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Abstract 
T cell recognition of antigen requires that a complex form 
between peptides derived from the protein antigen and cell 
surface glycoproteins encoded by genes within the major his- 
tocompatibility complex (MHC). MHC class II molecules 
present both extracellular (exogenous) and internally synthe- 
sized (endogenous) antigens to the CD4 T cell subset of lym- 
phocytes. The mechanisms of endogenous antigen presenta- 
tion are the subject of this review. Isolation and amino acid 
sequencing of peptides bound to the class II molecule indicate 
that a very high proportion (70-90%) of the total peptides pre- 
sented by the class II molecule are in fact derived from the 
pool of proteins that are synthetized within the antigen-pre- 
senting cell (APC). This type of sequence information as well 
as the study of model antigens has indicated that proteins 
expressed in a diversity of intracellular sites, including the cell 
surface, endoplasmic reticulum and cytosol can gain access to 
the class II molecule, albeit with different efficiencies. The 
main-questions that remain to be answered are the intracellu- 
lar trafficking patterns that allow colocalization of internally 
synthesized antigens with the class II molecule, the site(s) 
within the cell where peptide:class II molecule complex forma- 
tion can take place and whether presentation of 'foreign' as 
well as 'sell" antigens takes place by mechanisms that vary 
from one cell type to another or that vary with the metabolic 
state of the APC. If such variability exists, is would imply that 
the array of peptides displayed by class II molecules at the cell 
surface has similar variability, a possibility that would impact 
on self tolerance and autoimmunity. 
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Introduction 

T cells play a critical regulatory role in the 
immune system. Accordingly, there has been 
great interest in understanding the mecha- 
nisms that are involved in T cell recognition. 
Work by a number of investigators has estab- 
lished that the fundamental event that allows 
T cell recognition of antigen to occur is the 
formation of a complex between peptides de- 
rived from the antigen and intact cell surface 
proteins encoded for by genes within the ma- 
jor histocompatibility complex (MHC). Two 
classes of MHC molecules, MHC class I and 
class II, are specialized for presentation of 
antigenic peptides for recognition by T cells. 
Crystallographic evidence reveals a peptide 
binding groove at the distal terminus of the 
MHC class I molecules [1, 2]. A similar bind- 
ing pocket has been observed in MHC class II 
crystals [3, 4] that is constructed from the 
amino-terminal, genetically polymorphic do- 
mains of the class II ct and 13 chains. 

Although their structural domains are sim- 
ilar, the cellular compartments in which 
MHC class I and class II molecules function 
appear to differ. MHC class II molecules have 
the specialized capacity to present peptides 
generated from extracellular antigens which 
enter the cell by endocytosis [5, 6]. The result- 
ing class II:peptide complexes, products of the 
endosomal/lysosomal processing pathway, 
are recognized by CD4+ T cells. CD4+ cells, 
in large part, function to enhance antibody 
production by B lymphocytes and to activate 
cellular immune responses. They have thus 
been termed helper T cells. In contrast, MHC 
class I molecules primarily present peptides 
derived from intraceUular proteins with ac- 
cess to proteolytic machinery within the cyto- 
sol. Resulting class I:peptide complexes are 
important in directing the immune response 
of CD8+ cytolytic T lymphocytes against in- 
tracellular pathogens such as viruses. 

Much has been learned in recent years 
regarding the intracellular events regulating 
MHC-restricted presentation of antigen. Al- 
though the specifics of class I antigen process- 
ing are not yet fully understood, evidence sug- 
gests that a multisubunit proteolytic complex 
within the cytosol may play a role in generat- 
ing antigenic peptides for class I presentation 
[reviewed in ref. 7]. The resulting peptides are 
thought to be imported into an early exocytic 
compartment, presumably the endoplasmic 
reticulum (ER) by two MHC-encoded pro- 
teins (TAP-I and TAP-2) which belong to a 
family of transporter proteins known as the 
ABC (ATP-binding cassette) superfamily [8- 
11]. Peptide binding to class I molecules al- 
lows for stable association with a second non- 
MHC-encoded protein, 132-microglobulin [ 12, 
13]. The assembly of the MHC class I heavy 
chain with 132-microglobulin and peptide 
within the ER is facilitated by an 88-kD pro- 
tein named calnexin [ 14, 151. Only after bind- 
ing to both peptide and 132-microglobulin does 
the MHC class I molecule achieve a confor- 
mation suitable for exit from the ER/cis Golgi 
[16, 171. 

