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Abstract Self-reactive T cells have shown to have a potential
role as regulators of the immune system preventing or even
suppressing autoimmunity. One of the most abundant proteins
that can be eluted from human HLA molecules is heat shock
protein 70 (HSP70). The aims of the current study are to
identify HSP70 epitopes based on published HLA elution
studies and to investigate whether T cells from healthy indi-
viduals may respond to such self-epitopes. A literature search
and subsequent in silico binding prediction based on theoret-
ical MHC binding motifs resulted in the identification of
seven HSP70 epitopes. PBMCs of healthy controls proliferat-
ed after incubation with two of the seven peptides (H167 and

H290). Furthermore H161, H290, and H443 induced CD69
expression or production of cytokines IFNγ or TNFα in
healthy controls. The identification of these naturally present-
ed epitopes and the response they elicit in the normal immune
system make them potential candidates to study during in-
flammatory conditions as well as in autoimmune diseases.

Keywords Heat shock protein 70 . HSP70 . Naturally
processed Tcell epitopes . HumanHSP70 peptides .

Autoreactive Tcells

Introduction

Autoimmune diseases are characterized by a loss of immune
tolerance in one or more organ systems, leading to tissue dam-
age. Autoaggressive T cells can play a role in initiating such a
damaging immune response, and thus, for long, it was thought
that eliminating self-reactive T cells could benefit patients with
autoimmunity (Hasler 2006). In the last decade, however, it has
become clear that self-reactive T cells also may play a role as
regulators of the immune system preventing or even suppressing
autoimmunity (Kronenberg and Rudensky 2005). Irun Cohen
proposed already two decades ago that a limited set of dominant
antigens forms an “immunological homunculus.” This hypoth-
esis stated that a network of T cells responds to this set of
antigens (Cohen 2007) and helps to maintain immune tolerance.
Thus self-tolerance is maintained by responding to self and not
just by elimination of self-reactive clones.

Which self-antigens are recognized by T cells? To answer
this, a number of studies focused on peptides that are present-
ed on HLA class II, the so-called naturally presented epitopes.
The peptides eluted from HLA class II were often (85 %)
derived from proteins involved in antigen processing, such as
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HLA, Lamp-2, and heat shock protein 70 (HSP70) (Chicz
et al. 1993). Thus, these proteins seem to play a double role
here: they are involved in antigen presentation, but at the
same time they are being processed themselves, and their
peptides are presented. Interestingly, the proteins found to
be sources of the peptides identified in these studies show
overlap with the proteins that were proposed as part of the
immunological homunculus (Cohen 2007). Therefore, it
could be hypothesized that self-reactive T cells could respond
especially to these abundantly MHC class II presented natural
epitopes.

In fact, HSP70 is one of the most frequent HLA II natural
ligand sources (Paludan et al. 2005). HSP70 is part of the
HSP family, which consists of immunodominant, highly con-
served proteins being upregulated during stressful conditions.
As such, HSP are indeed proteins that fully fit the immuno-
logical homunculus profile. One of the main functions of
HSPs is to chaperone other proteins. HSP-chaperoned anti-
genic peptides can be presented via MHC class I and II
molecules inducing enhanced activation of antigen-specific
CTL and CD4+ T cells (Haug et al. 2005; Mycko et al. 2004;
Singh-Jasuja et al. 2000; Tobian et al. 2004; Udono and
Srivastava 1993). Furthermore, HSPs themselves are in-
volved in activating the innate arm of the immune system
via different signaling pathways (Asea et al. 2000; Vabulas
et al. 2002). In addition, they are capable of inducing antigen-
specific T cell responses with immunomodulatory effects
(Kamphuis et al. 2005; Pockley 2003; van Eden et al. 2005;
Wendling et al. 2000).

From the HSP family, HSP70 is one of the most conserved
proteins in evolution (Daugaard et al. 2007). Furthermore, it
acts as a chaperone protein for other peptides, such as anti-
genic peptides from pathogens as well as self-peptides. For
instance, E. coli HSP70 molecules were found to bind peptide
sequences comprising the shared epitope sequence, which is a
conserved sequence found in rheumatoid arthritis susceptible
HLA type, DRB1 (Cheetham and Caplan 1998).

