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Abstract
Heat shock proteins (HSP) are molecular chaperones implicated in facilitation of protein folding and translocation between
distinct compartments, and hence in preventing protein from aggregation. In terms of proteolysis, HSP act as a double-
edged sword, stimulating proteasome-dependent proteolysis while preventing the degradation of the same proteins, even
though in both cases association of unfolded proteins with HSP is the initial step. The proteasomal degradation products are
utilised as ligands of major histocompatibility complex (MHC) class I molecules to be recognised by CD8þ T cells, leading
to activation of cytotoxic T cell immunity indispensable in fighting virus infections and cancers. In this context, HSP-
mediated antigen traffic towards proteasomal degradation is coupled with acquired T cell immunity. In addition, exogenous
antigens internalised by dendritic cells (DC) are also forwarded to the proteasome, possibly through the ER-associated
degradation (ERAD) system, based on the fusion of the ER-membrane to the endosome containing the antigens. Thus,
antigens within endosomes might be translocated to the cytosol, possibly through the Sec61 complex recruited from ER
and degraded by the proteasome, rendering their peptides presentable by MHC class I molecules, a process known as
cross-presentation. Since binding protein (Bip) facilitates degradation of most ER luminal soluble proteins in yeast, it is
possible that endosomal HSP in DC, mimicking the action of Bip, facilitate the degradation of internalised soluble antigens.
This may explain why the HSP-peptide/protein complex is extremely efficient in terms of cross-presentation ability. In this
review, we discuss how HSP are linked to the ubiquitin-dependent proteasome system to generate peptides presentable by
MHC molecules.
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Introduction

CD8þ and CD4þ T lymphocytes recognise peptides

in the context of MHC class I and class II molecules,

respectively (Figure 1). The peptides associated

with MHC class I molecules consist of 8–11 amino

acids that are mostly derived from degradation

products of endogenous cellular proteins. The

peptide binding portion formed by the �1/�2

domain of MHC class I creates a �-sheet floor

surrounded by two long �-helices, yielding pockets

to which amino acids bind, and typically a

peptide binds in the groove in an extended confor-

mation [1, 2]. Peptides associated with the MHC

class II peptide-binding groove consist of 10–34

amino acids and are mostly derived from exogenous

proteins that enter the cell via phagocytosis/endocy-

tosis. Based on the open ends of the peptide-binding

groove of MHC class II, the bound peptides are not

limited to a precise length.

In the strict rules of the antigen processing/

presentation system, there is ample evidence to

suggest that heat shock proteins (HSP) play critical

roles in supporting protein-traffic towards protein
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degradation to produce antigenic peptides present-

able by MHC molecules. HSP are known as molec-

ular chaperones and many members of this family

are induced by heat shock and other conditions that

cause protein denaturation and unfolding. The main

functions of HSP are to (1) facilitate protein folding/

refolding and prevent aggregation of newly synthe-

sised proteins on the ribosome; (2) maintain the

normal function of mature proteins; (3) target

misfolded and/or damaged mature proteins for deg-

radation by the proteasome; (4) transport proteins

between distinct microorganisms (cellular compart-

ments, see (Figure 2). All proteins denoted here

finally undergo degradation by the proteasome in

order to recycle amino acids and their bi-products

(degradation products, peptides) are simultaneously

utilised as antigen peptides mainly presented by

MHC class I molecules. Thus, the use of proteaso-

mal degradation products as ligands of MHC

molecules makes perfect sense in the immune

system to alert against any antigenic alterations

to the T cell immune system as well as to the life

cycle of all proteins with no waste. Each step towards

proteolysis by the proteasome is, at least in part,

regulated by HSP and will be discussed in

some detail.

Role of HSP in processing endogenous antigen

General features of endogenous antigen processing

CD8þ T cells recognise naturally processed peptides

in the context of MHC class I molecules [3].

Peptides presented by MHC class I molecules are

mainly products of cellular proteins degraded by the

ubiquitin-dependent proteasome system [4]. During

ribosomal de novo protein synthesis, less than 3%

of the proteins seem to undergo misfolding, which

occurs mainly due to mutational changes in the

encoding gene, transcriptional and translational

mistakes, and unsuccessful protein folding.

