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Extracellular heat shock proteins (HSPs) can stimulate anti-
gen-specific immune responses. Using recombinant human
(rhu)Hsp70, we previously demonstrated that through complex
formation with exogenous antigenic peptides, rhuHsp70 can
enhance cross-presentation by antigen-presenting cells (APCs)
resulting in stronger T cell stimulation. T cell stimulatory activ-
ity has also been described for mycobacterial (myc)Hsp70.
MycHsp70-assisted T cell activation has been reported to act
through the binding of mycHsp70 to chemokine receptor 5
(CCR5), calcium signaling, phenotypic maturation, and cyto-
kine secretion by dendritic cells (DCs). We report that highly
purified rhuHsp70 and mycHsp70 proteins both strongly
enhance cross-presentation of exogenous antigens. Augmenta-
tion of cross-presentation was seen for different APCs, irrespec-
tive of CCR5 expression. Moreover, neither of the purified
Hsp70 proteins induced calcium signals in APCs. Instead, cal-
cium signaling activity was found to be caused by contaminating
nucleotides present in Hsp70 protein preparations. These
results refute the hypothesis that mycHsp70 proteins require
CCR5 expression and calcium signaling by APCs for enhanced
antigen cross-presentation for T cell stimulation.

Recent evidence has demonstrated that heat shock proteins
(HSPs),? in addition to their roles as chaperones, can stimulate
antigen-specific immune responses (1). This immune stimula-
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tory activity is thought to be activated after HSPs are released
from cells either through necrosis or induced secretion (2-5).
In their role as molecular chaperones, most HSPs exist in com-
plexes with hydrophobic polypeptides. The contact of extracel-
lular HSP:peptide complexes with dendritic cells (DCs) is
thought to result in the efficient transfer of the chaperoned
peptides into the antigen-presentation pathway of DCs allow-
ing antigen-specific T cell activation.

Mechanistically, HSP binding to surface receptors and
HSP-induced signaling events are thought to be involved in
antigen transfer to DCs and subsequent T cell stimulation. In
this regard, a number of potential HSP receptors have been
reported (6 -9). Among these, CD40 and chemokine recep-
tor 5 (CCR5) represent two interesting possibilities as these
molecules are intricately linked to T cell and DC biology (10,
11). In this regard, CCR5 has been reported to act as a pat-
tern recognition receptor for mycobacterial (myc)Hsp70
thus facilitating mycobacterial defense through mycHsp70-
induced DC activation and subsequent T cell stimulation.
The binding of mycHsp70 to CCR5, calcium signaling in
myeloid DCs, phenotypic maturation, and cytokine secre-
tion of DCs have been reported to underlie mycHsp70-as-
sisted T cell activation (12, 13).

We have previously demonstrated that CCR5 can mediate
unique signaling events (14, 15). In addition, we have shown
that human Hsp70 from melanoma cells can chaperone
tumor-associated peptides (tyrosinase) and deliver them to
DCs allowing cross-presentation and T cell stimulation (16).
Recently, we used recombinant human (rhu)Hsp70 to define
in more detail the critical parameters for the induction of
immune effector responses (17). Highly purified and endo-
toxin-depleted rhuHsp70 was found to efficiently deliver
exogenous peptides to DCs resulting in T cell activation,
provided that peptide and Hsp70 had formed stable com-
plexes before exposure to DCs. Phenotypic maturation or
cytokine secretion of DCs was not observed and not required
for the rhuHsp70-mediated enhancement of cross-presenta-
tion and T cell stimulation.

Here we used highly purified rhuHsp70 and mycHsp70 pro-
teins and examined whether mycHsp70 also enhances cross-
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presentation of exogenous antigenic protein sequences and
tested whether calcium signaling or CCR5 were required for
Hsp70-assisted antigen presentation and T cell stimulation.

