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ABSTRACT: T lymphocytes recognize antigen only after a series of intracellular events known as antigen 
processing. The result of antigen processing is the production of short segments of the primary peptide sequence 
bound to a polypeptide-binding groove on major histocompatibility complex (MHC) molecules. Antigen orig- 
inates from one of two sites: intracellular or extracellular. There are two corresponding pathways for antigen 
processing and two corresponding classes of MHC molecule. Analysis of each pathway has demonstrated that 
their separation is not purely anatomical, but is maintained by molecular interactions with other molecules. 
Antigen processing has been shown to regulate the overall immune response, but the mechanisms involved 
remain obscure. 
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1. INTRODUCTION 

The primary and unique property of the ver- 
tebrate immune system lies in its ability to dis- 
tinguish between closely related, but different 
molecular structures. It is this recognition event 
that enables it to respond to the presence of any 
“foreign” matter that may penetrate the body, 
but at the same time ignore the multitude of 
“host” molecules with which it is constantly in 
contact. A striking feature of this recognition sys- 
tem is that it operates at two quite different levels 
(Figure I) .  The adaptive (antigen-specific, mem- 
ory forming) immune system, has two arms: hu- 
moral and cellular, consisting of B and T lym- 
phocytes, respectively. The humoral immune 
system can recognize with extreme specificity the 
external three-dimensional configuration of al- 
most any molecular species with which it is con- 
fronted. Antibody, derived from B lymphocytes, 
recognizes parts of the specific conformation of 
an antigen molecule, defined as a B cell epitope. 
The epitope is sensitive to small changes in the 
outer “accessible” surface of macromolecular 
antigens, even when the primary structure or 
chemical composition remains unchanged. In 

contrast, T cells, which make up the cellular im- 
mune system, have evolved a separate mecha- 
nism that recognizes the primary protein struc- 
ture. Most T cell epitopes are not found in pro- 
teins in their natural state, and must be actively 
created, either during protein synthesis (i.e., be- 
fore the molecule has folded into its correct final 
shape) or by a reductive process that involves 
some form of protein denaturation. T cell epi- 
topes are therefore independent of the native con- 
formation (secondary and tertiary structure), and 
this second form of recognition inevitably has 
less discriminatory power than B cell epitopes. 
In return, however, it exposes to the immune 
system a set of structures that are normally buried 
within the native conformation of macromole- 
cules and, therefore, would otherwise be invis- 
ible to immune recognition. This double ability 
to recognize both’ internal structure and external 
configuration is integrated into an overall unitary 
system. 

The second major difference between the two 
arms of the adaptive immune system is that T 
cell recognition does not occur with antigen alone. 
The two molecules, T cell receptor and epitope, 
only interact on the surface of a separate cell, 
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Antigen 

ILdI _i ..... ..... 

..... ..... ..... ..... ..... ..... ..... ..... 

L r Nominal antigen: Immunoglobulin 
Key with B and T cell 

epitopes (shaded) 
T cell receptor:-!:? 

FIGURE 1. The two arms of the adaptive immune system rec- 
ognize antigen at different levels. Antibody, produced by B cells, 
recognizes predominantly conformational epitopes on the surface 
of antigen molecules. T cells, via their antigen-specific receptor, 
recognize linear sequences of peptide, often buried within the an- 
tigen molecule. 

the antigen presenting cell, and require this cell 
to express a third molecule, either class I or class 
I1 of the major histocompatibility complex 
(MHC) . These cell-surface glycoproteins have 
been shown to directly bind T cell epitopes. This 
binding step is the essential screening process by 
which appropriately processed antigen is selected 
from the unprocessed majority (Figure 2). Al- 
though outside the scope of this review, over- 
whelming evidence exists that correct T cell rec- 
ognition can only occur if the appropriate antigen 
epitope is positioned within a relatively small 
molecular groove at the distal end of a MHC 
molecule. The constraints of this trimolecular in- 
teraction ensure that intact, unprocessed mole- 
cules cannot normally be recognized by the T 
cell compartment of the immune system. 

The molecular and cellular mechanisms by 
which T cell epitopes are created from complex 
macromolecules, and are then expressed by an- 
tigen presenting cells in a form that can be rec- 
ognized together constitute antigen processing. 
In contrast, antigen presentation is defined as the 
subsequent interaction between antigen present- 
ing cell and T cell in the presence of antigen. 
Therefore, antigen processing is a crucial step in 
the overall series of events leading to T cell stim- 
ulation, and hence to an effective immunological 
response. A highly simplified overview of the 
major phases of antigen processing is given by 
Figure 3. This discussion focuses on four separate 
stages in antigen processing: (1) entry into the 
processing pathway, (2) intracellular processing 
pathways, (3) enzymatic mechanisms in pro- 
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X 

Whole 
antigen 

epitope M-c MHC and 
fragment alone epitope 

Nominal antigen 

(shaded): MHC: 

T cell receptor: -Fr 
Key with T cell epitope 

FIGURE 2. T cell recognition of protein antigen requires the antigen 
to be both in a processed form and presented by a MHC molecule. 
Thus, T cells do not usually recognize whole antigens, processed 
epitopes, or MHC molecules individually. Recognition requires frag- 
mentation followed by binding to MHC molecules. Via this mechanism, 
T cells can limit recognition to processed antigen. 

cessing, and (4) antigedMHC binding. At many 
stages the discussion of processing is divided into 
halves corresponding to the two possible points 
at which antigen can enter the processing path- 
way (see below). Also discussed is the influence 
of the antigen processing mechanisms on func- 
tional aspects of the T cell response, in particular 
on the unresolved question of what determines 
which regions within a protein molecule elicit the 
major responses (hierarchy). Many of the issues 
are discussed in the contributions to the 1989 
volumes of Immunological Reviews (Vol. 106) 
and Cold Spring Harbor Symposia (Vol. 54). In 
addition, the 1991 issue of Annual Reviews of 
Immunology contains a review of this issue. 

A. Two Pathways of Antigen Processing 

The presence of two separate classes of MHC 
molecule on the cell surface has long been 
known. -2 It is also well established that this class 
division is related to the separation of mature T 
lymphocytes into two distinct groups. The mu- 
tually exclusive T cell surface antigens CD8 and 
CD4 provide specificity for classes I and 11, re- 
~pectively.~ In contrast, it has been shown that 
antigen-specific T cell receptors use the same 
pool of germline elements for recognition of an- 
tigen bound to both classes of MHC.4 

Although immunologically distinct, the two 
classes of MHC were not assigned distinct pro- 
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I I1 111 JY 

Entry into processing Processing Processing MHC binding 
pathway Pathway events 

Antigen uptake Endocytosis 
(extracellular) Proteolysis, Low affinity, 

other? but peptide 
selective 

Antigen synthesis Export via Golgi 
(intracellular) 

FIGURE 3. The major stages of antigen processing. Note the ex- 
istence of two pathways of processing, one for endogenous and one 
for exogenous antigens. 

cessing pathways until quite recently. A series 
of studies, carried out predominantly on the rec- 
ognition of viral antigens has demonstrated con- 
vincingly that two pathways of antigen process- 
ing exist, and that each pathway is associated 
with a separate class of MHC.’e6 The pathways 
correspond to the two possible points of entry 
into the processing pathway shown in Figure 3. 
Thus, class I-associated antigens derive predom- 
inantly from “internal” antigens synthesized en- 
dogenously by the antigen presenting cell, while 
class II-associated antigens are “external”, ac- 
quired exogenously by endocytosis from the ex- 
tracellular environment. While the general prin- 
ciple of this dichotomy in processing is well 
e~tablished,’.~ it is clear that a number’of excep- 
tions e x i ~ t . ~ - ’ ~  These are discussed below, in the 
context of the cellular pathways for class I and 
class I1 MHC processing, and the molecular 
mechanisms whereby each pathway is kept sep- 
arate from the other. 

The cellular distribution of the two MHC 
classes reflects the function of the relevant sub- 
set. MHC class I is found on all nucleated cells. 
Therefore, via the class I processing pathway, 
the immune system can “see” and react to the 
whole array of intracellular antigens that, in their 
native state, are never exposed to the extracellular 
environment. This is consistent with the function 
of CD8+ T cells, to scan universally for par- 
asitized or neoplastic cells, and it has major im- 
plications in the fields of antiviral, tumor, and 
transplantation immunity. 

MHC class I1 is found mainly on specialized 
cells within the immune system, in particular B 
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cells, macrophages, and dendritic cells. In ad- 
dition, it is expressed in certain epithelia and by 
abnormally activated cells of many types. 14* This 
is in keeping with the helper activity of CD4+ 
cells that act as immune regulators, and so need 
to have restricted interactions, mainly with other 
immune cells. More importantly, all cell types 
expressing MHC class 11, including experimen- 
tally transfected nonimmune cells, Is show similar 
(though not always identical) antigen processing 
capabilities. The mechanisms of antigen pro- 
cessing for both class I and class I1 are therefore 
likely to be ubiquitous and to form part of the 
basic cellular machinery of nucleated cells. 

B. Which Antigens Need Processing? 

An essential function of antigen processing 
is to bring about the interaction between antigenic 
epitopes and a specific binding site on MHC mol- 
ecules. Since the dimensions of this binding site 
are 2.5 nm long X 1.1 nm deep X 1 nm wide,16 
the majority of intact protein antigens are effec- 
tively excluded. However, no obvious correla- 
tion exists between antigen size and processing 
requirement, as illustrated in Figure 4, which lists 
some of the antigens whose processing require- 
ments have been studied. Thus, fibrinogen (MW 
340,000) does not require processing,18 but can 
be presented intact, while some small pr~teins’~-~O 
and even some peptides apparently require pro- 
cessing.22 These data can best be interpreted ac- 
cording to a model that requires the destruction 
of a sufficient amount of the secondary or tertiary 
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Antiaen Processing 
step 

I i m i ted  
proteolysis *- 

no proteolysis required - 
Bindinq 
to MHC 

reduction of 
disulfide bonds 

limited Droteolvsis 
with retention oi some 
conformation 

(d) 

l imi ted 
(e) proteolysis 

FIGURE 4. The need for antigen processing by different antigens is not dependent on 
size alone. (a) Large protein molecules that require processing (e.g., ~valbumin)’~; (b) 
large protein molecules that do not require processing (e.g., fibrinogen);’* (c) small protein 
molecules that require processing (e.g., apamin);’B (d) protein antigens that retain some 
tertiary structure after processing (e.g., insulin,n, hemagglutinin”); and (e) small peptide 
antigens that may nevertheless retain “hindering” sttuctures that interfere with processing.22 
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structure of a protein to allow the particular se- 
quence containing the epitope to adopt the con- 
formation necessary to fit within the MHC bind- 
ing site. In some proteins (e.g., fibrinogen) such 
sequences with little native structure already ex- 
ist. In others, small proteins are tightly held in 
particular conformations by covalent crosslinks 
and require modification to allow MHC inter- 
action. In some cases certain elements of native 
conformation are retained after processing and 
form part of the structure that interacts with the 
MHC binding site effectively.21*23 In such anti- 
gens the total destruction of structure can result 
in the loss of a n t i g e n i ~ i t y . ~ ~ , ~ ~ . ~ ~  Such structure 
dependent (or conformational) epitopes are rare 
in T cell recognition, but evidence is increasing 
for their existence. In conclusion, the extent of, 
and requirement for, processing is determined not 
by an end point of size, but rather by an end point 
dependent on conformation. Consequently (dis- 
cussed further below), processing neither re- 
quires nor involves the total fragmentation of an 
antigen. 

II. THE PROCESSING PATHWAY FOR 
CLASS II MHC AND ITS ASSOCIATED 
ANTIGENS 

A. Synthesis of Class II MHC 

Class I1 MHC is expressed on the cell surface 
as a heterodimer of a- and P-glycoprotein chains, 
with molecular weights of 33 and 28 kDa, re- 
spectively. The class 11 genes are expressed to- 
gether with a third nonpolymorphic protein called 
the invariant chain (Ii) or MHC class 117, which 
is encoded separately. As discussed below, the 
function of the invariant chain is the source of 
much speculation. All class I1 genes including 
invariant chain are coregulated, for example, 
showing the same pattern of upregulation by in- 
terferon-~(IFN~). 25 

B. Export 

After synthesis, the a and p chains form a 
heterotrimer with Ii in the endoplasmic reticulum 
(ER). Ii is normally synthesized in greater num- 

bers than the other chains.26 The excess 1i.s forms 
homotrimers that are sequestered in the ER.27 
Within 30 min of formation the a/P/Ii heterotri- 
mers are transported through the Golgi to the 
trans-Golgi network (TGN). Here, unlike class 
I, which continues rapidly to the cell surface, 
class I1 molecules reside for 2 to 3 h before they 
exit.28*29 Immunoelectron microscopy has shown 
that class I1 is concentrated within the TGN in 
areas devoid of class I, but no mechanism for 
this subcompartmentalization has been found. 
Replacement of the short cytoplasmic tails by 
those of MHC class I does not affect f~nction,’~ 
and complete absence of the a chain cytoplasmic 
domain makes little differen~e.~’ Therefore, rout- 
ing to a peptide loading compartment appears to 
be controlled by the extracellular domains. It has 
been suggested that one role of the invariant chain 
may be to direct class I1 traffic into the correct 
compartment for peptide binding. Recent studies 
have shown that the cytoplasmic domain of the 
invariant chain contains a number of targeting 
signals that control the intracellular distribution 
of a and P  hai ins.^'^*^'^ In contrast, fibroblast 
transfectants have similar MHC I1 traffic with 
and without the cotransfected invariant chain.32 
Also, a mutant with defective antigen processing 
and folding of MHC I1 showed an apparently 
unaffected relationship between Ii and a /p  .33 

Thus, a consensus view at present is that the 
invariant chain regulates MHC 11 traffic, but that 
its function is not an absolute requirement. 

When class I1 is finally exported to the cell 
surface it is associated with only small amounts 
of Ii.29 The degradation of Ii from d p  occurs 
stepwise, with dissociation of Ii occumng after 
the polypeptide has been considerably reduced in 
size. The breakdown and loss of Ii is postulated 
to be relevant to the binding of antigenic frag- 
ments to alp (see the section following, “In- 
variant Chain and Peptide Loading”), and so oc- 
cur after the intersection between endocytic and 
exocytic pathway, either in the class 11-rich parts 
of the TGN or further in the exocytic pathway. 
Two pH-dependent phenomena have been de- 
scribed in the export of class II, both of which 
are thought to occur in the mildly acidic TGN: 
(1) the sialylation of Ii, which affects its function, 
is inhibited by monensin,26 and (2) one of the 
steps in the degradation and dissociation of Ii is 
chloroquine sensitive. 29a 
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(a)  Anatomical 

(b) Functional 

endogenous antigen 
class I MHC 

I' Kev 
0 exogenous antigen 

blocking molecule 
for MHC II 

class II MHC 

FIGURE 5. The separation of the antigen processing pathways 
for MHC class I and class II may be achieved either (a) anatomically 
or (b) functionally. (a) The two classes of MHC molecules traffic 
through different compartments, and thereby are exposed to dif- 
ferent sets of processed antigen; (b) MHC molecules of both classes 
traffic through the same compartment, but specialized molecules 
block peptide loading of one class. 

C. Invariant Chain and Peptide Loading 

The picture described above of MHC class 
I1 in the exocytic pathway has led to the hypoth- 
esis that Ii prevents endogenous peptides binding 
in the ER and G01gi.~~ This would make Ii a 
major factor in maintaining the division between 
the two pathways of antigen processing for class 
I and II - a functional rather than anatomical 

separation (see Figure 5 ) .  The discussion centers 
on the molecular mechanisms that underlie the 
reaction: 

a/p/Ii + peptide 4 a/P/peptide 
+ degraded-Ii 

The function of Ii has been studied in transfected 
cell lines containing a and p chains with or with- 
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out cotransfected Ii. 32.35 The authors overall inter- 
pretation is that invariant chain is required for 
normal processing. Without it, exogenous pep- 
tides and endogenously synthesized processed 
antigens can be presented, but the normal chlor- 
oquine sensitive processing of whole exogenous 
antigens is diminished. However, contradictory 
results have been obtained from different cells. 
One reason for this apparent heterogeneity is that 
there may be other unknown molecules that con- 
trol peptide loading (see below), whose presence 
cannot be controlled for, especially in cells that 
do not express the usual transcription factors for 
class I1 expression. 