These misfolded proteins are called defective ribo-

somal products (DRiPs) and are implicated as the

main source of antigen peptides presented by MHC

class I molecules [5, 6]. The peptides produced by

the proteasome are translocated through transporter

associated with antigen processing (TAP) molecules

into the endoplasmic reticulum (ER), where they

associate with MHC class I-�2m hetero complex

to form stable tri-molecular complexes [7].

These endogenous peptides are displayed on the

cell surface in the context of MHC class I molecules

to activate CD8þ T cells. HSP participate in the

selection of cellular proteins that are poised for deg-

radation by the proteasome and in transportation of

Figure 2. HSP mediate degradation of a few percent of newly synthesised proteins as well as mature proteins. In dendritic
cells (DC), HSP seem to facilitate the degradation of even internalised exogenous proteins following their translocation to
the cytoplasm. The proteolysis step depends on the ubiquitin-proteasome system to produce peptides presentable by MHC
class I molecules.

Figure 1. CD8þ T cells and CD4þ T cells recognise
peptides in the context of MHC class I and MHC class II
molecules, respectively. TCR, T cell antigen receptor;
APC, antigen presenting cell.
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proteasomal degradation products to the ER for

loading peptides onto MHC class I-�2 m hetero

complex.

Role of HSP in trafficking of endogenous peptide

towards processing into MHC class I ligands

Unfolded proteins are recognised by molecular

chaperones, Hsc70/Hsp40 and Hsp90, and can be

polyubiquitinated by various E3 ubiquitin ligases,

such as carboxyl terminus of Hsc70 interacting

protein (CHIP), which is eventually followed by

degradation by the proteasome [8, 9]. Kunisawa and

Shastri [10] found that proteins to be degraded

into MHC class I ligands by the proteasome are

associated with cytosolic Hsp90� (but not Hsp90�),

and group II chaperonin TRiC [11], and that the

quantity of proteins (and/or large proteolytic inter-

mediates) chaperoned by Hsp90 were increased

when cells were treated with proteasome inhibitors.

They also found that geldanamycin (GA), a Hsp90

inhibitor, reduced the associated proteins and down-

regulated endogenous antigen processing. The rela-

tionship between DRiPs and Hsp90-associated

proteins is not clear, but it is possible that

DRiPs are first captured by Hsp90 (and/or Hsp70)

after their formation and degraded by the ubiquitin-

proteasome system.

CHIP was originally identified as a co-chaperone

of Hsp70 that inhibits Hsp40-stimulating ATPase

activity of Hsp70 [12], and is also known to play

important roles in protein degradation [13]. CHIP

contains two functional domains: a C-terminal

U-box-like domain that can act as E3-ligase for

ubiquitinylation of substrates and an N-terminal

tetratricopeptide repeat (TPR) domain that associ-

ates with Hsp70 or Hsp90 through their

C-terminal-EEVD motif [13]. Therefore, CHIP

ubiquitinylates misfolded proteins chaperoned by

Hsp70/Hsp40 or Hsp90, and thus serves as a bridge

between HSP-associated substrates and their delivery

to the 26S proteasome [14]. Inhibitors of Hsp90

such as GA and radicicol that bind ATP binding

pockets, abrogate the ATP-dependent chaperone

cycle of Hsp90 [15]. Treatment of cells with such

specific inhibitors suppresses the association between

Hsp90 and proteins, which could result in failure of

protein ubiquitinylation by CHIP, leading to unsuc-

cessful processing by the proteasome. Therefore,

Hsp90 inhibitors spoil proteins that would, other-

wise, be properly processed by the proteasome to be

MHC class I ligands and/or their N-terminal

extended precursors, which in turn explains the

down-regulation of MHC class I molecules on the

cell surface [10]. This is a reasonable illustration to

understand how peptides are produced from mis-

folded proteins and processed in the cytosol.