MATERIALS AND METHODS

Reagents and Peptides—ADP, ionomycin, suramin, Esche-
richia coli-derived LPS (strain 0111:B4), and reagents for cal-
cium signaling (Indo-I AM, Pluronic F-127, DMSO) were pur-
chased from Sigma. All buffers and solutions were prepared
using aqua ad injectabilia (Braun Melsungen, Germany). Pep-
tides were purchased from Biosyntan GmbH (Berlin, Ger-
many). The peptides were synthesized as hybrids of the
nonameric HLA-A2 binding motif with the N-terminal
octameric sequence HWDFAWPW (here named pep70)
(pep70-MART-1: GSGHWDFAWPWGSGLAGIGILTV).

Recombinant Hsp70 Proteins—Recombinant human (rhu)-
Hsp70 protein was either purchased from Stressgen, Victoria,
BC, Canada (ESP-555) or was prepared in our own laboratory as
described (17). After ADP affinity chromatography, buffer was
exchanged using PD10 columns followed by extensive dialysis
(48 h, 5000X buffer volume) and diafiltration (Vivaspin 20,
30,000 MWCO PES, Sartorius Stedim Biotech). To assess the
influence of nucleotide carryover, rhuHsp70 preparations were
used after PD10 column and diafiltration with a less intensive
dialysis step (Hsp70/nc™). Endotoxin was depleted, as
described (17). Only proteins with endotoxin below 0.5 EU/mg
rhuHsp70 were used.

Full-length mycHsp70 was obtained from Lionex Diagnos-
tics & Therapeutics GmbH, Braunschweig, Germany (Product:
M. tuberculosis Hsp70, LRP 0003.3; batch: 07-1 lot2). The
¢DNA coding for the C-terminal substrate binding domain of
mycHsp70, mycHsp70-(359-625), kindly provided by P.]J.
Lehner, Cambridge (UK), was subcloned into the vector
pET21d (Novagen/EMD Chemicals, Gibbstown, NJ). C-termi-
nally His,-tagged recombinant protein was produced in E. coli
strain Rosetta2(DE3) (Invitrogen, Karlsruhe, Germany) and
purified using Ni-nitrilotriacetic acid-agarose (Qiagen, Hilden,
Germany) as described (18). Endotoxin depletion was per-
formed as described (17).

APCs and Cell Cultures—DCs were differentiated from
monocytes of PBMC of healthy donors (CD14 ™ magnetic bead
selection, Miltenyi) using IL4/GM-CSF exactly as described
(17). Cells were used without further maturation (i.e. non-ma-
tured IL4/GM-CSE-differentiated myeloid DCs). The local eth-
ics commission approved these studies, and donors gave
informed consent. Human B-lymphoblastoid B cell line (B-LCL
L721.45) and CTL A42-MART (HLA-A2-restricted Melan-A/
MART-1-peptide (LAGIGILTV)-specific) were cultured as
described (17).

Cross-presentation—Cross-presentation was performed ex-
actly as described (17). Briefly, in parallel wells of a 96-well cell
culture plate identical amounts of pep70-MART-peptide (70
nM) alone or together with rhuHsp70 (1 um) or mycHsp70-
(359-625) (1 um) were incubated in HKM buffer (total volume
of 30 ul) for 4 h at room temperature for complex formation.
B-LCL 721.45 and CTL A42-MART were added resulting in a
1:7 dilution of rhuHsp70 and peptide. The concentrations
declared in text/figure correspond to the final concentrations in
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the APC/T cell mixture. After 24 h at 37 °C, supernatants were
harvested, and IFN-y was measured by ELISA (BD OptEIA™,
BD Biosciences Pharmingen). Control samples, containing all
components except the peptide, were used to determine IFN-vy
background, which was subtracted from the experimental
samples.