The fact that epitopes from HSP70 seem to be presented to
T cells so abundantly may suggest that HSP70-reactive T cells
have a regulatory role, because otherwise, we continuously
would have autoimmune diseases. Therefore, the presence of
such T cells could be important for maintenance of self-
tolerance. Previously, we and others showed the immunoreg-
ulatory capacity of administration of exogenous HSP70 and
HSP70-derived peptides in experimental rodent arthritis
models (Tanaka et al. 1999; van Herwijnen et al. 2012;
Wendling et al. 2000; Wieten et al. 2009). The presence of
naturally occurring T cell responses toward HSP70 peptides
presented under physiological conditions in humans is, thus
far, unknown. In this study, we test the hypothesis that the
human healthy immune system contains T cells that are reac-
tive to the peptides of HSP70 that can be eluted from HLA
class II.

Materials and methods

Participants

Heparinized blood samples were collected from nine healthy
adults. The characteristics of the donors are shown in Table 1.

Isolation of PBMC

PBMCs were isolated by Ficoll (Pharmacia, Uppsala, Sweden)
density gradient. Cells were used fresh.

Peptide selection and synthesis

HSP70 peptide selection is based on literature search on HLA
elution studies (Chicz et al. 1993; Dengjel et al. 2005; Friede
et al. 1996; Halder et al. 1997; Lippolis et al. 2002; Newcomb
and Cresswell 1993; Sanjeevi et al. 2002; Suri et al. 2005; van
Herwijnen et al. 2012; Verreck et al. 1996) and secondly by
studying their theoretical MHC-binding motifs. For details of
the selection procedure, see the “Results” section.

Based on this selection, a total of seven HSP70 peptides
were selected. Peptides were prepared by automated simulta-
neous multiple peptide synthesis (SMPS) as described previ-
ously (Zee van der et al. 1995). Peptides were obtained as C-
terminal amides after cleavage with 90–95 % TFA/scavenger
cocktails. Peptides were analyzed by reversed-phase HPLC
and checked via electrospray mass spectrometry on an LCQ
ion-trap mass spectrometer (Thermoquest, Breda, the Nether-
lands). Purity of the peptides ranged between 50 and >95 %.
Peptides were dissolved at 2 mg/ml and stored at −20 °C.

Proliferation assays

RPMI 1640 supplemented with 2 mM glutamine, 100 U/ml
penicillin and streptomycin (Gibco BRL, Gaithersburg, MD,
USA), and 10 % AB-positive human serum (Sanquin Blood
Bank, Utrecht, the Netherlands) was used as culture medium.
Cells were cultured (2×105 cells in 200 μl per well) in

Table 1 Age, gender, and HLA-DRB1 type of the donors in Fig. 1

Donor Group Sex Age HLA-DRB1

1 Healthy F 25 4/13

2 Healthy F 27 4/16

3 Healthy M 30 7/13

4 Healthy F 29 1/11

5 Healthy F 25 1/4

6 Healthy M 32 4/4

7 Healthy F 22 1/15

8 Healthy F 25 7/11

9 Healthy M 29 1/15
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triplicate in round-bottom 96-well plates (Nunc, Roskilde,
Denmark) for 96 h at 37 °C in 5 % CO2 with 100 % relative
humidity, in the absence or presence of 20-μg/ml HSP70
peptides. The mitogen Concanavalin A (Calbiochem, San
Diego, CA, USA) and purified Tetanus Toxoid 150Lf/ml
(RIVM, Bilthoven, the Netherlands), used in a 1:60 dilution
in the well, were used as positive controls. After 96 h, the cells
were pulsed overnight with [3H]-thymidine (1 μCi per well;
ICN Biomedicals, Amsterdam, the Netherlands), and uptake
was measured using a liquid scintillation counter (Betaplate,
Wallac, Turku, Finland). The magnitude of the proliferative
response is expressed as stimulation index (S.I.), which is
calculated as the mean counts per minute of cells cultured
with antigen (peptide) divided by the mean counts per minute
of cells cultured without antigen.