Early studies investigating MHC class II- 
restricted antigen presentation revealed sev- 
eral general characteristics. It is time-depen- 
dent and blocked by agents known to inhibit 
the activity of lysosomal proteases. Analysis 
of the intracellular trafficking of the class II 
molecule has also implicated the importance 
of endosomal compartments in class II-re- 
stricted antigen presentation. During biosyn- 
thesis, MHC class II molecules, unlike MHC 
class I, do not appear to follow the default ER/ 
Golgi/cell surface exocytic pathway. While 
transmembrane proteins within the default 
exocytic pathway appear at the cell surface 
within minutes after sialic acid addition in the 
trans-Golgi, expression of MHC class II mole- 
cules occurs hours after sialylation [ 18]. MHC 
class II molecules are sensitive to endocytosed 
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neuraminidase during this time, suggesting 
that these proteins intersect endocytic com- 
partments after transport through the Golgi 
[19]. Interestingly, very recent subceUular 
fractionation studies have suggested that the 
class II-containing compartments may be dis- 
tinct from the well-defined endosomal and 
lysosomal compartments [20-22]. Within 
these compartments or other protease con- 
taining-compartments within the endocytic 
pathway the invariant chain glycoprotein is 
released from MHC class II, an event that 
allows the peptide binding site within class II 
to become available for peptide binding [23, 
24]. Thus, the currently accepted model for 
class II presentation of exogenous antigens 
involves selective trafficking of MHC class II 
molecules and antigen into the compartments 
of the endocytic pathway. Within these com- 
partments, through the activity of resident 
lysosomal proteases, antigen is cleaved into 
peptides and invariant chain is released from 
the class II molecules. Peptides binding then 
takes place and the peptide:MHC class II 
complex is exported to the cell surface for rec- 
ognition by CD4 T cells. 

Although the class II molecule is special- 
ized to sample extracellular antigens which 
enter the cell by endocytosis, it has become 
increasingly clear that class II molecules can 
also efficiently bind and present peptide-de- 
rived from proteins synthesized within the 
antigen-presenting cell (APC) [25-33]. Al- 
though the extent to which class II molecules 
display peptides derived from internally syn- 
thesized proteins is becoming increasingly ap- 
parent, the mechanisms governing their pre- 
sentation remain poorly defined. In this re- 
view, I will discuss research which has pro- 
vided insight into the mechanisms involved 
in endogenous antigen presentation and the 
immunological implications of endogenous 
antigen presentation by the MHC class II mol- 
ecule. 

Peptides Isolated from the MHC Class II 
Molecule 

Recently, highly sophisticated and sensi- 
tive biochemical methods have been devel- 
oped to derive sequence information from 
complex mixtures of peptides. Two general 
methods of peptide sequencing have been ap- 
plied to the study of MHC-bound peptides. 
Both methods typically involve isolation of 
the MHC molecule through monoclonal anti- 
body affinity chromatography followed by 
acid elution of peptides from the intact MHC 
molecule. Low molecular weight peptides are 
then separated from the larger proteins and 
polypeptides and the peptides are fraction- 
ated by high performance liquid chromatog- 
raphy (HPLC). Amino acid sequencing is 
then performed on individual HPLC frac- 
tions. In one method sequencing is accom- 
plished through the use of typical Edman deg- 
radation techniques, while in the other meth- 
od, sequence information is derived from tan- 
dem mass spectrometry. This latter method 
has the advantage of requiring less material 
and also has the capability to sequence indi- 
vidual peptides contained within complex 
mixtures. Both methods have provided a 
great deal of information on the nature of pep- 
tides naturally bound to the MHC class II 
molecule. 

One of the early and surprising results 
from the analyses of peptides eluted from 
class II MHC molecules is that a significant 
fraction of the peptides isolated from MHC 
expressed on cells in culture is derived from 
internally synthesized proteins [34, 35]. De- 
pending on the allelic product of class II mole- 
cules studied, peptides derived from internal- 
ly synthetized antigens constitute from 70 to 
90% of the peptides sequenced. These results 
suggest first that in the absence of receptor- 
mediated uptake of extracellular protein, in- 
ternalization and/or functional utilization of 
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exogenous proteins may be quite inefficient 
[36, 37], leaving the majority of class II mole- 
cules free to bind peptides derived from inter- 
nally synthesized proteins. Second, these re- 
sults point out that although class II molecules 
are indeed specialized to present antigens 
from an exogenous source, they are quite 
capable of displaying peptides that are synthe- 
sized within the APC and in fact, in the 
absence of pathogenic challenge, the vast ma- 
jority of peptides displayed on the cell surface 
of an APC likely represent the array of pro- 
teins synthesized within that APC. The quan- 
tity of peptide recovered from class II mole- 
cules is close to equimolar to the MHC class II 
molecule itself, suggesting that the vast major- 
ity of MHC molecules are not 'empty' but 
rather bound by autologous peptides [38]. 
This finding is in agreement with earlier stud- 
ies in which isolated class II was tested for the 
ability to bind peptide in vitro, where it was 
found that only a very small fraction (5-10%) 
of the class II molecules were active in the 
binding assay. Presumably, the remaining 
class II molecules in these studies persisted in 
their association with self peptides through 
the isolation procedure, and were thus un- 
available for binding of the test peptide. Be- 
cause class II molecules isolated under these 
procedures were eluted from anti-class II 
monoclonal antibody affinity columns 
through the use of denaturants, the inference 
is that once peptide is bound to the class II 
molecule, it remains almost irreversibly asso- 
ciated, in agreement with the studies made 
with class II molecules tested with model anti- 
gens and peptides [39-43]. 

