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Exogenous antigens enter antigen-presenting cells through non-
specific mechanisms and are presented by the MHC II molecules. We 
show here that antigens chaperoned by the heat shock protein gp96 
enter dendritic cells and B cells through a specific, CD91- and LOX-1-
mediated mechanism, and are presented by MHC II molecules, in 
addition to MHC I molecules as previously demonstrated. Receptor 
utilization results in high efficiency uptake such that antigen 
concentrations as low as 10-9 M, if chaperoned by gp96, lead to 
productive antigen presentation. Chaperoning by gp96 increases the 
efficiency of uptake over un-chaperoned peptides by up to two orders 
of magnitude. Consistent with these studies in vitro, immunization 
of mice with gp96-peptide complexes (containing 5 ng peptide) 
results in generation of a peptide-specific CD4+ T cell response. The 
high efficiency suggests a mechanism in which dendritic cells, 
exposed in vivo to heat shock protein-chaperoned peptides liberated 
by virus-infected host cells or by the lysis of infecting bacteria, may 
prime and expand specific CD4+ responses.
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Introduction
Selected heat shock proteins (HSPs) have been shown 

previously to interact with antigen-presenting cells (APCs) 
through the HSP receptor CD91 (1-4). Peptides chaperoned by 
these HSPs enter the APCs through this pathway and get 
presented by the MHC I molecules of the APCs in spite of their 
exogenous administration, as demonstrated in the murine (5-7) 
as well as in the human system (8, 9). We show here that the 
peptides chaperoned by the HSP gp96 also enter the exogenous 
antigen presentation pathway and get presented by the MHC II 
molecules of the APCs. Re-presentation of exogenous antigens 
through the exogenous pathway is not novel in and of itself (10). 
The novelty of the study derives from the demonstration that re-
presentation of gp96-chaperoned peptides by MHC II molecules 
of the APCs is largely dependent upon the interaction of HSPs 
with the HSP receptors CD91 and LOX-1 on the APCs, and 
further, that the receptor-mediated re-presentation is 
considerably more antigen-efficient than non-receptor-
mediated re-presentation of un-chaperoned peptides. CD91- 
and LOX-1-mediated uptake of gp96-chaperoned antigens 
through the exogenous pathway thus has the characteristics of 
surface immunoglobulin- (sIg) (11), Fc receptor- (12), mannose 
receptor- (13) and DEC205-mediated (14) uptake of exogenous 

antigens. Our present results also bear on the ability of 
immunization with HSP-peptide complexes to elicit T cell help, 
CD4+ T cell-mediated suppression and the elicitation of 
memory T cell and antibody responses.

Results
Re-presentation of gp96-chaperoned peptides by the MHC II 
molecules of APCs

We have generated a number of CD4+ T lymphocyte clones 
from spleens of BALB/c mice immunized with Meth A sarcoma. 
The clones 24D3 and 12D1 are typical examples of these. They 
proliferate and secrete IL-5 specifically in response to APCs 
pulsed with lysates of Meth A but not CMS5, P815 or other 
tumors (15). These clones also secrete IL-5 specifically in 
response to APCs pulsed with gp96 derived from Meth A, but 
not gp96 derived from an antigenically distinct tumor line CT26 
(H-2d) (Figure 1A). The activation of 24D3, elicited by Meth A 
gp96, is blocked identically by anti-CD4 or anti-IEd antibody, 
but not by anti-CD8 or anti-IAd antibody (Figure 1B).

The stimulatory activity of gp96 is titratable (Figure 1A). 
Significant release of T cells is detected by incubation of APCs 
with up to 50 µg/ml gp96, or 10 µg gp96 in absolute quantity 
(taking into account the assay volume). This quantity of gp96 
exists within approximately 107 cells. The T cell cultures contain 
5 x 105 APCs; thus, assuming that all APCs are equal recipients 
of gp96, each APC receives gp96 from approximately 20 Meth A 
cells in order to present antigen productively.

