 1983; LONGO et al. 1985). Information is provided
by experimental and clinical results. Irradiated MHC class II-deficient mice were
reconstituted with T cell-depleted bone marrow from control animals and irradiated
control mice were treated with bone marrow from MHC class II-deficient animals.
The former did not develop CD4+ cells when reconstituted with bone marrow from
control donor mice, while mature CD8+ cells could be detected. Normal mice
reconstituted with MHC class II-deficient bone marrow were able to develop both
CD4+ and CD8+ cells. These findings indicate that thymic class II-expressing cells
are required for normal CD4+ T cell development and that bone marrow-derived cells
cannot take over as substitutes. The effect of MHC molecules on shaping the T cell
repertoire has been addressed by several investigators using transgenic mice
(KiSIELOW et al. 1988; THE et al. 1988; BILL and PALMER 1989; SCOTT et al. 1989). It
was demonstrated in studies performed in mice expressing transgenic TCR or MHC
class II structures that positive selection of T cells requires interaction of the TCR
with thymic major histocompatibility antigens (THE et al. 1988; SCOTT et al. 1989)
and that positive selection of CD4+ cells is mediated by MHC class II-positive cells
in the thymic cortex (BILL and PALMER 1989). Further investigations extended this
notion and demonstrated that positive selection in thymocyte differentiation is a rather
late event occurring at the stage of maturation of cortical double-positive cells to
single-positive Tcells (BENOIST and MATHIS 1989). IfMHC class II is only expressed
in the thymic medulla, positive selection will be impaired. Furthermore, TCR-MHC
interaction in the thymus is also responsible for the increased export of T cells into
the periphery (BERG et al. 1989).
The findings obtained in MHC class II-deficient mice were confirmed and ex

tended by results in MHC class II-deficient patients. Thymocytes obtained from the
thymus of an MHC class II-negative patient contained reduced numbers of
CD4+CD8- T cells when compared to thymocytes derived from normal, MHC class
II-expressing thymus. Furthermore, only one third of the patient's CD4+CD8
thymocytes co-expressed the CD3 antigen, and the level ofCD3 expression was lower
than in control thymocytes. While double-positive CD4+CD8+ thymocytes seemed
to be normal, the population of CD4-CD8+ thymocytes was significantly increased.
Despite the absence of peripheral MHC class II expression, CD4+CD8- T cells could
be detected in the periphery of patients with MHC class II deficiency, albeit in
significantly reduced numbers, and the majority of the CD4+CD8- T cells co-ex
pressed the CD45ROmarker. These CD4+ cells could have developed viaMHC class
I antigens or novel structures with MHC-like function (BACCALA et al. 1991; KELLY
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et al 1991; CHAN et al. 1993). Restrictions in the use of available TCR V-gene family
pool were not observed, but some deviation in the usage of V-gene family members
was seen. (EGGERMOND et al. 1993).
The question of TCR V-gene segment usage in CD4+CDS- T cells of bare

lymphocyte syndrome (BLS) patients has also been addressed in another study using
TCR V-region-specific monoclonal antibodies and a semi-quantitative polymerase
chain reaction (PCR) technique for Va and V~ gene region families (LAMBERT et al.
1992). These studies indicated that some of the Va gene segments were used less
frequently in the CD4+ T cell population of patients with BLS, and TCR Va\2
transcripts were greatly diminished in CD4+ and CDS+ cells of a patient, indicating
a skewing in the usage frequency of some of the Va gene segments (LAMBERT et al.
1992). More recently, the same group described that human T cell repertoire devel
opment in the absence ofMHC class II expression results in a circulating CD4+CDS
T cell population bearing TCR with changes in the physico-chemical properties of
complementarity-determining region 3 (HENWOOD et al. 1996).
The impact of an MHC class II-negative thymic environment on lymphokine