With regard to structure, peptides eluted 
from the class II molecule are heterogeneous 
in size, ranging from 13 to 25 amino acids, 
with the majority in the range of 14-18 amino 
acids [34, 44-46]. Heterogeneity in the length 
of peptides bound to class II molecules is not 
only found among peptides derived from dif- 

ferent source proteins, but also individual 
peptides derived from the same source pep- 
tides. Thus, the peptides bound to class II 
molecules are nested sets derived from a vari- 
ety of cellular proteins. Heterogeneity in pep- 
tides bound to class II from a given source 
protein is most commonly displayed at the 
carboxy-terminus although amino-terminal 
variability is not unusual. Microheterogeneity 
in the termini of peptides bound the MHC 
class II molecule infers the activity of exopep- 
tidases and also of flexibility in the ability of 
class II molecules to accommodate peptides 
of different sizes. This latter conclusion is 
supported by in vitro binding studies that 
have shown a great deal of permissiveness in 
length of the peptides that have potent bind- 
ing activity to the MHC class II molecules 
[44]. The size microheterogeneity in peptides 
bound to class II is in sharp contrast to the 
peptides isolated from MHC class I mole- 
cules, which are almost exclusively 8- l  0 ami- 
no acids in length, most commonly nonomers 
[reviewed in ref. 47]. The longer length of pep- 
tides bound to class II despite the structural 
homologies in the peptide binding site in class 
I and class II molecules suggests that peptides 
in the class II binding site likely extend out 
from the pocket marked by the termini of the 
ct helices. 

Perhaps one of the most intriguing findings 
derived from elution and sequence of MHC 
class II-bound peptides is that an extraordi- 
narily high percentage of source proteins are 
MHC molecules themselves. One very exten- 
sive study performed by Chicz et al. [45, 46] 
described peptides bound by six different hu- 
man DR allelic products isolated from lym- 
phoblastoid cell lines. Depending on the allele 
studied, MHC-related peptides constitute 
from 10 to 60% of the total peptides se- 
quenced. The peptides derived from MHC 
molecules do not represent one particular re- 
gion of the MHC molecule. Some of the pep- 
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tides are derived from the helical regions in 
the membrane distal domains, while others 
were contained within the membrane-proxi- 
mal external domain of either class I or class 
II. Preferential binding of MHC-derived pep- 
tides cannot be attributed solely to selective 
localization of these molecules within the en- 
docytic pathway, as a high percentage of 
source proteins are derived from MHC class I 
molecules, which should not have preferential 
access to the MHC class II antigen processing 
compartment. There are at least two potential 
explanations for the predilection of MHC 
peptides to be present on the MHC class II 
molecule. First, it is possible that, contrary to 
conclusions from biochemical and histochem- 
ical studies, both MHC class I and class II 
molecules are in fact enriched in the classical 
endocytic compartments relative to other 
membrane proteins. It is conceivable that 
even though the intact class I molecules are 
not readily detected there, perhaps because of 
their protease sensitivity, they traffick to these 
compartments by additional mechanisms 
than those used to degrade typical cell surface 
proteins. Alternatively, because both MHC 
class I and class II molecules assemble as mul- 
ticomponent complexes within the endoplas- 
mic reticulum and because this assembly is 
time-dependent and limits export from the 
endoplasmic reticulum, a relatively high per- 
centage of newly synthesized class I and class 
II molecules may actually be degraded be- 
cause of their inefficient egress. Potential 
mechanisms for degradation of ER-localized 
proteins and subsequent binding to MHC 
class II molecules are discussed below. 

Regardless of the mechanism that leads to 
preferential presentation of MHC-derived 
peptides on MHC class II molecules, the con- 
sequences of this phenomenon are interesting 
to consider. MHC molecules are the most 
genetically polymorphic molecules that exist. 
Based on the stability of the interaction and 

the evidence that peptide actually influences 
the conformation of the presenting molecule 
[48-50], peptide that is bound to an MHC 
molecule can be considered to be an actual 
component of the MHC molecule. Both MHC 
class I and MHC class II molecules can thus be 
considered to be trimeric structures. The prev- 
alence of genetically polymorphic peptides 
within the peptide binding site therefore in- 
creases the diversity of the expressed MHC 
molecules. Thus, a given MHC molecule that 
is expressed on cells of divergent MHC back- 
grounds is essentially unique, due to the pres- 
ence of divergent MHC-derived peptides 
within its peptide binding site. This model has 
particular relevance when one considers the 
roles ofMHC polymorphism and ofpeptide in 
T cell development and in allorecognition. 