The identity of the APCs responsible for presentation was 
tested. The spleen was fractionated into CD11b+, CD11c+, or 
B220+ cells and each cell type in titrated numbers (104-105 cells 
for each APC population, except for an additional titration of 
2.5 x 105 that was included for B220+ cells) was pulsed with 
either medium alone, Meth A-derived gp96, or gp96 derived 
from CT26 (negative control). The ability of the pulsed APCs to 
stimulate CD4+ lymphocytes was tested. It was observed 
(Figure 1C) that, on a per cell basis, the splenic CD11c+ sub-set 
was the most efficient in presentation, followed in quick 
succession by the CD11b+ sub-set (that contains CD11c+ cells 
within it). B220+ cells could also present detectably but poorly. 
Considering the absolute numbers of these cell types, the B220+ 
cells (approximately 50% of total spleen, as opposed to 
approximately 1% CD11c+ cells) may be considered to make the 
major contribution to MHC II-mediated presentation of gp96-
chaperoned peptides  by splenic  APCs in  v itro .  Only 
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Figure 1 

APCs process and present naturally-derived gp96-peptide complexes to CD4+ T cells in a source-specific manner. Data for clone 24D3 are shown; clone 12D1 
behaves similarly. (A) 24D3 cells (2 x 104 cells) and irradiated splenic APCs (5 x 105 cells) were cultured with gp96 derived from either Meth A or an antigenically dis-
tinct tumor (CT26) at the concentrations indicated. Secretion of IL-5 by T cells was measured. (B) Stimulation of 24D3 by Meth A gp96 (100 µg/ml) is CD4-restricted, 
I-Ed restricted, but not CD8-restricred or I-Ad-restricted. Assays were done as in A and monoclonal antibodies against CD4, CD8, I-Ad, or I-Ed (2.5 µg/ml) were added. 
(C) Identity of splenic APCs. Splenic APCs were tested for MHC II-mediated antigen presentation of Meth A-derived gp96. CD4+ T cell clone 24D3 cells (2 x 104) were 
cultured with either 5 x 105 irradiated syngeneic splenic APCs or 104, 5 x 104 or 105 CD11b+, CD11c+, or B220+ cells purified from splenic APCs by MACS™ column, in 
the presence or absence of gp96 derived from Meth A or CT26 (100 µg/ml), as a negative control. For B220+ APCs, an additional titration of 2.5 x 105 cells was tested 
because of the relative inefficiency of these APCs in re-presentation. Bone-marrow derived immature DCs or mature DCs (1 x 105) were also tested in a similar manner 
as APCs.

macrophages and DCs have been shown to be capable of re-
presenting HSP-chaperoned peptides thus far (2, 4). The 
demonstration that B cells may do it as well is consistent with 
our results that a proportion of B cells express CD91 (R. Binder 
and P.K. Srivastava, unpublished). The ability of immature and 
mature bone marrow-derived DCs to re-present gp96-
chaperoned peptides through the exogenous pathway was 
investigated. It was observed that both immature and 
endotoxin-matured DCs could mediate the process effectively 
and more efficiently than B cells; however, immature DCs were 
superior to mature DCs in this regard (Figure 1C).

High efficiency re-presentation of gp96-chaperoned peptides by 
MHC II molecules

Gp96 (and other HSP) molecules are associated in vivo with a 
wide array of peptides including antigenic peptides (16-18). 
HSPs can also be complexed in vitro with antigenic peptides and 
the chaperoned peptides can be re-presented by the MHC I 
molecules of the APCs (6, 19). Re-presentability of in vitro
reconstituted gp96-chaperoned peptides by the MHC II 
molecules of APCs was tested. Gp96 from normal liver was 
complexed to the antigenic peptide recognized by the 24D3 
CD4+ cells and the antigen-specific activity of the complex 
tested. The antigen recognized by the Meth A-specific CD4+ 
cells is derived from a Meth A-specific mutant allele of the L11 
ribosomal protein (15). The clone 24D3 can be stimulated with 