Techniques that study the direct binding of 
peptide to MHC in suspension36 have been ap- 
plied to class II molecules containing Ii.37 a@/ 
Ii trimers after a long incubation (15 h) with 
specific peptide showed an affinity about 30-fold 
less than a@ dimers in the absence of Ii. Inter- 
estingly, a subpopulation of the trimers sponta- 
neously lost Ii and had almost 100% peptide oc- 
cupancy. On- and off-rates of binding to the 
trimers were not estimated, so that the lower af- 
finity of trimers for peptide may be due not to a 
reduced on-rate but to a much faster off-rate than 
for dimers where the half-time is >40 h (see 
Peptide/MHC Binding). This raises the possibil- 
ity of peptide binding (and exchange) to a/P/Ii 
during transit from ER to TGN. The data go some 
way to supporting the claim that class I1 trimers 
do not bind peptide. This may occur by direct 
binding of a free loop of Ii in or near to the 
groove, described as a “fig leaf” protecting the 
binding site from occupation. However, there is 
no evidence that this occurs. An alternative idea 
is that Ii holds the a /p  dimer in a nonbinding 
conformation. 

Altered conformation of MHC molecules as- 
sociated with changes in antigen processing abil- 
ity have been documented both with respect to 
Ii and independently. In one study MHC mole- 
cules synthesized in the absence of Ii were not 
recognized by a number of monoclonal antibod- 
ies that recognize class I1 determinants on normal 
presenting cells.38 Presentation of peptides in this 
case was in fact enhanced in the absence of Ii. 
Other experiments have detected a group of an- 
tigen processing defective mutants that have un- 
affected class I1 genes, and in which class I1 

molecules are expressed at normal levels but with 
altered c~nformation.~~ This was associated with 
a decreased stability of the a@ dimer in the pres- 
ence of mild detergent. In this case the kinetics 
of invariant chain association with a@ were un- 
affected. Both sets of studies point to a close 
correlation between peptide loading and MHC 
conformation (as in MHC class I, see below). 
Additionally, the processing mutants point to a 
role for another as yet unidentified molecule in 
peptide loading. A potential candidate is a heat 
shock or related protein, one of which, HSP-70, 
is coded for in the MHC region. These molecules 
are thought to assist in the acquisition of con- 
formation by correct folding. Specifically, a HSP- 
70-like protein able to bind peptide has been found 
in antigen presenting cells, and which may be 
important for the processing of intact antigen. 39 
A possible sequence of events is suggested by 
the data from in v i m  binding of peptide to a@/ 
Ii (see above). Given the high percentage of tri- 
mers spontaneously losing Ii that were then found 
to be bound to peptide, it is possible that both Ii 
degradation and the control of conformation oc- 
cur after, and may be driven by, the interaction 
of peptide with class 11. 

D. Class II MHC and Endogenous 
Antigens 

Contrary to the straightforward two pathway 
model there are examples in which endogenous 
antigens are presented by class I1 MHC and active 
CD4 + T cells.”*’2.32 Endogenous plasma mem- 
brane and endosomal and lysosomal molecules 
are likely to be processed for both class I and 
class 11. However, there are some endogenous 
cytosolic molecules that are presented by class 
I1 in a Brefeldin A sensitive, chloroquine-resist- 
ant fashion. Since Ii is not an absolute inhibitor 
of peptide binding, circumstances are envisaged 
under which an endogenous peptide can load 
enough class I1 in the early synthetic pathway to 
survive transport through the exocytic pathway 
and stay bound until Ii is lost. A second form of 
endogenous presentation by class I1 has been 
shown to be chloroquine sensitive and Brefeldin 
A insensitive. Endogenous molecules may also 
be presented on class I1 after autophagy, a well- 
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established route by which cytosolic proteins are 
included into autophagosomes that then fuse with 
lysosomes or endosome~.~’ This could explain 
the occasional discovery of chloroquine sensitive 
endogenous antigen processing. ‘ I  

E. The Endocytic Pathway 

Significant advances have been made over 
recent years in the understanding of the endocytic 
pathways relevant to the processing of exogenous 
antigen (reviewed in Reference 42). For this rea- 
son a brief outline is presented of the consensus 
view of the endocytic pathway, particularly in its 
relationship to antigen uptake. Exogenous anti- 
gen enters a cell via either endocytosis (pino- 
cytosis) or phagocytosis. The intracellular path- 
way has been separated into the various distinct 
organelles that exogenous material enters. There 
is one major route of entry, after which incoming 
material proceeds to a number of destinations. 
This divergence is brought about by a series of 
sorting steps, which are discussed in turn. 

1. Antigen Upfake 

Initial uptake is functionally divided into re- 
ceptor-mediated and fluid phases. Both phases 
gain access to the cell via clathrin-coated vesi- 
cles, which invaginate from the plasma mem- 
brane via clathrin-coated pits .43 Receptors that 
require internalization to carry out their function, 
for example, transfemn receptor (TfR) and low- 
density lipoprotein (LDL) receptor, are endocy- 
tosed at the highest rates. This is achieved by 
direct interaction with endocytic adaptor proteins 
(adaptins), and hence indirectly with clathrin, thus 
concentrating the receptor into incoming vesi- 
c l e ~ . ~ ~  A consensus sequence has been identified 
within the cytoplasmic tail of all such receptors, 
consisting of ten residues, including a tyrosine.“ 
For antigen presenting cells there is specialized 
use of the receptor-mediated pathway. B cells 
express antigen-specific membrane immunoglob- 
ulin (mIg), which has implications for specific 
B-T intera~tion.~’ B cells share with macrophages 
the nonspecific Fc receptor that takes up immune 
complexes. 46 Macrophages also have comple- 

ment receptors for which a role in endocytosis 
has been indi~ated.~’ Uptake of antigen can also 
be enhanced by targeting to any other selectively 
endocytosed receptor, including TfR.45 

In antigen presenting cells, as in all cells, 
nonspecific uptake of exogenous molecules oc- 
curs as a mixture of membrane adsorption and 
fluid phase endocytosis, concepts representing 
extreme stickiness and nonstickiness, respec- 
tively. The rate of uptake, much less than recep- 
tor-mediated endocytosis at physiological con- 
centrations, is enhanced by favoring membrane 
adsorption, for example, by increased hydropho- 
bicity. There is evidence for a second route of 
entry48 other than via clathrin-coated pitslvesi- 
cles, but its normal role remains unclear. 

2. Early Endosome 

The structures involved in the early part of 
the endocytic pathway are illustrated in Figure 
6. Clathrin-coated vesicles rapidly uncoat and 
fuse in the peripheral cytosol with early endo- 
somes. These structures, as identified by electron 
microscopy, are a mixture of tubulocisternal and 
vesicular e l e m e n t ~ . ~ ~ . ~ ~  The cisterna is charac- 
teristically folded into the shape of a cup, di- 
ameter 1 to 2 pm, open to the cytosol; the func- 
tion of this semi-enclosed cytoplasmic space is 
unknown. Tubular extensions 30 to 50 nm in 
diameter have been seen to extend some distance 
from the main structure and are the proposed site 
for molecules recycling back to the cell ~urface.~’ 
The vesicular portion is 300 to 500 nm in di- 
ameter and contains small membrane vesicles. 
For this reason these structures have been named 
multivesicular bodies (MVBs). These may be the 
source of the carrier vesicles between early and 
late endosomes.50 The total surface area of the 
early endosome is at least 20% of the plasma 
membrane.49 

The early endosome has no specific markers, 
although a number of as yet undefined proteins 
are uniquely found there.’* Some cell functions 
are carried out within the early endosome, such 
as the removal of iron from transfemn. The most 
important function of the early endosome appears 
to be the provision of an internal milieu for the 
rapid sorting of endocytosed material, ” either for 
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incoming ciathrin- 
mated veslcles are 
uncoated and fuse 

rapid re-cycling 
in the tubular/ 

PERIPHERAL 
TUBULOVESICUIAR 

WRY ENDOSOME 

cisternal element 
folded into cup-shape. 

significance unknown 

reticular elements, 
via the loading edge 

entry into later 
compartments in 

vesicular olements 
moving towards 

the centrioiar region 

FIGURE 6. The early endosomal pathway, showing both the peripheral tubu- 
lovesicular elements and the endosomal reticulum, including multivesicular bodies. 

recycling (exocytosis) to the cell surface with an 
average transit time of <3 to 10 min,52*54 or for 
entry into the next endocytic compartment (the 
late endosome). Acidification is an important 
component of the endosomal environment ,55 At 
6.0 to 6.2 the pH is higher than that of the late 
endosome and lysosome. This has been attributed 
to a partial inhibition of the endosomaVlysosorna1 
proton-ATPase by an opposing charge gradient 
created by sodium-potassium ATPase . 56 Inhibi- 
tion of acidification leads to failure of recycling 
with continued uptake. The sorting mechanism 
in the early endosome is highly efficient. For 
example, the fraction of molecules routed to the 
late endosome is 0.5% for TfR and many other 
membrane compared with up to 
100% for some aggregated  molecule^.^^,^^ The 
fraction of fluid phase contents directed to the 
late endosome is 5 to 25%.54J78 No specific signal 
sequence has been identified among those mem- 
brane molecules directed into the late endosome, 
but many are polyrner i~ .~~ 

Recent evidence on the nature of the early 
endosomal sorting mechanism has been provided 
by video micro~copy.~~ A network of thin strands 
forms an “endosomal reticulum’’ labile to most 
fixation techniques and present throughout the 

cytoplasm. The reticulum contains molecules to 
be rapidly recycled, flowing at 0.5 to 1.0 p d s  
in apparently random directions. Recycling of the 
bulk of TfR occurs from the leading edge of 
cells,179 which is often close to the TGN and the 
bulk export pathway. Varicosities are seen in the 
network, which consists of MVBs. The extensive 
inner membranes of the MVBs contain an excess 
of molecules to be directed to the late endosome. 
They move slowly (approximately 0.05 p d s )  
toward the pericentriolar area. Therefore, sorting 
within the early endosome appears to occur 
within, or close to, the MVBs. 

3. Late Endosome 

The pathway exogenous antigens take before 
processing and presentation involves routing via 
the late endosome. Various definitions of this 
compartment have b&n made, and between them 
these definitions demonstrate much of what is 
known. The late endosome remains obscure be- 
cause it lacks a specific marker, making bio- 
chemical analysis difficult.52 Morphological 
studies show an accumulation of markers in the 
late endosomes after 15 min or more.49 They are 
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large, pericentriolar, reticular bodies containing 
internal membranes. Late can also be distin- 
guished from early endosomes due to the delivery 
of lysosomal contents.60 Both the specific trans- 
membrane proteins (e.g., lgp120) and the hy- 
drolases (acid phosphatase, cathepsin D, etc.), 
together with mannose-6-phosphate receptors 
(MPR), which deliver them, appear in the en- 
docytic pathway simultaneously at the late en- 
dosome stage. Whereas lgp120 is routed to ly- 
sosomes, MPR recycles back to the TGN. 
Therefore, the only compartment on the endo- 
cytic pathway that is MPR positive is the late 
endosome. This fact has provided the best work- 
ing definition of the late endosome to date. Re- 
cent immunoelectron microscopic findings 
showed that parts of the late endosome are lo- 
cated near the Golgi and TGN. 

Other features of the late endosome include 
a pH estimated at 5.0 to 5.5, which is marginally 
less acidic than the lysosome at 4.8 to 5.0.52.56 
A distinguishing feature of its function is the 
complete block of traffic through the late endo- 
some by temperatures below 18 to 20°C.50*60 En- 
try into MVBs still occurs, so the early endo- 
soma1 sorting mechanism is not the site of the 
block. This is one of many intracellular processes 
that has this temperature cut-off and so is not the 
most ideal experimental tool. Kinetic analysis of 
fluid phase transit through late endosomes of 
macrophagesS4 and other antigen presenting cells 
(unpublished observations) has been estimated to 
be 4 h, assuming equivalence throughout the late 
endosome and first-order kinetics for exocytosis. 
In fibroblasts the turnover was slower - 10 to 
15 h. Macrophages have been found to have a 
relatively large late e n d o s ~ m e . ~ ~  This is consist- 
ent with the major proportion of the uptake of 
these cells occurring via phagocytosis delivering 
exogenous molecules directly to the late 
endosome. 

prelysosomal portion of the endocytic path- 
way;62,63 and (2) the limited degree to which an- 
tigens need to be modified prior to binding to 
their restriction element suggests that excessive 
proteolysis would occur in lysosomes, destroying 
T cell epitopes. However, with increasing un- 
derstanding of the biogenesis of lysosomes it is 
becoming clear that they represent a range of 
structures. Except for the residual bodies, which 
form from lysosomes and contain nondegradable 
material, they are in apparent dynamic equilib- 
rium with each otheP and with the endosomes, 
inasmuch as exit from them and reentry into the 
endocytic pathway can O C C U ~ . ~ ’  The minimum 
time in which antigen processing and presenta- 
tion occur (45 to 60 min) could therefore involve 
relatively rapid cycling through the lysosome with 
limited proteolysis, but would not require long- 
term lysosomal residence. 

5. The Exocytic Pathway 

It has been demonstrated biochemically and 
morphologically that certain plasma membrane 
proteins, for example, TfR, return to the TGN 
(i.e., the exocytic pathway) while recycling back 
to the m e m b r a ~ ~ e . ~ * * ~ - ~ ’  This pathway has been 
demonstrated as an intersection between endo- 
cytic and MHC class I1 positive compartments, 
and may be a novel pathway with particular rel- 
evance to antigen processing. However, the gen- 
eral significance of the TGN in endocytosis is 
not clear.68 Many endocytosed molecules, in- 
cluding the fluid-phase endocytic marker horse- 
radish peroxidase, do not enter the TGN even 
after a long period of incubation. The close prox- 
imity of late endosome and TGN and their exit 
pathways in the same pole of the cell may facil- 
itate selective traffic in the absence of free ex- 
change of contents. 

4. Lysosomes F. Class II MHC in the Endocytic 
Pathway 

The original considerations of antigen pre- 
senting cell function envisaged routing of antigen 
via lysosomes where processing would occur.61 
There are two reasons that this idea has fallen 
from favor in recent years: (1) many of the prob- 
able processing enzymes have been found in the 

7. NeW/y Synthesized MHC Class I/ 

The presence of MHC class I1 together with 
the invariant chain in compartments accessible to 
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endocytic tracers has been known for some time.& 
The cross-sectional site between the endocytic 
and exocytic pathways was assumed to be the 
TGN. Recent studies in both macrophages and 
B cells have used immunoelectron microscopy to 
visualize compartments positive for the markers 
of processing: class 11, Ii, low pH (using DAMP), 
acid cathepsins, endocytic tracers, and endocytic 
adaptins. 28.69,70 Reservations about these studies 
are inevitable given that T cell activation only 
requires a fraction of the class I1 of an antigen 
presenting cell to be occupied by a determinant, 
and that the exact site where these are processed 
could be easily overshadowed by irrelevant com- 
partments. However, these data are considered 
the best guess until the important class IUpeptide 
conjugates can be identified. 

These studies have demonstrated Ii together 
with a/p in both early and late endosomes. The 
presence of Ii is particularly significant, as it 
marks a MHC molecule as newly synthesized, 
and suggests that class I1 still bound to Ii can 
pass from the TGN to the endocytic pathway. 
Certain acid cathepsins were also found to be 
present throughout the endosomal system. Thus, 
while these studies do not exclude a role for the 
TGN as an important site of antigen processing, 
they suggest that both processing and MHC pep- 
tide binding also could occur in earlier compart- 
ments of the endocytic pathway. 

2. Recycling Class II and Reuse 

In B cell lines the recycling of MHC class I1 
from the cell surface into internal compartments 
has been demonstrated to occur within a small 
early endosomal pool that turns over very rap- 
idly.71 A large proportion of the surface MHC is 
available to enter this pathway. This recycling 
pathway has been demonstrated only recently with 
newer, more sensitive  technique^^*,^^ that have 
yet to be applied to class I1 recycling in 
macrophages. 73 

The more pressing question that needs to be 
addressed is whether the recycling class I1 mol- 
ecules are reused by more than one peptide. This 
has been considered important in terms of the 
flexibility of antigen presenting cell function in 
the face of changing exogenous antigens. Class 
II-restricted presentation in the presence of the 

inhibitors cycloheximide and Brefeldin A has 
demonstrated heterogeneity in the ability of dif- 
ferent antigen presenting cells to present new ex- 
ogenous antigen without new synthesis or export, 
re~pectively.~~*’~” In general, processing by B cells 
appears to be more resistant to these reagents than 
macrophages, although there are discrepancies in 
data from different laboratories. The reuse of 
MHC is often given as an explanation of the 
continuing ability of B cells to present, but this 
interpretation fails to take into account the pos- 
sible presence of a large intracellular pool of MHC 
trimers (i.e., including invariant chain) distal to 
the action of these two inhibitors. 

