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Priming of CD8" T cells requires two signals, one produced by
T-cell receptor recognition of antigen, and a second that is often
provided by the innate immune response. In this context, anti-
gens non-covalently or covalently associated with heat shock
proteins (HSP) are internalized and processed in antigen-present-
ing cells (APC) to be presented by MHC | molecules to CD8" T
cells, thus, signal 1 has been well characterized in this pathway
of cross-presentation. Signal 2 is not fully understood, although
there are reports that Toll-like receptors (TLRs) interact with HSP
and activate APC. The ability of HSP to activate APC through TLRs
is, however, controversial because of the possibility of endotoxin
contamination. Using a variety of TLR KO mice, we present evi-
dence that TLRs (TLR2, 3, 4, 7, and 9) and their adaptor molecules
MyD88 and IRAK4 are dispensable in cross-priming by a mycobac-
terial HSP70-antigen (ovalbumin as a model antigen) fusion pro-
tein; in contrast, MyD88/IRAK4, but not TLRs, are required for
tumor rejection induced by the same reagent. Our results indicate
that HSP-mediated cross-priming uses a second signal produced
by mechanisms other than TLR cascades. We hypothesize that
efficient cross-priming by HSP70 alone is insufficient for tumor
rejection and that MyD88/IRAK4-dependent inflammatory stimu-
lation, which might contribute to maintenance of the initially
primed effector cells, is required to eradicate tumor burden.
(Cancer Sci 2012; 103: 851-859)

H eat shock protein (HSP) acts as a vehicle to deliver its
associated antigen (Ag) to antigen-presenting cells
(APC), such as dendritic cells, and this then facilitates Ag
cross-presentation to CD8* T cells.""® Various aspects of this
pathway have been well characterized. For example, certain
scavenger receptors such as CD91,(4) LOX—l,(S) and SREC-1©®
on APC are used for internalization of extracellular HSP for
the cross-presentation pathway.” This receptor-mediated endo-
cytosis mechanism to internalize HSP-Ag complexes contrib-
utes to extremely efficient antigen cross-presentation,
compared to Ag alone.

In addition to its role in the adaptive immune response, HSP
has been implicated as a natural ligand for a variety of recep-
tors involved in the activation of innate immunity. There are
reports showing that Toll-like receptor (TLR)2 and TLR4 are
receptors for Gp96 and HSP70 for activation of the NF-xB
signaling pathway.®? CD40"” and CCR5"" also serve as
receptors for HSP70. The interaction between HSP and these
receptors is important in terms of providing a second signal
required for full activation of T cells, together with the first
signal provided by Ag recognition through the TCR. Despite a
significant number of reports describing the importance of
TLRs and the MyD88 adaptor molecule in HSP-mediated

doi: 10.1111/j.1349-7006.2012.02233.x
© 2012 Japanese Cancer Association

cross-priming,“z) there are other conflicting reports. Very
highly purified HSP did not activate APC, although it was able
to stimulate cross-presentation,(m thus contamination with
endotoxin-like molecules in HSP preparations used in many
experiments is the most critical point to be carefully evalu-
ated.""” Moreover, most results implicating TLRs have been
obtained by in vitro experiments. Therefore, the potential
involvement of TLRs in HSP-induced cross-priming needs to
be revisited.

Given this controversy regarding TLR involvement, we
decided to use a variety of TLR KO mice to define whether
TLRs and their adaptor molecules MyD88 and IRAK4 are
required for in vivo cross-priming and tumor rejection elicited
by a mycobacterial HSP70—ovalbumin (OVA) fusion protein.
We found that in vivo cross-priming, as evaluated by prolifera-
tion, vy-interferon (IFN-y) production, and specific cytolytic
activity of adoptively transferred OT-I CD8" T cells, did not
require TLR2, 3, 4, 7, or 9, or MyD88/IRAK4. Moreover, gen-
eration of OVA-specific CTLs from naive mice immunized
with mycobacterial HSP70-OVA again revealed MyD88
dispensability. In striking contrast, however, we found that
MyD88 and IRAK4 are indispensable in mycobacterial
HSP70-OVA-dependent rejection of a tumor expressing endo-
genous OVA. These results reveal an unexpected complexity
in the requirement for the TLR-mediated signaling cascade: it
is not essential for cross-priming by HSP70 but is required for
tumor rejection.