T cell lines

Similar culture conditions as described above were used for
the generation of short-term T cell lines. Cells were cultured
(2×105 cells in 200 μl per well) in triplicate in round-bottom
96-well plates in the absence or presence of 20 μg/ml HSP70
peptides. At day 4 (96 h), 100 μl of the mediumwas refreshed
with medium containing IL-2 (final concentration IL2 40 IU/
ml). At day 8 (192 h), phenotyping of the T cells that respond
to the peptides was performed following the procedure de-
scribed earlier for CMV epitope screening (Bitmansour et al.
2001). In short, antigen presenting cells were derived from
freshly thawed PBMC from the same donor. CD3− cells were
magnetically isolated from PBMC using CD3 Magnetic Par-
ticles (BD Biosciences) and irradiated at 3,500 rad. Cells in
culture were spun down, all of the medium was aspirated, and
200 μl new medium (RPMI 10 % AB) was added containing
1.5×105 CD3− antigen presenting cells. Then, the same indi-
vidual peptide as on day 0 and costimulatory molecules anti-
CD28 (0.5 μl/ml) and anti-CD49d (0.5 μl/ml) (both from BD
Biosciences) were added. Cells were incubated for 6 h at
37 °C in 5 % CO2 with 100 % relative humidity. During the
last 4.5 h of culture, GolgiStop (BD Biosciences) was added.

Staining of activation marker CD69 and cytokine analysis
by flow cytometry

After this restimulation, the T cell line cells were washed twice
in ice-cold PBS, containing 0.1 % natrium-azide and 2 % fetal
calf serum, incubated for 5 min in PBS containing 10%mouse
serum, and stained with three combinations of Amcyan,
phycoerythrin-cyanin7 (PE-Cy7), or allophycocyanin (APC)-
labeled anti-CD3 (BD Biosciences Pharmingen, San Diego,
CA, and BioLegend, San Diego, CA) and peridinin-
chlorophyll-protein cyanin5.5 (PerCP-Cy5.5) or Pacific Blue
(PacB)-labeled anti-CD4 (BioLegend), APC-Cy7-labeled anti-
CD8 (BD), fluoroscein isothiocyanate (FITC)-labeled anti-

CD25 (BD), Alexa647-APC-labeled CD45RO (BioLegend),
phycoerythrin-Cy7 (PE-Cy7)-labeled CD56 (BD), FITC-
labeled CD69 (BD), PE-Cy7-labeled Latency Associated Pep-
tide (LAP, BioLegend), or PacB viability stain (eBioscience,
San Diego, CA) for 30 min at 4 °C. Subsequently, cells were
fixed (Fix/Perm; BD), permeabilized (Permbuffer; BD Biosci-
ences), incubated 15 min in Permbuffer containing 2 % rat
serum, and stained with phycoerythrin (PE)-labeled anti-IFNγ
(BD), TNFα (eBioscience), or IL-10 (BD) and/or PerCP-
Cy5.5-labeled anti-FOXP3 (eBioscience) for 30 min at 4 °C.
Cells were fixed in PBS with 1 % paraformaldehyde and kept
in PBS with 0.1 % natrium-azide and 2 % fetal calf serum
for a maximum of 72 h. Cells were acquired on FACSCalibur
or FACSCanto II and analyzed using CellQuest version 3.3 or
FACS Diva version 6.1.3 software, respectively (all from BD
Biosciences). Data are presented as percentage of CD3+CD4+
cells positive for the staining, with the background (incubation
without peptide) subtracted.

HLA typing

Donors were typed for HLA class II antigen DRB1 by the
LABType® SSO DNA typing system according to the manu-
facturer’s protocol (OneLambda, Los Angeles, CA).

Statistical analysis

For statistical analysis, Prism Software, version 5, was used.
For proliferation data (Fig. 1), the one-sample t test was used
with “1” (no response) as theoretical mean. For the CD69 and
cytokine data group, differences were statistically evaluated
using the Friedman test (one-way ANOVA nonparametric
repeated measures test) with post hoc comparison to the
unstimulated condition using the Dunns test. For differences
between DR1/4 positive and negative donors (supplemental
Fig. A), the Mann–Whitney test was used (unpaired nonpara-
metric t test).