Further support for MHC reuse has been de- 
duced from the demonstration that functional 
peptide/MHC complexes are lost much more 
quickly from the surface of B cells than can be 
explained by the overall turnover of MHC class 
II.74 These results are interpreted in terms of a 
model in which antigenic peptide is replaced by 
endogenous or serum-derived antigens. An al- 
ternative explanation of peptide/MHC complex 
loss is that selected complexes may be prefer- 
entially lost from the plasma membrane/early en- 
dosomal pool and even degraded.76 This may be 
especially so for short-length peptides, including 
most of those used experimentally. In contrast, 
peptides derived for processing in vivo may be 
quite large when they initially bind to MHC, to 
be digested by exopeptidases while in the plasma 
membrane/early endosome recycling pool. 

A third experimental system that purports to 
demonstrate MHC reuse is the inhibition of pre- 
sentation of one peptide that occurs if a com- 
peting peptide is fed to live B cells even 6 to 
12 h after the removal of the first p e ~ t i d e . ~ ~  Both 
this and the previous experiment may alterna- 
tively be interpreted in terms of the presence of 
a large pool of intracellular peptide, which binds 
only slowly to MHC molecules. Thus, peptide 
competition may appear to occur after binding, 
but in fact it occurs during the formation of new 
peptide/MHC complexes. 

Finally, more recent studies have provided 
evidence against a substantial degree of MHC 
reuse. Human B cells specific for a known an- 
tigen (tetanus toxoid) have been studied for reuse 
of MHC class 11. The surface molecules were 
“labeled” by removing terminal sialic acids, 
making them detectable by changing lectin af- 
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finity. Processed fragments retrieved from im- 
munoprecipitated class I1 were all associated with 
the sialic acid positive fraction, i.e., with MHC 
internal to the cell at the beginning of the ex- 
periment. Assuming that the desialylation did not 
affect MHC function, this is good evidence against 
the reuse of class I1 by these cells. 

The authors’ overall conclusion is that MHC 
class I1 recycles into endosomes but that reuse 
has not yet been proven, and may not occur at 
all. The relevance of class 11 in the endocytic 
pathway, rather than reuse per se, is discussed 
further below. 

3. Site of Peptide Loading 

The above findings must be seen in light of 
one of the more difficult questions in antigen 
processing - what is the relevance of the re- 
quirement for 1 h or more after the introduction 
of exogenous intact antigen, even at very high 
concentrations, before presentation is detecta- 
ble?77 This could reflect a slow rate of antigen 
processing or, alternatively, the time taken to 
traffic through the cellular processing pathway. 
Careful quantitative studies of the kinetics of pro- 
cessing suggest that trafficking contributes sub- 
stantially to this lag phase. If this interpretation 
is indeed correct, passage through relatively in- 
accessible compartments of the cell (e.g., the 
lysosome or TGN) may be an obligate step in 
antigen processing. In light of this conclusion, 
the role of each compartment of the endocytic 
pathway in peptide loading is considered in turn. 

The plasma membrane and early endosome 
are, over a 1-h period, in effective continuity with 
each other because of the turnover time of 5 to 
10 min on average, including surface MHC class 
I and 11, as discussed above. They are not there- 
fore involved in the much longer process of an- 
tigen processing, but may be the site of both class 
I and I1 binding to antigens that do not require 
processing, such as exogenous peptide, at high 
concentrations. However, rapid exposure to the 
peripheral endosomal milieu is insufficient in 
some cases of peptide loading where entry into 
the late endosome appears to be req~ired.’~ 

The late endosome is the most likely can- 
didate, containing all the processing enzymes re- 
quired as well as a low pH. The most promising 

factor in its favor is the recent identification of 
multivesicular bodies near the TGN with late en- 
dosomal characteristics, rich in MHC class 11, 
containing some but not all acid hydrolases, and 
generally slightly more acidic than the late en- 
do~ome.~O Traffic to and from this subcompart- 
ment would be expected to take roughly 30 min 
in total. Processing occurring en route and then 
in situ may well be slow enough to account for 
the overall hour needed. How does this tie in 
with the concentration of newly synthesized class 
II in the TGN? There are two possibilities: either 
there is transport of a/P/Ii from the TGN into 
the late endosome, or alternatively, the class 11- 
rich areas are in the TGN or an as yet undescribed 
intermediary, with antigen being transported into 
it. 

Finally, it may be that rapid transit through 
the lysosome, however unfashionable, would be 
required for adequate processing of some anti- 
gens. This coincides with the current view that 
two-way traffic to and from lysosomes does oc- 
cur, probably as an expression of lysosomal con- 
tinuity with the late endosomes. 

111. THE PROCESSING PATHWAY FOR 
CLASS I MHC AND ITS ASSOCIATED 
ANTlG ENS 

A. Synthesis and Export of Class I MHC 

Class I MHC molecules are expressed at the 
cell surface of most nucleated cells, as an 01 chain 
of 45 kDa, in noncovalent association with the 
nonpolymorphic molecule P2-microglobulin (12 
m a ) .  The synthetic pathway for class I MHC 
molecules is that of a typical membrane glyco- 
protein. The polymorphic heavy chain and P2- 
microglobulin are translocated into the rough ER 
during synthesis, pass through the Golgi where 
glycosylation occurs, and are exported to the 
plasma membrane within approximately 30 min 
to 1 h.2s The two chains are believed to interact 
while still within the endoplasmic reticulum, and 
both chains are required in order to achieve their 
final stable c~nformation.~~ Class I MHC mol- 
ecules, in common with a number of other mol- 
ecules, may require the presence of “chaperon” 
molecules to facilitate correct assembly.79 In the 
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absence of these molecules excess peptide, or in 
certain cases excess P,-microglobulin,80 may be 
able to substitute for their function. 

Controversy surrounds the extent to which 
MHC class I molecules recycle once on the cell 
surface. In contrast to class I1 MHC, class I mol- 
ecules were believed not to recycle extensively, 
except in certain specific cell types (particularly 
activated T cells).81 More careful measurements 
have suggested that a small proportion of class I 
molecules are in fact in an endosomal recycling 
pool, with a very fast half-life (2 to 3 mi t~) .~’  
The presence of a recycling pathway suggests that 
MHC molecules could be reused by exchanging 
one processed antigen for another. However, since 
the interaction between MHC and processed an- 
tigen, at least in v i m ,  is very stable (see below), 
the biological significance of recycling remains 
obscure. The issue of recycling has been studied 
in greater depth for class II molecules (see above). 

B. Peptide Loading of Class I MHC 

In contrast to the MHC molecules, which are 
translocated into the ER during synthesis, and 
which are therefore never present free in the sol- 
uble cytosolic compartment, the pathway for an- 
tigen that becomes associated with class I mol- 
ecules starts in the cytoplasm. Antigens that are 
synthesized in the cytoplasm itself,6 or soluble 
antigens that are artificially loaded into the cy- 
toplasmic compartment across the plasma mem- 
brane,82.83 can all be processed and associate with 
class I MHC molecules. However, in contrast to 
MHC molecules, antigen does not require con- 
ventional leader sequences to mediate transport 
into the ER.5 The major hypothesis is that antigen 
is processed within the cytoplasm and then trans- 
ported into the ER via a peptide transporter. A 
candidate gene encoding such a transporter re- 
cently was identified (see below) .83ps Alterna- 
tively, whole antigen may enter the ER via an 
unknown separate pathway and be processed sub- 
sequently by proteinases present within this com- 
partment. Such a mechanism would explain the 
efficient processing of antigens that are translo- 
cated into the ER during synthesis, and are there- 
fore never found in the cytoplasm. The nature of 
the enzymes involved in processing endogenous 
antigens remains totally obscure. Although it has 

been hypothesized that antigen processing may 
involve ubiquitin-dependent proteolysis,84 this is 
unlikely to be the only pathway; cytoplasmic 
ovalbumin, for example, is processed and pre- 
sented effectively in association with class I 
MHC,82 but is not a substrate of ubiquitin-de- 
pendent proteolysis.8s 

Likewise, little direct data exist on the site 
of peptide/MHC interaction, although this is gen- 
erally believed to occur within the ER.86*87 A 
number of mutants with defects in antigen pro- 
cessing for class I MHC molecules have been 
d e ~ c r i b e d . ~ ~ , ~ ~ , ~ ~  It is interesting in this respect 
that antigen presenting cells with mutant pro- 
cessing pathways for class 11 MHC have also 
been identified,” and that both types of mutant 
demonstrate aberrant assembly, rather than al- 
terations in the MHC structural genes. In the class 
I processing mutants, MHC molecules fail to fold 
into their normal stable three-dimensional con- 
figuration, and are present at only low levels on 
the cell surface. MHC can be induced to adopt 
correct stable conformations in the presence of 
sufficient levels of certain peptides that bind 
tightly within the antigen binding groove on the 
m o l e c ~ l e . ’ ~ * ~ ~  On the basis of functional and 
binding experiments, these peptides are thought 
to occupy the binding site on the MHC molecule. 
These data have led to the unexpected conclusion 
that peptides within the class I MHC binding site 
play an essential role in inducing the correct fold- 
ing of the MHC, and/or in stabilizing the final 
conformation. This model has striking parallels 
to the older “instructionalist” models of antigen/ 
antibody interaction.g0 In support of this hypoth- 
esis, those MHC molecules that are expressed on 
the cell surface in the mutant cell lines are less 
temperature stable, and are predominantly empty 
of p e ~ t i d e . ~ * . ~ ~  The molecular nature of the mu- 
tation in one of these cell lines has been deter- 
mined recently. 83a-c The gene implicated codes 
for half a member of the superfamily of ATP- 
driven transporters. It is found near a second, 
related gene that may make up the other half of 
the functional transporter. The sequence resem- 
bles those of the multihg-resistance transporter 
family, which can translocate peptides, and could 
therefore deliver antigenic peptides from the cy- 
toplasm into the ER. 

Recent studies have begun to characterize the 
structure of the peptides bound within class I 
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MHC molecules. 92a-d Peptides eluted from class 
I MHC are rather homogeneous in size and quite 
short (ranging from eight to ten amino acids).92a 
These peptides are selectively bound when pres- 
ent as minor contaminants of longer pep tide^,^^^ 
and only the short peptides allow the class I chains 
to adopt their mature conformation in long-lived 

The peptides appear to share cer- 
tain structural features that are haplotype specific 
and believed to be essential for binding to MHC.92d 
These peptides cannot be detected in the absence 
of MHC expression, suggesting that they repre- 
sent short-lived degradative intermediates which 
are stabilized by their interaction with MHC 
molecules. 

C. Separate Processing Pathways for 
Class I and Class II MHC 

The mechanisms by which the processing 
pathways for MHC class I and II are kept separate 
are still the central enigma in the field of antigen 
processing. Studies on the final binding inter- 
action between peptide and MHC molecule have 
so far not revealed any major distinctions be- 
tween the binding characteristics of the two classes 
that would explain this phenomenon (see below). 
Indeed, it seems unlikely that the distinction de- 
pends on intrinsic features of antigen structure, 
since in a number of cases, the same peptide can 
interact with both MHC c l a ~ s e s . ~ ~ - ~ ’  Two basic 
models have been proposed to explain the sep- 
aration (Figure 5). According to the first (ana- 
tomical) model, loading of peptides to each class 
of MHC occurs in separate locations, from which 
the other class of MHC is excluded. Thus, load- 
ing of class I1 MHC molecules is likely to occur 
at an intersection between the paths for endo- 
cytosis and synthesis, perhaps a specialized re- 
gion of the TGN (see section on class 11). In 
contrast, evidence exists that class I MHC mol- 
ecules are transported to the cell surface via a 
different route without ever meeting endocytosed 
material .28 The different pharmacological char- 
acteristics of the two processing pathways like- 
wise argue for physically distinct cellular path- 
ways. Thus, processing for class IL6’ but not 
class I, MHC6 molecules is sensitive to the ly- 
sosomotrophic bases (chloroquine, primaquine, 
etc.). In contrast, processing for class I is more 

rapidly and easily inhibited by Brefeldin A ,11.8637 

an inhibitor that blocks passage through the Golgi 
network. According to this hypothesis, plasma 
membrane glycoproteins, some of which recycle 
extensively via an endocytic route, provide ex- 
ceptions to the association between endogenous 
cellular proteins and class I binding. 

Although distinct anatomical locations for 
peptide MHC interaction and separate processing 
pathways between the cell may explain why class 
I MHC molecules usually fail to interact with 
exogenous antigens, this hypothesis cannot ex- 
plain the complementary exclusion of endoge- 
nously synthesized antigens from class I1 bind- 
ing. In fact, strong evidence exists that both class 
I1 and class I MHC molecules passage through 
the rough ER and the Golgi, the two most likely 
sites of class Yantigen interaction. An alternative 
model postulating the existence of specific reg- 
ulatory molecules that favor class I, and prevent 
class I1 MHC binding in these locations is sum- 
marized in Figure 5 ,  and was discussed earlier 
in the article in the context of class II. 

In conclusion, it seems increasingly likely 
that multiple mechanisms exist to maintain the 
separation between the two processing pathways, 
but that nonetheless the division may be less ab- 
solute than was first believed. 

IV. ENZYMES IN ANTIGEN PROCESSING 

The key step in antigen processing is the 
modification of native antigens into processed 
forms, which must involve the action of one or 
more enzymes. So far, no information is avail- 
able on enzymes in the class I pathway, so this 
section is restricted to a discussion of processing 
of exogenous antigens prior to interaction with 
class I1 MHC molecules. 

A. Proteinases in the Class II MHC 
Pathway 

A number of studies have used a pharma- 
cological approach to identify the nature of these 
enzymes. Two major classes of compounds in- 
terfere with antigen processing, those that disturb 
the pH gradients within the cell and proteolytic 
inhibitors (see Table 1). Certain classes of en- 
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TABLE 1 
Selective Inhibition of Antigen Processing by 
Specific Proteinase Inhibitors 

Antigens Inhibitor 

Myoglobin Leupeptin 

DNP-PLL ZPADK 
PPD pepstatin 
Lysozyme Leupeptin 
KLH Leu peptin 

TPCK 
Ovalbumin TPCK 
Ovalbumin Pepstatin 

€64 
Various Various 
Mycobacteria Leupeptin 
Hemagglutinin Leupeptin 

dopeptidase inhibitors have been shown to block 
processing of a number of protein antigens with- 
out interfering with the presentation of previously 
formed peptide/MHC complexes to T cells. Con- 
versely, prior proteolytic fragmentation of certain 
antigens bypasses the requirement for process- 
ing." Such antigen fragments can be presented 
by fixed antigen presenting cells, or by viable 
presenting cells in the presence of agents that 
block processing of the intact molecule. These 
studies suggest that processing consists of the 
proteolytic fragmentation of antigen. However, 
direct evidence of this hypothesis, namely, the 
recovery and identification of processed antigen 
from class I1 molecules, has so far been possible 
in few cases.'".'07 One such study106 demon- 
strated that a proteolytic fragment of lysozyme 
(about 2 to 3 m a )  could indeed be recovered 
bound to class I1 MHC molecules from cells that 
were allowed to process lysozyme over an ex- 
tended period. More detailed analysis of this frag- 
ment to determine possible cleavage sites within 
the molecule has thus far not been carried out. 
These studies cannot easily rule out the degra- 
dation of antigen occurring during its extraction 
from cell lysates. Therefore, the size of antigenic 
fragments at the time they initially bind to MHC 
remains unknown. 

Examination of the data in Table 1 indicates 

Class of 
proteinase 
Inhibited 

Cysteine or serine 
Cathepsin B? 
Cysteine 
Aspartic 
Cysteine or serine 
Cysteine or serine 
Serine 
Serine 
Aspartic 

Cysteine 
Various 
Cysteine or serine 
Cysteine or serine 

Cathepsin D? 
Cathepsin E? 

Ref. 