Flow Cytometry—Surface expression of molecules was deter-
mined by flow cytometry. 0.1 X 10° cells (DCs or B-LCL) after a
48-h incubation with 300 nm rhuHsp70, LPS (1 wg/ml) or with-
out stimulus, were stained with specific antibodies (anti-human
CD80, CD86, CD83, CD40 (all BD Biosciences Pharmingen,
Heidelberg, Germany), anti-CCR5 antibody (R&D systems),
anti-human CD38 (Immunotech, Hamburg, Germany), or IgG
control antibodies (BD Biosciences) diluted in phosphate-buft-
ered saline containing 2% fetal calf serum. After 30 min of incu-
bation on ice, cells were washed and fixed with 1% PFA. Immu-
nofluorescence analyses employed the FACSCalibur and Cell
Quest software (Becton Dickinson).

Cytokine Quantitation—Non-matured IL-4/GM-CSF-differ-
entiated myeloid DCs were incubated with 300 nm rhuHsp70, LPS
(1 pg/ml), or without stimuli for 48 h at 37 °C. Cytokines in the
supernatants were measured using the Bio-Plex Cytokine 12-Plex
Assay (Bio-Rad), and concentrations were calculated using the
Bio-Plex Manager ™ software program.

Intracellular Calcium Analysis—Calcium analysis was per-
formed as described, and changes in intracellular calcium
were measured with MoFlo using Summit software (Dako-
Cytomation) (17). Ionomycin (250 ng/ml), ADP solutions,
mycHsp70-(359-625) (1 um), rhuHsp70 (300 nm), mycHsp70
Lionex (1 um), or the corresponding protein-depleted solutions
(volumes corresponding to the 300 nm rhuHsp70 or 1 um
mycHsp70 protein solutions, respectively) were added 1 min
after the cells were measured without stimulation for back-
ground establishment. The protein-depleted solutions were
obtained by removing protein through filtration of the stock
preparation through a PES membrane with 30-kDa molecular
weight cutoff (Vivaspin 20, 30.000 MW CO PES). For inhibition,
DCs were preincubated with 250 um suramin for 5 min. As
control, the buffers without stimulating agents were measured
and did not result in a calcium signal.

RESULTS

Calcium Signals in Myeloid DCs Are Induced by Contamina-
tion of rhuHsp70 and mycHsp70 Preparations—Published
studies (12, 13, 19) have suggested that mycHsp70 induces a
calcium signal in DCs resulting in DC maturation and antigen-
specific T cell activation. Our previous results using highly
purified rhuHsp70 had shown that rhuHsp70 enhances cross-
presentation and T cell stimulation without changing the DC
phenotype (17). We therefore compared and contrasted our
rhuHsp70 to the same mycHsp70 preparation used in the pub-
lished studies (12, 13, 19) for its ability to induce calcium signals
in DCs.

Hsp70 proteins, mycobacterial, and human, recombi-
nantly expressed in E. coli, are generally purified using ATP
affinity chromatography, ATP elution, and buffer exchange
(20). Nucleotides are documented inducers of calcium sig-
nals in immune cells (21-23). Therefore, we suspected that
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FIGURE 1. Calcium signal in DCs is caused by contamination of rhuHsp70 and mycHsp70 preparation.
A, generation of the protein-depleted solution (schematic) and confirmation of protein depletion by SDS-PAGE
and silver stain (mycHsp70). For measurement of intracellular calcium, DCs were stained with the calcium-
sensitive dye Indo-l and stimulated with 1 um mycHsp70 protein solution or an equal volume of the mycHsp70-
depleted solution. B, DCs were stimulated with 300 nm less dialyzed, nucleotide-containing rhuHsp70 (Hsp70/
nc+) or 300 nmrhuHsp70 (Stressgen). C, DCs were stimulated with 300 nm less dialyzed, nucleotide-containing
rhuHsp70 (Hsp70/nc+), protein-depleted solution or titered concentrations of an ADP solution. For inhibition,
DCs were preincubated with suramin.