Materials and Methods

Cells. Bone marrow was harvested from C57BL/6 mice to
generate bone marrow-derived dendritic cells (BMDC). The
BMDC were cultured in 24-well plates at a density of
1 x 10° cells/mL with RPMI-1640 (Sigma, St. Louis, MO,
USA) containing 10% FCS, 2 mM L-glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acid, penicillin—strepto-
mycin, 2-mercaptoethanol, and 20 ng/mL granulocyte-macro-
phage colony-stimulating factor (GM-CSF; R&D Systems,
Minneapolis, MN, USA). E.G7 is an OVA cDNA transfected
derivative of the EL4 (methylchoranthlene-induced thymoma
of C57BL/6 [H-2] origin) cell line.">

Mice. C57BL/6 mice were purchased from CLEA Japan
(Tokyo, Japan) and kept in the animal facilities of the
Research Center for Allergy and Immunology, RIKEN (Yoko-
hama, Japan). The CDllc-diphtheria toxin receptor (DTR)
mice have been described previously."® Knock-out and
transgenic mice described below were kindly provided by Dr

5To whom correspondence should be addressed.
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Carbone (OT-I; University of Melbourne, Melbourne, Austra-
lia),"” Dr Akira (TLRs KO, MyD88 KO, IL-18KO, ILISR
KO; Osaka University, Osaka, Japan),(lsfzo) Dr Yeh (IRAK4
KO; University of Toronto, Toronto, Canada),m) Dr Kikutani
(CD40 KO; Osaka University),(zz) and Dr Tonegawa (TAP1
KO; MIT, Cambridge, MA, USA).??

Reagents. Synthetic OVAjs7 264 (SIINFEKL) peptide was
purchased from Qiagen (Tokyo, Japan). Expression and purifi-
cation of recombinant His-tagged full-length OVA fused with
Mycobacterium tuberculosis HSP70 (OVA-HSP70) and control
His-tagged full-length OVA (OVA) were carried out as
described previously.**

Proliferation of transferred OT-1 CD8* T cells. The OT-I spleen
cells were purified by sequentially negative (CD11b) and posi-
tive (CD8) BD IMag purification systems (BD Biosciences,
Franklin Lakes, NJ, USA) selection. Purified OT-I CD8" T
cells were labeled with 10 pM carboxyfluorescein succinim-
idyl ester (CFSE) (Dojindo, Kumamoto, Japan) and then adop-
tively transferred into recipient mice by tail vein injection.
The recipient mice were simultaneously injected with 10 pg
or the indicated dose of OVA-HSP70 or OVA into the tail
vein. Three days later, spleen was determined by CFSE dilu-
tion as assessed by flow cytometry. With CD11¢c-DTR mice,
the CD11c* dendritic cells (DC) were depleted by i.p. injec-
tion of diphtheria toxin (DT), 10 pg/kg (day —1) and 5 pg/kg
(day 1). CD4* and natural killer (NK) cells were depleted with
GK1.5 and PK136 antibodies on day —1 (500 pg/mouse via
tail vein).

Intracellular cytokine staining of transferred OT-I CD8* T cells.
Transfer of CFSE-labeled OT-I CD8" T cells and OVA-
HSP70 were carried out as described above. Three days later,
the recipients were killed and the spleen cells were stimulated
with 1 pM OV Ajs7 264 in the presence of 5 pg/ml brefeldin A
at 37°C for 4 h. Intracellular IFN-y staining was carried out
per the manufacturer’s instructions (BD Biosciences). Produc-
tion of IFN-y and proliferation of OT-I CD8" T cells were
determined by flow cytometry.