96 
97 
98 

99 
100 

101,102 

103 
104 
105 

that processing is blocked by two major classes 
of proteolytic inhibitors, those specific for cys- 
teine and for aspartic proteinases (for a review 
of the major proteinase classes see Reference 108). 
Interpretation is sometimes complicated by the 
use of inhibitors that do not discriminate well 
between different classes of proteinase (e.g., leu- 
peptin, TPCK). In general, inhibitors are added 
in high concentrations to the tissue culture me- 
dium and are assumed to enter the processing 
compartments of the cell by endocytosis. How- 
ever, the effectiveness of the inhibitors in terms 
of inhibition of enzyme activity or antigen deg- 
radation is almost never assessed. Many of the 
inhibitors used are poorly soluble in aqueous so- 
lution, and must be added in small quantities of 
organic solvent. True concentrations over ex- 
tended periods of culture are therefore difficult 
to estimate. Despite these methodological prob- 
lems, it seems clear that both cysteine and as- 
partic proteinases may be involved in antigen 
processing, with the dominant enzyme perhaps 
being determined by the susceptibility of a par- 
ticular antigen or epitope"' to one or another 
enzyme. An alternative interpretation of some of 
the heterogeneity in the data has been suggested 
by more detailed studies on the processing of 
ovalbumin. 101.102 The presentation of ovalbumin 
is inhibited by inhibitors of both cysteine and 
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Proteinase 1 

Prote 

Prote 

stepwise 

nase 1 

nase 2 ? ,  

Proteinase 1 

Proteinase 2 

Nominal antigen 

(shaded): 
Key with T cell epitope 

FIGURE 7. Two models for the requirement of two proteinases in 
the processing of some protein antigens. (a) One proteinase is suffi- 
cient to cleave the antigen for presentation, while the other carries out 
a separate function, such as a stage in MHC maturation. (b) Both 
proteinases are required sequentially at different steps in antigen 
cleavage. 

aspartic proteinases. As illustrated in Figure 7,  dependent step in the processing pathway. The 
this could be explained either by the requirement latter hypothesis is supported by several findings: 
for two successive steps of proteolysis by two 
distinct enzymes or by the involvement of one 1 .  Cleavage by an aspartic proteinase alone is 
type of proteinase in the fragmentation of antigen sufficient to abrogate the processing 
and of another class of proteinase in some in- requirement 
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2. 

3. 

Processing by a cell-free system is inhibited 
only by aspartic proteinase inhibitors 
Data suggest that cysteine proteinase inhib- 
itors may, under certain conditions, also in- 
hibit the presentation of peptide fragments 

Although the second step in the processing path- 
way, which might be sensitive to proteinase in- 
hibitors, has not been definitively identified, one 
possible target could be the dissociation of the 
invariant chain (Ii) from (w/p class 11, which oc- 
curs during processing and transport of class I1 
to the cell surface. This step has been shown to 
involve proteolysi~,~~ and may be an essential 
step in allowing processed antigen to interact with 
MHC molecules (see above). 

Although inhibitors can be used to identify 
the major classes of proteolytic enzyme involved 
in antigen processing, they have not given de- 
tailed information on the specific enzymes in- 
volved. One important factor in predicting 
whether an enzyme will have a significant role 
in processing is the intracellular localization of 
the various enzymes, in terms of the processing 
pathway. The major degradative enzymes of the 
cell (the cysteine proteinases cathepsins B, H, 
and L and the aspartic proteinase cathepsin D) 
were classically believed to localize to the ly- 
sosome, which, as discussed elsewhere, is un- 
likely to be a major processing site.log However, 
nonlysosomal forms of cathepsin D and some 
cysteine proteinases have now been identified both 
by enzymatic func"on6z*'10*''' and by electron mi- 
c r o ~ c o p y . ~ ~  These forms are associated with 
plasma membrane or early endosomal compart- 
ments of the cell, and are therefore good potential 
candidates for processing enzymes. Very re- 
cently, it was demonstrated that processing of at 
least one antigen may involve the action of cath- 
epsin E,I8' a non-lysosomal aspartic proteinase 
localized in tubular/vesicular structures in the cell, 
whose function was previously unknown. 112-11s 

At least in the mouse this enzyme is the major 
aspartic proteinase in lymphocytes, suggesting a 
role in immunological function. It is, of course, 
possible that different antigen presenting cell types 
use different sets of processing enzymes, and 
examples of functional heterogeneity in process- 
ing have been reported.'l6.l1' 

In addition to its intracellular localization, a 
second feature that will determine the effective- 

ness of the processing function of an enzyme will 
be its substrate specificity. In general terms, en- 
zymes with too broad a specificity run the risk 
of destroying the necessary antigenic epitopes, 
and such enzymes, if present, may in fact play 
a regulatory role in limiting the amount of im- 
munogenic material produced during processing 
(antiprocessing e ~ ~ z y m e s ) . " ~ . ~ ~ ~  It has proven very 
difficult to predict cleavage sites of cellular cath- 
epsins on the sole basis of primary substrate se- 
quence. Furthermore, the vast majority of sub- 
strate specificity studies on cellular proteinases 
have been carried out using short synthetic pep- 
tides without secondary/tertiary structural fea- 
tures, and are therefore of relatively little rele- 
vance to antigen processing. One study that looked 
in detail at the nature of cathepsin D cleavage 
sites within a number of protein antigens'2o found 
that this enzyme appears to show some preference 
for cleaving at sites that form amphipathic a- 
helices (as predicted by primary structure). Such 
structures are also relatively good predictive fea- 
tures for antigedMHC binding sites (see below). 

Further studies on cleavage specificities of 
putative processing enzymes, as well as char- 
acterization of the cleavage sites of "naturally" 
processed antigen will be required in order to 
interpret antigen processing in terms of the en- 
zymology of the processing enzymes involved, 
and thus arrive at the rules that govern antigen 
processing at a molecular level. 

B. Other Enzymes 

If knowledge of the proteinases involved in 
processing is incomplete, information on other 
potential processing enzymes is only rudimen- 
tary. Although protein unfolding, induced arti- 
ficially by reduction of disulfide bonds, is suf- 
ficient to remove the requirement for processing 
in some cases,19.%.121 no evidence exists that such 
processes occur under physiological conditions, 
and, indeed, reduction of such bonds can under 
certain cases also lead to the destruction of T cell 
e p i t o p e ~ . ~ ~ . ~ ~  However, certain antigens that are 
highly resistant to proteolytic degradation may 
require partial denaturation or modification prior 
to entering the processing pathway. For example, 
we have shown that in the case of ovalbumin, 
processing and degradation can be greatly en- 
hanced by protein chlorination, a form of protein 
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denaturation that occurs within granulocytes. Is2 

The inability of lymphoid dendritic presenting 
cells to process some, but not other, antigens122 
may likewise reflect an absence of some “pre- 
processing” denaturing pathway (e.g., oxygen 
radical formation). In such cases, processing can 
often be restored by the addition of cells with 
more potent degradative machinery, such as 
macrophages. 123.124 

While very large or resistant antigens may 
require additional processing steps, it has also 
been suggested that quite small antigenic frag- 
ments may acquire enhanced immunogenicity by 
further limited degradation, perhaps through the 
action of exopeptidase. 22 Such modifications may 
even occur after portions of the antigen are bound 
to the MHC binding site, and hence remain pro- 
tected from further degradation. However, evi- 
dence for such “secondary” processing events 
is indirect, and there is no information on which 
enzymes might be involved. Similarly, there is 
no convincing experimental evidence for the oc- 
currence of other forms of posttranslational mod- 
ification (e.g., removal of sugars, side-chain 
modification) during processing. 

V. INTERACTIONS BETWEEN PEPTIDES 
AND MHC 

The interaction of processed antigen with 
MHC molecules to form a stable complex is the 
last step in the antigen processing pathway. Al- 
though such interactions had long been postulated 
and formed an essential element of the “deter- 
minant selection” model of antigen presenta- 
t i ~ n , ’ ~ ~  direct evidence proved difficult to obtain. 
However, the development of an assay for the 
binding of synthetic peptide fragments to affinity 
purified MHC class II molecules in a cell free 
system,126 and the description of the crystallo- 
graphic structure of a MHC molecule showing a 
well-defined “binding site” containing non-MHC 
material ,I6 provided convincing evidence for a 
physical binding of antigen to MHC. Aspects of 
this interaction, particularly in relation to cellular 
localization and intracellular trafficking, were 
discussed above (class I and class II MHC pro- 
cessing). In this section the concentration is on 
the biophysical factors that regulate MHC/anti- 
gen binding. 

A variety of assays that measure “binding” 
of peptide to MHC molecules (both class I and 
class n) have now been reported (Table 2). Some, 
which measure binding on intact  cell^,^^.'^^ are 
of value in terms of screening large numbers of 
peptides and in terms of understanding the cell 
biology of binding, yet yield limited information 
on the more quantitative aspects of binding. Con- 
versely, assays using purified MHC molecules 
suffer from problems of experimental artifacts 
(for example, MHC molecules can only be kept 
in solution in the presence of detergent, and the 
detergent may affect binding  parameter^'^^). Not 
all studies have correlated binding data to func- 
tional responses, and the interpretation of binding 
in such cases is unclear. A more fundamental 
problem is that in both types of assay, binding 
has been measured virtually exclusively for short 
synthetic peptides, rather than antigen processed 
by physiological routes. Processed antigen may 
in some cases consist of quite large antigenic 
fragments whose binding characteristics may be 
substantially different than those of small pep- 
tides. In the case of class I MHC, antigen may 
interact with and play an active role in the initial 
folding of MHC molecules, determining their 
correct configuration (see above). Assays that 
measure binding of peptides to preformed MHC 
sites (whether on empty molecules or by ex- 
change with bound peptide) may therefore be of 
little physiological significance. 

A. Peptide Binding and lmmunogenicity 

Despite these reservations, a number of gen- 
eral features of the interaction have become ap- 
parent. Perhaps the most important observation, 
and usually the only evidence that the observed 
binding is physiologically relevant, is that bind- 
ing is antigen selective in the sense that some 
peptides bind with much higher affinity than oth- 
ers. In practice, binding of most random peptides 
is below the limits of sensitivity of the assays 
used, and such peptides are said not to bind the 
relevant MHC molecule. Peptide binding gen- 
erally shows good correlation to immunogenicity 
for T cells of the appropriate MHC restriction, 
and there are no well-documented cases of pep- 
tides that do not bind a particular MHC molecule 
and yet stimulate a T cell response. The ability 
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TABLE 2 
Physical Measurements of PeptideMHC Binding 

MHC Type of 

Affinlty 
KKi 

(M-’ s-1) - .  

Specles class assay Specificity’ Ref. 

Mouse II 
I1 

Human 

II 
II 
I 
II 
I, II 
I 
I 
II 
II. I 

Equilibrium dialysis 2 x lo-’ 
Gel filtration and 2 x lo -e  

Gel filtration - 
Planar membrane - 
Gel filtration - 

Gel filtration 2 x 10-8 
Solid phase - 
Solid phase - 

equilibrium dialysis 

Solid phase 6 x lo-‘ 
Live cells 1 O-’(estimate) 
Live cells - 

+ +  
+ +  

+ -  
N.T. 
+ -  
+ -  
- 
- 
- 
+ -  
- 

126 
127 

128 
129 
130 
36 
95 

131 
132 
133 
94 

+ + allotype specific; + - isotype, but not allotype specific; - demonstrate both iso- and 
allotype crossreactivity. 

to bind appropriate MHC molecules is therefore 
of fundamental importance in determining which 
epitopes within a protein are immunogenic. How- 
ever, there are now many examples of peptides 
that do show good binding to a particular MHC 
molecule and yet fail to stimulate immunological 
responses. These examples can be divided into 
two classes: (1) derived from “self” proteins, 
which bind to self-MHC molecules, but do not 
elicit an immune response, presumably due to 
tolerance at a T cell (2) a more com- 
plex group that derives from the apparent dis- 
crepancy between the lack of selectivity shown 
in the binding of many peptides to different MHC 
molecules, and the tight control that MHC exerts 
on immunogenicity of specific epitopes (Ir gene 
phenomena). This issue is discussed in more de- 
tail in the following section. 

B. Determinant Selection and 
Degeneracy 

Much controversy surrounds the question of 
the extent to which peptide binding is MHC se- 
lective, and thus what role peptide binding plays 
in determining immune response gene phenom- 
ena. Following immunization with intact protein 
antigens, responses to particular epitopes are usu- 
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ally tightly linked to presentation by a particular 
MHC molecule. If the MHC molecule is changed, 
the immunogenic epitopes within the antigen 
molecule will change (reviewed in Reference 
137). It was clearly attractive to interpret this 
regulation in terms of different binding affinities 
of individual peptides for different MHC mole- 
cules (determinant selection), particularly since 
the majority of polymorphic residues within the 
MHC were found to map to the antigen binding 
site. However, experiments to test this hypothesis 
have provided very conflicting results. Thus, al- 
though initial reports did suggest that peptide 
binding was highly MHC specific ,126-127 many 
later studies found a great deal of cross-reactivity 
(degeneracy) between different MHCs for pep- 
tides involved in both class I and class I1 re- 
stricted responses (see Table 2). In the following 
discussion of the different factors that may ex- 
plain this diversity, a distinction will be made 
between different structural forms of MHC mol- 
ecule (isotypes, e.g., the A, B, and C class I 
molecules in the human) and the many allelic 
forms of each type that are found within the pop- 
ulation because of the extensive polymorphism 
of this family of molecules (allotypes). 

1. At least some discrepancies may well be 
attributable to experimental methods. Par- 
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2. 

3. 

4. 

5 .  

ticularly in the case of class I binding, as- 
says that have measured binding to MHC 
molecules in solution have shown a far 
greater degree of specificity than those in 
which peptides have been immobilized on 
plastic. The reasons for these differences 
are not yet fully understood. 
In general, binding to MHC isotypes shows 
more specificity than to different allo- 
types.’38 In the binding of peptides to more 
than one MHC isotype, careful analysis has 
shown that at least in some cases these pep- 
tides in fact contain two quite distinct MHC 
binding sites.139 In such cases one peptide 
probably binds to the two MHC types in 
quite different ways. 
Immunological responses to short peptides 
are less tightly regulated by MHC type than 
when these same peptides form part of the 
larger protein structures (see the section on 
heirarchy). In some cases responses to the 
same peptide can be obtained not only in 
many different allotypes, but they also as- 
sociated with the homologous MHC mol- 
ecule of a different species.14o This degen- 
eracy in peptide responses may be due to 
the high concentrations of peptide used, 
compared with the very low levels of any 
one epitope produced during physiological 
processing. 
In one case where peptides showed both 
differential immunogenicity and different 
total binding to different MHC haplotypes, 
kinetic and thermodynamic analysis showed 
that affinity constants and rates of reaction 
were in fact very ~imilar.’~ This intriguing 
result suggests that actual binding may be 
largely controlled by the concentration and 
affinities of intrinsic cellular peptides, or 
competing antigens, which are already 
bound to the MHC molecules, and which 
will presumably vary from one MHC allele 
to another (see section on competition). 
T cell recognition depends on the exact con- 
formation the processed antigen adopts 
within the MHC binding site. Thus, while 
total peptide binding to different allotypes 
may be quite comparable, the small changes 
in binding site structure resulting from the 
polymorphisms in MHC sequence may be 
sufficient to alter the conformation of bound 

peptide sufficiently to alter T cell recogni- 
tion (this idea is discussed in detail in Ref- 
erence 141). 

In summary, there are as yet insufficient data and 
the available data has too many potential sources 
of error to assess quantitatively the degree of 
specificity that exists in terms of peptides binding 
to different allelic forms of MHC. The only gen- 
eral conclusion can be that the peptide/MHC 
binding affinity is one essential factor in deter- 
mining the efficiency of the overall processing 
pathway. 

C. Characteristics of Peptides that Bind 
MHC 

A considerable effort has gone into identi- 
fying the features of a particular peptide sequence 
that allow it to bind to a MHC molecule, and 
hence to define the intermolecular interactions 
between peptide and MHC molecule. In the ab- 
sence of crystallographic data on the structure of 
any peptide/MHC complex these features must 
be deduced indirectly from binding or functional 
studies. Analysis of the constantly expanding da- 
tabase of peptides whose binding has been mea- 
sured has revealed elements common to many, 
though not all binding peptides. These elements 
include intrinsic preferences for the formation of 
secondary structural elements (especially amphi- 
pathic a -he l ice~’~~) ,  and particular “motifs” of 
peptide sequence. 143m4 Both approaches have 
yielded operational procedures with some pre- 
dictive ability to identify likely immunogenic 
peptides within particular protein sequences. Data 
comparing the binding and immunogenicity of a 
large variety of analogs of specific peptides also 
suggest that some peptides bind within the MHC 
binding site in a helical c~nfiguration,’~~ while 
others may adopt a more extended conforma- 
tion.’& The final stable binding conformation will 
be determined both by the intrinsic structural 
characteristics of the peptide itself and its inter- 
actions with the MHC molecule. In some cases 
the binding site may be able to accommodate the 
same peptide bound in two different 
configuratons. 

The interpretation of these data is further 
complicated by the fact that binding strength can 
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be greatly influenced (both positively and neg- 
atively) by small modifications to the terminal 
amino acids of peptides and by the addition of 
extra sequences of amino acids to the minimal 
immunogenic epitope region. 147*148 Such changes 
could occur by stabilization of particular second- 
ary conformational structures, or by secondary 
interactions occurring in a number of different 
ways, which will depend on the individual struc- 
ture of MHC molecule and antigen involved. 