30-kDa cutoff. SDS-PAGE and sil-
ver staining confirmed that the
protein-depleted solution had no
detectable Hsp70 protein or pro-
tein fragments. (Fig. 1A shows
the result for mycHsp70; similar
results were seen for rhuHsp70; not
shown.) Testing for calcium sig-
naling we observed that the
mycHsp70 protein-depleted solu-
tion induced a calcium signal in
DCs that was essentially equiva-
lent to that seen with the complete
commercial mycHsp70 protein
preparation (Fig. 14).

We then used an in-house rhu-
Hsp70 preparation, which had under-
gone a less rigorous dialysis after ATP
affinity chromatography, as well a
commercially available human Hsp70
(Stressgen (ESP-555). Our less dia-
lyzed rhuHsp70(nc+) preparation
induced a calcium flux comparable
in magnitude to the commercial
mycHsp70 (Fig. 1B), the commercial
rhuHsp70 (Stressgen) induced a
lower signal. We then depleted the
rhuHsp70 protein from the less dia-
lyzed protein solution as performed
for mycHsp70 and tested the result-
ant protein-free solution for its abil-
ity to induce a calcium flux in DCs.
As was found for the mycHsp70
preparation, the protein-depleted
solution of rhuHsp70 triggered
identical calcium responses as seen
with the protein-containing solu-
tion (Fig. 1C, upper panel: red line
versus dotted black line). Next, we
tested titered solutions of commer-
cial ADP and observed dose-
dependent calcium signals (Fig. 1C,
lower panel). A 370 nm ADP solu-
tion, which corresponded to the cal-
culated amount of residual free
nucleotide in our less dialyzed rhu-
Hsp70, gave an identical signal (Fig.
1C, lower panel: black line versus red
line). At 370 nm ADP, the calcium
response of DCs was not in satura-
tion (Fig. 1C, lower panel: 370 nm
versus 1 um ADP), yet the magni-

residual ATP or ADP could have caused the reported cal- tude of the response to 300 nm rhuHsp70 was not higher than
cium effect. that achieved with the protein-free solution (Fig. 1C, upper

To control for possible artifacts evoked by contaminants panel) suggesting that ADP/ATP nucleotides within that
in the protein solution, we prepared a protein-depleted solu-  Hsp70 preparation were responsible for the calcium influx with
tion by separating the mycHsp70 protein from the protein no or minimal contribution of the rhuHsp70 protein itself.
solution by centrifugation through a membrane with a Consistent with this interpretation, we found that the response
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FIGURE 2. Highly purified, intensively dialyzed rhuHsp70 and mycHsp70-
(359-625) do not induce a calcium signal in DCs. A, DCs were stimulated
with intensively dialyzed 300 nm rhuHsp70 (red), 1 um mycHsp70(359-625
(green), or 250 ng/ml ionomycin (black). B, CCR5 surface expression of DCs
(black line: isotype control).

induced by this less dialyzed (nucleotide-containing) rhuHsp70
protein preparation was completely blocked by the purinore-
ceptor antagonist, suramin, as was the response to the ADP
solution (Fig. 1C, upper panel).

To confirm the conclusion that the mycHsp70 and rhuHsp70
proteins themselves do not cause calcium signals in DCs, we
used an extensively dialyzed preparation of rhuHsp70, and the
C-terminal substrate binding domain of mycHsp70,
mycHsp70-(359 — 625) previously described as conferring bio-
logic activity with regards to calcium signaling, antigen binding,
and T cell activation (19). Importantly, this protein lacks the
ATP binding domain and is therefore not purified via ATP-
agarose. Neither the rhuHsp70 nor the mycHsp70-(359 — 625)
induced a calcium signal in DCs (Fig. 2A4).
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Because mycHsp70-associated calcium signals have been
reported to be mediated through CCR5 binding, we also meas-
ured the level of surface CCR5 expression of our DCs by fluo-
rescent-activated cell sorting (FACS) analysis. As shown in Fig.
2B, the DCs used in these experiments were CCR5-positive
excluding the possibility that an absence of CCR5 could have
caused the failure to induce a calcium signal.