profiles of activated CD4+ T cells has been examined in one patient, and the results
indicate that CD4+CDS- T cells matured in an MHC class II-deficient environment
display lymphokine transcription patterns comparable to CD4 cells of normal, healthy
individuals. (LAMBERT et al. 1993).
Patients with MHC class II deficiency and a defect of coordinated expression of

all MHC class II structures have low numbers of CD4+ T cells in the periphery even
after many years of successful BMT and even if clinical symptoms of increased
susceptibility to infections are absent. In a recent study, patients were analysed up to
10 years after BMT (KLEIN et al. 1995), and CD4+ cells ranged between 100 and 650
per ~l, certainly far below the age-related normal range. The patients were clinically
healthy, the bone marrow applied for reconstitution was histo-identical in some and
haplo-identical in others, and this obviously had little bearing on the CD4 lympho
paenia observed. Whether these low numbers ofCD4+ cells represent a special subset
of the CD4 population or a subset with restricted specificity is not known. Taking
information from humans and gene-targeted mice together, the results suggest that
thymic cortical elements expressing MHC class II and shown to be radioresistant are
crucial in the development and differentiation ofCD4+T cells and cannot be replaced
by cells of the bone marrow.

5.2 MHC Class II and B Cell Function

Even though direct evidence is scarce, it is the assumption that MHC class II
expression might be necessary for normal B cell development and/or function.
Immature pre-B cells in the bone marrow express MHC class II molecules (TARLIN
TON 1993), and antibodies against MHC class II inhibit differentiation of B cell
precursors into mature B cells in vitro. It came as a surprise that the phenotype and
function of B lymphocytes in MHC class II-deficient animals was normal (GRUSBY
and GLIMCHER 1995). Flow cytometric analysis of pro-B, pre-B and mature B cells
did not reveal detectable differences in numbers between normal and MHC class
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II-deficient mice. Furthermore, markers detecting expression in mature B cell phe
notypes provided comparable results. Unexpectedly, even though lymph nodes of
MHC class II-deficient animals have abnormally low numbers of germinal centres,
B cells are still able to terminally differentiate into plasma cells and secrete immu
noglobulins of all isotypes, although circulating IgM is slightly increased and levels
of IgGI are reduced.
The production of specific antibodies has been analysed in MHC class II-deficient

mice immunised with trinitrophenyl-lipopolysaccaride (TNP-LPS), TNP-Ficoll or
TNP-ovalbumin. TNP-specific antibodies predominantly, but not exclusively of the
IgM isotype have been produced in equal or higher concentrations than in controls
in theTNP-LPS- and TNP-Ficoll-immunisedanimals (MARKOWITZ et al. 1993), while
TNP antibodies have not been elicited in TNP-ovalbumin-immunised animals. These
results indicate that MHC class II-deficient animals are capable of immunoglobulin
production and of switching from IgM to other isotypes, but that the B cells are
incapable of producing antibodies to T-dependent antigens due to an impairment of
cognate T cell-B cell interaction. Allogeneic T cells were able to induce B cells to
proliferate and secrete immunoglobulin after pre-activation with immobilised CD3,
indicating that B cells are capable of T cell-B cell interaction when the requirement
for antigen recognition is bypassed.
Results from studies on B cell function in patients with MHC class II deficiency

are not conclusive. While most of the patients are hypogarnmaglobulinaemic, the
decrease in serum immunoglobulin levels is not uniform (KLEIN et al. 1993). Most
patients with a defect in the coordinate expression of MHC class II genes show a
severe impairment in the production of specific antibodies following infection or
vaccination (SMITH et al. 1988; KLEIN et al. 1993). In vitro studies of B cell function
have been performed and indicate that polyclonal activation of Ig production by
pokeweed mitogen (PWM), staphlococcus aureus cowan (SAC) or anti-IgM antibody
may be impaired (RuKERS et al. 1987; CLEMENT et al. 1988). Two patients (KEN and
KER) in whom MHC class II expression was absent when mononuclear cells were
examined by flow cytometry, but who did express mRNA for DR-a, DQ-a and DP-~
and had low amounts of expression of mRNA of the complementary chains in
adherent cells as well, did produce antibodies, e.g. against tetanus toxoid, within the
normal range following vaccination. MHC class II-deficient patients successfully
treated by BMT do produce antibodies even if these are chimeras with recipient B
cells and donor T cells (KLEIN et al. 1995).