It was shown recently that the self-peptides 
that associate with a particular class I molecule 
have some degree of common structure that is 
allotype One or two positions in the 
sequences of these peptides (eight to ten residues 
in length) are highly specific for a single amino 
acid, and several other positions show lesser de- 
grees of specificity. These findings indicate that 
only some zones in the peptide-binding groove 
have precise requirements. These may corre- 
spond to the location of the pockets in the groove 
into which specific amino acid side chains must 
fit. 

D. Quantitative Aspects of PeptideMHC 
Interaction 

A number of studies have tried to obtain 
quantitative data on the kinetic and thermody- 
namic aspects of MHC/peptide interaction, par- 
ticularly for class II MHC molecules. Measured 
equilibrium constants for this interaction (see Ta- 
ble 2) are on the order of to two to 
three orders of magnitude lower than typical val- 
ues for antibodyhtigen binding. This is in agree- 
ment with the theoretical prediction and the ex- 
perimental demonstration that the MHC/antigen 
interaction must be less specific than that in- 
volving antibody. However, a surprising finding 
was that low affinity derived largely from a de- 
crease in the on-rate of the reaction (complex 
formation), while the off-rate (complex dissocia- 
tion) was relatively low (with half-times on the 
order of hours or days).36*126.127J33 In qualitative 
terms this implies that complexes take a long time 
to form, but once formed are rather stable. Ki- 
netic intermediates in the “on” reaction have 
been observed. 149 In molecular terms these results 
have been interpreted as suggesting that MHC 
molecules form stable interactions only with pep- 

460 

tide in highly specific configurations and the slow 
rate of association reflects the small proportion 
of antigen molecules in correct conformation in 
solution at any one time. This interpretation is 
equivalent to saying that peptide antigens need 
to form multiple interactions with the MHC bind- 
ing site simultaneously in order to form stable 
interactions. 

Irrespective of their molecular explanation, 
these findings pose a number of physiological 
problems in terms of processing and presentation. 
In particular these data seem to suggest that an- 
tigen and MHC molecules must be present to- 
gether at relatively high concentrations for a con- 
siderable amount of time in order to produce a 
significant number of complexes. Furthermore, 
they raise the question of how the cell maintains 
a sufficient rate of formation of free (“empty”) 
binding sites to bind new antigens as these are 
processed. Although the solutions to these prob- 
lems are not fully resolved, they have raised a 
number of issues that are currently the focus of 
much processing research. The sites of MHC/ 
peptide interaction have been discussed above in 
the section on class I and class I1 processing 
pathways, and there is at least some evidence 
that class I1 molecules do pass through com- 
partments within which they are retained for at 
least a few hours.28 This, in conjunction with the 
fact that possibly as few as 200 molecules of 
antigen need to be bound to MHC in order to 
trigger a T cell response,1so may be sufficient to 
achieve a sufficient rate of processing. Alterna- 
tively, it has been suggested that processed an- 
tigen may also be retained by secondary inter- 
actions, either with lipid components of the cell 
membrane, Is1 general purpose peptide binding 

or in B cells by antigen-specific im- 
munoglobulin. ls2 Such secondary interactions 
may enhance the degree of antigen/MHC binding 
by increasing localized concentrations of pro- 
cessed antigen and allowing increased time for 
antigen/MHC binding interaction to occur. 

The question of the availability of “free” 
MHC binding sites, in view of the slow complex 
dissociation rates, has been largely focused on 
the extent to which antigens bind newly synthe- 
sized MHC molecules, or alternatively exchange 
with bound antigen on previously occupied MHC 
molecules. As discussed above (see Section on 
MHC class I and class II processing), the data 
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suggest that new antigens bind predominantly to 
new MHC molecules for both classes of MHC. 
In such a model the off-rate of peptides bound 
to MHC is of little significance, since such MHC 
molecules are not reused; however, mechanisms 
for MHC reuse have been proposed. In some 
cases, peptide binding has been shown to be pH 
sensitive, favoring dissociation of complexes un- 
der acidic conditions.127 This has led to the sug- 
gestion that MHC molecules are “unloaded” by 
passage through endosomal acidic microenviron- 
ments, and hence become free to bind new an- 
tigen. 127.153 However, the pH dependence of 
binding seems to be peptide specific, and the 
overall significance of the phenomenon has been 
questioned. 154 

VI. ANTIGEN PROCESSING AS A 
REGULATOR OF THE IMMUNE 
RESPONSE 

A. Competition for Antigen Processing/ 
Presentation 

Many mixtures of antigens restricted to a sin- 
gle class I1 molecule show competitive inhibition 
at the level of antigen processing/presentation 
(reviewed in Reference 155). It is thus apparent 
that processing, particularly at the level of pep- 
tide/MHC binding, acts as a limiting step in the 
ability of new antigens to stimulate an immune 
response. ls6 Although the majority of such com- 
petition studies have been carried out in v i m ,  75 

there are reports of in vivo antigenic competition 
thought to occur at the processing/presenting cell 
step (for example, see References 157 and 157a), 
and this is the basis for an intensive search for a 
new class of specific immunosuppressants that 
would work by blocking available sites for pro- 
cessed antigen on MHC molecules. 

Competition between soluble protein anti- 
gens (self or foreign) has not been documented 
to affect steps in antigen processing other than 
the peptide/MHC interaction. Very little evi- 
dence exists that competition could limit the 
availability of processing enzymes, even with 
large amounts of antigenic material. Ingestion of 
intracellular bacteria has been shown to affect the 
endocytic pathway, and in some cases to depress 

antigen processing, but the mechanism is less 
likely to be competition within the degradation 
pathway and more likely to be a specific effect 
of the microorganism adapting to its own 
survival. 158 

A major source of potential competitors for 
antigen processing are the set of self-proteins 
present within the antigen presenting cell and in 
serum. Because tolerance to self is achieved purely 
at the lymphocyte level by thymic and extra- 
thymic tolerance induction, self-derived immu- 
nogenic epitopes are not excluded from antigen 
presentation. Evidence for the processing and 
presentation of self has been found in various 
systems.135*136 As for foreign antigens, it is pre- 
sumed that presentation of self occurs via two 
pathways. The direct evidence for self-binding 
to class I is lacking, although there is indirect 
evidence from the class I-restricted response to 
minor histocompatibility antigens. Io7 In the class 
11-restricted response, self-products synthesized 
both exogenously and endogenously have been 
shown to bind to MHC. In addition, proteins in 
the medium, including normal serum proteins, 
can compete for processing with intact antigen, 
the competition acting at the level of binding to 
MHC.159 

The above data point to the importance of 
processing of a number of self-peptides produc- 
ing a background with which foreign epitopes 
must compete. A resulting prediction is that the 
self-molecule, which can be processed into a high- 
affinity, broad MHC-specificity peptide and 
which is able to reach MHC loading compart- 
ments in high enough concentration to bind all 
the available MHC, would raise the threshold for 
foreign peptide to be expressed. The authors pre- 
sume that evolution has matched the existence of 
self-peptides, which have some of these prop- 
erties, with an increased rate of synthesis of MHC 
molecules. In addition, competition by high-af- 
finity binding of self-peptides may be the main 
driving force in the maintenance of MHC poly- 
morphism, rather than the converse possibility 
that antigens from potential pathogens would be 
able to avoid MHC binding. 

B. B Cells as Antigen Presenting Cells 

B cells are the only antigen presenting cells 
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to have a specific receptor for native antigen 
-the membrane immunoglobulin (mIg). It has 
been known for some time that B cells have poor 
overall endocytic activity, particularly compared 
with macrophages. This correlates with the 
much lower abiliby of B cells to present most 
antigens; however, B cells function well as an- 
tigen presenting cells under certain circumstan- 
ces.I6I This activity was first seen using antigens 
targeted to the mIg, such as antiglobulin (antisera 
to Ig raised in other species); B cells presented 
antiglobulin to T cells as well as macrophages. 
It has been found that this enhanced processing/ 
presentation function is provided only to antigens 
targeted for surface receptors, which are then 
internalized via receptor-mediated endocytosis. 
These include mIg of all isotypes: IgM, IgD, 
IgG, and even IgE.45,162 B cells expressing the 
specific mIg can present antigen at an ambient 
concentration as low as lo-” M rather than 
the M or more required for nonspecific up- 
take. 163 This shows that internalization of recep- 
tor and ligand delivers the antigen efficiently to 
the endocytic pathway. In addition, internalized 
mIg has been shown to colocalize with MHC 
class I1.IW Targeting of antigen to many other 
membrane proteins such as transferrin receptor 
and MHC itself can also enhance antigen pro- 
cessing/presentation, but not to the same extent 
as mIg. Not all surface proteins facilitate uptake 
when used as targets in this way, for example, 
CD45. These findings correlate closely with the 
extent of endocytic recycling of the target recep- 
tors involved. 

B cells express 104 to lo5 antigen receptors 
per cell that, in the absence of ligand, are in 
internal and external pools of roughly equal sizes, 
constantly and rapidly interchanging through the 
early endosomal compartments with a cycling 
time of 15 min. After antigen binding the rate of 
internalization is unaltered but re-expression is 
diminished.’65 The intracellular routing of the mIg/ 
antigen complex is the late endosome and then 
the lysosome.’66 Signals may exist that target an- 
tigen to subcompartments where processing is 
more effective. More importantly, monovalent 
antigen is routed in this fashion as well as po- 
lyvalent immune complexes and artificial ligands 
such as the antisera described above. The signals 
that control the routing of mIg are unknown, but 
are unlikely to reside in the short cytoplasmic 

domain (three residues) of mIg itself. Rather, the 
family of accessory molecules associated with 
mIg are the likely source of sequences that con- 
trol intracellular traffic. 

It has been estimated that at the lowest an- 
tigen concentrations sufficient to present antigen 
only 0.05% of the surface receptors of B cells 
are occupied by antigen.’52 During the time that 
B cells usually need to process and present an- 
tigen to T cells this would lead to the routing into 
the late endosome of over 1% of mIg complexed 
with antigen. Interestingly, this suggests that the 
number of molecules internalized by B cells is 
not much in excess of the estimated 200 mini- 
mum required to activate T cells during antigen 
presentation. IS0 Thus, processing is very efficient 
for these molecules, particularly in view of neg- 
ative factors such as competition with other pep- 
tides for MHC binding. 

Some years ago Mi t~h i son’~~  proposed that 
an antigen molecule acts as a bridge between 
specific B and T cells, binding receptors on each 
simultaneously. Now that antigen internalization 
and processing is known to be required prior to 
T cell recognition this model has had to be mod- 
ified to one in which binding is sequential. Thus, 
B cells bind first to a native epitope, and this is 
followed by the binding of a T cell to a processed 
epitope on the B cell surface (see Figure 8). How- 
ever, this model retains all the inherent advan- 
tages of “linked recognition” between the B and 
T cell compartments, as originally postulated. 

C. Hierarchy 

The T cell response in vivo to many whole 
proteins has been found to be focused on a limited 
part of the primary sequence. In some cases a 
single major epitope, which is described as im- 
munodominant, may account for 90% of the total 
response.168-170 Of the other epitopes that may be 
present in the antigen, or can be predicted by 
sequence, some will be immunogenic to a lesser 
extent, thus making up a hierarchy of immuno- 
genicity below the principle epitope(s). The re- 
maining epitopes do not form any part of the 
response. This variation is induced by factors that 
remain largely unclear. Many aspects of the im- 
mune response have been implicated, antigen 
processing among them. 
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a 

Nominal antigen: L 
with B and T cell 

Key epitopes (shaded) 
ImmUnOQlObulin: 

T cell receptor: =+ class II 

FIGURE 8. B cells process and present their specific 
antigen in a highly efficient manner. (a) Surface mem- 
brane immunoglobulin binds antigen. (b) Antigen pro- 
cessing of internalized antigen is affected by continued 
binding to immunoglobulin. (c) Processed epitopes 
bound to the endosomal membrane enter a class I1 
MHC positive compartment and bind. (d) PeptideIMHC 
complexes are exocytosed for presentation to specific 
T cells. 

Experiments to demonstrate an epitope hi- 
erarchy scan the response to whole protein with 
peptides derived from it which are immunogenic, 
as evidenced by their ability to prime T cell mem- 
ory for themselves. Either the protein is used as 
primary immunogen and peptides used to gen- 
erate a secondary response, or conversely the 

peptides prime for a challenge by intact antigen. 
Immunodominant peptide epitopes will prime for 
and be primed by the native protein. Nondomi- 
nant epitopes can be immunogenic, priming re- 
sponse to themselves, but only when in the form 
of a peptide; they are not recognized in the con- 
text of the larger protein structure. Problems with 
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these techniques include the use of supraphy- 
siological concentrations of peptide. This may 
overcome physicochemical barriers to process- 
ing. For example, antiprocessing enzymes that 
would destroy the epitope in vivo may be satu- 
rated at the concentrations used - up to 20 pil l. 
In addition, the technique of cloning T cells from 
a primary response has been found to exaggerate 
dominance by selective outgrowth of cells re- 
sponding to one epitope.’69 

1. Factors Other Than Processing 

One possible factor in immunodominance is 
the affinity of an epitope for its binding site on 
MHC. Although this must play a part, there is 
not always a close correlation between affinity 
of an epitope for the binding site and antigenicity 
(see the above section on interaction between 
peptides and MHC - determinant selection and 
degeneracy). 

The importance of the range of T cell recep- 
tors in establishing hierarchy (for example, by 
over- or underexpression of some families of 
variable regions with particular antigen specific- 
ities) has proven difficult to determine. In the 
case of epitopes that are immunogenic in the form 
of peptide but not when buried in the primary 
structure of protein, hierarchy cannot be ex- 
plained by gaps or holes in the T cell receptor 
repertoire. T cell memory to cross-reacting epi- 
topes, self or environmental, may influence hi- 
erarchy, leading to tolerance or enhancement, 
respectively, of a specific response. For example, 
if tolerance to the dominant epitopes is induced, 
it has been shown the response to whole antigen 
will be directed at the epitopes lower in the hi- 
erarchy. 171 Similarly, some peptides containing 
minor epitopes can induce T cell memory to whole 
protein. 170 Together these findings show that 
dominance in some cases is closely related to T 
cell repertoire; some nondominant epitopes are 
able to induce an immune response only when 
the T cell response is biased in their favor. One 
mechanism that may exclude these epitopes from 
the normal immune response is that the T cells 
specific for the dominant epitope(s), once stim- 
ulated, express high-affinity receptors for inter- 
leukin-2 (IL-2), the major T cell growth factor, 
which is then depleted from the local microen- 

vironment. A further role for T cell memory has 
been suggested as the cause for the appearance 
of variable hierarchies in genetically identical an- 
imals responding to the same antigen.169 

2. Differential Processing 

The concept that processing of an antigen 
generates all of its potential epitopes, which are 
then free to bind MHC, does not explain the 
hierarchy of responses seen. In addition to the 
minor epitopes that can elicit T cell responses 
only under special circumstances, there remain 
some.nonimmunogenic epitopes that are not ex- 
pressed at all. The failure of these epitopes to be 
expressed is related to antigen processing. The 
degree of processing that different epitopes need 
before they are exposed from their native mol- 
ecule was discussed earlier in the section on which 
antigens need processing. A further major factor 
is the stability of epitopes once exposed before 
binding to MHC can occur, in particular, resis- 
tance to exopeptidases. 172 Although it seems that 
the dominant epitopes are likely to be those that 
are both easily exposed and stable, little data exist 
on the subject. Differential processing of epitopes 
is thought to be controlled by neighboring se- 
quences that fold back onto the epitope, thus 
producing “hindering structures”. 168*170 Process- 
ing probably occurs via intermediates much larger 
than the 10 to 20 residue peptides used experi- 
mentally, therefore, it has been found in many 
cases that peptides cannot replicate the subtle 
structural context within which epitopes are 
sited.’73 To investigate the extent to which pro- 
cessing influences hierarchy in vivo, antigens must 
be made with unchanged epitopes but altered an- 
tigen processing sites. Before this can be done 
the enzyme specificity and major cleavage sites 
must be determined. A different approach to this 
problem would be to use in v i m  techniques to 
replicate the differential processing seen in vivo. 

Competition with the large number of self- 
derived peptides (see section above) may provide 
a high background of epitopes binding to MHC, 
but not seen by T cells due to self-tolerance. This 
background would act as a threshold for the 
expression of foreign epitopes, excluding those 
that are processed at low levels. Under conditions 
of reduced competition (e.g., in low serum), these 
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epitopes may become relevant. In contrast, epi- 
topes that are not generated at all, or are de- 
stroyed during processing, would not appear even 
in the absence of competition. This hypothesis 
has yet to be tested fully. 