Additionally, we analyzed surface marker expression and
cytokine secretion of DCs before and after incubation with
rhuHsp70. Two rhuHsp70 preparations were compared: one
was strongly dialyzed and therefore depleted of nucleotides
(no calcium signaling activity), the other was less dialyzed
and contained nucleotides (calcium signaling activity). All
Hsp70 preparations were carefully endotoxin-depleted and
induced no changes in DC phenotype or cytokine secretion
(see Ref. 17). LPS was used as a control. As shown in Fig. 34,
the rhuHsp70 preparations did not change surface markers
CD86, CD80, CD40, or CD83, regardless whether they con-
tained nucleotides and had calcium signaling activity or were
highly purified and did not cause calcium signals. LPS up-
regulated these markers. Similarly, neither the nucleotide-
containing nor the nucleotide-depleted rhuHsp70 prepara-
tion in its endotoxin-depleted form modulated the cytokine
or chemokine profile of DCs, while LPS induced the secre-
tion these factors (Fig. 3B; IL-10, IL-12p70, and TNF-« are
shown as representative examples. IL-6, GM-CSF, CCL5/
RANTES were also unchanged; not shown). These results
indicate that low concentrations of nucleotides, as present in
less dialyzed rhuHsp70 preparations, which cause calcium
signals in DCs, do not change phenotypic markers or cyto-
kine secretion, while surface markers and cytokine/chemo-
kine secretion can be induced by LPS consistent with its TLR
signaling activity (see references in Ref. 17).

We did not perform these analyses with mycHsp70,
because the available commercial source of mycHsp70 is
reported to be contaminated by flagellin (24), which is
known to up-regulate phenotypic markers and induce cyto-
kine and chemokine secretion through TLR5 (25). Because
we lacked the tools to measure or remove flagellin from pro-
tein preparations it would have been beyond our scope to
distinguish mcyHsp70 effects from those of potential flagel-
lin contamination.

Human and Mycobacterial Hsp70 Enhance Cross-presenta-
tion without Involving Calcium Signals or CCR5—CCR5 bind-
ing and calcium signaling were reported to be closely linked to
the T cell stimulatory activity of mycHsp70 (12, 13). Given that
the calcium signals of mycHsp70 or huHsp70 were caused by
nucleotide contamination of the protein preparations, we then
asked whether in the absence of calcium signals, it was possible
to observe mycHsp70-mediated antigen cross-presentation
and T-cell activation.

To address this question we tested the non-signaling prep-
aration of mycHsp70-(325—625) in our cross-presentation
system (17) and compared its ability to activate T cells to the
dialyzed non-signaling rhuHsp70. The key elements of the
system are highly purified Hsp70 proteins, the antigenic pep-
tide pep70-MART-1 and the respective antigen-specific
CTL. APCs were incubated in parallel settings with identical
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stimulatory effects on DCs had led

to the wrong conclusion that HSP
proteins themselves have DC
stimulatory capacity. Today HSP
protein preparations are generally
controlled for endotoxin contami-
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nucleotide-containing or nucleotide-depleted rhuHsp70 (all with endotoxin <0.5 EU/mg) or LPS (1 ug/ml) for

48 h and analyzed for surface marker expression (A) or cytokine/chemokine secretion (B). A, flow cytometry
histograms for isotype (light gray line); for DCs incubated in medium (gray-filled histogram); for DCs incubated
with rhuHsp70 (red line); for DCs incubated with LPS (black line). B, cytokine secretion of DCs after incubation in
medium, with nucleotide-containing (nc+)rhuHsp70 or with nucleotide-depleted (nc-)rhuHsp70.