5.3 Recognition ofMHC Class I and II in MHC Deficiency

Before discussing allorecognition in MHC class 1- and MHC class II-deficient mice
and patients with BLS, the mechanisms involved in alloreactivity need to be analysed.
When skin completely lackingMHC class II is transplanted into normal allogeneic

recipients, it is rejected with kinetics comparable to allografts from donors expressing
MHC class II. When MHC class II-negative skin allografts are transplanted with only
a few minor antigenic disparities between donor and recipient, survival of these grafts
is significantly prolonged when the recipient is depleted ofCD4+ cells. These results
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indicate that CD4+ cells are instrumental in allograft rejection even when MHC class
II is not expressed on the graft (AUCHINCLOSS et al. 1993; GRUSBY and GLIMCHER
1995). When allograft recipient mice are depleted of CD8+ T cells to eliminate
recognition of MHC class I molecules, rapid rejection of grafts, even of MHC class
II-deficient skin grafts, still occurs (LEE et al. 1994). These results indicate that
rejection of allografts requires the presence of both CD4+ and CD8+ T cells.
The question of alloreactivity has been addressed in mice lacking MHC class I and

class II molecules (GRUSBY et al. 1993). These mice were obtained by matin~

~2-micro~lobulin-deficient with class II-deficient animals and are depleted of CD4
and CD8 T cells in peripheral lymphoid organs, while the B cell and natural killer
(NK) cell compartment is increased. These mice did not respond with T cell activation
or antibody production to T cell-dependent antigens, but mounted specific antibody
responses to T-independent antigens. The proliferative response of spleen cells of
these MHC-deficient mice in the mixed lymphocyte reaction was hardly above
background and could be completely abolished when the responding cell population
was treated with CD4 monoclonal antibody plus complement, suggesting that a few
CD4+cells were present in these animals and these cells provided the response. When
spleen cells of MHC-deficient animals were used as stimulators, the response of
normal spleen cells to these stimuli was minimal and again dependent on CD4. It
came as a surprise, therefore, that allogeneic skin grafts in these MHC-deficient
animals have been rejected in a similar time course as in non-MHC-deficient controls
(13 vs. 9.5 days) and skin grafts from theMHC-deficient mice as donors were rejected
as rapidly as from mice expressing MHC normally. Skin graft rejection in MHC-de
ficient mice is dependent on both CD4+ and CD8+ T cells (GRUSBY et al. 1993). The
role ofCD4+ cells is controversial. They have been discussed as helper cells (GRUSBY
et al. 1993) and as effector cells (DIERICH et al. 1993). It is beyond doubt, however,
that cells from MHC-deficient mice are well recognised as foreign, results which are
not surprising in view of the fact that discrimination between self and non-self is a
crucial and archaic requirement in evolution and development.
Information on allorecognition in MHC class II-deficient humans is incomplete