This concept, on the other hand, seems to be in

conflict with the general observation that GA

stimulates Hsp90 to release client proteins that

eventually undergo proteolysis by the proteasomes

[16–18]. In such case, degradation of proteins

associated with Hsp90 is abrogated. Therefore, GA

treatment should stimulate degradation of many

client proteins, resulting in production of many

T cell epitopes. However, several studies including

ours indicate that Hsp90 inhibitors down-regulate

MHC class I antigen processing [10, 19, 20]. In this

context, endogenous antigen processing might be

transiently up-regulated during the early phase of

incubation (i.e.<1 hour after GA treatment), while

longer incubation (48–12 hours) decreases this

process due to consumption of the endogenous

peptides and proteins that are pooled on Hsp90,

an issue that needs careful evaluation. Nonetheless, it

remains a mystery why Hsp90 actively participates in

ubiquitin-dependent proteolysis of some proteins;

while in contrast, it prevents degradation of others,

although the association of proteins with Hsp90 is an

initial step in both cases. Indeed, analogous obser-

vation was reported, in which cystic fibrosis trans-

membrane conductance regulator (CFTR) is either

folded or degraded by GA: in one case, GA

enhanced degradation of CFTR in mammalian

cells [21], while it blocked the degradation in the

rabbit reticulocyte lysate [22]. It is possible that

Hsp90 is not a unidirectional chaperone but plays

a diverse number of functions, probably depending

on the conformation of the associated substrates and

on its co-chaperones.

Recently, Callahan et al. [20] showed that only

the N-terminally extended proteolytic intermediates

of MHC class I ligands are found associated with

Hsp90 in cells, indicating that the Hsp90-associated

peptides are post-proteasomal degradation products.

The N-terminally elongated peptides are likely to be

ferried to TAP molecules to enter the ER lumen

by Hsp90. The same group found that radicicol

treatment empties Hsp90 by releasing the peptides,

resulting in unloading of such peptides onto MHC

class I molecules in the ER, thereby, down-regulating

the cell surface MHC class I molecules [20]. The

peptides isolated in that study were only N-termin-

ally extended versions, whereas the findings of

Kunisawa and Shastri [11] indicated the association

of both N- and C-extensions with Hsp90, although

both experiments used the same KOVAK system

(K-OVA-K; both N- and C-terminal flanking resi-

dues of OVA 257-264 are replaced with lysine (K) by

which the epitope becomes cleavable by trypsine and

carboxypeptidase B, respectively. Also K within the

epitopic sequence is replaced with histidine (H) to

make this epitope refractory to trypsin) to analyse the

structures of the peptides associated with HSP. The

Role of HSP in antigen presentation 619



reason for this discrepant observation remains to be

elucidated. However, different isolation procedures

for Hsp90 could reconcile the two observations.

Isolation of Hsp90 by affinity chromatography with a

specific antibody, as reported by Kunisawa and

Shastri [11], might purify mainly the Hsp90-protein

complex. On the other hand, the use of an antibody-

independent purification method for HSP-peptide

complex, as reported by Callahan et al. [20] might

exclude the Hsp90 protein complex. Apart from the

purification method, it is likely that Hsp90 directs

antigen trafficking in both pre- and post-proteasomal

events towards peptide loading onto MHC class I

molecules in the ER.

Another issue to be kept in mind is that Hsp90

inhibitors transiently (within three hours after treat-

ment) disrupt the structures of the 26S proteasome

in mammalian cells [23] and delay the re-assembly

after ATP-depletion or heat shock [24] in yeast.

The results indicate that Hsp90 plays a role in

the maintenance of the structure of the 26S protea-

some, although other unknown molecules can

redundantly overcome the assembly after Hsp90

inhibitor treatment. It is controversial whether

the 26S proteasome releases the lid and base of

PA700 regulatory particle during ATP-dependent

proteolysis of ubiquitinylated substrates [25, 26].

The regulatory mechanisms for disassembly and

re-assembly of the 26S proteasome need to be

further clarified, and the dynamics of the 26S

proteasome structure could influence the processing

of endogenous antigens.

Processing of exogenous antigens and
cross-presentation

General features of exogenous antigen processing

Macrophages can take up soluble- or cell-associated

antigens in the endosome and/or phagosome and

digest them with lysosomal enzymes. Hence, the

proteolytic fragments (peptides) are loaded onto

MHC class II molecules that have been sorted

from the ER, and MHC class II-peptide complexes

are moved up on the cell surface to display those

peptides to CD4þ T cells [27], by which antibody

production from B cells is stimulated. Interestingly,

Hsp90 might be involved in this antigen presentation

to activate CD4þ T cells because one group argued

that presentation of exogenous antigen in the context

of MHC class II molecules was completely blocked

by GA [28], although the mechanism was not fully

understood. Regardless of the involvement of Hsp90,

internalised exogenous antigens undergo proteolysis

in the endosome/lysosome and the resulting peptides

are presented to CD4þ T cells. Should this be the

only pathway for presentation of exogenous antigen

by APC, CD8þ T cells specific to viral or tumour

antigens would not be activated. However, one

would not have to worry about this because excep-

tionally specialised machinery seems to be utilised in

DC to secure the priming of CD8þ T cells after

internalisation of exogenous antigens [27, 29], as

described below.