Fig. 1 Proliferation of donor PBMCs in response to the HSP70 peptides.
Each dot represents an individual donor; the mean is shown per column.
Proliferation toward H167 and H290 was significant (p <0.05 as com-
pared to “1” using the one-sample t test)
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Results

Peptide selection

Peptide sequence selection was based upon regions of HSP70
described in literature as eluted from HLA (Chicz et al. 1993;
Dengjel et al. 2005; Friede et al. 1996; Halder et al. 1997;
Lippolis et al. 2002; Newcomb and Cresswell 1993; Sanjeevi
et al. 2002; Suri et al. 2005; Verreck et al. 1996). For an
overview of the literature, see Table 2. Peptides from these
regions were screened for their theoreticalMHC-bindingmotifs
with the following three online databases:

Syfpeithi (http://www.syfpeithi.de/home), Rankpep
(http://bio.dfci.harvard.edu/RANKPEP/), HLA-DR4Pred
(http://www.imtech.res.in/raghava/propred/index), and the
pan-DR binding computer algorithm kindly provided by Prof
A. Sette (Southwood et al. 1998). Good HLA-binding pep-
tides were selected for further study. A total of seven human
HSP70-peptides were selected: H38 (38-52), H161 (161-175),
H167 (167-181), H 235 (235-249), H 290 (290-304), H 443
(443-457), and H482 (482-496). The peptides and the ratio-
nale for their selection are shown in Table 3. Based on liter-
ature, three regions (168-186 [H168 best in silico binder],
445-460 [H443], and 482-489 [H482]) were of special inter-
est, because they were identified in more than one study on
peptide elution. These three regions were not only found in
classical peptide elution studies, but also in a study in which
peptide presentation after induction of autophagy was tested
(Dengjel et al. 2005). The region around 168-186 is a very
conserved area, and in silico binding tests did not only identify
peptide H168, but also H161 as “pan-DR binder.”We decided
to add H161 to the studies, also because it probably contains
the highly conserved binding site for dnaJ (Cheetham and
Caplan 1998) Regions 238-252 and 291-304 were only iden-
tified in one study (Newcomb and Cresswell 1993), but
yielded good in silico binders, especially in DR4 (which is
an interesting HLA-type in autoimmunity). Region 38-52
resulted in one DR7 binder [H38]. An extensive overview of
all in silico binding scores is depicted in supplementary
Table A.

T cell proliferation toward H161, H167, and H290

To study whether self-reactive T cells are present in the
healthy immune system, with specificity for the peptides that
have been eluted from HLA class II, PBMCs from nine
healthy donors (Table 1) were isolated and incubated with
the different peptides. Proliferation at 96 h was measured
using the [3H]-thymidine incorporation assay. Three of the
seven tested peptides induced an average T cell response of
≥1.5 relative to the unstimulated condition, respectively mean
and standard error of the mean (SEM) of H161 1.5 (0.35),
H167 1.8 (0.32), and H290 1.5 (0.18) (Fig. 1). Proliferation

towards H167 and H290 was significant (P <0.05). H167
induced a positive stimulation index above 1.5 in more than
50 % of the donors. The positive control tetanus toxoid
full protein induced an average proliferation of 59.2 (35.0)
(data not shown).

No correlation of proliferative response and HLA type
of individual

Although the peptides were selected on the basis of their pan-
DR binding capacity (see Table 3), HLA class of the individ-
ual donor may be a predictor of proliferative response (see
Table 1 for HLA types of the donors). For the DR1 and DR4
haplotypes, we evaluated if the proliferative response could be
predicted by presence or absence of this haplotype. With this
low number of donors, we could not show a correlation
between the HLA-DR1 and HLA-DR4 compared with the
proliferative responses (supplemental Fig. A).

CD69 expression and production of intracellular cytokines
IFNγ and TNFα toward H161, H290, and H443 in healthy
donors

To further characterize peptide-specific T cell responses,
CD69 and cytokine expression were analyzed. Restimulation
following the protocol of peptide-specific T cell lines resulted
in enhanced expression of CD69 and enhanced production of
TNFα, IFNγ, and IL-10 by some peptides and in some
donors. Figure 2 shows the intracellular cytokine staining in
CD3+ CD4+ T cells of one of the donors (donor 5). In this
particular donor, peptide H161 induced IFNγ, TNFα, and
IL-10; peptides H167 and H443 induced IFNγ and TNFα;
and peptide H482 resulted in IL-10 production by CD3+
CD4+ T cells.