Intracellular Events Involved in 
Presentation of Internally Synthesized 
Antigens by MHC Class I! Molecules 

Studies with Model Antigens 
The intracellular mechanisms that are in- 

volved in endogenous antigen presentation by 
the MHC class II molecule have been probed 
by a number of investigatiors using model 
antigens. Much of the focus of these experi- 
ments has been to identifiy whether endoge- 
nous antigen presentation by class II mole- 
cules, like exogenous antigen presentation, 
proceeds via the conventional endosomal 
pathway, whether it occurs by a class I-like 
pathway or whether it represents a third path- 
way of presentation. These models have also 
been used to clarify the constraints of endoge- 
nous antigen presentation by class II mole- 
cules, in order to determine if all cellular anti- 
gens have equal access to the class II molecule 
or if presentation is restricted to proteins hav- 
ing identifiable characteristics or particular 
subcellular localizations. 
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Analysis on the subcellular sites of localiza- 
tion that allow internally synthetized antigens 
to gain access to class II has led to some gener- 
al conclusions. First, with one exception de- 
rived using virus-infected cells [6], it has gen- 
erally been found that proteins that are ex- 
pressed at the cell surface can be presented by 
MHC class II molecules [25, 28, 30, 31, 33, 
51, 52]. This has been found to be the case 
even when an ordinarily secreted exogenous 
protein (hen egg lysozyme) has been genetical- 
ly manipulated so that the protein encoding 
[he antigenic peptide was covalently linked to 
the transmembrane and intracytoplasmic seg- 
ment of an MHC class I molecule [30]. Cell 
surface localization of an internally derived 
antigen would allow theoretical access to most 
sites of intracellular degradation, including 
that that takes place in the ER (for the newly 
synthetized protein), cytoplasm (for that frac- 
tion of protein translated on ribosomes that 
have not docked onto the ER and therefore 
remain in the cytoplasm) and for degradation 
that takes place after expression at the cell sur- 
face due to internalilzation for ultimate lyso- 
some-mediated protein turnover. Thus, it 
seem likely that the majority of cell surface 
proteins would have the capability to provide 
peptides for presentation by class II mole- 
cules, provided that they contain peptides 
that fit the binding requirements of the partic- 
ular class II molecules expressed by that indi- 
vidual. 

In general, it has also been found that 
secreted proteins also have ready access to 
class II molecules. The options available for 
proteolysis are the same as that for cell surface 
proteins, except that access to lysosomes 
would be anticipated to most readily occur 
after secretion and reuptake. Interestingly, 
however, when this mechanism has been 
tested for the model secreted antigens that 
sensitize APC for recognition by CD4 T cells, 
it has generally been found that the mecha- 

nism used for presentation does not appear to 
involve secretion and reuptake [30, 33, 52]. 
This issue is typically addressed either by test- 
ing the ability of culture supernatant from the 
cell secreting the model antigen to sensitize 
APC for recognition, or more vigorously, by 
coculturing cells that secrete the antigen in 
question but lack the class II restriction ele- 
ment with cells that express the class II restric- 
tion element but lack expression of the anti- 
gen. Coculture is generally allowed to proceed 
for several days to mimic the conditions avail- 
able to the APC that expresses both mole- 
cules. For proteins that are secreted at modest 
levels typical of normal cellular proteins (in 
the range of nanograms per milliliter), and 
that do not have specialized mechanisms of 
reuptake, secretion and endocytosis does not 
appear to be a viable mechanism for presenta- 
tion. Nonetheless, these secreted molecules do 
get presented by class II molecules, raising the 
question of the mechanism and sites of their 
protein degradation and association with the 
class II molecule (discussed below). 

To examine whether export from early bio- 
synthetic compartments is necessary for pre- 
sentation via the MHC class II molecule, as 
might be expected for an endosomal process- 
ing event, several strategies have been ap- 
plied. For soluble proteins such as lysozyme 
or immunoglobulin, ERJcis Golgi retention 
has been accomplished by engineering an ER 
retention signal into the protein, encoded for 
by the amino acid sequence KDEL [26, 30]. 
To retain a transmembrane protein within the 
ER, our laboratory has engineered an adeno- 
virus El9 sequence into the cytosolic tail of 
the model antigen we have studied (H-2L a) 
[53]. Despite successful retention of the anti- 
gens tested within the ER, presentation via 
the class II molecules in all cases was still 
observed. 

The site of intracellular localization that 
has been the most controversial is the cyto- 
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plasm. This site of expression is presumed to 
be the main source for peptides destined to be 
presented by the classical class I presentation 
pathway. When target antigens presented by 
MHC class II molecules have been localized 
to the cytoplasm, contrasting results have 
been obtained. One of the early models for 
endogenous antigen presentation by MHC 
class II molecules involved the normally cyto- 
plasmic matrix protein of influenza virus. The 
matrix protein, encoded for by a recombinant 
vaccinia virus, was able to be presented by 
class II molecules, although at less efficiency 
than presented by the MHC class I molecule 
[32]. When proteins normally expressed at 
different subcellular localizations have been 
redirected to the cytoplasm (most typically 
achieved for normally secreted or cell mem- 
brane-expressed proteins by elimination of 
the signal peptide, which will prevent translo- 
cation across the ER membrane), many inves- 
tigators have failed to find presentation via 
the class II molecule [26, 33, 54]. Some inves- 
tigators have seen presentation of cytosolic- 
localized antigen, but this typically required 
high levels of protein expression [55]. Thus, it 
is likely that cytosolically localized antigens 
do have some access to the class II molecule, 
but presentation of these types of antigen may 
require atypically high levels of protein syn- 
thesis or ongoing viral infection to be present- 
ed by the class II molecule. 