In vitro cross-presentation assay. Bone marrow dendritic cells
(1 x 10°% were suspended in 500 pL complete RPMI contain-
ing indicated doses of OVA-HSP70. The samples were incu-
bated for 3 h at 37°C then fixed with 0.5% paraformaldehyde
for 10 min at room temperature followed by 30 min quenching
with 0.1 M glycine. The OT-I CD8" T cells were purified with
the BD IMag purification system. Bone marrow-derived den-
dritic cells (1 x 10%well) or the indicated number of fixed
BMDC and 1 x 10°/well OT-I CD8" T cells were co-cultured
in 96-well round bottom plates with complete RPMI. Super-
natant was collected 24—72 h later and the amount of IFN-y
was measured by an ELISA assay.

Vaccination and induction of CTL. Mice were vaccinated i.v.
three times within a 1-week interval with 10 pg of OVA-
HSP70. Seven days after the final immunization, the spleen
cells were stimulated in vitro with 10 pM OV Ajs7 564 for 1 h,
then cultured for 5 days at 37°C. Induction of antigen-specific
CTL was determined by tetramer antibody (MBL, Nagoya,
Japan) staining and a standard °'Cr-release assay.

Cross-presentation assay and >'Cr release assay with splenic
DC. After collagenase treatment and red blood cell removal,
C57BL/6 spleen cells were stained with FITC-CD8 and
PE-CD11c. Then, CD8" CD11c¢* DC and CD8~ CDll1c* DC
were purified with a FACSAria (BD Biosciences). The cross-
presentation assay was carried out as described above in “In
vitro cross-presentation assay”. Briefly, DC were pulsed with
150 pg/mL OVA-HSP70 for 3 h. The indicated number of
fixed BMDC and 1 x 10°/well OT-I CD8" T cells were co-
cultured in a 96-well round plate. After the cross-presentation
assay, a 'Cr release assay was carried out with co-cultured
OT-I CD8" T cells (originally 1 x 10°/well) as effectors.
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Specific cell lysis activity toward E.G7 (5 x 10°/well) was
measured with a standard in >'Cr release assay.

In vivo CTL assay. On day 0, recipient mice were injected i.v.
with 1 x 10° OT-I CD8" T cells mixed with 10 ug OVA-
HSP70. On day 3, mice were injected i.v. with differentially
CSFE-labeled spleen cells as target cells. The red blood cells
had been removed from these spleen cells by osmotic lysis,
then the cells were split into two populations. One was labeled
with a high concentration of CFSE (10 uM), and pulsed with
1 uM OV Ajs57 264 at 37°C for 1 h. The other population (con-
trol) was labeled with a low concentration of CFSE (1 uM).
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Fig. 1. Antigen fused with heat shock protein (HSP)70 is more effi-
cient in cross-priming T cells than antigen alone. Recombinant pro-
teins used in this study and their purity as assessed by SDS-PAGE and
Coomassie Brilliant Blue staining (a). Carboxyfluorescein succinimidyl
ester (CFSE)-labeled OT-I CD8" T cells were adoptively transferred into
C57BL/6 mice and simultaneously the indicated dose of ovalbumin
(OVA) or OVA-HSP70 was injected. Three days later, division of OT-I
CD8* T cells in recipient mice spleens was determined by assessing
CFSE dilution by flow cytometry (b).
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Heat shock protein (HSP)-mediated cross-presentation in vivo is dependent on CD11c* dendritic cells (DC) and transporter associated

with antigen processing (TAP). The HSP-mediated proliferation of transferred carboxyfluorescein succinimidyl ester (CFSE)-labeled OT-I CD8* T
cells was measured in DC depleted (a), TAP1 KO (b), and CD4* T cell and natural killer (NK) cell depleted (c) recipient mice. Injection of CFSE-
labeled OT-I1 CD8* T cells and ovalbumin (OVA)-HSP70 (10 pg = 100 pmol) and flow cytometry were carried out. In CD11c-diphtheria toxin recep-
tor (DTR) mice, but not WT mice, CD11c* cells were depleted by injection of DT on days —1 and 1 (a). CD4* and NK cells were depleted with
injection of GK1.5 (anti-CD4) and PK136 (anti-NK1.1) antibodies on day —1 (c).