the mutant (KVREYELRKHNFSDTGNFG) but not with the 
wild type (KVREYELRKNNFSDTGNFG) allele at a free peptide 
concentration of 1 µM (Figure 2A). The wild type or mutant 
peptide was complexed non-covalently with liver-derived gp96 
(13) and both gp96-peptide complexes were tested for their 
ability to stimulate CD4+ cells. The quantity of peptide which 
could be complexed to the gp96 preparations was in the nM 
range [see (19) and the Materials and methods section to see 
how this was determined]. At this low peptide concentration, 
the free wild type or mutant peptides could not stimulate the 
CD4+ T cells. However, the mutant peptide complexed with 
gp96 was effective in stimulating the CD4+ cells, whereas the 
wild type allele complexed with gp96 at the same concentration 
as the mutant peptide could not stimulate them (Figure 2A). In 
addition to demonstrating that antigenic specificity derives not 
from gp96 itself but from the associated peptides, this 
observation hinted that the efficiency of uptake and 
presentation of the mutant allele was enhanced by association 
with gp96. This was formally tested.

Titrated quantities of free or gp96-associated mutant peptide 
were used to pulse APCs and to stimulate CD4+ cells. The 
quantity of peptide bound to the gp96 molecules was 
determined as described (19). Briefly, a known quantity of 
peptide was radiolabeled and the cpm/mole of the peptide 
determined. Defined titrated quantities of this labeled peptide 
were complexed in vitro with a defined quantity of gp96 and 
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Figure 2 

High efficiency re-presentation of gp96-chaperoned peptides by MHC II molecules. (A) APCs present in vitro the reconstituted complex of gp96 with the antigenic 
mutant but not wild type peptide through MHC II molecules to CD4+ T cells. CD4+ T cell clone 24D3 (2 x 104) cells were cultured with 1 µM or 1 nM of either free, wild 
type L11 peptide (WT), the CD4 epitope, mutated L11 peptide (MT) or gp96 complexed with these peptides, in the presence of irradiated syngeneic splenic APCs. Activ-
ity was measured by IL-5 release as in Figure 1. The quantity of peptide in gp96-peptide complexes was determined to be in the nM range. (B) Comparison of efficiency 
of antigen presentation through MHC II, by free peptides and gp96-chaperoned peptides. Radiolabeled peptides of known specific radioactivity (cpm/µg peptide) were 
complexed with known quantities of gp96. Defined quantities of gp96 were counted after removal of unbound peptides and the absolute quantity of bound peptide per 
µg gp96 was thus determined. CD4+ T cell clone 24D3 (2 x 104) cells were cultured with free mutant L11 peptide (open square) or gp96 complexed with mutant L11 pep-
tide (filled square) at the concentrations indicated for 2 days and stimulation of 24D3 was measured by IL-5 release in the supernatant by ELISA. The % response was 
determined by comparison of the activity of gp96-peptide complexes or that of free MT peptide with the activity of 1 µM free MT peptide (set as 100%). The average of 3 
experiments is shown for each point.

Figure 3 

CD91- and LOX-1-dependence of presentation of gp96-chaperoned peptides by MHC II. Presentation of gp96-chaperoned peptides by immature bone marrow-
derived DCs can be inhibited by CD91 ligands α2-macroglobulin or antigen-negative gp96, but not by serum albumin. Re-presentation assays were performed as in 
Figure 1, in the presence of titrated concentrations of antigen-negative liver gp96 (A), α2M (B) or albumin (A, B) at the concentrations indicated. (C) Re-presentation 
assays were carried out in the presence of titrated concentrations of LDL, oxidized LDL or BSA, as indicated. Re-presentation was quantitated as in A and B. (D) Antibod-
ies to scavenger receptors CD36, CD68, SR-A, MARCO or LOX-1 (10 µg/ml each) were included in the re-presentation assays as in C. In addition, antibodies to I-Ed (as 
a positive control) or Kd (as negative control) were included. Percent inhibition (as compared to activity in the absence of inhibiting antibody) is plotted.
www.cancerimmunity.org 3 of 8
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Figure 4 

Inhibition of re-presentation of gp96-chaperoned peptides through MHC I or MHC II molecules. (A) CD4+ T cell clone 24D3 cells (2 x 104) were cultured with 
Meth A-derived gp96 (50 µg/ml) in the presence of 5 x 105 irradiated syngeneic APCs which had or had not been pre-treated with BFA or CHQ. Inhibitors were used as 
described in the text. Stimulation of CD4+ T cells was measured by IL-5 release. (B) CD8+ cells (104) specific for Ld/AH1 epitope of CT26 were cultured with 104