Mechanisms of Presentation of Internally 
Synthesized Antigens by MHC Class H 
Molecules 
Based both on the use of model antigens 

and on knowledge of peptides naturally 
bound by the class II molecules, it is now gen- 
erally accepted that many internally synthe- 
sized antigens can be presented by the MHC 
class II molcule. What is still uncertain, how- 
ever, is the mechanism(s) involved in this pre- 
sentation event. The primary mechanistic is- 

sues to be resolved are the sites and proteases 
involved in protein degradation and the sites 
involved in the final binding of the derived 
peptide to the MHC class II molecule. Poten- 
tial sites for protein degradation include the 
endosomal/lysosomal compartments used to 
degrade exogenous antigens, the cytosolic pro- 
teosome system presumed to be the major 
pathway used by antigens destined to be pre- 
sented by class I molecules [56, 57], or pro- 
teases localized to the ER that are involved in 
degradation of incompletely assembled or 
misfolded newly synthesized proteins [58, 
59]. The potential sites of peptide binding to 
class II molecules would be the early sites of 
class II biosynthesis (ER/cis Golgi) and would 
be presumed to be analogous to MHC class I, 
or the endocytic compartments that are the 
likely site of binding of peptides derived from 
exogenous antigens. 

Experimentally, it is difficult to distinguish 
among the preceding potential sites of protein 
degradation. The main limitation for these 
studies is a paucity of effective protease inhib- 
itors that specifically inhibit the activity with- 
in one but not the other sites. For this reason, 
the major tool used to dissect the intracellular 
events of MHC-restricted antigen presenta- 
tion has been the use of metabolic inhibitors. 
Early studies that first delineated differences 
between MHC class I- and MHC class II- 
restricted antigen presentation noted that two 
types of reagents appeared to selectively block 
the classical (endogenous) class I and classical 
(exogenous) class II pathways of presentation. 
Pioneering work on the mechanisms involved 
in presentation of exogenous antigens by 
MHC class II molecules showed that presen- 
tation was effectively blocked by treatment of 
APC with lysosomotropic amines such as am- 
monium chloride and chloroquine, implicat- 
ing acid compartments in this presentation 
[60]. Later studies probing the events in- 
volved in MHC class I presentation utilized a 
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fungal metabolite, brefeldin A (BFA), which 
blocks egress of newly synthesized proteins 
from the ER/cis Golgi [61]. Sensitivity of the 
class I presentation pathway to BFA implied 
that newly synthesized class I molecules were 
those involved in presentation of the internal- 
ly synthesized antigen, a finding now consis- 
tent with data showing that class I presenta- 
tion involves uptake of cytosolically degraded 
antigens into the ER for binding to newly syn- 
thesized class I molecules. Thus, BFA and 
lysosomotropic reagents have been regarded 
in many ways as the 'fingerprint' of a class I or 
class II pathway or antigen presentation, re- 
spectively. 

Utilization of these metabolic inhibitors to 
probe class II-restricted presentation of en- 
dogenous antigens is problematic for several 
reasons. First, BFA is a ubiquitous inhibitor 
of protein export, due to its generalized effect 
on the organization and integrity of the ER, 
cis Golgi and later Golgi compartments [62, 
63]. Sensitivity of an antigen presentation 
event to BFA thus merely implicates any new- 
ly synthesized membrane associated protein 
in the antigen presentation event. There is 
increasing evidence that both the class I and 
class II presentation pathways primarily in- 
volve newly synthesized MHC restriction ele- 
ments, rather than preexisting molecules on 
the plasma membrane. Thus it is likely that 
most class II-restricted presentation should be 
BFA-sensitive, regardless of the site of pep- 
tide generation or class II binding. The longer 
lag time between synthesis and cell surface 
expression of class II molecules compared to 
class I molecules [ 18] has been used BFA stud- 
ies to distinguish a class I vs. class II type pre- 
sentation event. Rapid inhibition of anti- 
gen presentation by BFA is most consistent 
with peptide binding that takes place early in 
biosynthesis, followed by rapid export and 
cell surface display of the immunogenic 
MHC:peptide complex. 