An equal number of the two target cells was mixed and a total
of 2 x 107 cells was injected i.v. Twenty hours later, the two
types of target cells in the spleen were analyzed by flow
cytometry.

Immunotherapy against an established tumor. On day 0, reci-
pient mice were inoculated intradermally with 1 x 10° E.G7
cells on the right side of the back. On day 6, mice were
injected with 1 x 10° OT-I CD8" T cells into the tail vein. On
days 6, 8, 10, and 12, mice were vaccinated i.v. with 10 pg
OVA-HSP70. Tumor sizes were measured with calipers, and the
average tumor diameters were calculated using the formula:

Average tumor diameter = [longest tumor diameter

+ shortest tumor diameter]/2

Mizukami et al.

Results

Antigen fused with HSP70 is more efficient in cross-priming of
T cells than antigen alone. As it has been noted that a histidine
tag by itself is immunogenic,®> we prepared histidine-tagged
recombinant OVA as a control protein. Thus, 6x His-tagged
recombinant OVA and OVA-HSP70 fusion proteins (Fig. la,
left panel) were expressed in Escherichia coli and purified
with Ni**-NTA agarose. The purified proteins were further
applied on Detoxi-Gel AffinityPak Prepacked Column (Thermo
Scientific, Waltham, MA, USA) to remove endotoxin. We con-
firmed that the level of endotoxin in the final preparation was
<0.5 EU/mL of solution using a test from Mitsubishi Chemical
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CD8* dendritic cells are responsible for heat shock protein (HSP)70-mediated cross-priming in vivo. C57BL/6 mice were injected i.v. with

100 pg Alexa Fluor 633-labeled ovalbumin (OVA)-HSP70. Three hours or 24 h later, spleen cells of recipient mice were recovered and stained
with FITC-CD11c and PE-B220, then OVA-HSP70 uptake was measured by flow cytometry. The numbers indicate the frequency of cells within a

particular gate.

Medience (Tokyo, Japan) (data not shown). Both OVA,
purchased from Sigma, and the recombinant proteins were
separated by SDS-PAGE and stained with Coomassie Brilliant
Blue to assess purity (Fig. la, right panel). Graded doses of
the recombinant proteins were injected i.v. into C57BL/6 (B6)
mice, thereafter, CFSE-labeled OT-I1 CD8" T cells were adop-
tively transferred i.v. to those mice. Three days later, the trans-
ferred T cells were recovered from the spleen and analyzed for
in vivo proliferation by flow cytometry. We observed that
10 pmol OVA-HSP70 induced significant division of the trans-
ferred T cells, whereas 100 pmol OVA protein was unable to
stimulate division; 1000 pmol was required (Fig. 1b). These
results indicate that OVA-HSP70 is at least 10-fold more effi-
cient in priming naive OT-I1 CD8" T cells than OVA alone.
Cross-priming induced by HSP70 is dependent on DC and the
transporter associated with antigen processing (TAP) complex.
To examine cells responsible for cross-priming by
OVA-HSP70, we first used CD11¢c-DTR mice in which DT
eliminates CD11c* cells, thus DC, in vivo.'® We found that
DT-induced depletion of CDI11c" cells led to abrogation of
division of transferred OT-I CD8" T cells (Fig. 2a, upper
column). The same experiments with WT mice indicated the
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toxicity of DT had no influence on the division of transferred
OT-I1 CD8" T cells. (Fig. 2a, lower column). Proliferation of
OT-1 CD8" T cells was also completely abolished in TAPI1
KO mice, whereas in vivo elimination of CD4* T cells or NK
cells by injection of depleting antibodies had no effect on the
proliferation (Fig. 2b,c). To further identify cells to which
OVA-HSP70 is targeted, Alexa Fluor 633-labeled fusion pro-
tein was injected into mice. Three hours post-injection, the
labeled protein was found mostly accumulated on CDI1c*
B2207 cells (close to 25% of the total DC population; Fig. 3c)
but not on other cells (Fig. 3a,b), and the frequency of positive
cells and the level of accumulation declined by 24 h (Fig. 3c),
suggesting that in vivo OVA-HSP70 is internalized mainly by
DC. Note that OVA alone did not accumulate on CDI1l1c*
B220™ cells (data not shown). Taken together, these results
indicate that in vivo HSP70 uses the conventional cross-presen-
tation pathway, which requires TAP and DC.