concentrations of peptide either with or without the addi-
tion of Hsp70. Peptide and Hsp70 are incubated to allow
complex formation. The efficacy of peptide cross-presenta-
tion was quantified by the ability of APCs to induce an IFN-vy
response in antigen-specific CTL as described (17). As APCs
we selected the CCR5-negative B cell line LCL721.45 to eval-
uate in parallel the importance of CCR5 expression. As
shown in Fig. 4, a 2-fold higher IFN-vy response was obtained
when peptide was delivered to the APCs as a complex with
either mycHsp70-(325-625) or rhuHsp70. These results
demonstrate that mycHsp70 enhances antigen cross-presen-
tation similar to rhuHsp70, and neither rhuHsp70 nor
mycHsp70 requires CCR5 or calcium for this process.

DISCUSSION

Here we demonstrate that highly purified rhuHsp70 protein
and the C-terminal mycHsp70 fragment, mycHsp70-(325—
625) do not induce calcium signals in APCs nor do they require
CCRS5 or calcium signals to enhance exogenous antigen cross-
presentation for T cell stimulation. Importantly, we found that
nucleotides and possibly other, yet to be identified, contami-
nants within recombinant human and mycobacterial Hsp70
preparations (including those of commercial suppliers) cause
calcium signals in myeloid DCs.
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nation. Nevertheless, these early
reports obtained with uncon-
trolled HSP preparations are still
being used to support the postu-
late that HSPs have innate im-
mune stimulatory capacity (for examples, see references 22,
43, 44 in Ref. 32, reference 5 in Ref. 33, and reference 61 in
Ref. 34).

New contaminants with bioactivity on DCs and other
APCs have recently emerged. Nucleotides, as detailed in this
report, can now be added to the list. Nucleotides have been
shown to cause calcium signals in DCs (17, 21-23). Thus,
previously reported calcium signals observed in experiments
using Hsp70 (12, 13, 35) need to be carefully reconsidered.

An additional example is flagellin, which was recently shown
to “contaminate” microbial Hsp70, but less so Hsp70 from
eukaryotic sources (24). Flagellin is a TLR5 agonist and can
efficiently stimulate DCs to up-regulate phenotypic markers, to
secrete chemokines and cytokines (25). Importantly, microbial
Hsp70 proteins are considered to be better immune adjuvants
than eukaryotic Hsp70 given that microbial Hsp70 were found
to “stimulate” DC maturation and chemokine secretion even
after endotoxin depletion (36). While this was thought to be
related to their pathogen-derived nature, the recent discovery
of flagellin in mycHsp70 preparations suggests that this inter-
pretation may need to be reconsidered.

As chaperones, HSPs have a high intrinsic binding capacity
for hydrophobic protein sequences, nucleotides and endotox-
ins (37-39). Thus, HSP protein preparations are prone to “con-
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FIGURE 4. Endotoxin-depleted and highly dialyzed (nucleotide-de-
pleted) rhuHsp70 and mycHsp70-(359 - 625) enhance antigen cross-pre-
sentation resulting in T cell stimulation. A, B-LCL 721.45 were incubated
with equal amounts of pep70-MART-1 peptide alone or complexed to rhu-
Hsp70 or to mycHsp70-(359-625). The efficacy of peptide cross-presentation
was determined by the extent of A42-MART CTL activation resulting in IFN-y
secretion. The relative IFN-vy release was calculated using the IFN-vy release
achieved with pep70-MART-1 peptide alone as in Ref. 1. Bars are the mean of
triplicates with error bars representing the mean deviation. B, absence of
CCRS5 surface expression of B-LCL 721.45 (black line: isotype control).

taminations” with proteins and non-proteinous substances,
some of which may be difficult to remove. High standards of
purification, stringent analyses of all recombinant HSP protein
products for by-products and carefully controlled experimen-
tation are indispensable to allow a precise attribution of biolog-
ical function to HSP proteins and to pave the way for the utili-
zation of their immunologic activity.
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