Lysosomotropic amines such as ammoni- 
um chloride and chloroquine have been used 
to implicate a role for endosomes or lyso- 
somes in the presentation event. These stud- 
ies are complicated on several accounts. First, 
both peptide generation (by the lysosomal 
proteases) and peptide binding to class II mol- 
ecules occur most efficiently at acid pH [64- 
66]. Therefore, raising the intravesicular pH 
will diminish both processes. Thus, sensitivity 
to lysosomal amines does not assign the site of 
peptide generation. Secondly, degradation of 
invariant chain from the class II molecule is 
mediated by lysosomal proteases. This degra- 
dation of invariant chain is required for two 
key events in class II-restricted presentation: 
peptide binding to the class II molecule [24, 
67] and export from the endosomal compart- 
ments to the cell surface [68, 69]. Our labora- 
tory has shown that invariant chain has a 
potent endosomal retention function [69]. 
Persistent invariant chain association with 
class II molecules, induced by lysosomal 
amines, leads to retention of the class II/ 
invariant chain complex within the endoso- 
mal compartments. Finally, many intracellu- 
lar trafficking events, particularly those re- 
quiring membrane fusion, are pH-dependent 
and are thus inhibited by lysosomal amines 
[70, 71]. Thus, sensitivity of an antigen pre- 
sentation event to lysosomotropic reagents 
most simply indicates endosomal compart- 
ments in the presentation event. These com- 
partments could be used for pH-dependent 
peptide generation, peptide binding to class II 
or pH-dependent trafficking events. Total in- 
sensitivity to lysosomotropic reagents implies 
a pathway that does not involve those com- 
partments, such as the ER-to-Golgi-to-cell 
surface default pathway used by class I mole- 
cules and most cell surface proteins. 

Given these limitations to the utilization of 
these reagents, I will now discuss the results 
obtained when these types of experiments 
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have been performed to dissect the events 
involved in class II-restricted presentation of 
internally synthesized antigens. One of the 
early studies on endogenous antigen presenta- 
tion by MHC class II molecules found that 
presentation of internally synthesized influen- 
za matrix protein, an exclusively cytosolic an- 
tigen, was insensitive to chloroquine but was 
acutely sensitive to BFA [27]. When the viral 
antigens were provided as an exogenous anti- 
gen, the opposite finding was made: presenta- 
tioin was sensitive to chloroquine but resis- 
tant to the effects of BFA. This suggested that 
two distinctive pathways could be used for 
presentation of the same antigen. A similar 
BFA sensitivity on endogenous antigen pre- 
sentation was seen for an constitutively ex- 
pressed class I molecule (HLA-B7) whose pep- 
tide is presented in the context of class II 
(DR 1) [31 ]. This presentation was resistant to 
chloroquine. 

Several studies have shown that internally 
synthesized antigens are presented by a path- 
way that is sensitive to lysosomotropic 
amines. When recombinant vaccinia virus 
was used to direct expression of heterologous 
viral proteins within human B cell lines, two 
cytoplasmic viral antigens (hemagglutinin 
matrix and a leader-minus form of the hemag- 
glutinin), a cell surface viral protein (wild- 
type hemagglutinin) and even a mini-gene en- 
coding only the peptide epitope that is synthe- 
sized within the cytoplasm were found to be 
presented by a chloroquine-sensitive pathway 
[72] within lymphoblastoid cells, as was pre- 
sentation of cytosolic or ER-retained forms of 
hen egg lysozyme [55] within murine B cell 
lines. Insensitivity to lysosomotropic amines 
was found when measles virus proteins but 
not influenza proteins were presented by B 
cell lines or by fibroblasts [73], suggesting that 
sensitivity to these amines may be dependent 
on the mode of virus entry or to the epitope 
studied. 

Several conclusions can be drawn from 
these studies. First, Malnati et al. [72] found 
that presentation of the viral epitope encoded 
by a mini-gene was sensitive to chloroquine, 
which is consistent with the view that chloro- 
quine sensitivity does not identify the site of 
antigen processing, as the mini-gene is geneti- 
cally 'preprocessed' into an immunogenic 
peptide. Chloroquine effects must under these 
conditions be due to the block in invariant 
chain dissociation or to disruption of endoso- 
real trafficking events. It would be particu- 
larly informative to know whether the chloro- 
quine effect was dependent on expression of 
invariant chain within the APC. Our labora- 
tory has shown that deposition of newly syn- 
thesized class II to the plasma membrane is 
not blocked by lysosomotropic amines if the 
class II molecules are expressd in the absence 
of invariant chain [69], despite the fact that 
these molecules can be shown to traverse the 
endocytic pathway during biosynthesis [74]. 
Dependence of the chloroquine effect on in- 
variant chain expression would implicate in- 
variant chain dissociation as the site of chlo- 
roquine inhibition. Such a mechanism would 
necessitate an exploration of the mechanism 
by which the cytosolic peptide gains access to 
the endosomal compartments for binding to 
the MHC class II molecule. 

Secondly, the finding by several groups 
that presentation of cytoplasmically synthe- 
sized protein is sensitive to lysosomotropic 
amines argues against utilization of a classical 
class I presentation pathway of cytoplasmic 
protein degradation and endoplasmic reticu- 
lum binding. Because peptide binding to the 
class II molecule has been shown to be 
blocked by the presence of invariant chain, 
and because invariant chain has been impli- 
cated in sorting to endosomal compartments, 
it has been predicted [75] that stable binding 
of peptide to class II molecules in the ER, as 
would occur in a class I-like antigen process- 
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ing pathway, might lead to trafficking of class 
II molecules by the default pathway to the cell 
surface. If such is the case, two phenotypes 
should be observed as a consequence of ER- 
derived peptide binding to class I|  molecules: 
independence from chloroquine, whose ef- 
fects would only be detectable in endocytic 
events, and acute sensitivity to the effects of 
BFA. The fact that cytosolic antigens are in- 
hibited by chloroquine thus implicates endo- 
somal compartments in some aspect of the 
presentation event, which tends to argue 
against binding of the peptide in the ER, 
assuming the model discussed above on the 
consequences of early loading of class II is cor- 
rect. Lack of utilization of the classical class I 
pathway for cytosolic antigens presented by 
class II molecules is also supported by the 
observation that, when Studied, presentation 
of cytoplasmic antigens by the class II mole- 
cule [72], like presentation of other internal 
antigens by class II molecules [33], is indepen- 
dent of TAP gene expression, thought to be 
involved in import of cytoplasmically gener- 
ated peptides into the ER for MHC class I 
binding [8, 9, 11, 76]. 