Cross-presentation is essential for activation of

CD8þ T cells by exogenous antigens

DC are the most powerful antigen presenting cells

(APC) and able to prime naı̈ve T cells to confer

protective cytotoxic T cell (CD8þ T cells) immunity

against cancers and infectious agents [30]. During

viral infection or malignant transformation, intracel-

lular changes in non-APC must be reported to

CD8þ T cells, which is indispensable to fighting

virus-infected cells and cancer cells [31]. However,

the latter cells cannot act by themselves as APC to

prime T cells, although they express tumour antigens

on the cell surface. In addition, DC do not become

infected by certain viruses, and thus, cannot present

such viral antigens directly to CD8þ T cells.

Therefore, DC must internalise those adjacent

tumour or infected cells, digesting them, and then

present antigen peptides to CD8þ T cells in the

context of MHC class I molecules (Figure 2).

This pathway is called cross-presentation [32], and

is believed to be specific to DC, not other APC types

such as macrophages or B cells. In DC, significant

proportions of exogenous antigens within the endo-

some are translocated to the cytosol [33], ubiquiti-

nylated and degraded by the 26S proteasome to

render the peptides presentable by MHC class I

molecules. The produced peptides enter the ER

through TAP molecules to associate with MHC class

I molecules [7], and move up on the cell surface to

activate CD8þ T cells.

Mechanistic insight into cross-presentation

In cross-presentation, the pathway through which

exogenous antigens can access MHC class I mole-

cules remains obscure. The delivery of exogenous

proteins within the endosome to the cytosol might

require the same protein complex machinery,

responsible for dislocation of misfolded proteins

in the ER. ER-misfolded proteins dislocated to the

cytosol are polyubiquitinylated for degradation by

the 26S proteasome, a process known as the

ER-associated degradation (ERAD) pathway [34,

35]. A mechanistic explanation of the cross-presen-

tation can be found in the indirect observation that

the ER membranes possibly fuse with the nascent

phagosome, referred to as ER-phagosome fusion

[36]. ER-phagosome fusion allows internalised exog-

enous antigen to dislocate to the cytosol, followed by

620 H. Udono et al.



degradation by the proteasome, resulting in produc-

tion of antigen peptides presentable by MHC class I

molecules [37, 38]. If this is true, the pore structure

for translocation of the antigen to the cytosol is the

Sec61 complex, which is utilised for dislocation of

ER-misfolded proteins to the cytosol by the ERAD

pathway. Pseudomonas aeruginosa Exotoxin A, an

inhibitor for retro-translocation of ER-misfolded

proteins, substantially blocked cross-presentation

[33]. However, there is still controversy on whether

or not the Sec61 complex structure is required

for cross-presentation, because the toxin was

reported to bind AAA ATPase Cdc48 (in yeast)/

p97 (in mammals) but not Sec61 complex [33].

Exogenous proteins in the endosome must be

relatively unfolded before being translocated to the

cytosol, since the size of the membrane pore is not

large enough for escape while keeping its native form

[39, 40]. Such unfolded proteins are reminiscent

of the DRiPs; the main source of peptides presented

by MHC class I molecules as described above. If the

unfolded antigen is similar to DRiPs, it must first

be recognised by HSP, both in the endosome and

cytosol, for its smooth translocation and then

re-folded or degraded by the proteasome [41].

In this context, HSP might play critical roles that

will be discussed below.

Role of HSP in cross-presentation

HSP facilitate ERAD, and then stimulate

cross-presentation?

Phagosome fusion with ER-membranes to form

ER-phagosome might enable translocation of inter-

nalised exogenous antigen to the cytosol, as

described in Sections 2–3, which is suggested to be

an important mechanism for cross-presentation.