CD8* dendritic cells responsible for Hsp70-mediated cross-prim-
ing in vivo. As CD8" and not CD8 ™ DC are primarily involved
in cross-priming in vivo,”® we next investigated whether this
was also the case for HSP70-induced cross-priming. Based on
the results of the studies in Figure 3(c), we further separated
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CD8* dendritic cells (DC) showed more efficient ovalbumin-heat shock protein 70 (OVA-HSP70) uptake and HSP-mediated cross-priming

than CD8  DC. Uptake of Alexa Fluor 633-labeled OVA-HSP70 by CD8* and CD8~ DC was detected. Both FITC-CD8 and PE-CD11c were used for
staining (a). The FACS-purified CD8* and CD8 DCs were pulsed with 150 pg/mL OVA-HSP70 for 3 h and fixed. The fixed DC and OT-I CD8* T cells
were co-cultured in 96-well round-bottom plates. Supernatants were collected and the amount of y-interferon (IFN-y) was measured by ELISA
assay (b, left panel). After supernatants were recovered, the co-cultured OT-1 CD8* T cells were used as effectors in a 51Cr release assay against E.

G7 target cells (b, right panel).

CD11c* cells into CD8* and CD8™ populations and examined
them for incorporation of Alexa Fluor 633-labeled
OVA-HSP70. We found that ~28% CD8* DC bound the fusion
proteins, whereas only ~18% of the CD8  DC did so.
Co-culture assays using OT-I CD8* T cells with sorted CD8*
or CD8™ DC allowed us to show that CD8" DC are more
potent in stimulating OT-I CD8" T cells to secrete IFN-y
(Fig. 4b, left panel) and to differentiate into CTL capable of
killing EL4 cells pulsed with OVAjs; 264 (Fig. 4b, right
panel). Based on these results, we concluded that HSP70-medi-
ated cross-priming is mainly dependent on CD8* DC and, to a
lesser extent, on CD8™ DC.

Toll-like receptors, MyD88/IRAK4 and CD40, are dispensable for
cross-priming with OVA-HSP70 in vivo. There is a report
suggesting that mycobacterial (bacillus Calmette-Guerin)
HSP65-mediated cross-priming requires MyD88,"'? leading us
to investigate whether this is the case for HSP70-mediated
cross-priming. To this end, we used a panel of KO mice as
hosts and examined the proliferation and production of IFN-y
of adoptively transferred, CFSE-labeled OT-I CD8" T cells.
As shown in Figure 5, none of the tested TLRs (TLR2, 3, 4,
7, and 9), nor the adaptor molecule MyD88, or IRAK4 signal-
ing molecule, or CD40 were essential in the proliferation or

Mizukami et al.

IFN-y production of OT-I CD8" T cells stimulated by vaccina-
tion with OVA-HSP70. Next, mice lacking the indicated TLRs,
MyD88/IRAK4, and CD40 were adoptively transferred with
OT-1 CD8" T cells and spleen cells pulsed with/without
OVA,s7 264 as target cells (Fig. 6a). We found that none of
these molecules was required for inducing cytolytic activity, as
indicated by an in vivo CTL assay. Moreover, we generated
GM-CSF-stimulated BMDC from WT or MyD88 KO mice
and pulsed them with graded doses of OVA or OVA-HSP70.
After fixation, the DC were cultured with naive OT-I1 CD8* T
cells. As expected, based on the in vivo studies depicted in
Figure 1, we observed that OVA-HSP70 was much more effi-
cient than OVA in activating T cells to secrete IFN-y
(Fig. 6b). Consistent with the results of the in vivo CTL assay,
this T-cell response was independent of MyDS88.