and preliminary. In one of our patients extensively studied, T cells, B cells and NK
cells were present in the circulation in normal numbers. However, the total number
of CD4+ cells was substantially decreased. Only 10% (369 cells per mm3) of the
patient's circulating lymphocytes were CD4+as compared to 30%-40% (1000-1800
cells per mm3) in healthy controls (MANNHALTER et al. 1994). CD8+ cells were
increased (60% of lymphocytes, 2128 cells per mm\ All subsets of mononuclear
cells (monocytes, B cells, activated T cells) were shown to lack MHC class II
(MANNHALTER et al. 1991), as were EBV-transformed B cells (MANNHALTER et al.
1994) and gut epithelial cells (T. RADASZKIEWICZ, unpublished observation). MHC
class I expression was normal (MANNHALTER et al. 1991). When a T-enriched cell
population from the patient's peripheral blood was co-cultured with irradiated
mononuclear cells from an MHC-incompatible volunteer, an alloresponse could be
induced. This alloresponse was substantially reduced compared to the response
obtained by T cells from the patient's histo-identical healthy brother stimulated with
the same donor cell population. While the alloantigen-induced proliferation was
inhibited by up to 95% by an antibody to MHC class II in the patient's brother, the
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inhibition did not exceed 10%-30%when the patient's T cells were tested (MANNHAL
TER et al. 1994). Cells of the MHC class II-deficient patient could also be primed for
cytotoxicity following allogeneic stimulation. After stimulation with the cell line IY,
the cytotoxicity expressed by the patient's cells was 14.6% specific lysis at an effector
target ratio of40: 1, as compared to 37%±16% obtained with a panel ofhealthy control
subjects (n=25) (MANNHALTER et al. 1991).

6 Immune Response, Susceptibility
to Infection and Autoimmunity

6.1 MOC Class II-Deficient Mice

The importance of histocompatibility antigens in the immune response was discov
ered long before the exact role of these structures in immune recognition and effector
function was determined. CD4+ T cells need the antigen presented by MHC class II
for clonal expansion. Thus antigen-specific T cell proliferation will be highly reduced
or absent in gene-targeted mice completely lacking MHC class II and in MHC class
II-deficient patients with a defect in coordinate expression of all HLA-D genes. As a
consequence ofdefective MHC-TCR interaction, production of both IL-2 and certain
other cytokines by CD4+ cells is reduced upon antigen stimulation. Due to the defect
in antigen-specific T cell activation and clonal expansion, the ability to respond to T
cell-dependent antigens is highly reduced to absent.
When the MHC class II defect is incomplete, some of these functions may be

preserved. Mice with a defect in invariant chain expression and humans with an
incomplete defect of HLA-D gene expression will be able to mount CD4-dependent
antigen-specific responses correlating to the extent of functional CD4+ cells present.
T-helper cell-dependent antibody responses were produced following infection or
immunisation in invariant chain-deficient mice (BATTEGAY et aI. 1996). Invariant
chain-deficient mice mounted surprisingly efficient IgG responses against vesicular
stomatitis virus (VSV) antigens, although presentation of VSV antigen to a specific
T-helper cell hybridoma was reduced by a factor of more than 300; it has been
reported that the efficiency of antigen presentation in invariant chain-deficient cells
apparently depends upon the particular T cell hybridoma used for the experiment
(VIVILLE et aI. 1993). T-helper cell-independent cytotoxic T cell and B cell responses
were normal in the absence ofMHC class II or invariant chain. In contrast, aT-helper
cell-dependent class switch from IgM to IgG was absent in class II-deficient mice,
but was surprisingly efficient in invariant chain-deficient mice. Locally high intra
and/or extracellular protein concentrations, as caused by viral infections and destruc
tion of infected cells, may be sufficient to overcome the Ii deficiency.
Recent studies performed in mice with absent invariant chain due to gene targeting