To consider the roles of molecular chaperones

in ERAD, we need to discriminate between mis-

folded proteins in the ER lumen and integral

membrane proteins of the ER [42]. In yeast, the

ER luminal proteins are dislocated to the cytosol and

degraded by the ubiquitin-proteasome system. This

process requires ER luminal chaperones such as Bip

and its J-domain containing co-chaperones, Jem1p

and Scj1p and E3 ubiquitin ligase, Hrd1p, together

with E2 enzyme, Ubc7p. Bip is not only required for

maintaining the solubility of misfolded proteins but

also for stimulating the translocation of the substrates

to the cytosol through Sec61p complex. Indeed,

Bip seems to accelerate the degradation of almost all

known soluble ER substrates [43]. In this context,

substrates with high affinity to Bip would be selected

as good candidates for retro-translocation.

On the other hand, integral membrane proteins

require cytosolic chaperone Hsp70 (Ssa1p) and

J-domain containing Hlj1p and Ydj1p, in addition,

E3 ubiquitin ligase Doa10p in conjunction with the

E2 enzymes, Ubc6p and Ubc7p, for their dislocation

[44, 45]. Polyubiquitinylation is a prerequisite for

both ER luminal and membrane spanning proteins

to be translocated to the cytosol in a manner

dependent on Cdc-48 and its cofactors, Npl4p and

Ufd1p. Cdc48p might pull these substrates and

segregate them from the ER membranes and forward

them to the 26S proteasome. Nakatsukasa et al. [46]

recently showed that cytosolic Hsp70/Hsp40 facil-

itates the association of Ste6p and/or CFTR, both of

which are membrane spanning proteins, with

Doa10p, an E3 ubiquitin ligase known to stimulate

the ubiquitinylation of the substrates in conjunction

with Ubc6p and Ubc7p. Ubiquitinylated Ste6p is

recognised by Cdc48p complex and released into the

cytosol, and its ubiquitin chain is further extended by

E4 ubiquitin ligase, Ufd2p, then, degraded by the

26 S proteasome.

Overall, the aforementioned results indicate that

cytosolic and ER luminal Hsp70/Hsp40 chaperones

enhance ERAD of membrane spanning and soluble

proteins, respectively. Taking these findings into

account, and assuming that ER-phagosome fusion

is required for cross-presentation, it is probable that

internalised soluble antigens require Bip to stimulate

their retro-translocation to the cytosol. Whether this

is the case or not remains to be elucidated, but

internalised ovalbumin (OVA) was previously found

to associate with Bip in DC [47]. Cross-presentation

of cellular antigens might require cytosolic Hsp70/

Hsp40, an issue that remains to be clarified. It is well

known that the cross-presentation efficiency of cel-

lular antigens is considerably higher than soluble

forms, which might indicate that Bip recruited from

ER to phagosome is not abundant enough to fully

activate ERAD-like mechanism for internalised sol-

uble antigen. In contrast, cytosolic Hsp70/Hsp40,

which is already abundant in the cytoplasm, might

play a prominent role in ERAD-like mechanism of

internalised cellular antigens. These aspects of cross-

presentation are very important and must be

investigated carefully. Based on these ideas, we

should move next to consider why HSP-peptide

(and/or protein) complex, but not free peptide (and/

or protein), is efficient in cross-presenting the

associated peptides to CD8þ T cells.

Role of HSP-peptide complex in antigen donor cells for

cross-presentation

Vaccination with heat shock proteins (HSP) protects

mice against challenge with tumour from which the

HSP were isolated [48, 49]. The antigenicity of HSP

vaccination is based on HSP-associated endogenous

MHC class I peptides or their precursors [48, 50].

Role of HSP in antigen presentation 621



The vaccination effect is mediated by CD8þ T cells,

indicating that HSP can cross-prime T cells in vivo,

acting as a carrier for antigens [51]. Srivastava and

colleagues [52] pioneered these studies and CD91

(a receptor for �2M macroglobulin, �2M) was

identified as a receptor for Hsp90, Hsp70, Gp96

and calreticulin for cross-presentation [53, 54].

Rabbit polyclonal antibodies to CD91 and �2M

protein were reported to inhibit the Gp96-mediated

cross-presentation [53]. Intriguingly, CD91 is also

a receptor for P. aeruginosa Exotoxin A [55] that

blocks ERAD and cross-presentation. The results

indicate that the route from internalisation of HSP-

peptide complex to its retro-translocation to the

cytosol overlaps with the one for Exotoxin A.