Thus, at the present time, a major unre- 
solved question related to class II-restricted 
presentation is whether the endosomal/lyso- 
somal compartments are the exclusive site of 
peptide binding to class I molecules, to be 
used regardless of the intracellular site of pep- 
tide generation. The endosomal compart- 
ments have been implicated as the major site 
of peptide class II interactions based on the 
ability of low pH to facilitate peptide binding 
to class II [64-66] and through the observa- 
tion that, upon entry into endosomal com- 
partments and release of the invariant chain, 
MHC class II molecules obtain a conforma- 
tional state that is associated with stable pep- 
tide binding (maintenance of ctl3 dimer forma- 
tion in SDS) [77, 78]. It is not yet clear how 
cytosolic or ER-localized antigens would gain 

access to the MHC class II molecule, especial- 
ly if binding requires access to the endoso- 
mal compartments. There is some evidence 
that cytosolic and ER proteins can enter the 
classical lysosomal/endosomal compartments 
through the processes of autophagy and chap- 
erone-mediated uptake [79-81], processes in- 
duced by cellular stresses such as nutritional 
deprivation and viral infection. Autophagy is 
thought to involve formation of a cytoplasmic 
vacuole from the ER membranes (the auto- 
phagic vacuole). This vacuole thus likely con- 
tains resident ER proteins and also solu- 
ble cytosolic proteins. The vacuole is then 
thought to completely separate from the ER 
and eventually fuse with lysosomal mem- 
branes, thus delivering its contents to this lat- 
ter organelle. In contrast, heat shock protein- 
mediated uptake is thought to involve direct 
translocation of cytosolic protein into the ly- 
sosome. This process involves selective recog- 
nition of particular amino sequences (related 
to KFERQ) and thus is thought to be selective 
for particular proteins. 

In addition to providing a mechanism to 
allow localization of ER and cytosolic anti- 
gens to the lysosome for binding to MHC class 
II molecules, there is another interesting con- 
sequence that would derive from such pro- 
cesses. If particular metabolic and/or patho- 
genic events increase that access of ER and 
cytosolic proteins to the MHC class II mole- 
cule by these two intracellular trafficking 
pathways, then the array of self as well as for- 
eign peptides bound to class II molecules will 
change under these conditions. These pro- 
cesses thus might reveal new peptide:class II 
complexes at the cell surface. Even 'self pep- 
tides, having never previously had access to 
class II molecules, might thus be regarded as 
'foreign' by the immune systen and initiate an 
autoimmune response. 
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Role of lnvariant Chain in the 
Presentation of Endogenous Antigens by 
the MHC Class H Molecule 
The invariant chain glycoprotein assem- 

bles with the MHC class II ctl3 dimer soon 
after biosynthesis in the ER. A number of bio- 
logical activities have been demonstrated for 
invariant chain that influences antigen pre- 
sentation by the MHC class II molecule [re- 
viewed in ref. 82]. Two of these activities 
would be particularly expected to influence 
endogenous antigen presentation by class II 
molecules. The first is the ability of invariant 
chain to antagonize peptide binding to the 
MHC class II molecule. This property of in- 
variant chain has now been demonstrated by 
several investigators [24, 67, 75]. The ability 
of invariant chain to block peptide bindings 
has been interpreted as the mechanism that 
would prevent internal antigens from binding 
to class II molecules early in biosynthesis and 
thus would distinguish the site of class I anti- 
gen binding from that involved in class II pep- 
tide binding. By this model, assembly of in- 
variant chain with the class II molecule early 
in biosynthesis would preclude binding of ER- 
available peptides, such as those that are pre- 
sented by MHC class I molecules. The peptide 
binding site for class II would thus only be 
available after invariant chain is proteolyti- 
cally released from the class II molecule in 
endosomal compartments. If this model is 
correct, any early peptide binding to class II 
molecules would be expected to be antago- 
nized by the presence ofinvariant chain with- 
in the APC. 

The second activity of invariant chain that 
would influence class II-restricted presenta- 
tion of internally synthesized antigens is its 
ability to localize the class II molecule within 
endocytic compartments, a property con- 
trolled by the cytoplasmic tail of invariant 
chain. The amino-terminal cytosolic segment 
of invariant chain is one of the last proteolytic 

fragments to be released from the class II mol- 
ecule. This segment thus might retain class II 
molecules in endocytic compartments after 
the peptide binding site has been freed of 
invariant chain and is made competent for 
peptide binding. Therefore, internal antigens 
that require endosomal loading of class II or 
long steady-state expression of the class II 
molecule within these compartments might 
be expected to be enhanced by expression of 
invariant chain within the APC. 