Pooled data of 13 donors is depicted in Fig. 3. Shown are
percentages of CD3+ CD4+ T cells positive for the marker of
interest when background (costimulation, but no peptide) is
subtracted. CD69 was upregulated in part of the donors after
H161 and H290 stimulation, however nonsignificant (Fig. 3,
upper left). TNFα production was induced by all peptides
from H161 to H443, and it was significantly increased upon
stimulation with H161 (P <0.01), H290 (P <0.01), and H443
(P <0.05) (Fig. 3, lower right). IFNγ production was seen
after H161 and H235 stimulation (nonsignificant). IL-10
showed small differences compared to the unstimulated con-
dition; nevertheless, in individual donors, populations of
cytokine-producing CD3+ CD4+ cells could be identified
(Fig. 2). The same was true for TGFβ (as measured by
latency-associated peptide [LAP]) and the Treg surface marker
combination CD25/FOXP3 (supplemental Fig. B). To test
whether the responder cells were naïve or memory type, we
stained for CD45RO. We found that T cells that were CD69+
after incubation with the peptides were around 60 % RO+. We
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Table 2 HSP70 peptides eluted from human class II MHC molecules (DR and DQ)

Sequence Class II type Species Source (100 % id) Entre gene ID Reference

QQYLPLPTPKVIGID HLA-DR10 (DRB1*1001) Human HSPA13 (23-37) 6782 Alvarez et al. (2008)

TPSYVAFTDTERLIG(DA) HLA-DR7 Human HSPA8 (38-52) 3312 Chicz et al. (1993)
HSPA2 (39-53) 3306

HSPA1L (40-54) 3305

HSPA1A (38-52) 3303

TPSYVAFTDTERLIGD HLA-DQ2 Human As above As above Stepniak et al. (2008)

DVYVGYESVELADSNPQ HLA-DQ2 Human HSPA13 (77-93) 6782 Stepniak et al. (2008)

NPTNTVFDAKRLIGRRFD HLA-DRB1*1104 Human HSPA8 (62-79) 3312 Verreck et al. (1996)

LNVLRIINEPTAAAIAYG HLA-DRB1*0401 Human HSPA8 (167-184)

HSPA1A (167-184)

HSPA1L (169-186)

HSPA2 (168-185)

NVLRIINEPTAAAIAYG HLA-DRB1*0401/DRB4*0101 Human HSPA8 (168-184) 3312 Dengjel et al. (2005)
HSPA1A (168-184) 3303

HSPA1L (170-186) 3305

HSPA2 (169-185) 3306

HSPA6 (170-186) 3310

NVLRIINEPTAAAIA Multiple HLA mix Human HSPA8 (168-184) 3312 Halder et al. (1997)
HSPA1A (168-184) 3303

HSPA1L (170-186) 3305

HSPA2 (169-185) 3306

HSPA6 (170-186) 3310

NVMRIINEPTAAAIAYG Multiple HLA mix Human HSPA5 (194-210) 3309 Halder et al. (1997)

VMRIINEPTAAAIAYG HLA-DRB1*0401/DRB4*0101 Human HSPA5 (195-210) 3309 Dengjel et al. (2005)

IINEPTAAAIAYGLD HLA-DQ6 (B*0602) Human HSPA8 (172-186) 3312 Sanjeevi et al. (2002)
HSPA1A (172-186) 3306

HSPA1L (174-188) 3305

HSPA2 (173-187) 3303

HSPA5 (198-212) 3309

FDVSILTIEDGIFE HLA-DQ2 Human HSPA8 (205-218) 3312 Stepniak et al. (2008)

VNHFIAEFKRKHKKD HLA-DR11/w52 Human HSPA8 (238-252) 3312 Newcomb et al. (1993)

XDFYTSITRAXFEE HLA-DR11/w52 Human HSPA8 (291-307) 3312 Newcomb et al. (1993)
HSPA1A (291-304) 3303

HSPA1L (293-306) 3305

HSPA2 (294-307) 3306

HSPA6 (294-306) 3310

ADLFRGTLDPVEK HLA-DQ6 (B*0604) Human HSPA8 (307-319) 3312 Sanjeevi et al. (2002)

KSINPDEAVAYG HLA-DQ2 Human HSPA8 (361-372) 3312 Stepniak et al. (2008)
HSPA1A (361-372) 3303