RAW264.7 cells in the presence of gp96 (50 µg/ml) or gp96-AH1 19-mer peptide complexes (50 µg/ml). The APCs were either untreated or treated previously with BFA 
or CHQ. Stimulation of CD8+ T cells was measured by interferon-γ release.

un-complexed peptides washed off. The quantity of labeled 
peptide associated with gp96 could be ascertained by counting 
the label in the gp96-peptide complex. It was observed 
(Figure 2B) that at their highest concentrations, free or gp96-
chaperoned antigens stimulated CD4+ cells to a similar degree. 
However, the quantity of peptide required for maximal or half-
maximal stimulation was strikingly different, depending on 
whether it was free or gp96-chaperoned. The gp96-chaperoned 
mutant peptide was approximately 20- to 50-fold more efficient 
than free mutant peptide for half-maximal stimulation of the 
CD4+ T lymphocytes, and over 100-fold more efficient for 
maximal stimulation. Albumin, which also binds peptides 
effectively and comparably, did not confer this high efficiency 
(data not shown). These data are reminiscent of a similar high 
efficiency of endogenous presentation conferred on the peptide 
upon association with gp96 or hsp70 (6).

CD91 and LOX-1 dependence of antigen presentation
Soluble exogenous antigens have been routinely demonstrated 

to be taken up by the APCs through non-specific mechanisms 
and presented by the MHC II molecules. Receptors are not 
necessary for antigen-APC interaction in this pathway. 
However, the remarkably high antigenic efficiency of 
presentation of gp96-chaperoned versus free peptides led us to 
explore a role for a receptor in this process. Liver-derived gp96, 
but not albumin, inhibited the re-presentation of gp96-
chaperoned peptides to 24D3 CD4+ cells, titratably (Figure 3A). 
Near complete inhibition was observed at the highest 
concentration of gp96 tested. Gp96 has been shown to interact 
with APCs through CD91 (1-3). The ability of a previously 
known CD91 ligand, α2-macroglobulin (α2M), to inhibit the 
presentation of gp96-chaperoned peptides by MHC II molecules 
to CD4+ lymphocytes was tested. CD4+ clone 24D3 cells 
(2 x 104) were cultured (as in Figure 1A) with Meth A-derived 
gp96 and 5 x 105 irradiated syngeneic APCs in the presence of 
titrated quantities of α2M or albumin (as a negative control) at 
inhibitor concentrations of 0.15, 0.3, 0.6 and 1.2 µM. Figure 3B 
shows the antigen presentation activity as evidenced by the 
secretion of IL5 by CD4+ T cells in the presence of inhibitors 
expressed as the % of the same activity in the absence of 

inhibitors. α2M inhibited re-presentation of gp96-chaperoned 
L11-derived antigenic peptide titratably, and by approximately 
80% at the highest concentration. Higher concentrations of 
α2M could not be tested due to difficulties in dissolving α2M at 
concentrations >1.2 µM. Albumin, even at the highest 
concentrations tested, did not inhibit re-presentation.

LOX-1, a member of the scavenger receptor family, has been 
implicated in hsp70-DC interaction (4). As CD91 interacts with 
gp96 and hsp70 (2), and as scavenger receptors bind a broad 
spectrum of ligands, the role of LOX-1 in re-presentation of 
gp96-chaperoned peptides was tested. Oxidized low density 
lipoprotein (LDL), a known ligand of LOX-1, was tested for its 
ability to inhibit re-presentation of gp96-chaperoned peptides. 
An oxidized LDL preparation (in which the oxidized LDL/
native LDL ratio was 2.20 ± 0.11) inhibited re-presentation, 
while control ligands such as LDL or BSA failed to do so at 
similar or higher concentrations (Figure 3C). An antibody to 
LOX-1 also inhibited re-presentation to the same degree as 
oxidized LDL, while antibodies to the scavenger receptors 
CD36, SR-A, CD68 and MARCO did not. As positive and 
negative controls, an antibody to I-Ed also inhibited re-
presentation while an antibody to Kd did not (Figure 3D).