provided further interesting information. Certain strains of mice are susceptible and
others resistant to infection with the parasite Leishmania major, and resistance is
dependent on CD4+ cell function. The requirement for INF-y in the control of the
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organisms in resistant strains has been clearly established, thus the T-helper-l
(THl)-type response is crucial. Leishmania replicates productively in endolysoso
mal-like compartments of macrophages containing MHC class II molecules (AN
TOINE et al. 1991; RUSSELL et al. 1992). Infection of macrophages reduced their
capacity for MHC class II-dependent antigen presentation (FRUTH et al. 1993; PRINA
et al. 1993), while trafficking of MHC class II to the cell surface was unimpaired.
Since the role of the invariant chain is the protection of the peptide cleft of newly
synthesised MHC class II molecules during transit from the ER (CRESSWELL 1996),
it came as a surprise that resistance to L. major, known to be dependent on CD4
function, was unimpaired in invariant chain-deficient mice (BROWN et al. 1997), even
though differentiation and/or function of CD4+ cells is highly dependent on MHC
class II and known to be impaired in mice lacking the invariant chain. Further studies
in these mice revealed that APC are perfectly normal in their function of presenting
L. major peptide antigens while showing a substantial impairment in the presentation
of entire organisms, antigens that have to be processed before peptides can be
expressed in the antigen cleft of MHC class II on the cell surface. It could also be
demonstrated that bone marrow-derived APC from invariant chain-deficient animals
were capable of inducing IL-2 release when pulsed with peptide antigens, whereas
they were clearly deficient in this function when L. major live promastigotes or live
amastigotes were used. Interestingly, INF-y production was unimpaired in lymph
node cells of invariant chain-deficient mice infected with L. major upon stimulation
with L. major antigen, while proliferation and IL-2 production were significantly
reduced. Taken together, these results indicate that protection against L. major
infection known to be dependent on INF-y production was functional in invariant
chain-deficient mice, while IL-2 production and proliferation were strongly reduced.
These results further suggest that, under certain conditions, an impairment in antigen
presentation might affect IL-2 production and proliferation and leave INF-yproduc
tion intact. This could be explained by quantitative differences in T cell activation
for IL-2 and INF-y secretion or by two different pathways of activation with different
requirements at the induction step. In another system in lymphocytes of patients with
common variable immunodeficiency, a primary human immunodeficiency disease,
we observed that IL-2 production and proliferation were impaired upon TCR stimu
lation, while the expression of an early activation marker, CD69, was not (V.Thon et
al. in press).
In the interpretation of these results, we considered that one of two different

pathways could be defective or an amplification pathway essential for IL-2 gene
transcription could be impaired. Ifwe continue to think along these lines, we realise
that individual activation pathways in T cells might already require different signals
at the level of induction. Other studies (SLOAN-LANCASTER and ALLEN 1996) could be
further indications of this possibility. Experimental infection with lymphocytic
choriomeningitis virus and with influenza virus in MHC class II-deficient mice
(BODMER et al. 1993; LAUFER et al. 1993) indicated that specific antibodies were not
induced, while a cytotoxic T lymphocyte (CTL) response was detectable within the
normal range, proving that, in addition to the known alloresponse, a CTL response
can also be induced against infected cells in the absence ofMHC class II expression.
MHC class II-deficient mice were able to clear influenza virus from their lung after
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infection, and clearance was definitely mediated by T cells, as antibodies against the
respective viral antigens could not be detected at any time (BODMER et al. 1993).
In view ofrecent evidence, conditions involving an impairment ofT cell activation

but a functional B cell compartment may lead to autoimmune conditions. This is
likely to be due to the fact that T cells are involved in keeping the delicate balance
between the recognition of non-self and the control of autoreactivity. Gene-targeted
mice with functional defects of T cell activation (e.g. IL-2 deficiency or defective
TCR) and defects in T cell-regulatory function (e.g. IL-IO deficiency) develop
inflammatory bowel disease (IBD) as one of their main clinical problems. IBD is also
seen in MHC class II-deficient mice. MHC class II-deficient mice develop histologi
cal lesions resembling ulcerative colitis. Thus, irrespective of the exact nature of the
underlying defect, impaired MHC class 11-T cell interaction may favour the develop
ment of IBD. Mice that have B cells but lack functionally active T cells are likely
candidates for this condition, while mice with severe combined immune deficiency
lacking both B and T cells, such as RAG gene-targeted mice, do not develop disease.
Thus it appears likely that impaired function of T cells and regulatory abnormalities
of B cells must be present and playa role in the pathogenesis.
The possibility that autoimmune disease arises as a consequence ofa dysregulated