HSPA1L (363-374) 3305

HSPA2 (364-375) 3306

HSPA6 (363-374 3310

VPTKKSQIFSTASDNQPTVT HLA-DRB1*0401/DRB4*0101 Human HSPA5 (443-462) 3309 Muntasell et al. (2004)

GERAMTKDNNLLG HLA-DR4Dw4 Human HSPA8 (445-457) 3312 Friede et al. (1996)
HSPA1A (445-457) 3303

HSPA1L (447-459) 3305

HSPA2 (448-460) 3306

HSPA6 (447-459) 3310

GERAMTKDNNLLGKFE HLA-DRB1*0401/DRB4*0101 Human HSPA8(445-460) 3312 Dengjel et al. (2005)
HSPA1A (445-460) 3303
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found around 60 % CD45RO positivity in the IFNγ-positive T
cells after culture and 80 % in the TNFα-positive T cells
(supplemental Fig. C). However, when looking at specific sam-
ples that showed high IFNγ of TNFα positivity, the percentage
of CD45ROwas even higher (supplemental Fig. D). At the time
of read-out on day 8, we also stained for other cell subsets in the
culture. CD4+ T cells were the main population in culture, but
also CD8+ T cells and NK cells could be identified (data not
shown). Responses to the peptides in CD8+ Tcells could not be
detected, except for some (nonsignificant) CD69/IFNγ response
to H290, lower than in CD4+ (supplemental Fig. E). CD3−
CD56+ cells (NK cells) showed (nonsignificant) IFNγ response
to peptide H161 (supplemental Fig. F).

Discussion

One of the hallmarks of autoimmune diseases is an altered
response to self-antigens by T cells. For that reason, many
studies have focused on finding the golden bullet: an antigen

that triggers autoimmunity. The identification of such anti-
gens, however, has proven to be very difficult in human
autoimmune diseases. Possibly, not one antigen, but a set of
antigens depending on the genetic background of the individ-
ual determines the induction of disease. More importantly,
once the disease has progressed, the reactivity of the T cells
spreads toward many antigens, a process called “epitope
spreading” (Lehmann et al. 1992). It is relevant, therefore, to
know which antigens play a role in this stage of perpetuation
of the inflammation. In this context, many groups have fo-
cused their attention on HSPs for various reasons, among
which is their regulatory role in different experimental auto-
immune diseases (van Eden et al. 2007).

Of the HSP family, HSP70 is the most conserved protein.
HSP70 exists in various highly homologous and conserved
structures (Daugaard et al. 2007). It is constitutively expressed
in most tissues and is involved in an intracellular process
called “chaperone-mediated autophagy.”

While HSP70 autoantibodies have been shown in the hu-
man circulation (Abulafia-Lapid et al. 2003; Minota et al.

Table 2 (continued)

Sequence Class II type Species Source (100 % id) Entre gene ID Reference

GERAMTKDNNLLGRFE HLA-DRB1*0401/DRB4*0101 Human HSPA6 (447-462) 3310 Dengjel et al. (2005)

ANGILNVSAVDKSTGKE HLA-DRB1*0401 Human HSPA8 (482-499) 3312 Lippolis et al. (2002)

GILNVSAVDKSTGK HLA-DRB1*0401 Human HSPA8 (484-497) 3312 Lippolis et al. (2002)

GILNVSAVDKSTGKE HLA-DRB1*0401/DRB4*0101 Human HSPA8 (484-498) 3312 Dengjel et al. (2005)

CNEIINWLDKNQ HLA-DR4Dw10 Human HSPA8 (574-585) 3312 Friede et al. (1996)

ISWLDKNQTAEKEEFE HLA-DQ8 (transgenic in NOD) Human HSPA8 (578-593) 15481 Suri et al. (2005)

Amino acid sequences of HSP70 peptides eluted from human MHC class II molecules. This literature overview is adapted from van Herwijnen et al.
(2012) and the basis for our further search. With the peptides identified, we performed further in silico binding studies, which resulted in the selection of
the peptides depicted in Table 3. The HSP70 nomenclature is as proposed by Kampinga et al. (2009)

Table 3 Amino acid sequences of the HSP70 peptides selected for study

No. Amino
acids (aa)