Requirement of intracellular processing, including transit through 
an acidic compartment

The effect of two physiological inhibitors that block distinct 
steps in the intracellular traffic on the presentation of gp96-
chaperoned peptides by APCs (20) was tested. Brefeldin A 
(BFA) blocks vesicular traffic (21), while chloroquine (CHQ) 
neutralizes the intracellular acidic compartments (22). The 
same experimental system as in Figure 1 was used and the 
inhibitors were incorporated in the assay. Both inhibitors 
abrogated the presentation of gp96-chaperoned peptides 
(Figure 4A), thus indicating that the gp96-peptide complex 
must traverse an acidic compartment and utilize the classical 
secretory pathway. As a control, the effect of these inhibitors on 
the endogenous MHC I-mediated presentation of gp96-
chaperoned peptides was tested in parallel. Liver gp96 was 
complexed in vitro to AH1-19, a 19-mer peptide which bears 
within it the Ld-restricted AH1 epitope of the CT26 colon 
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Figure 5 

Immunization of mice with gp96-peptide complexes elicits antigen-specific CD4+ T cells. (A) BALB/c mice were immunized with either buffer, liver-derived gp96 
complexed with WT L11 peptide (25 µg gp96 complexed with approximately 2.5 ng peptide) or liver-derived gp96 complexed with MT L11 (25 µg gp96 complexed with 
approximately 2.5 ng peptide) twice intradermally, 1 week apart. One week after the last immunization, spleen cells were cultured in vitro either without peptide, with 
wild type peptide (WT) or with mutated peptide (MT) at 1 µM for 4 days. 3H-thymidine (0.5 µCi/well) was added to the cultures 18 h before harvesting and proliferation 
was measured. Data from each of two individual mice for each group are shown. (B) The CD4+ T cell line from A was blocked with anti-CD4 and anti-MHC class II 
mAbs. CD4+ T cell line TM/JB007 cells (2 x 104) from A were cultured with 5 x 105 of irradiated splenic APCs and mutated L11 peptide (0.1 µM) in the presence of the 
mAb indicated. The response was blocked by anti-CD4 or -I-Ed mAb, but not by anti-CD8 or anti-I-Ad mAb as in Figure 1B.

carcinoma (RVTYHSPSYVYHQFERRAK) (23). The AH1-19 
peptide cannot charge the surface Ld molecules but has to be 
processed internally after being taken up with gp96. 
Presentation of AH1 by the MHC I molecules was inhibited by 
BFA but not by CHQ (Figure 4B). This is consistent with 
previous observations in a different antigenic system (4). Thus, 
while the introduction of gp96-chaperoned peptides into the 
endogenous pathway of presentation is insensitive to treatment 
with CHQ, their introduction into the exogenous pathway is 
sensitive to the same treatment. BFA inhibited both pathways 
equally.

Immunization with gp96-peptide complex elicits peptide-specific 
CD4+ T lymphocytes

BALB/c mice were immunized with in vitro reconstituted non-
covalent complexes of gp96 with the wild type or mutant L11 
peptide (15). The gp96-peptide complexes contained 25 µg gp96 
and 2.5 ng peptide per immunization. Buffer-immunized mice 
were tested as controls. Splenocytes of all mice were cultured in 
vitro in the presence of either no peptide, wild type (WT) 
peptide, or mutant (MT) peptide for 4 days and were tested for 
proliferation by thymidine incorporation. Mice immunized 
with the gp96 MT peptide generated a strong primary CD4+ T 
cell response, while mice immunized with buffer or the wild 
type peptide did not (Figure 5A). Depletion of CD8+ T cells 
from the splenocytes did not affect the proliferation activity 
(data not shown). Further, CD4+ T cell activity was measurable 
only in cultures of splenocytes derived from mice immunized 
with the gp96-chaperoned MT peptide and stimulated in vitro
with the MT peptide. A long term CD4+ T cell line, TM/JB007, 
was derived from cultures of such splenocytes. This CD4+ line 
showed exquisite specificity and proliferated in response to 
APCs pulsed with the mutant, but not the wild type, L11 peptide 
and its activity was inhibited in vitro by antibodies to CD4 and 
I-Ed but not CD8 or I-Ad (Figure 5B).