3. The Role of Antibody in Hierarchy 

The interaction between B and T cells that 
are specific for the same antigen (see discussion 
above) may affect epitope hierarchy through con- 
trol of antigen processing. The pattern of frag- 
mentation of exogenous antigen internalized 
within a B cell is dependent on the specificity 
of its Thus, binding to mIg directs 
processing, possibly by inhibiting the action of 
(anti-) processing enzymes cleaving at or near 
the B cell epitope. The protected fragments still 
bound to mIg may, in view of the surprisingly 
high efficiency of antigen processing via this 
route, take a different intracellular pathway from 
the unbound fragments. In addition, the T cell 
epitopes that are included in the degradative in- 
termediate bound to mIg will have a high con- 
centration in the plane of the membrane, thus 
enhancing interaction with MHC class 11. The 
rate at which this intermediate is degraded is in- 
dicated by the finding that Fab is cleaved from 
Fc 30 to 60 min after internalization.'65 

Macrophages can endocytose antigen com- 
plexed to antibody via Fc receptors, leading to 
enhanced processing and presentation. However, 
responses to a single antigen obtained by testing 
a panel of monoclonal antibodies in a checker- 
board fashion against a panel of T cell clones 
specific for different T cell e p i t o p e ~ ' ~ ~  showed 
that rare combinations of antibody and clone failed 
to enhance presentation. This is further evidence 
that specific interaction occurs between the B cell 
epitope bound to antibody and subsequent pro- 
cessing for T cell presentation, and may explain 
the close proximity of B and T cell epitopes on 
some antigens. 176 

4. MHC Directed Processing 

How may the relationship between different 
processing steps affect immunological hierarchy? 
Given that many of the individual steps remain 

obscure, two complementary, extreme models 
may lead to some understanding of the overall 
mechanism. In one model there is complete mi- 
croanatomical separation of crucial (anti-)pro- 
cessing step(s) from a later compartment where 
MHC binding occurs. Immunodominance would 
be achieved by a series of selective pressures as 
epitopes follow the pathway from initial uptake 
to MHC binding. The model predicts that antigen 
processing can be dissected ultrastructurally and 
biochemically. 

The converse model is that processing and 
MHC binding occurs in the same compartment, 
and may be cooperative. The compartment in 
which this occurs for class I1 could be related to 
the late endosome, TGN, or lysosome,7o whereas 
for class I the likely site is the ER.86.87 Since 
MHC would be present, epitopes that are pro- 
cessed first would be able to bind immediately 
to MHC before other epitopes are exposed, 
thereby creating a hierarchy and directing the 
subsequent processing of the bound molecule. 168 

In addition, antiprocessing enzymes would be 
inhibited by the protective effect of MHC. The 
model predicts that the pattern of antigen pro- 
cessing is dependent on the MHC molecules ex- 
pressed by the cell. In the absence of MHC some 
nondominant epitopes will be produced that would 
otherwise not be functionally important, and oth- 
ers will be destroyed. The model predicts that 
experiments that perform the cleavage of antigen 
separately from MHC binding may fail to repro- 
duce the true physiology of processing. Evidence 
for this model is quite strong for class I presenting 
endogenous antigen, where the peptides eluted 
from the class I are not found in cells that do not 
express that m01ecule.~~~ 

VII. CONCLUSIONS 

The authors would like to conclude this re- 
view of antigen processing by considering two 
related questions: why is antigen processing im- 
portant either to us as immunologists, and, more 
significantly perhaps, of what importance is it to 
the overall function of the immune system? The 
first question has been dealt with, at least in part, 
within the review itself. Thus, the authors believe 
that antigen processing is the key step in the 
activation of most immune responses, and a ma- 

465 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



jor regulatory influence on the antigen specificity 
of that response. Furthermore, although this 
question has been largely ignored, defects in an- 
tigen processing may play an important role in 
the pathogenesis of the increasing number of dis- 
eases in which defective or aberrant antigen pre- 
sentation has been demonstrated. This list in- 
cludes major diseases such as leprosy, AIDS, and 
rheumatoid arthritis. Thus, on both “pure” and 
“applied” grounds, there is ample justification 
for the enormous effort being put into the study 
of antigen processing by immunologists, cell bi- 
ologists, biochemists, and molecular biologists. 

The answer to the second question, which 
can be paraphrased as “why did antigen pro- 
cessing evolve?”, must by its nature remain hy- 
pothetical. However, as alluded to in the intro- 
duction, the existence of antigen processing does 
mean that the immune system is able to “see” 
a whole second universe of antigens from which 
it would remain totally excluded were it to rely 
simply on antibody, and the recognition of mo- 
lecular surface conformations. On a purely quan- 
titative level this, of course, decreases the chances 
of any potential pathogen escaping detection. 
However, at a more subtle level, antigen pro- 
cessing can be seen as the evolutionary response 
to the problems of molecular camouflage and 
mimicry. It is now well established that many 
potential pathogens seek to escape detection by 
the immune system either by frequent changing 
of their antigenic surface or by mimicking the 
antigenic surface of their hosts (“the wolf in 
sheep’s clothing”). In all these cases the changes 
tend to occur predominantly at those sites most 
exposed to the external environment, both at the 
molecular and supramolecular level. While the 
immune system is sometimes transiently fooled, 
the action of antigen processing is usually able 
to reveal inner features of an antigen which reveal 
its true identity and therefore make immunolog- 
ical recognition possible. Antigen processing is 
thus surely the embodiment of the ancient prov- 
erb “never judge a wine by its barrel”. 177 Is this 
the lesson of antigen processing? 

REFERENCES 

1. Shefner, D. C. and David, C. S., The major his- 

tocompatibility complex and the I immune response 
region: genetic variation, function and organisation, 
Adv. Immunol., 20, 125, 1975. 

2. Winchester, R. J. and Kunkel, H. G., The human 
Ia system, Adv. Immunol., 28, 221, 1979. 

3. Bierer, B. E., Slackman, B. P., Ratnofsky, S. E., 
and Burakoff, S. J., The biological roles of CD2, 
CD4 and CD8 in T cell activation, Annu. Rev. Im- 
rnunol., 7, 579, 1989. 

4. Davis, M. M. and Bjorkman, P. J., T cell antigen 
receptor genes and T cell recognition, Nature, 334, 
395, 1988. 

5. Townsend, A. R. M., Bastin, J., Gould, K., and 
Brownlee, G. G., Cytotoxic T lymphocytes recog- 
nise influenza haemagglutinin that lacks a signal se- 
quence, Nature, 234, 575, 1986. 

6. Morrison, L. A., Lukacher, A. E., Braciale, V. L., 
Tan, D., and Braciale, T. J., Differences in antigen 
presentation to MHC class I and class I1 restricted 
influenza virus specific cytolytic T lymphocyte clones, 
J. Exp. Med., 163, 903, 1986. 

7. Yewdell, J. W. and Benninck, J. R., The binary 
logic of antigen processing and presentation to T cells, 
Cell, 62, 203, 1990. 

8. Long, E. 0. and Jacobson, S., Pathways of viral 
antigen processing and presentation to CTL: defined 
by the mode of vims entry?, Immunol. Today, 10, 
45, 1990. 

9. Carbone,.F. R. and Bevan, M. J., Class I restricted 
processing and presentation of exogenous cell asso- 
ciated antigen in vivo, J. Exp. Med.,  171, 377, 1990. 

10. Rock, K. L., Gamble, S., and Rothstein, L., he-  
sentation of exogenous antigen with class I major 
histocompatibility complex molecules, Science, 249, 
918, 1990. 

1 1 .  Jaraquemada, D., Marti, M., and Long, E. O., 
An endogenous processing pathway in vaccinia virus- 
infected cells for presentation of cytoplasmic antigens 
to class I1 restricted T cells, J .  Exp. Med.,  172, 947, 
1990. 

12. Nuchtern, J. G., Biddison, W. E., and Klausner, 
R. D., Class I1 MHC molecules can use the endog- 
enous pathway of antigen presentation, Nature. 343, 
74, 1990. 

13. Thomas, D. B., Hodgson, J., Riska, P. F., and 
Graham, C. M., The role of the endoplasmic retic- 
ulum in antigen processing. N-glycosylation of in- 
fluenza haemagglutinin abrogates CD4 cytotoxic T 
cell recognition of endogenously processed antigen, 
J. Immunol., 144, 2789, 1990. 

14. Staerz, U.,  Karmuyama, H., and Garner, A. M., 
Cytotoxic T lymphocytes against a soluble protein, 
Nature, 329, 449, 1987. 

14a. Germain, R. N. and Malissen, B., Analysis of the 
expression and function of class I1 MHC-encoded 
molecules by DNA mediated gene transfer, Annu. 
Rev. Immunol., 4 ,  281, 1986. 

15. Lechler, R. J., Norcross, M. A., and Germain, 
R. N., Quantitative studies of antigen presenting cell 

466 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



function using I-A expressing L cells, J. Imrnunol., 
135, 2914, 1985. 

16. Bjorkman, P., Saper,.M., Samraoui, B., Bennett, 
W., Strominger, J., and Wiley, D., Structure of 
the human class I histocompatibility antigen HLA- 
A2, Nature, 329, 506, 1987. 

17. Shimonkevitz, R., Kappler, J., Marrack, T., and 
Grey, H., Antigen recognition by H-2 restricted T 
cells. I. Cell-free antigen processing, J. Exp. Med.,  
158, 303, 1983. 

18. Lee, P., Matsueda, G., and Allen, P., T cell rec- 
ognitionof fibrinogen, J. Immunol., 140, 1063, 1988. 

19. Regnier-Vigouroux, A., El-Aych, M., Defendini, 
M.-L., Graniel, C., and Pierres, M., Processing 
by accessory cells for presentation to murine T cells 
of appamin, a disulfide bonded 18 amino-acid pep- 
tide, J. Immunol., 140, 1069, 1988. 

20. Naquet, P., Ellis, J., Singh, B., Hodges, R. S., 
and Delovitch, T. L., Processing and presentation 
of insulin. I. Analysis of immunogenic peptides and 
processing requirements for insulin A loop-specific 
T cells, J. Immunol., 139, 3955, 1987. 

21. Mills, K. H. G., Skehel, J. J., and Thomas, D. B., 
Conformational dependent recognition of influenza 
virus hemagglutinin by murine T helper clones, Eur. 
J. Immunol., 16, 276, 1986. 

22. Fox, B. S., Carbone, F. R., Germain, R. N., 
Paterson, Y., and Schwartz, R. H., Processing of 
a minimal antigenic peptide alters its interaction with 
MHC molecules, Nature, 331. 538, 1988. 

23. Jensen, P. E. and Wilkinson, K. D., Probing the 
structure of processed antigen by using biotin and 
avidin, J. Irnmunol., 143, 3423, 1989. 

24. Atassi, Z., Bider, G., and Yokoi, T., Conforma- 
tion-dependent recognition of a protein by T cells 
requires presentation without processing, Biochem. 
J., 259, 731, 1989. 

25. Kappes, D. and Strominger, J. L., Human class I1 
major histocompatibility complex genes and proteins, 
Annu. Rev. Biochem., 57, 991, 1988. 

26. Machamer, C. E. and Cresswell, P., Monensin 
prevents terminal glycosylation of the N- and 0-linked 
oligosaccharides of the HLA-DR-associated invariant 
chain and inhibits its dissociation from the a-0 chain 
complex, Proc. Natl. Acad. Sci. U.S .A. ,  81, 1287, 
1984. 

27. Marks, M. S., Blum, J. S., and Cresswell, P., 
Invariant chain trimers are sequestered in the rough 
endoplasmic reticulum in the absence of association 
with HLA class II antigens, J. Cell Biol. ,  11 1, 839, 
1990. 

28. Neefjes, J. J., Stollorz, V., Peters, P. J., Geuze, 
H. J., and Plaegh, H. L., The biosynthetic pathway 
of MHC class II but not class I molecules intersects 
the endocytic route, Cell, 61, 171, 1990. 

29. Blum, J. S. and Cresswell, P., Role for intracellular 
proteases in the processing and transport of class I1 
HLA antigens, Proc. Natl. Acad. Sci. U.S.A. ~ 85, 
3975, 1988. 

29a. Nowell, J. and Quaranta, V., Chloroquine affects 

biosynthesis of Ia molecules by inhibiting dissocia- 
tion of invariant chains from a-P dimers in B cells, 
J. Exp. Med. ,  162, 1371, 1985. 

30. Kjer-Nielsen, L., Perera, J. D., Boyd, L. F., 
Margulies, D. H., and McCluskey, J., The extra- 
cellular domains of MHC class I1 molecules deter- 
mine their processing requirements for antigen pre- 
sentation, J. Immunol., 144, 2915, 1990. 

31. Griffith, I. J., Ghogawala, Z., Nabavi, N., Golan, 
D. E., Myer, A., McKean, D. J., and Glimcher, 
L. H., Cytoplasmic domain affects membrane 
expression and function of an Ia molecule, Proc. 
Natl. Acad. Sci. U.S .A. ,  85, 4847, 1988. 

3 1 a. Lotteau, V., Teyton, L., Peleraux, A., Nilsson, 
T., Karlsson, L., Schmid, S., Quaranta, V., and 
Peterson, P. A., Intracellular transport of class 11 
MHC molecules directed by invariant chain, Nature, 
348, 600, 1990. 

31b. Bakke, 0. and Dobberstein, B., MHC class II- 
associated invariant chain contains a sorting signal 
for endosomal compartments, Cell ,  63, 707, 1990. 

32. Salamero, J., Humbert, M., Cosson, P., and 
Davoust, J., Mouse B lymphocyte specific endo- 
cytosis and recycling of MHC class I1 molecules, 
EMBO J., 9, 3489, 1990. 

33. Mellins, E., Smith, L., Arp, B., Cotner, T., Celis, 
E., and Pious, D., Defective processing and pre- 
sentation of exogenous antigens in mutants with nor- 
mal HLA class II genes, Nature, 343, 71, 1990. 

34. Elliot, W. L., Stille, C. J., Thomas, L. J., and 
Humphreys, R. E., An hypothesis on the binding 
of an amphipathic, a helical sequence in Ii to the 
desetope of class I1 antigens, J. Immunol., 138,2949, 
1987. 

35. Stockinger, B., Pessara, U., Lin, R. H., Habicht, 
J., Grez, M., and Koch, N., A role of Ia-associated 
invariant chains in antigen processing and presenta- 
tion, Cell ,  56, 683, 1989. 

36. Roche, P. A. and Cresswell, P., High affinity bind- 
ing of an influenza haemagglutinin-derived peptide 
to purified HLA-DR, J. Immunol., 144, 1849, 1990. 

37. Roche, P. A. and Cresswell, P., Invariant chain 
association with HLA-DR molecules inhibits im- 
munogenic binding, Nature, 345. 615, 1990. 

38. Peterson, M. and Miller, J., Invariant chain influ- 
ences the immunological recognition of MHC class 
II molecules, Nature, 345, 172, 1990. 

39. Vanbuskirk, A., Crump, B. L., Margoliash, E., 
and Pierce, S., A peptide binding protein having a 
role in antigen presentation is a member of the HSWO 
heat shock family, J. Exp. Med. .  170, 1799, 1989. 

41. Dice, J. F., Peptide sequences that target cytosolic 
proteins for lysosomal proteolysis, Trends Biochem. 
Sci.,  15, 305, 1990. 

42. Hubhard, A. L., Endocytosis, Curr. Topics Cell. 
Biol. ,  1,  675, 1989. 

43. Pearse, M., Receptors compete for adaptors found 
in plasma membrane coated pits, EMBO J . ,  7, 3331, 
1988. 

44. Jing, S., Spencer, T., Miller, K., Hopkins, C., 

467 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



and Trowbridge, I. S., Role of the human transfemn 
receptor cytoplasmic domain in endocytosis: local- 
isation of a specific signal sequence for internalisa- 
tion, J. Cell Biol., 1 10. 283, 1990. 

45. Lanzavecchia, A., Receptor-mediated antigen up- 
take and its effects on antigen presentation to class 
II-restricted T cells, Annu. Rev. Immunol., 8, 773, 
1990. 

46. Ukkonen, P., Lewis, V., Marsh, M., Helenius, 
A., and Mellman, I., Transport of macrophage Fc 
receptors and Fc receptor-bound ligands to lyso- 
somes, J. Exp. Med.,  163, 952, 1986. 

47. Arvieux, J., Yssel, H., and Colomb, M. G., An- 
tigen-bound C3b and C4b enhance antigen presenting 
cell function in activation of human T cell clones, 
Immunology, 65, 229, 1988. 