Until recently, it has been difficult to dem- 
onstrate a negative influence of invariant 
chain on MHC class II-restricted presentation 
of endogenous antigens. When examined in 
several model systems, invariant chain has 
been shown to either have no effect [33] or to 
facilitate endogenous antigen presentation by 
class II molecules [83, 84], apparently arguing 
against one of the earliest models for invari- 
ant chain function: to block peptide binding 
to class II molecules in the ER. Rather, the 
studies showing a positive influence of invari- 
ant chain on endogenous antigen presentation 
argue in favor of the endosoma[ compart- 
ments as the site of peptide:class II molecule 
complex formation, even for internally syn- 
thesized antigens. However, several recent re- 
ports [84, 85] have shown that for some anti- 
gens, invariant chain expression within the 
APC can antagonize class II-restricted presen- 
tation. The simplest interpretation of these 
recent experiments is that those class II:pep- 
tide epitopes blocked by invariant chain are 
formed in the ER. The potential sites of anti- 
gen proteolysis would then be presumed to be 
either the ER or the cytosol. Interestingly, in 
the studies ofBodmer et al. [84], it was shown 
that APC lacking expression of invariant 
chain express unique class II:peptide epitopes 
that are recognized as foreign by T cells from 
normal mice. This finding suggests the possi- 
bility that when cells in the body are induced 
to become class II-positive, for instance dur- 
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ing an inflammatory response, but do not 
coinduce invariant chain, they may be able to 
initiate an autoimmune response, due to their 
display of class II:peptide complexes that the 
circulating T cell pool is not tolerant to. Alter- 
natively, they may be particularly efficient at 
presenting internally synthesized antigens 
such as tumor antigens, that are expressed pri- 
marily in early biosynthetic compartments or 
in the cytosol. 

Concluding Remarks 

It is now clear that a significant fraction of 
peptides that are displayed by the MHC class 
II molecule are derived from proteins synthe- 
sized within the APC itself. The proteins that 
contribute to the class II peptide repertoire are 
likely to be those that enter the exocytic path- 
way and are destined to be expressed ultimate- 
ly as a secreted or membrane-associated form. 
Nonetheless, it is also clear that even cytosolic 
proteins can gain access to the class II mole- 
cule, particularly in cases when they are ex- 
pressed at high levels or during viral infection. 
Thus it is likely that the capacity of class II 
molecules to display peptides from pathogens 
or altered self proteins that are uniquely ex- 
pressed in tumor cells is quite diverse, which is 
of course of benefit to the host. 

What is less clear at the present time are the 
intraceUular events involved in class II-re- 
stricted presentation of endogenous antigens. 
There remain several major issues to be re- 
solved. The first is the potential for the ER to 
serve as a site of peptide generation and pep- 
tide binding to the class II molecule. Although 
there are now several findings that argue that 
this can occur, it is not yet clear whether these 
represent rare exceptions or if the ER is a rea- 
sonably viable option for class II molecules to 
associate with peptide. Aside from its impor- 
tance from the point of view of the cell biology 

of class II molecules, one of the main conse- 
quences of peptide binding to class II mole- 
cules within the ER is that there is the potential 
for invariant chain expression to impact on the 
array of peptides presented by class II mole- 
cules. Lack of invariant chain would lead to the 
association of a distinctive set ofpeptides with 
the class II molecules, some of which may have 
the potential to serve as a target of an autoim- 
mune response, while others may provide tar- 
gets for protective immune responses to intra- 
cellular pathogens or tumors. 

A second major unresolved issue is the 
intraceUular trafficking pattern that allows cy- 
tosolic and ER-retained antigens to gain ac- 
cess to the class II molecule. Of particular 
interest are the possibilities that these pro- 
teins may gain access to endosomal compart- 
ments by such processes as autophagy or heat 
shock protein-mediated uptake. Both of these 
processes may be selective for certain proteins 
and might be regulated by the metabolic sta- 
tus of  the host cell and by conditions of stress 
or pathogenic insult. Thus, if these mecha- 
nisms do control import of cytosolic antigens 
and/or ER-derived peptides into the class II 
molecule binding compartment, the display 
ofpeptides derived from self as well as foreign 
proteins on the class II molecule reflects dy- 
namic rather than static processes. Similarly, 
the efficiency and conditions that induce 
these processes may vary from one cell type to 
another, leading to cell type-dependent vari- 
ability in the display of self as well as foreign 
proteins by the MHC class II molecule. Such 
heterogeneity could have several potential 
consequences. It might lead to selective par- 
ticipation of certain APC in the response to 
pathogens, which in turn has the potential to 
regulate the T cell effector function elicited. In 
addition, dissimilarity in the array of self pep- 
tides displayed by distinctive cell types would 
likely influence self tolerance induction and 
the potential for autoimmunity. 
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