Discussion
Our observations show that a gp96-chaperoned peptide enters 

the APCs by a CD91- and LOX-1-mediated mechanism, reaches 
an acidic compartment, and is presented by the MHC II 
molecules of the APCs. The processing and presentation are 
sensitive to BFA and CHQ, indicating that the gp96-chaperoned 
peptides are not simply charged onto the surface MHC II 
molecules. The observation that competition with excess 
α2-macroglobulin, another ligand for CD91, and oxidized LDL, 
a ligand of LOX-1, inhibits presentation of gp96-chaperoned 
peptides by MHC II molecules, also argues against surface 
transfer.

The CD91- and LOX-1-mediated uptake of antigen leads to a 
high efficiency of antigen presentation, as demonstrated earlier 
in the case of antigen uptake through other receptors such as sIg 
(11), Fc receptor (12), mannose receptor (13) and DEC205 (14). 
Receptor-mediated antigen uptake thus also suggests a 
mechanism through which APCs, exposed in vivo to HSP-
chaperoned peptides liberated by virus-infected host cells or by 
the lysis of infecting bacteria, may prime specific CD4+ 
responses. Consistent with these studies in vitro, immunization 
of mice with gp96-peptide complexes containing as little as 5 ng 
peptide results in generation of a peptide-specific CD4+ T 
response. Utilization of this pathway under conditions of viral 
infection and tumorigenesis, as well as the relative significance 
of the pathway, are presently under investigation. Our 
observation that gp96-peptide complexes from as few as 
approximately 20 tumor cells is sufficient for productive antigen 
presentation by a single APC, also lends weight to this premise 
particularly if one bears in mind the certain possibility that 
HSPs other than gp96, and far more abundant than gp96, behave 
in the same way as gp96. The observation that immature DCs 
are measurably better than endotoxin-matured DCs at taking up 
and re-presenting gp96-chaperoned peptides is consistent with a 
physiological role for HSP-peptide complexes in priming CD4+ 
T responses. The previous demonstration by our group (24) and 
www.cancerimmunity.org 5 of 8
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others (25) that gp96 molecules can mediate maturation of DCs 
suggests that interaction of immature Langerhans cells or other 
immature tissue DCs may, on one hand, lead to re-presentation 
of HSP-chaperoned peptides and, on the other hand, cause their 
maturation and migration in vivo (26).

An entirely expected difference emerges in the intracellular 
trafficking pathway of gp96-chaperoned peptides to MHC I or 
MHC II. The re-presentation of gp96-chaperoned peptides by 
MHC I molecules has also been shown to require intracellular 
processing (2, 6, 27). It is however, insensitive to treatment of the 
APCs with CHQ, indicating the lack of requirement for the 
access of the peptide to an acidic compartment (6). Those 
observations, together with the results shown here, suggest that 
the gp96-peptide complex internalized through CD91 and 
LOX-1 may enter an acidic or a non-acidic compartment, with 
consequent introduction of the peptides into the exogenous or 
endogenous pathway of presentation. As one possible 
mechanism for the dual outcomes, one can imagine the 
internalized gp96-peptide containing vesicles stochastically 
fusing with acidic vesicles (leading to presentation by MHC II) 
or permitting transport of the gp96-peptide complexes to the 
cytosol through an as yet unknown mechanism, leading to 
presentation by MHC I. Re-presentation studies with hybrid 
peptides containing epitopes for presentation by MHC I and 
MHC II molecules should shed further light on the intracellular 
trafficking. The structure of the HSP-chaperoned peptide has 
been shown to have a defining influence on the intracellular 
trafficking of the peptide in case of re-presentation of hsp70-
chaperoned peptides by MHC I molecules of APCs (7). Similar 
influences of peptide structure in the exogenous pathway are not 
unlikely.