response to infection has been discussed. Circumstantial evidence suggests that the
IBD observed is not due to a specific pathogen. The fact that the gene-targeted animals
do develop IBD even when housed under specific pathogen-free conditions and that
a similar pathology has been observed in gene-targeted animal colonies in different
parts of the world, while combined (both Band T) cell-deficient mice housed under
similar conditions do not develop the disease, points to no or insignificant contribu
tion of infection to this pathology.
MHC class II-deficient mice are well suited to help to define the role of individual

immune mechanisms in the pathophysiology ofcertain autoimmune diseases. In these
animal models, the pathogenetic significance of autoantibodies and/or T cells, e.g.
CTL, as well as requirements for T and B cells and/orT cells and non-specific effector
cells, such asNK cells or macrophages, can be characterised. One of the models which
has addressed the question was the MRLILPR gene-targeted mouse. These animals
develop lymphadenopathy due to the expansion of CD4-CD8- T cells and systemic
lupus with autoantibodies against nucleic acids, glomerulonephritis and arthritis
(THEOFILOPOULOS and DIXON 1981). MHC class II-deficientMRLILPR gene-targeted
mice failed to develop high levels of IgM and IgG autoantibodies specific for nucleic
acids and did not develop autoimmune nephritis, while the development of lymphade
nopathy due to the expansion ofCD4TD8-Tcells did occur (JEVNIKAR et al. 1994).
These experiments certainly clarified the contribution of different lymphocyte sub
sets in the individual features of this model.
Myasthenia gravis is an autoimmune disease known to be caused by autoantibodies

against the nicotinic acetylcholine receptor on nerve junctions. Results of studies in
MHC class II-deficient mice confirmed the hypothesis of autoantibodies as the only
pathogenetic mechanism in this disease, as MHC class II-deficient mice did not
develop myasthenia gravis upon immunisation with purified acetylcholine receptor
(KAUL et al. 1994).
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6.2 MHC Class II-Deficient Patients

Patients with a defect in coordinate expression ofMHC class II failed to respond with
antibody production to ubiquitous and/or vaccination antigens. The clinical sympto
matology in these patients is dominated by the well-known problems of antibody-de
ficient individuals with recurrent and/or chronic sinopulmonary infections and/or
gastrointestinal disease. In vitro tests reveal an impairment in antigen presentation
leading to absent antigen-induced clonal expansion as demonstrated by absent
proliferative responses to ubiquitous and vaccination recall antigens (MANNHALTER
et al. 1991; GRISCELLI et al. 1993; KLEIN et al. 1993).
We specifically addressed this question in one of our patients (MANNHALTER et al.

1991). In this patient, the absolute numbers of T cells and B cells were within the
normal range, and mitogen-induced and alloantigen-induced lymphocyte prolifera
tion was normal or close to normal. The alloactivated T cells of the patient did not
express MHC class II molecules. However, proliferation and expression of other
activation markers, e.g. CD25, were within the normal range. The complete lack of
MHC class II on the patient's cells led to severe deficiencies ofMHC class II-medi
ated immune functions such as antigen presentation. In good agreement with others
(GRISCELLI et al. 1993; KOVATS et al. 1994), an absence ofT cell responses to recall
antigens, e.g. tetanus toxoid, tick-borne meningoencephalitis virus antigen or purified
protein derivative (PPD) was found. Since a histo-identical sibling was available for
study, so-called "criss-cross" experiments could be performed, i.e. T cells from the
patient could be cultured in the presence of antigen and autologous accessory cells
or in the presence of antigen and accessory cells derived from the healthy histo-iden
tical brother and vice versa (brother's T cells cultured with accessory cells from the
brother or the patient and antigen). The results of these studies demonstrated that an
antigen-specific proliferative response could not be demonstrated when cells from
the patient were used either as APC or as responders (in all combinations employed)
(MANNHALTER et al. 1991). Interestingly, other monocyte functions, such as the
capacity to release IL-l, were normal. An explanation for the absent response of the
patient's T cells to antigen presented by his brother's monocytes can be found in the
hypothesis that the patient's T cells have never been properly primed to recall
antigens.
The HLA class II-like genes DMA and DMB have been implicated in antigen