It remained a possibility that experiments using OT-I CD8"*
T cells are biased to bypass the requirement for TLRs in
cross-priming. Therefore, we immunized WT and MyD88 KO
mice with OVA-HSP70, and the spleen cells were then stimu-
lated in vitro with OVAjs7 264 peptide for 5 days. The result-
ing effector cells were stained with anti-CD8 antibody and a
tetramer consisting of Kb—OVA257,264. We found that antigen-
specific CTLs were generated in both WT and MyD88 KO

Cancer Sci | May 2012 | vol. 103 | no.5 | 855
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Heat shock protein (HSP)-mediated cross-priming in vivo is independent of Toll-like receptors (TLR)/MyD88 and CD40. Carboxyfluorescein

succinimidyl ester (CFSE)-labeled OT-1 CD8* T cells were adoptively transferred into C57BL/6 or the indicated KO mice. Simultaneously the mice
were injected with 10 pg ovalbumin (OVA)-HSP70. Three days later, recipient spleen cells were stimulated with OVA;s;_ 564 in the presence of
brefeldin A at 37°C for 4 h. After intracellular y-interferon (IFN-y) staining, IFN-y production and proliferation of transferred OT-I CD8* T cells

were determined by flow cytometry.

mice (Fig. 6¢), and that both effector cells showed comparable
cytolytic activity against EL4 cells pulsed with OVA peptide
and E.G7 cells, which express OVA endogenously (Fig. 6d).
Taken together, these results lead us to conclude that TLR
pathway molecules including MyD88/IRAK4 and CD40 are
not essential for HSP70-mediated cross-priming.

MyD88 and IRAK4 are indispensable in HSP70-mediated tumor
rejection. Based on the above results, we set up a final series
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of experiments that we expected to confirm that TLRs,
MyD88/IRAK4, and CD40 were also not required for another
well-established HSP70-mediated cross-priming activity, the
antitumor effect. For this purpose, we challenged our panel of
KO mice with live E.G7 tumor cells and on day 6, OT-I CD8"
T cells were adoptively transferred and the mice were vacci-
nated four times with OVA-HSP70 (Fig. 7). We expected that,
like WT mice, all the KO mice would reject the growing

doi: 10.1111/j.1349-7006.2012.02233.x
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were killed and the frequency of the two types of target cells remaining in the spleen was analyzed by flow cytometry (a). Bone marrow den-
dritic cells from C57BL/6 or MyD88 KO mice were incubated with OVA-HSP70 for 3 h then fixed. The bone marrow dendritic cells and OT-I CD8*
T cells were then co-cultured in 96-well round-bottom plates. Supernatants were collected and the amount of y-interferon (IFN-y) was measured
by ELISA assay (b). C57BL/6 and MyD88 KO mice were vaccinated three times in a 1-week interval with 10 ng OVA-HSP70. Seven days after the
final immunization, recipient mice were killed and the spleen cells were stimulated with OVA,s; 564 in vitro. Induction of antigen-specific CD8* T
cells was detected with H-2K°/OVA,s7_s6s-specific tetramers by flow cytometry (c), and CTL activity of the splenocytes was measured by >'Cr
release assay (d). E.G7, OVA cDNA transfected derivative of the EL4 cell line; EL4, methylchoranthlene-induced thymoma of C57BL/6 (H-2°) origin;
E/T, effector/target.
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Fig. 7.