The downstream effects of re-presentation of gp96-
chaperoned peptides by MHC II molecules include 
consequences for the generation of CD4+ help, CD4+-mediated 
suppression, and elicitation of T cell memory and antibody 
responses. Such re-presentation should lead to the generation of 
helper T cell responses, in addition to the CD8+ responses 
traditionally reported as a result of immunization with HSP-
peptide complexes. Although priming of CD4+ responses has 
been shown not to be required for effective immunity in models 
of prophylaxis against tumors, CD4+ help is essential in the 
effector phase of the immune response (28). The demonstrated 
ability of gp96-peptide complexes to elicit such responses adds 
to the potential immunogenicity of HSP-peptide complexes. 
Rouse and colleagues have recently shown that immunization of 
mice with an hsp70-chaperoned MHC I epitope of the herpes 
simplex virus-2 elicits an excellent CD8+ T cell response and 
protection from an acute viral challenge; however, the memory 
response elicited by immunization with the hsp70-peptide 
complex is less robust than the corresponding response elicited 
by live attenuated virus (29). In view of the role of help in 
generation of memory responses, we would predict that 
immunization with HSP-peptide complexes where the peptides 
contain MHC I and MHC II epitopes should overcome the 
memory deficit reported by Rouse and colleagues. Finally, 
recent studies by at least two groups have demonstrated that 
immunization with gp96-chaperoned peptides (30) or hsp110-
chaperoned proteins (31) elicits antibody responses against the 
peptides or proteins. These responses are apparently helper-
dependent and our demonstration that gp96-chaperoned 
peptides can be re-presented by the MHC II molecules of the 
APCs to CD4+ T cells provides a mechanistic basis for the 
elicitation of antibody responses.

Paradoxically, immunization with high doses of 
endogenously-derived gp96-peptide complexes has been shown 
to elicit CD4+ T cells that can down-regulate CD8+ responses in 
a tumor model (32, 33). The present studies do not shed light on 
that phenomenon. It is our belief that elicitation of suppressor 
CD4+ T cells by immunization with high doses of gp96 derives 
from the conditioning of APCs by high doses of gp96 and the 
resulting signals derived from that conditioning, that then affect 
the property of the CD4+ cells primed. This premise requires 
experimental testing.

HSP-APC interaction has been shown to result in a wide array 
of immunological events and the results shown here expand that 
spectrum even further. Thus, HSPs stimulate macrophages to 
elaborate cytokines (24) and chemokines (34), cause maturation 
of dendritic cells in vitro (24-26), and their maturation and 
migration in vivo (26), introduce peptides chaperoned by them 
into the endogenous and now the exogenous pathway (this 
study) of antigen presentation. The HSP-peptide and HSP-APC 
interaction thus leads to a uniquely broad spectrum of antigen-
specific and innate immune responses.

Abbreviations
BFA, brefeldin A; CHQ, chloroquine; HSP, heat shock protein; 
LDL, low density lipoprotein; MT, mutant; WT, wild type
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Materials and methods
Mice

BALB/c mice were purchased from Jackson Laboratory and 
maintained in our animal facilities.

T cell proliferation assay
T cell clones (2 x 104) were cultured with antigens in the 

presence of 5 x 105 irradiated syngeneic splenic APCs. Activity 
was measured by 3H-thymidine uptake (0.5 µCi/well of 
3H-thymidine added 18 h before harvesting) at day 4 or 
cytokine release in the supernatant at day 2 by ELISA (Endogen, 
Woburn, MA). Anti-CD4, -CD8, -I-A/Ed mAbs were purchased 
from BD Biosciences PharMingen (San Diego, CA). Anti-I-Ed

mAb was purchased from Accurate (Westbury, NY). APCs were 
treated with 0.3 mM chloroquine (CHQ) at 37°C for 30 min and 
washed twice and used as APCs. APCs were treated with 5 µg/
ml of brefeldin A (BFA) at 37°C for 3 h and washed 2-3 times 
and used as APCs. BFA (0.5 µg/ml) was present during culture.