presentation and are also reduced or absent in patients with BLS. Fusion of different
complementation types ofBLS cells known to restore the expression of class II genes
also restores the expression of DM gene product and the ability of antigen presenta
tion. It therefore appears likely that expression ofMHC class II is functionally linked
to the expression of products of the DM gene and that a coregulation of the two
pathways is usually operational. Whether this is always the case will have to be
re-examined in the light of more recent results showing that exceptions in coordinate
regulation of all MHC class II genes do occur (HAUBER et al. 1995, 1996).
The function of antigen presentation is obviously linked to the three-dimensional

structure of MHC class II expressed in the cell membrane. When BLS-APC are
transfected with MHC class II structural genes, the function of antigen presentation
is not restored (KOVATS et al. 1994). However, when MHC expression is achieved
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by either fusion of cells from two patients belonging to different complementation
groups or when the genetically absent or mutated trans-activating factor is trans
fected, MHC class II expression will be connected with the functional restoration of
antigen presentation.
In two MHC class II-deficient patients (HLA-identical twins), the defect was

limited to the expression ofone ofthe chains each ofHLA-DR, -DQ and -DP (HAUBER
et al. 1995; WOLF et al. 1995). These patients had no detectable MHC class II on the
surface of their mononuclear cells, and molecular characterisation revealed an HLA
DRo.+, -DR~-, -DQo.+, -DQ~-, -DPo.-, -DP~+, Ii+ phenotype. While flow cytometric
analysis failed to detect MHC class II protein on the surface ofEBV B cells (and this
finding was confirmed by immunoblotting), HLA-DR~ protein could be detected in
Iysates of the adherent mononuclear cell fraction (HAUBER et al. 1995). These results
indicated a cell-specific difference of MHC class II expression in these patients.
Results of investigations looking for antigen-specific response revealed that these
patients were able to mount a humoral response to tetanus toxoid after vaccination
and that the patients' mononuclear cells did respond by proliferation upon tetanus
toxoid stimulation (WOLF et al. 1995). In contrast to these findings, EBV-transformed
cells were unable to present antigen to an HLA-DR-compatible tetanus toxoid-spe
cific cell line (HAUBER et al. 1995). The antigen-specific response by the patients'
mononuclear cells could be explained by the notion that very low numbers of
MHC-peptide complexes are sufficient to stimulate T cells. Obviously, biological
assessment is more sensitive than detection by flow cytometry.
In addition to the role in antigen presentation, MHC class II molecules are involved

in T cell activation by bacterial superantigens such as SE. SE bind to MHC class II
molecules on accessory cells without a requirement for antigen processing, and
cross-linking of TCR by interaction of MHC-bound SE with a site on the V region
of the TCR ~-chain outside of the antigen-binding groove induces T cell activation,
cytokine release and T cell proliferation. The results depicted in Table 1 were
obtained in three patients from two unrelated families and show that, depending on
the residual expression ofMHC class II molecules on the surface of cells within the
mononuclear cell fraction, even if expression is too low to be detectable by flow
cytometry, T cells from MHC class II-deficient patients will be able to respond to SE
stimulation. Twin brothers from one family (KEN and KER) who show a residual
expression of HLA-DR protein (0.- and ~-chain) in their mononuclear cell fraction,
albeit at very low levels, and have the capacity to mount a T cell response following
tetanus vaccination (WOLF et al. 1995) showed a normal proliferative response to SE
stimulation (Table 1). In contrast, T cells from patient D.Y., who showed a defective
expression of all MHC class II genes in resting mononuclear cells (HAUBER et al.
1996), were unable to respond to SE, although the response to mitogenic stimulation
(PHA) was normal. This patient was also unable to mount a T cell response to recall
antigen (HORNEFF et al. 1994).
Susceptibility to viral infection in MHC class II-deficient patients depends upon

the nature of the infecting agent. Most of these patients are known to suffer from
severe viral infections caused by enterovirus, adenovirus and cytomegalovirus
(CMV). In contrast, neither viruses causing childhood diseases nor live virus vaccines
caused life-threatening problems. The same applies for influenza. Knowing that lung
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Table 1. T cell proliferative response to superantigen (SE-A, SE-E) in three patients with MHC class II
deficiency from two unrelated families

eH]Thymidine incorporation (dpm)