Sequence Eluted from In silico binding Notes/remarks

H38 38-52 TPSYVAFTDTERLIG DR 7 binding epitope
(Chicz et al. 1993)

DR 7 binding good
DR1, DR4 binding low

H161 161-175 AGTIAGLNVLRIINE DR4 (Dengjel et al. 2005;
Halder et al. 1997; Sanjeevi
et al. 2002)

Pan HLA binders in silico Possibly include binding site for
dnaJ (Cheetham et al. 1998);
presented upon autophagy

H167 167-181 LNVLRIINEPTAAAI

H235 235-249 NRMVNHFIAEFKRKH Frameshift of epitope eluted from
DR11 (Newcomb et al. 1993)

Good DR4 binder in silico

H290 290-304 GIDFYTSITRARFEE DR11 (Newcomb et al. 1993) Includes also in silico DR1,
4 and 11 binding epitopes

H443 443-457 YEGERAMTKDNNLLG DR4 and/or DR4/DR53 (Dengjel
et al. 2005; Friede et al. 1996)

Mainly DR4 binding epitopes
in silico

Presented upon autophagy

H482 482-496 ANGILNVSAVDKSTG Region identified by two groups,
from DR4 (Dengjel et al. 2005;
Lippolis et al. 2002)

DR4 binding in silico Presented upon autophagy

Peptides were named with H (=human) and the position of the first amino acid of the peptide in the Hsc70 protein. Reasons for selecting the peptides are
described
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1988; Salvetti et al. 1996), little is known on potential HSP70
T cell recognition in humans. In this study, we aimed to
identify epitopes of HSP70 that are recognized by Tcells from
healthy individuals.

We chose to focus on epitopes of HSP70 that are earlier
found in HLA elution studies. Interestingly, among other
proteins, HSP70 epitopes are often eluted from HLA

molecules. We questioned whether T cells from healthy indi-
viduals recognize these naturally processed HSP70 epitopes.
After review of the literature, we further narrowed the selec-
tion by running different theoretical binding studies to select
epitopes able to bind to more than just one HLA molecule
(pan-DR binding epitopes) (Table 3). Indeed, the HSP70
peptides selected were immunogenic, as we found that four

Fig. 2 Intracellular cytokine production of CD4+ T cells from the short-
term T cell line of donor 5. Cells were restimulated on day 8 with
costimulatory molecules and with or without peptide. In this donor,

moderate cytokine production was found in response to H161, H167,
H443, and H482. The percentages of CD3+ CD4+ cells positive for the
staining are depicted

Fig. 3 Expression of CD69 and production of IFNγ, IL-10, and TNFα
by CD4+ T cells from short-term T cell line restimulated with HSP70
peptides. Data are presented as percentage of CD3+ CD4+ cells positive
for the staining, with the background (unstimulated condition) subtracted.

Each dot represents an individual donor; the mean is shown per column.
TNFα production was significantly increased upon stimulation with
H161 (p <0.01), H290 (p <0.01), and H443 (p <0.05) using ANOVA
(Friedman test) with post hoc analysis
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peptides, H161, H167, H290, and H443, induced significant
proliferation and/or TNFα production. The resulting im-
mune response is not a classical regulator response. The
peptide-specific T cells were low proliferative, but did not
express the classical regulatory markers. Instead, a large
subset of responding T cells was already a memory cell
(CD45RO) in the circulation and produced TNFα (and
IFNγ). These T cells may be triggered by previous infec-
tions or through encounters with self-antigens. Since another
significant proportion of responder cells was CD45RO neg-
ative, apparently both naïve and “quiescent” memory T cells
can respond to the peptide. The T cell responses to the
peptides were mainly found in CD4+ T cells. However,
H290 also induced some (nonsignificant) response in
CD8+ T cells, albeit lower than in CD4+ cells of the same
donors. A peptide (TKDNNLLGRFELSG), partly overlap-
ping with H443, has been shown to stimulate human CD94+
NK cells (Multhoff et al. 2001; Gastpar et al. 2004). When
we stained for NK cells, we detected IFNγ production
toward H161. However, our study and experimental protocol
were not designed for detecting NK cell responses, and
therefore, it would require further study to test whether the
here described peptides can induce NK cell responses.