T cell lines and antigens
CD4+ T cell clones were established as described (15). The 

clones recognize a mutated allele of the ribosomal protein L11 
(EYELRKHNFSDTG) generated due to substitution of Asn by 
His (underlined). Wild type (KVREYELRKNNFSDTGNFG) 
and mutated (KVREYELRKHNFSDTGNFG) 19-mer peptides 
were used. The CT26-specific CD8+ T clone recognizes the 
9-mer AH1 peptide (SPSYVYHQF) epitope from murine 
leukemia virus (MuLV) gp70 (23). A 19-mer extended peptide 
(RVTYHSPSYVYHQFERRAK) was synthesized and used in re-
presentation assays.

Purification of antigen-presenting cells
CD11b+, CD11c+, B220+ cells were purified by MACS™ 

column (Miltenyi Biotec, Auburn, CA). Dendritic cells were 
prepared from bone marrow culture (treated with anti-CD4, 
-CD8, -I-A/Ed, -B220, -Gr-1 Abs and incubated on ice for 
30 min, followed by incubation with rabbit serum at 37°C for 
45 min, and cultured with 20 ng/ml of GM-CSF). On day 3, 
medium was removed and 20 ng/ml of GM-CSF was added and 
the cells cultured for a further 3 days. Day 6 culture was used as 
immature DCs. For mature DCs, a day 6 culture was treated 
with 100 ng/ml LPS for 17 h and used. DCs were irradiated 
(3000 rad) before use.

Purification of gp96 and reconstitution of gp96 and peptides in vitro
Gp96 was purified and complexed with antigenic peptides as 

described (19). Gp96-bound peptide was quantitated as 
previously described (19). Radiolabeled peptides of known 
specific radioactivity (cpm/µg peptide) were complexed with 
known quantities of gp96 (peptide:gp96 molar ratio of 50:1) by 
co-incubation at 50°C for 30 min as described (19). Free, un-
complexed peptides were removed through multiple rounds of 
gel filtration, and the fact of their having been removed was 
tested by size exclusion chromatography or SDS-PAGE. Defined 

quantities of gp96-peptide complexes were then resolved on 
SDS-PAGE and stained with Coomassie blue, and 
autoradiographed. The gp96 band could be detected by 
autoradiography due to the bound radiolabeled peptide. The 
stained gp96 band was cut out, measured on a gamma counter 
(Model Gamma 5500; Wakefield, MA) and the absolute quantity 
of bound peptide determined based on the previously 
determined specific radioactivity of the peptide.

Oxidation of LDL
LDL was purchased from Calbiochem (San Diego, CA). 

Oxidation was performed as in (20). Briefly, LDL was dialyzed 
against PBS for 24 h at 4°C. Oxidation was then performed by 
incubation with 7.5 µM CuSO4 at 37°C for 24 h and terminated 
by incubation with 1 mM EDTA with cooling. After dialyzing 
against LDL buffer (150 mmol/L NaCl, 0.24 mM EDTA, pH 7.4) 
for 48 h, oxidized and native LDL were separated according to 
their relative electrophoretic mobility in a 0.6% agarose gel. The 
protein concentration of LDL and oxidized LDL was measured 
using the BCA protein assay (Pierce).

Immunization of mice with gp96-peptide complexes and generation 
of antigen-specific CD4+ cells

BALB/c mice were immunized intradermally with PBS, 25 µg 
of liver-derived gp96 conjugated with wild type or mutated L11 
peptide (15) twice, 1 week apart. The complexing reaction was 
carried out as previously described (19). One week after the last 
immunization, spleen cells were stimulated in vitro either with 
medium, wild type or mutated L11 peptide at 1 µM for 4 days. 
3H-thymidine was added on day 3. Cells were harvested with the 
cell harvester on day 4 and the 3H-count measured using a beta 
counter (Model 1450 Microbeta counter; Perkin-Elmer, 
Waltham, MA). One day before taking out spleen cells, mice 
were injected with anti-CD8 mAb (YTS 169.4). CD8 depletion 
was confirmed by FACS analysis. After several rounds of 
stimulation peptide (approximately 0.1 to 1 µM), T cell lines 
were obtained and their specificity tested.
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