Vaccination using cellular antigens (antigen-

bearing parenchymal cells) is extremely efficient

compared to the use of soluble antigens. In this context,

HSP in antigen donor cells seems to play an important

role. HSF-1 is a major transcription factor for induction

of many HSP and is indispensable for triggering heat

shock response to various stimuli. Immunisation using

HSF-1 deficient cells (whose expression of Hsp90 and

Hsp70 is less than those of normal cells) confers less

efficient generation of cytotoxic T lymphocyte (CTLs)

to multiple antigens [56], providing a genetic evidence

for the role of HSF-1 in regulating cross-presentation

of MHC class I-associated antigens. Even vaccination

using cell lysates containing antigens can cross-prime

CD8þT cells and generate CTLs specific to �-galacto-

sidase and OVA. Intriguingly, depletion of Hsp90,

Hsp70, Gp96, and calreticulin by specific antibody-

absorption from the total lysates abrogated the cross-

priming ability [57]. Although these results clearly

indicate that antigen peptides (and/or protein frag-

ments) chaperoned by HSP are critical for cross-

priming, there are reports in disagreement with these

observations [58]. Intact proteins to be degraded by the

proteasome are reported to be sufficient to cross-prime

T cells because depletion of normal steady-state OVA

from the cell fractions eliminated its cross-priming

activity [58]. Although this issue is still debatable, at

least, it is very clear that intact proteins by themselves

remain to be poor vaccine candidates unless they are

mixed with stimulators for innate immunity such as

Toll-like receptor (TLR)-ligands.

In considering why the HSP peptide complex is so

efficient in terms of cross-presentation, one possibil-

ity is that internalised HSP into the endosome can

mimic the function of Bip, which is normally

recruited from the ER to the endosome, leading

to the enhancement of ERAD-like mechanism.

The peptides chaperoned by HSP might be effi-

ciently translocated to the cytosol and processed by

the 26S proteasome. Since HSP-associated peptides

seem to be short steretched peptides, ubiquitinyla-

tion of such peptides might not be necessary for their

translocation and degradation by the 26S protea-

some. A similar mechanism would operate when

proteins chaperoned by HSP are internalised by DC,

although they require polyubiquitinylation for the

degradation. Indeed, proteins captured by HSP110

were reported to cross-prime T cells efficiently [59,

60]. A complex between HSP110 and the intracel-

lular domain (ICD) of human epidermal growth

factor receptor 2 protein (HER-2)/neu was formed

by heat shock [59, 60]. This HSP110-ICD vaccine

elicited both CD8þ and CD4þ T-cell responses

against ICD. Proteins internalised into the endosome

encounter a low pH that might induce alteration

of their structure, resulting in misfolding.

The association of HSP with such proteins might

keep their solubility and efficient retro-translocation

to the cytoplasm would be promised. The association

of substrates with HSP in these cases is non-covalent

and sensitive to ATP hydrolysis. It is not clear at

this stage whether only peptides or both peptides

and HSP are retro-translocated to the cytosol.

On the other hand, genetically engineered fusion

proteins comprising HSP and short peptides such as

T cell epitopes and even proteins, whose association

is covalent, if the structure of HSP is not altered to

maintain their solubility, seem to work as a vehicle

for cross-presentation, similar to the HSP-peptide

complex [59, 60]. We generated a recombinant

fusion protein consisting of full-length Hsc70 and

Kb-restricted dominant T-cell epitope, OVA257-264

and four other different peptides to investigate the

mechanism of HSP-mediated cross-presentation

[61, 62]. Injection of Hsc70-OVA257-264 stimulated

proliferation of adoptively transferred OT-I (trans-

genic TCR specific for OVA257-264 plus H-2Kb)

CD8þ T cells in the spleen and generated specific

CTLs [61, 62]. Thus, OT-I CD8þ T cells prolifer-

ate, differentiate into active CTLs and produce

IFN�. The Hsp70-mediated cross-priming was

abrogated in TAP1KO mice and DC-depleted

CD11c/DTR mice (unpublished results). By using

this system and various TLRs KO mice, we are

currently investigating the cross-priming mechanism

by Hsp70 in the context of MyD88 signalling.