48. Sandvig, K., Olsnes, S., Petersen, 0. W., and van 
Deurs, B., Acidification of the cytosol inhibits en- 
docytosis from coated pits, J. Cell. Biol., 105, 679, 
1987. 

49. G M t h s ,  G., Back, R., and Marsh, M., A quan- 
titative analysis of the endocytic pathway in baby 
hamster kidney cells, J. Cell Biol., 109, 2703, 1989. 

50. Gruenberg, J., Griffiths, G., and Howell, K. E., 
Characterisation of the early endosome and putative 
endocytic carrier vesicles in vivo and with an assay 
of vesicle fusion in vitro, J. Cell Biol., 108, 1301, 
1989. 

51. Geuze, H. J., Slot, J. W., and Schwartz, A. L., 
Membranes of sorting organelles display lateral het- 
erogeneity in receptor distribution, J. Cell. Biol., 
104, 1715, 1987. 

52. Schmid, S. L., Fuchs, R., Male, P., and Mellman, 
I., Two distinct subpopulations of endosomes in- 
volved in membrane recycling and transport to ly- 
sosomes, Cell, 52, 73, 1988. 

53. Stoorvogel, W., Geuze, H. J., and Strous, G. J., 
Sorting of endocytosed transfemn and asialoglyco- 
protein occurs immediately after internalisation in 
HepG2 cells, J. Cell Biol., 104, 1261, 1987. 

54. Besterman, J., Airhart, J. A., Woodworth, R. C., 
and Low, R. B., Exocytosis of pinocytosed fluid in 
cultured cells: kinetic evidence for rapid turnover and 
compartmentation, J. Cell. Biol., 91, 716, 1981. 

55. Mellman, I., Fuchs, R., and Helenius, A,, Acidi- 
fication of the endocytic and exocytic pathways, Annu. 
Rev. Biochem., 55 ,  663, 1986. 

56. Fuchs, R., Schmid, S., and Mellman, I., A pos- 
sible role for Na, K-ATPase in regulating ATP-de- 
pendent endosome acidification, Proc. Natl. Acad. 
Sci. U.S.A., 86, 539, 1989. 

57. DUM, K. W., McGraw, T. E., and Mdie ld ,  
F. R., Iterative fractionation of recycling receptors 
from lysosomally destined ligands in an early sorting 
endosome, J. Cell. Biol., 109, 3303, 1989. 

58. Gruenberg, J. and Howell, K. E., An internalised 
transmembrane protein resides in a fusion competent 
endosome for less than 5 minutes, Proc. Natl. Acad. 
Sci. U.S.A., 84, 5758, 1987. 

59. Hopkins, C. R., Gibson, A., Shipman, M., and 

Miller, K., Movement of internalised ligand-receptor 
complexes along a continuous endosomal reticulum, 
Nature, 346, 335, 1990. 

60. Griffiths, G., Hoflack, B., Simons, K., Mellman, 
I., and Kornfeld, S., The mannose 6-phosphate re- 
ceptor and the biogenesis of lysosomes, Cell, 52, 
329, 1988. 

61. Ziegler, H. K. and Unanue, E. R., Decrease in 
macrophage antigen catabolism caused by ammonia 
and chloroquine is associated with inhibition of an- 
tigen presentation to T cells, Proc. Natl. Acad. Sci. 
U.S.A.,  79, 175, 1982. 

62. Diment, S., Leech, M. S., and Stahl, P. D., Cath- 
epsin D is membrane associated in macrophage en- 
dosomes, J. Biol. Chem., 263, 6901, 1988. 

63. Roederer, M., Bowser, R., and Murphy, R. F., 
Kinetics and temperature dependence of exposure of 
endocytosed material to proteolytic enzymes and low 
pH: evidence for a maturation model for the formation 
of lysosomes, J. Cell. Physiol., 131, 200, 1987. 

64. Deng, Y. and Storrie, B., Animal cell lysosomes 
rapidly exchange membrane proteins, Proc. Natl. 
Acad. Sci. U.S.A., 85, 3860, 1988. 

65. Lippincott-Schwartz, J. and Fambrough, D. M., 
Cycling of the integral membrane glycoprotein, 
LEP100, between plasma membrane and lysosomes: 
kinetic and morphological analysis, Cell, 49, 669, 
1987. 

66. Cresswell, P., Intracellular class 11 HLA antigens 
are accessible to transfemn-neuraminidase conju- 
gates internalized by receptor mediated endocytosis, 
Proc. Natl. Acad. Sci. U.S.A., 82, 8188, 1985. 

67. Gada, Y. and Pfeffer, S., Selective recycling of the 
mannose 6-phosphate/IGF-II receptor to the trans 
Golgi network in virro, Cell, 55. 309, 1988. 

68. Griffiths, G. and Simons, K., The trans Golgi net- 
work: sorting at the exit of the Golgi complex, Sci- 
ence, 243, 438, 1986. 

69. Guagliardi, L. E., Koppelman, B., Blum, J. S., 
Marks, M. S., Cresswell, P., and Brodsky, F. M., 
Co-localisation of molecules involved in antigen pro- 
cessing and presentation in an early endocytic com- 
partment, Nature, 343, 133, 1990. 

70. Harding, C. V., Unanue, E. R., Slot, J. W., 
Schwartz, A. L., and Geuze, H. J., Functional and 
ultrastructural evidence for the intracellular formation 
of major histocompatibility complex class 11-peptide 
complexes during antigen processing, Proc. Natl. 
Acad. Sci. U.S.A..  87, 5553, 1990. 

71. Reid, P. A. and Watts, C., Cycling of cell-surface 
MHC glycoproteins through primaquine-sensitive in- 
tracellular compartments, Nature, 346, 655, 1990. 

72. Davis, J. and Cresswell, P., Lack of detectable en- 
docytosis of B lamphocyte MHC class II antigens 
using an antibody-independent technique, J. Immu- 
nol.,  144,990, 1990. 

73. Harding, C. and Unanue, E., Antigen processing 
and intracellular Ia. Possible roles of endocytosis and 
protein synthesis in Ia function, J. Immunol., 142, 
12, 1989. 

468 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



74. Harding, C., Roof, R. W., and Unanue, E. R., 
Turnover of Ia-peptide complexes is facilitated in 
viable antigen presenting cells: biosynthetic turnover 
of Ia vs. peptide exchange, Proc. Natl. Acad. Sci. 
U.S .A. ,  86, 4230, 1989. 

74a. St.-Pierre, Y. and Watts, T., MHC class 11-re- 
stricted presentation of native protein antigens by B 
cells is inhibitable by cycloheximide and brefeldin 
A, J. Immunol.; 145, 812, 1990. 

75. Adorini, L., Appella, E., Doria, G., Cardinaux, 
F., and Nagy, 2. A., Competition for antigen pre- 
sentation in living cells involves exchange of peptides 
bound by class I1 MHC molecules, Nature, 342, 800, 
1989. 

76. Lakey, E. K., Casten, L. A., Niebling, W. L., 
Margiolash, E., and Pierce, S. K., Time depen- 
dence of B cell processing and presentation of peptide 
and native protein antigens, J. Immunol., 140, 3309, 
1988. 

77. Roosnek, E., Demotz, S., Corradin, G., and 
Lanzavecchia, A., Kinetics of MHC-antigen com- 
plex formation on antigen presenting cells, J. Im- 
munol., 140, 4079. 1988. 

78. Townsend, A., Ohlen, C., Bastin, J., Ljunggren, 
H.-G., Foster, L., and Karre, K., Association of 
class I major histocompatibility heavy and light chains 
induced by viral peptides, Nature, 340, 443, 1990. 

79. Rothman, J. E., Polypeptide chain binding proteins 
- catalysts of protein folding and related processes 
in the cell, Cell, 59, 591, 1989. 

80. Townsend, A., Elliot, T., Cerundolo, V., Foster, 
L., Barber, B., and Tse, A., Assembly of MHC 
class I molecules analysed in vitro, Cell, 62, 285, 
1990. 

81. Tse, D. B. and Pernis, B., Spontaneous internali- 
sation of class I MHC molecules in T lymphoid cells, 
J. Exp. Med.. 159, 193, 1984. 

82. Moore, M. W., Carbone, F. R., and Bevan, M. J., 
Introduction of soluble protein into the class I path- 
way of antigen processing and presentation, Cell, 54, 
777, 1988. 

83. Yewdell, J. W., Bennink, J. R., and Hosaka, Y., 
Cells process exogenous proteins for recognition by 
cytotoxic T lymphocytes, Science, 239, 637, 1988. 

83a. Deverson, E. V., Gow, I. R., Coadwell, W. J., 
Monaco, J. J., Butcher, G. W., and Howard, J. C., 
MHC class II region encoding proteins related to 
multidrug resistance family of transmembrane trans- 
porters, Nature, 348, 738, 1990. 

83b. Trowsdale, J., Hanson, I., Mockridge, I., Beck, 
S., Townsend, A., and Kelly, A., Sequences en- 
coded in the class I1 region of the MHC related to 
the “ABC” superfamily of transporters, Nature, 348, 
741, 1990. 

83c. Spies, T. and DeMars, R., Restored expression of 
major histocompatibility class I molecules by gene 
transfer of a putative peptide transporter, Nature, 351, 
323, 1991. 

84. Townsend, A. R. M., Recognition of influenza virus 

proteins by cytotoxic T lymphocytes, Immunol. Res., 
6, 80, 1987. 

85. Herscko, A., Heller, H., Eytan, E., Kaklij, G., 
and Rose, I., Role of the alpha amino group of 
protein in ubiquitin mediated protein breakdown, Proc. 
Natl. Acad. Sci. U.S.A., 81, 7021, 1984. 

86. Nuchtem, J. G., Bonifacio, J. S., Biddison, W. E., 
and Klausner, R. D., BfA implicates egress from 
the endoplasmic reticulum in class I restricted antigen 
presentation, Nature, 339, 223, 1989. 

87. Yewdell, J. W. and Bennink, J., Brefeldin A spe- 
cifically inhibits presentation of protein antigens to 
cytotoxic T lymphocytes, Science, 244, 1072, 1989. 

88. Hosken, N. A. and Bevan, M. J., Defective pre- 
sentation of endogenous antigen by a cell line ex- 
pressing class I molecules, Science, 248, 367, 1990. 

89. Cerundolo, V., Alexander, J., Anderson, K., 
Lamb, C., Cresswell, P., McMichael, A., Gotch, 
F., and Townsend, A., Presentation of viral antigen 
controlled by a gene in the major histocompatibility 
complex, Nature, 345, 449, 1990. 

90. Parham, P., Peptide feeding and cellular cookery, 
Nature, 346, 790, 1990. 

91. Schumacher, T. N., Heemels, M. T., Neefjes, J. J., 
Kast, W. M., Melief, C. J., and Ploegh, H. L., 
Direct binding of peptide to empty MHC class I mol- 
ecules on intact cells and in vitro, Cell, 62, 563, 
1990. 

92. Ljunggren, H.-G., Stam, N. J., Ohlen, C., Neefjes, 
J. J., Hoglund, P., Heemels, M. T., Bastin, J., 
Schumacher, T. N., Townsend, A., Karre, K., 
and Ploegh, H. L., Empty MHC class I molecules 
come out in the cold, Nature, 346, 476, 1990. 

92a. Van Bleek, G. M. and Nathenson, S. G., Isolation 
of an endogenously processed immunodominant viral 
peptide from the class 1 H-2Kb molecule, Nature, 
348, 213, 1990. 

92b. Schumacher, T. N. M., De Bruijn, M. L. H., 
Vernie, L. N., Kast, W. M., Melief, C. J. M., 
Neefjes, J. J., and Ploegh, H. L., Peptide selection 
by MHC class I molecules, Nature. 350, 703, 1991. 

92c. Elliott, T., Cerundolo, V., Elvin, J., and 
Townsend, A., Peptide-induced conformational 
change of the class I heavy chain, Nature, 351,402, 
1991. 

92d. Falk, K., Rotzsehke, O., Stevanovic, S., Jung, G., 
and Rammensee, H.-G., Allele-specific motifs re- 
vealed by sequencing of self-peptides eluted from 
MHC molecules, Nature, 351, 290, 1991. 

93. Perkins, D. L., Mai, M.-Z., Smith, J. A., and 
Gefter, M. L., Identical peptides recognized by MHC 
class I and I1 restricted T cells, J. Exp. Med., 170, 
279, 1989. 

94. Hickling, J. K., Fenton, C. M., Howland, K., 
Marsh, S. G. E., and Rothbard, J. B., Peptides 
recognised by class I restricted T cells also bind to 
MHC class II molecules, Int. Immunol., 2,435, 1990. 

95. Choppin, J., Martinon, F., Gomard, E., Bahraani, 
E., Connan, F., Buillot, M., and Levy, J. P., 

469 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Analysis of physical interactions between peptides 
and HLA molecules and application to detection of 
HIVl antigenic peptides, J. Exp. Med., 172, 889, 
1990. 

96. Streicher, H. Z., Berkower, I. J., Busch, M., 
Gurd, F. R. N., and Benofsky, J. A., Antigen 
conformation determines processing requirements for 
T cell activation, Proc. Natl. Acad. Sci. U.S.A., 81, 
6831, 1984. 

97. Takahashi, H., Cease, K. B., and Bemfsky, J. A., 
Identification of proteases that process distinct epi- 
topes on the same protein, J. Immunol., 142, 2221, 
1989. 

98. BUUS, S. and Werdelin, O., A group specific in- 
hibitor of lysosomal cysteine proteinases selectively 
inhibits both proteolytic degradation and presentation 
of the antigen DNP-poly-L-lysine by guinea pig ac- 
cessory cells to T cells, J. Immunol., 136,452, 1986. 

99. Puri, J., Lanai, P., and Friedman, V., Antigen- 
Ia interaction and the proteolytic processing of an- 
tigen: the structure of the antigen determines its re- 
striction to the A or E molecule of the MHC, Eur. 
J. Immunol., 16, 1093, 1986. 

100. Yoshikawa, M., Watanabe, M., and Hozumi, N., 
Analysis of proteolytic processing during specific an- 
tigen presentation, Cell. Immunol., 110, 431, 1987. 

101. Shaw, M. A. and Chain, B. M., A cell-free model 
system for the study of antigen processing, Inr. Im- 
munol., 1, 619, 1989. 

102. Diment, S., Different roles for thiol and aspartyl 
proteases in antigen presentation of ovalbumin, J. 
Immunol., 145, 417, 1990. 

103. Puri, J. and Factorovich, Y., Selective inhibition 
of antigen presentation to cloned cells by protease 
inhibitors, J .  Immunol., 141, 3313, 1988. 

104. Bhardwaj, V. and Colston, M. J., The processing 
and presentation of mycobacterial antigens by human 
monocytes, Eur. J. Immunol., 18. 691, 1988. 

105. Eknlohr, L. C., Gerhard, W., and Hackett, C. J., 
Individual class 11-restricted antigenic determinants 
of the same protein exhibit distinct kinetics of ap- 
pearance and persistence on antigen presenting cells, 
J. Immunol., 141, 2581, 1988. 

106. Demotz, S., Grey, H. M., Appella, E., and Sette, 
A., Characterisation of a naturally processed MHC 
class 11-restricted T cell determinant of hen egg ly- 
sozyme, Nature, 342, 682, 1989. 

107. Rotzschke, O., Falk, K., Wallny, H.-J., Faath, 
S., and Rammensee, H.-G., Characterization of 
naturally occurring minor histocompatability peptides 
including H-4 and H-Y, Science, 249, 283, 1990. 

108. Barrett, A. J., Proteinases in Mammalian Cells and 
Tissues, North-Holland, Amsterdam, 1977. 

109. Chain, B. M. and Kaye, P., Processing and pre- 
sentation by dendritic cells -the role of the lysosome 
in antigen breakdown, in Regulation of Immune Gene 
Expression, Feldmann, M. and McMichael, A., Eds., 
Humana Press, Clifton, NJ, 1986, 207. 

1 10. Sloane, B. F., R o w ,  J., Hatfield, J. S., Crissman, 
J. D., and Hann, K. V., Plasma membrane asso- 

ciated cysteine proteinases in human and animal tu- 
mours, Exp. Cell Biol., 55 ,  209, 1987. 

111. Chain, B. M., Bhou-Gharios, G., and Olsen, I., 
Endopeptidase activities associated with the plasma 
membrane compartment of an antigen presenting B 
cell, Clin. Exp. Immunol., 75, 87, 1989. 