We found that peptides derived from the most conserved
region of HSP70 (both among species and among human
HSP70 variants), peptide H161 and H167, showed marked
recognition by PBMCs of healthy controls. Interestingly,
van Herwijnen et al. recently identified a mycobacterial
HSP70 peptide (B29) corresponding with the human H167
region, as one of the immunodominant HSP70 peptides in
BALB/c mice (van Herwijnen et al. 2012). Adoptively
transferred B29 induced Tregs suppressed ongoing experi-
mentally induced arthritis in mice. In addition, heat shock
induced upregulation of the endogenous inducible HSP70 in
mouse APC resulting in increased activation of CD4+ hy-
bridoma T cells specific for the identified peptide (Wieten
et al. 2010). This study illustrates that stress-induced aug-
mented expression of inducible HSP70 can lead to en-
hanced presentation of HSP70 peptides on MHC class II.
This increased presentation of HSP70 (at the inflammatory
site) potentially can be sensed by HSP70-specific T cells,
which may subsequently dampen inflammation (van Eden
et al. 2005).

The process of autophagy may explain why some pep-
tides from intracellular proteins are found on HLA class II.
Chaperone-mediated autophagy may regulate class II pre-
sentation of several cytoplasmic antigens. HSP70 as a chap-
erone molecule (transporting antigens within APCs) plays a
central role in chaperone-mediated autophagy. Interestingly,
in this process, HSP70 proteins are also being processed,
and their peptides are presented themselves. HSP70 is not

only functionally, but also genetically, closely linked to the
MHC complex (Sargent et al. 1989). Some of the HSP70
epitopes we studied were found on HLA after induction of
autophagy in human cells (H161, H167, H443; see Table 3)
(Dengjel et al. 2005). It is important to note that these
epitopes were also found on HLA in cells that were not
starved. Autophagy is also constitutively active in HLA
class II-expressing cells (Mizushima et al. 2008). It has been
proposed that continuous presentation of self-antigens
resulting from autophagy plays a role in maintaining periph-
eral T cell tolerance (Crotzer and Blum 2009; Levine and
Kroemer 2008; Nedjic et al. 2008; Wu et al. 2013). The here
presented data, recognition of HSP70 peptides by PBMC of
the healthy immune system, may be a first step in unraveling
this mechanism. The responder cells in our study did not
have the classical phenotype of regulatory T cells, but the
fact that the donors did not suffer from autoimmune disease
suggests a modulating role in the immune system, rather
than a destructive role.

Of interest would be to next look at the role of these
HSP70 peptides in activated T cells, e.g., from the dysregu-
lated immune system during active disease and chronic in-
flammation, for instance in rheumatoid arthritis. T cell reac-
tivity toward HSP70 epitopes is not yet described in human
autoimmune diseases. Nevertheless, T cell response toward
other self-heat shock protein peptides (DiaPep277, pan-DR
binding HSP60, DnaJp1) is present in autoimmune diseases
such as in type I diabetes (Huurman et al. 2008; Raz et al.
2001), juvenile idiopathic arthritis, and rheumatoid arthritis
(de Jong et al. 2009; Kamphuis et al. 2005; Koffeman et al.
2009; Prakken et al. 2004). Knowledge of T cell responses
toward these self-epitopes in chronic inflammation could help
find strategies to restore the immune balance in chronic
inflammation.

It is conceivable that depending on the immunological
context, both pro- and anti-inflammatory HSP-mediated ef-
fects can occur (Pockley et al. 2008). On the one hand, HSP
may act as danger signals that amplify the inflammatory
response (van Wijk and Prakken 2010), while on the other
hand, HSP-peptide-specific T cells could assist to control the
response (van Eden et al. 2007). Our study shows that healthy
donors can show clear immune responses to strongly con-
served epitopes of self-HSP70. These responses may be the
result of mimicry with microbial antigens and play a role in
the defense against pathogens. On the other hand, the fact that
these individuals did not suffer from autoimmune diseases
underscores that self-reactivity does not equal pathological
autoimmunity. Cohen proposed: “We are healthy, not despite
autoimmunity, but because of autoimmunity” (Cohen 2007).
HSP70 could be an important antigen in balancing the healthy
immune system.
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