Recent evidence suggests that TLR-MyD88 sig-

nalling is essential for cross-presentation of soluble

antigens [63]. One reason for the requirement of

MyD88 is that the recruitment of TAP molecules to

early endosomes is dependent on TLR4-MyD88

signalling because the OVA protein generally used in

antigen presentation assay contains few but biologi-

cally active endotoxins such as LPS [64]. Peptides

generated from exogenous protein in the cytoplasm

enter, through TAP molecules, the lumen of early

endosomes from which it dislocates, and associate

with MHC class I molecules. The recruitment

of TAP to early endosomes might result from
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facilitation of ER-phagosome fusion. Another possi-

ble mechanism–acceleration of ERAD for exogenous

proteins – might operate in a TLR4-MyD88-depen-

dent manner, which remains to be investigated.

Is cross-presentation governed by receptors through

which exogenous antigens are internalised?

OVA can be internalised by DC in a fluid phase-,

scavenger receptor- and mannose receptor-mediated

manner. Of these three distinct internalisation routes,

mannose receptor is the only one required for cross-

presentation [27] (Figure 3). OVA endocytosed by

other receptors seems to be presented to CD4þ T cells

in the context of MHC class II molecules [27]

(Figure 3). This evidence suggests that there are

some specialised receptors by which only internalised

exogenous antigens are cross-presented in the context

of MHC class I molecules. Thus, receptors utilised for

internalisation of exogenous antigens might control the

pathway through which they are presented to either

CD4þ or CD8þ T cells. The mechanism underlying

the segregation of the pathways is linked with whether

the internalised antigen is retro-translocated to the

cytosol or not. Leakage of internalised OVA into

the cytoplasm was found in normal DC, but not

in mannose receptor-deficient DC [27]. Thus, the

mannose receptor-mediated internalisation is linked to

the ERAD-like pathway, whereas other receptors are

not. In this context, CD91-mediated internalisation is

associated with the ERAD-like pathway because this

pathway is blocked by Exotoxin A, as described. The

reason why mannose receptor- or CD91-dependent

internalisation can utilise the ERAD-like pathway is

unknown. One cannot exclude the possibility of a slow

rate of maturation of the fusion of the endosome with

the lysosome following mannose receptor- and CD91-

mediated internalisation compared to those by other

routes. The slow maturation of the endosome might

give enough time during which internalised antigens

are dislocated by the ERAD-like pathway, otherwise

they will be rapidly degraded by lysosomal enzymes.

Several minutes would be sufficient for dislocation of

internalised proteins and their appearance in the

cytosol. Thus, there might be only a few minutes

delay of mannose receptor-mediated endosomal mat-

uration even if it is slower than that of scavenger

receptor-mediated internalisation. Alternatively, it

is possible that the mannose receptor-mediated endo-

some somehow can fuse with ER-membranes, pur-

chasing ERAD-like pathway, while scavenger receptor-

mediated endosome cannot. The exact mechanism

needs to be elucidated in the future.

Conclusions

We focused mainly on the role of HSP in protein

degradation and peptide production by the protea-

some towards MHC class I antigen presentation.

Figure 3. Different fates of internalised antigens by distinct cell surface receptors. The antigen internalised by
macropinocytosis and/or scavenger receptor-mediated endocytosis is presented by MHC class II molecules to CD4þ T cells.
In contrast, the same antigen internalised by mannose receptor-dependent endocytosis is presented by MHC class I
molecules to CD8+ T cells. The molecular mechanisms responsible for the two distinct processes remain to be elucidated.
However, the difference between the two pathways could be linked to the diverse mechanisms responsible for antigen
trafficking associated with HSP, which remain elusive. MIIC, MHC class II compartment; MR, mannose receptor.
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Proteolysis and protein/peptide trafficking is certainly

not a random process but is elaborately regulated by

HSP, leading to the control of production of peptides

presentable by MHC molecules. In this context,

acquired (T cell) immunity is tightly coupled with

HSP-proteasome interplay. T cell recognition of

antigenic peptides causes self and non-self discrimi-

nation, however, we could alternatively say that to

be or not to be degraded by the proteasome system

regulates the consequence, which all might boil down

to decisions by HSP that can sense subtle conforma-

tional changes of proteins. It would be wonderful

if we can manipulate the functions and expression

levels of individual chaperones to regulate the

immune system associated with host defence against

infectious diseases and cancers, and even autoim-

mune diseases.
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