1 12. Azuma, T., Pals, G., Mohandas, T. K., Couvreur, 
J. M., and Taggart, R. T., Human gastric cathepsin 
E. Predicted sequence, localisation to chromososme 
1, and sequence homology with other aspartic pro- 
teinase, J. Biol. Chem., 264. 16748, 1989. 

113. Sakai, H., Saku, T., Kato, Y., and Yamamoto, 
K., Quantitation and immunohistochemical localis- 
ation of cathepsins E and D in rat tissues and blood 
cells, Biochim. Biophys. Acfu. 991, 367, 1989. 

114. Jupp, R. A., Richards, A. D., Kay, J., Dunn, 
B. M., Wyckoff, J. B., Samloff, I. M., and 
Yamamoto, K., Identification of the aspartic pro- 
teinases from human erythrocyte membranes and gas- 
tric mucosa (slow-moving proteinase) as catalytically 
equivalent to cathepsin E, Biochem. J . ,  254, 895, 
1988. 

115. Ueno, E., Sakai, H., Kato, Y., and Yamamoto, 
K., Activation mechanisms of erythrocyte cathepsin 
E. Evidence for the Occurrence of the membrane as- 
sociated active enzyme, J. Biochem., 105, 878, 1989. 

116. Michalek, M. T., Benacera, B., and Rock, K. L., 
Two genetically identical antigen-presenting cell 
clones display heterogeneity in antigen processing, 
Proc. Natl. Acad. Sci. U.S.A. ,  86, 3316, 1989. 

117. Shastri, N., Malissen, B., and Hood, L., Ia-trans- 
fected L-cell fibroblasts present a lysozyme peptide 
but not the native protein to lysozyme specific T cells. 
Proc. Narl. Acad. Sci. U.S.A..  82, 3885, 1985. 

118. Cross, A. H., Dolich, S., and Raine, C. S., Antigen 
processing of myelin basic protein is required prior 
to recognition by T cells inducing EAE, Cell Im- 
munol., 129, 22, 1990. 

119. McCoy, K. S., Gal, S., Schwartz, R. H., and 
Gottesman, M. M., An acid protease secreted by 
transformed cells interferes with antigen processing, 
J. Cell Biol., 106, 1879, 1988. 

120. Van Noort, J. M. and van der Drift, A. C., The 
selectivity of cathepsin D suggests an involvement 
of the enzyme in the generation of T cell epitopes, 
J. Biol. Chem., 264, 14159, 1989. 

121. Sette, A., Adorini, L., Colon, S. M., BUUS, S., 
and Grey, H. M., Capacity of intact proteins to bind 
to MHC class I1 molecules, J. Immunol., 143, 1265, 
1989. 

122. Chain, B. M., Kaye, P. M., and Feldmann, M., 
The cellular pathway of antigen presentation: bio- 
chemical and functional analysis of antigen process- 
ing in dendritic cells and macrophages, Immunology, 
58, 271, 1986. 

123. Gautan, G. and Glynn, P., Lewis rat lymphoid 
dendritic cells can efficiently present homologous 
myelin basic protein to encephalitogenic lympho- 
cytes, J. Neuroimmunol., 22, 113, 1989. 

124. Kapsenberg, M. L., Teunissen, M. B., Stiekman, 

470 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



F. E. M., and Keizer, H. G., Antigen presenting 
cell function of dendritic cells and macrophages in 
proliferative T cell responses to soluble and partic- 
ulate antigens, Eur. J. Imrnunol., 16, 345, 1986. 

125. Benacerraff, B., A hypothesis to relate the speci- 
ficity of T lymphocytes and the activity of the I re- 
gion-specific Ir genes in macrophages and B lym- 
phocytes, J. Immunol.. 120, 1809, 1978. 

126. Babbitt, B. P., Men, P. M., Matsueda, G., Haber, 
E., and Unanue, E. R., Binding of immunogenic 
peptides to Ia histocompatibility molecules, Nature, 
317, 359, 1985. 

127. BUUS, S., Sette, A., Colon, S. M., Jenis, D. M., 
and Grey, H. M., Isolation and characterisation of 
antigen-Ia complexes involved in T cell recognition, 
Cell, 47, 1071, 1986. 

128. Sette, A., BUUS, S., Colon, S., Miles, C., and 
Grey, H. M., Structural analysis of peptides capable 
of binding to more than one Ia antigen, J. Immunol., 
142, 35, 1989. 

129. Watts, T. H., T cell activation by preformed, long- 
lived la peptide complexes, J .  Immunol., 141, 3708, 
1988. 

130. Chen, B. P. and Parham, P., Direct binding of 
influenza peptides to class I HLA molecules, Nature, 
337, 743, 1990. 

131. Chen, B. P., Rothbard, J., and Parham, P., Ap- 
parent lack of MHC restriction in binding of class I 
HLA molecules to solid phase peptides, J. Exp. Med., 
172, 931, 1990. 

132. Frelinger, J. A., Gotch, F. M., Zweerink, H., 
Wain, E., and McMichael, A. J., Evidence of wide- 
spread binding of HLA class I molecules to peptides, 
J. Exp. Med., 172, 827, 1990. 

133. Ceppellini, R., Frumento, G., Ferrara, G. B., 
Tosi, R., Chersi, A., and Pernis, B., Binding of 
labelled influenza matrix peptide to HLA DR in living 
B cells, Nature, 339, 392, 1989. 

134. Roof, R. W., Luescher, I. F., and Unanue, E. R., 
Phospholipids enhance the binding of peptides to class 
II major histocompatibility molecules, Proc. Natl. 
Acad. Sci. U.S.A., 87, 1735, 1990. 

135. Lorenz, R. G. and Allen, P. M., Direct evidence 
for functional self-proteidIa molecule complexes in 
vivo, Proc. Natl. Acad. Sci. U.S.A., 85,5220, 1988. 

136. Rosloniec, E. F., Vitez, L. J., BUUS, S., and Freed, 
J. H., MHC class 11-derived peptides can bind to 
class II molecules, including self-molecules, and pre- 
vent antigen presentation, J. Exp. Med., 171, 1419, 
1990. 

137. Livingstone, A. M. and Fathman, G. C., The struc- 
ture of T cell epitopes, Annu. Rev. Immunol., 5,477, 
1987. 

138. Carreno, B. M., Anderson, R. W., Coligan, J. E., 
and Biddison, W. F., HLA-B37 and HLA-A2.1 
molecules bind to largely nonoverlapping sets of pep- 
tides, Proc. Natl. Acad. Sci. US. A., 87,3420, 1990. 

139. Panina-Bordignon, P., Tan, A., Tennutelen, A., 
Demotz, S., Corradin, S., and Lanzavecchia, A., 
Universally immunogenic T cell epitopes: promis- 

cuous binding to human MHC class I1 and promis- 
cuous recognition by T cells, Eur. J. Immunol., 19, 
2237, 1989. 

140. Davies, D. H., Hill, C. M., Rothbard, J. B., and 
Chain, B. M., Definition of murine T helper cell 
determinants in the major capsid protein of human 
papillomavirus Type 16, J. Gen. Virol., in press. 

141. Lechler, R. I., Lombardi, G., Batchelor, J. R., 
Reinsmoen, N., and Bach, F. H., The molecular 
basis of alloreactivity, Irnrnunol. Today, 1 I ,  83, 1990. 

142. Spouge, J. L., Guy, H. R., Cornette, J. L., 
Margalit, H., Cease, K., Berzofsky, J. A., and De 
Lki, C., Strong conformational propensities enhance 
T cell antigenicity, J. Immunol., 138, 204, 1987. 

143. Sette, A., BUUS, S., Appella, E., Smith, J. A., 
Chesnut, R., Miles, C., Colon, S. M., and Grey, 
H. M., Prediction of major histocompatibility com- 
plex binding regions of protein antigens by sequence 
pattern analysis, Proc. Natl. Acad. Sci. U.S.A., 86, 
3296, 1989. 

144. Rothbard, J. and Taylor, W. R., A sequence pat- 
tern common to T cell epitopes, EMBO J., 7, 93, 
1988. 

145. Huet, S., Nixon, D. F., Rothbard, J. B., Townsend, 
A., Ellis, S. A., and McMichael, A. J., Structural 
homologies between two HLA B27 restricted pep- 
tides suggest residues important for interaction with 
HLA 827, Int. Immunol., 2, 309, 1990. 

146. Sette, A., BUUS, S., Colon, S., Smith, J. A., Miles, 
C., and Grey, H., Structural characteristics of an 
antigen required for its interaction with la and rec- 
ognition by T cells, J .  Immunol., 328, 395, 1987. 

146a. Kurata, A. and Berzofsky, J. A., Analysis of pep- 
tide residues interacting with MHC molecule or T 
cell receptor. Can a peptide bind in more than one 
way to the same MHC molecule?, J. Immunol.. 144, 
4526, 1990. 

147. Bodmer, H. C., Pemberton, R. M., Rothbard, 
J. B., and Askonas, B. A., Enhanced recognition 
of a modified peptide antigen by cytotoxic T cells 
specific for influenza nucleoprotein, Cell, 52, 253, 
1988. 

148. Bhayani, H., Carbone, F. R., and Paterson, Y., 
The activation of pigeon cytochrome specific T cell 
hybridomas by antigen peptides is influenced by non- 
native sequences at the NH, terminus of the 
determinant. 

149. Sadegh-Nasseri, S. and McConnell, H. M., A ki- 
netic intermediate in the reaction of an antigenic pep- 
tide and I-EL, Nature, 337, 274, 1989. 

150. Harding, C. V. and Unanue, E. R., Quantitation 
of antigen-presenting cell class IUpeptide complexes 
necessary for T-cell stimulation, Nature, 346, 574, 
1990. 

151. Falo, L D., Benacerraff, B., and Rock, K. L., 
Phospholipase treatment of accessory cells that have 
been exposed to antigen selectively inhibits antigen- 
specific la-restricted but not allospecific stimulation 
of T lymphocytes, Proc. Natl. Acad. Sci. U.S.A.. 
83, 6994, 1986. 

471 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



152. 

153. 

154. 

155. 

156. 

157. 

157a. 

Lanzavecchia, A., Antigen uptake and accumulation 
in antigen specific B cells, Immunol. Rev., 99, 39, 
1987. 
Jensen, P. E., Regulation of antigen presentation by 
acidic pH, J. Exp. Med.,  171, 1779. 1990. 
Lee, J. M. and Watts, T. H., On the dissociation 
and reassociation of MHC class II-foreign peptide 
complexes. Evidence that brief transit through an 
acidic compartment is not sufficient for binding site 
regeneration, J. Immunol., 144, 1829, 1990. 
Werdelin, O., Determinant protection. A hypothesis 
for the activity of immune response genes in the pro- 
cessing and presentation of antigens by macrophages, 
Scand. J. Immunol., 24, 625, 1986. 
Vacchio, M., Berzofsky, J. A., Krzych, U., Smith, 
J. A., Hodes, R. J., and Finnegan, A., Sequences 
outside a minimal immunodominant site exert neg- 
ative effects on recognition by staphylococcal nu- 
clease-specific T cell clones, J. Immunol., 143,2814, 
1989. 
Gautam, A. M. and Glynn, P., Competition be- 
tween foreign and self proteins in antigen presenta- 
tion, J. Immunol., 144, 1177, 1990. 
Lamont, A. G., Powell, M. F., Colon, S. M., 
Miles, C., Grey, H. M., and Sette, A., The use of 
peptide analogs with improved stability and MHC 
binding capacity to inhibit antigen presentation in 
vitro and in vivo, J. Immunol., 144, 2493, 1990. 

158. Levya-Cobain, F. and Unanue, E. R., Intracellular 
interference with antigen processing, J. Immunol., 
141, 1445, 1988. 

159. Lorenz, R. G., Blum, J. S., and Allen, P., Con- 
stitutive competition by self proteins for antigen pre- 
sentation can be overcome by receptor-enhanced up- 
take, J. Immunol., 144, 1600, 1990. 

160. Chesnut, R. W., Colon, S. M., and Grey, H. M., 
Antigen presentation by normal B cells, B cell tu- 
mours and macrophages: functional and biochemical 
comparison, J. Immunol., 128, 1764, 1982. 

161. Chesnut, R. W. and Grey, H. M., Studies on the 
capacity of B cells to serve as antigen presenting cells, 
J .  Immunol., 126, 1075, 1981. 

162. Snider, D. P. and Segal, D. M., Efficiency of an- 
tigen presentation after antigen targeting to surface 
IgD, IgM, MHC, FcTRII and B220 molecules on 
murine splenic B cells, J. Immunol., 143, 59, 1989. 

163. Lanzavecchia, A., Antigen-specific interaction be- 
tween T and B cells, Nature, 314, 537. 1985. 

164. Pletscher, M. and Pernis, B., Internalized mem- 
brane immunoglobulin meets intracytoplasmic DR 
antigen in human B lymphoblastoid cells, Eur. J. 
Immunol., 13, 581, 1983. 

165. Davidson, H. W., West, M., and Watts, C., En- 
docytosis, intracellular trafficking, and processing of 
membrane Ig and monovalent antigedmembrane IgG 
complexes in B lymphocytes, J. Immunol., 144, 4101, 
1 990. 

166. Ruud, E., Michaelson, T., Kindberg, G. M., Berg, 

T., Funderud, S., and Godal, T., Heterogeneity of 
degradation of B cell endocytosed monoclonal anti- 
bodies reacting with different sIgM epitopes, Scand. 
J .  Immunol., 29, 299, 1989. 

166a. Reth, M., Hombach, J., Wienands, J., Campbell, 
K. S., Chien, N., Justement, L. B., and Cambier, 
J. C., The B-cell antigen receptor complex, Immu- 
nol. Today, 12, 6, 1991. 

167. Mitchison, N. A., The carrier effect in the secondary 
response to hapten-protein conjugates. 11. Cellular co- 
operation, Eur. J. Immunol., 1, 18, 1971. 

168. Gammon, G., Shastri, N., Cogswell, J., Wilbur, 
S., Sadegh-Nasseri, S., Krzych, U., Miller, A., 
and Sercarz, E., The choice of T-cell epitopes uti- 
lized on a protein antigen depends on multiple factors 
distant from as well as at the determinant site, Im- 
munol. Rev., 98, 53, 1987. 

169. Gammon, G., Klotz, J., Ando, D., and Sercarz, 
E. E., The T cell repertoire to a multideterminant 
antigen, J. Immunol., 144, 1571, 1990. 

170. Shivakumar, S., Sercarz, E. E., and Krzych, U., 
The molecular context of determinants within the 
priming antigen establishes a hierarchy of T cell in- 
duction: T cell specificities induced by peptides of 
P-galactosidase vs whole antigen, Eur. J. Immunol., 
19, 681, 1989. 

171. Gammon, G. and Sercarz, E., How some T cells 
escape tolerance induction, Nature, 342, 183, 1989. 

172. Donermeyer, D. L. and Allen, P., Binding to Ia 
protects an immunogenic peptide from proteol ytic 
degradation, J .  Immunol., 142, 1063, 1989. 

173. Shastri, N., Gammon, G., Horvath, S., Miller, 
E., and Sercarz, E. E., The choice between two 
distinct T cell determinants within a 23-amino acid 
region of lysozyme depends on their structural con- 
text, J. Immunol., 137, 91 1, 1986. 

174. Davidson, H. W. and Watts, C., Epitope-directed 
processing of specific antigen by B lymphocytes, J. 
Cell. Biol., 109, 85, 1989. 

175. Manca, F., Fenoglio, D., Kunkl, A., Cambiaggi, 
C., Sasso, M., and Celada, F., Differential acti- 
vation of T cell clones stimulated by macrophages 
exposed to antigen complexed with monoclonal an- 
tibodies, J .  Immunol., 140, 2893, 1988. 

176. Milich, D. R., McLachlan, A., Chisari, F. V., and 
Thornton, G. B., Nonoverlapping T and B cell de- 
terminants on an hepatitis B surface antigen pre-s(2) 
region synthetic peptide, J. Exp. Med.,  164, 532, 
1986. 

177. Paraphrased from Rabbi Meir, Mishnah Avot, Chap- 
ter IV, mishnah 27. 

178. Levine, T. and Chain, B. M., manuscript in 
preparation. 

179. Miller, K., personal communication. 
180. Watts, C., personal communication. 
181. Bennett, K., Levine, T., Ellis, J. S., Pearasky, 

R. J., Sanloff, I. M., Kay, J., and Chair, B. M., 
Cathepsin E: a novel processing enzyme, manuscript 
submitted. 

472 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



182. Marinkiewicz, J., Chair, B., Olszowska, E., 
OIszowski, S., and Zgliczynski, J. M., Enhance- 
ment of immonogenic properties of ovalbumin due 
to its chlorination, Inr. J .  Biochem., in press. 

473 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