SE-A SE-E PHA Medium

Controls (n=5) 87667 ± 39514 87683 ± 35470 39178 ± 15785 469 ± 219
Patients
KEN 146466 ± 14937 125534 ± 9754 n.t. 453 ± 105
KER 119954 ± 2962 86254 ± 9701 n.t. 332 ± 69
D.Y. 422± 41 380± 73 33676 ± 1026 465 ± 115

Peripheral blood mononuclear cells (IxlOS per well and 200 Ill) were incubated for 5 days in 96-well
microtitre plates in the presence of bacterial superantigens (SE-A and -E; final concentration, 10 ng/ml),
mitogen (phytohaemagglutinin, PHA; final dilution, 1:1250) ormedium alone (RPMI-1640medium; Flow
Laboratories, Irvine. England) supplemented with 10% pooled, heat-inactivated (30 min, 56°C) human
AB serum, penicillin (100 IV/ml), streptomycin (100 Ilg/ml) and L-glutamine (2 mM). T cell proliferative
responses were assessed by measuring eH]thymidine incorporation. Results are given as dpm: mean±SD
of triplicate cultures (patients) or mean±SD of the average values of triplicate cultures obtained in four
unrelated healthy controls and the mother of KEN and KER (controls). dpm, disintegrations per minute

clearance of influenza will proceed in the complete absence of antibodies in MHC
class II-deficient mice, it appears likely that similar mechanisms are functional in
MHC class II-deficient patients as well.
One of our patients and several other MHC class II-deficient patients survived

Bacille Calmette-Guerin (BCG) vaccination, which was frequently performed in
Europe until a decade ago. Normal cytotoxic T cell functions, the capacity to respond
to antigen presented in the context ofMHC class I and normal NK activity may have
been relevant in this context (MANNHALTER et al. 1991).
One of the most prominent clinical features in patients with MHC class II

deficiency is their failure to thrive. Gastrointestinal symptoms such as malabsorption,
diarrhoea or simply the inability to gain weight are present in the great majority of
the patients observed, and the true reasons are unknown. The detection ofenterovirus
infection in the majority of these patients might certainly be one of the reasons for
this clinical condition, but cannot be taken as the only explanation. It is well known
that MHC class II is expressed on the luminal surface of the gastrointestinal mucosa,
but the role ofMHC class II in this location is not well understood. Ithas been claimed
that the MHC class II observed in this location might come from migratory cells
embedding below or in between mucosal cells. The morphology and uniformity of
MHC class II expression, however, certainly does not support this hypothesis. MHC
class II-deficient patients reconstituted by BMT could help to clarify this unsolved
problem. The function of MHC class II in this location might be involved in local
defence against viral, bacterial and/or parasitic infections. It might also be related to
the binding, elimination and/or neutralisation of superantigens or, more generally, of
toxins generated in the intestinal lumen. Interestingly, after BMT, patients do not
have the gastrointestinal symptoms described, and children suffering from gastroin
testinal diseases or who were underweight and underdeveloped clearly catch up after
BMT.
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Added in Proof. After submission of the manuscript, a genetic defect in RFXAP, a
36 kD subunit of the RFX complex, was identified in a mutant cell line belonging to
complementation group D (DURAND et al. 1997). Subsequently, mutations in the
RFXAP gene were described in several patients with MHC class II deficiency and
these patients were also classified as belonging to complementation group D (VIL
LARD et al. 1997).
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