MyD88 and IRAK4 are indispensable in heat shock protein (HSP)70-mediated tumor rejection. On day 0, recipient mice were inoculated

intradermally with E.G7 cells. On day 6, mice were transferred with OT-1 CD8" T cells into the tail vein. On days 6, 8, 10, and 12, mice were vacci-
nated i.v. with 10 ng ovalbumin (OVA)-HSP70. Tumor sizes were measured and the average tumor diameters were calculated with the formula:
Average tumor diameter = [longest tumor diameter + shortest tumor diameter]/2. TLR, Toll-like receptor.

tumors after receiving OT-I CD8" T cells and OVA-HSP70.
Accordingly, TLR2/4-, TLR3-, and TLR7/9-deficient mice
completely rejected the tumors; however, to our surprise, mice
lacking MyD88 or IRAK4 were unable to reject the tumors.
CD40-deficient mice rejected the tumors.

Discussion

The possible contribution of endotoxin-like molecules to HSP-
induced antitumor immunity has long been an enigma. The
results presented here, at least in part, should help to resolve
this issue. Mycobacterial HSP70-induced cross-priming as well
as tumor rejection was not impaired in TLR2/4 double-KO
mice, clearly indicating that these immune responses are not
caused by a contaminating endotoxin, such as E. coli LPS.
Moreover, TLR7/9 double-KO mice and TLR3 KO mice also
showed no reduction in cross-priming or tumor rejection
(Figs 5,7). Strikingly, MyD88, which is a key adaptor mole-
cule for most of the TLRs, was dispensable in proliferation
and IFN-y production by transferred OT-ICD8* T cells and
CTL generation in naive mice (Figs 5,6). These results
strongly argue that the putative second signal provided by
HSP-mediated immunity is not linked with the TLR/MyD88
signaling cascade.

858

Also implicated as a receptor for HSP7Oi CD40 facilitates
endocytosis as well as activating APC.®” However, we
observed no reduction of cross-priming ability or tumor rejec-
tion in CD40 KO mice (Figs 5-7). Involvement of other recep-
tors, IL-18R and IL-1R, included upstream of MyD88, has not
yet been tested, which is an important question to be answered
in future experiments.

Recently, Pawaria and Binder have shown that CD91 serves
as a signaling receptor for Gp96, HSP70, and calreticulin, pro-
moting maturation of APC, secretion of cytokines, and priming
of T-helper cells.®® Interestingly, interaction of Gp96 or
calreticulin with CD91 triggers phosphorylation of membrane-
proximal tyrosine 4508, whereas HSP70 binding results in
phosphorylation of both tyrosine 4508 and a membrane-distal
tyrosine 4474 of the CD9IpP chain to transduce signals.*®
Although these results were obtained using RAW264.7 cells
and peritoneal macrophages, our cross-priming results are con-
sistent, because CD91 by itself, but not the TLRs, acts as a
signaling receptor for HSP70.

Nonetheless, tumor rejection was absolutely dependent on
MyD88/IRAK4, although TLR2, 3, 4, 7, and 9 were dispens-
able (Fig. 7). In this regard, it is possible that cross-priming by
HSP70 is the minimum essential event but, by itself, is insuffi-
cient for tumor rejection. Keeping HSP70-primed T -cells

doi: 10.1111/j.1349-7006.2012.02233.x
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upfront as effector cells efficient enough to continuously kill
cancer cells might require additional factors such as inflamma-
tory signals that are likely provided by MyD88/IRAK4-depen-
dent signaling. In this context, there is a report suggesting that
ISCOMATRIX vaccine led to normal cross-presentation of DC
isolated from draining lymph node in MyD88 KO mice, as
determined by ex vivo proliferation of OT-ICD8" T cells in the
co-culture system.(zg) However, enodogenous T cell responses
were significantly reduced in MyD88 KO, but not in TLR4
KO, mice,?” suggesting requirements of inflammatory signals
provided by the MyD88-dependent cascade. In any case, the
precise mechanisms underlying cross-priming and the resulting
tumor rejection remain to be elucidated.

In summary, we have shown that TLRs, MyD88/IRAK4,
and CD40 are not essential for HSP70-mediated cross-priming.
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