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ABSTRACT  19 
 20 
Aims:  Extracellular heat shock protein 70 (Hsp70) is an adjuvant molecule that stimulates 
the immune system.  The C-terminal domain of Hsp70 (C70), without the ATPase domain, is 
sufficient for antigen cross-presentation.  However, the mechanism by which the receptor 
mediates the uptake of C70–peptide complex remains unclear.  We therefore aimed to 
determine the process by which the receptor mediates the uptake of antigenic peptide-bound 
C70. 
Methodology:  Hsp70 and C70 individually cloned into pET28a were expressed in 
Escherichia coli BL21 (DE3) and were purified on Ni-NTA agarose and MonoQ HR5/5.  
Hsp70 and C70 were labeled with Alexa 555 and Alexa 633, respectively, to detect cellular 
binding.  HEK293 cells stably expressing lectin-like oxidized LDL receptor-1 (LOX-1) and 
KG-1 human dendritic-like cells were incubated with Alexa-labeled Hsp70 and C70 
individually or with C70 and antigenic complexes, and were observed using fluorescence 
microscopy.  The affinity of LOX-1 toward Hsp70 and C70 was analyzed by chip assay using 
surface plasmon resonance, which immobilized LOX-1 ligand recognition domain. 
Results:  HEK293 cells stably expressing LOX-1 and KG-1 cells accepted the C70–peptide 
and Hsp70–peptide complexes.  Anti-LOX-1-neutralizing antibody inhibited the uptake of the 
C70–peptide complexes by KG-1 cells.  The dissociation constant (KD) of C70 toward the 
LOX-1 extracellular domain, measured by surface plasmon resonance, was 4.02 × 10−7 M, 
and that of the C70–peptide complex was 6.6 × 10−8 M.  C70 increased the LOX-1 affinity by 
forming a complex with the antigen peptide.   
Conclusion:  Our findings suggest that LOX-1 is the primary receptor for the C70–peptide 
and the Hsp70–peptide complexes.  C70 is a promising adjuvant molecule that is 
internalized via LOX-1.  In addition, it is convenient to prepare C70 using an E. coli 
expression system, and C70 is more stable than full-length Hsp70.   
 21 
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1. INTRODUCTION  25 
 26 

Heat shock proteins (Hsps) are highly conserved proteins found in all prokaryotes and 27 
eukaryotes [1].  In addition to their intercellular functions, Hsps initiate the host immune 28 
response mediated by the antigen-presenting cells [2].  The Hsp70 family is the most 29 
conserved class of Hsps.  Hsp70 is composed of two functional domains: a highly conserved 30 
N-terminal 44-kDa ATPase domain and a 28-kDa C-terminal domain (C70), which contains 31 
an 18-kDa substrate-binding region.  Recently, efficient cross-presentation of antigenic 32 
peptides bonded to Hsp70 or C70 was demonstrated with the B3Z read-out system [3].  C70 33 
has been reported to be sufficient for adjuvant activity.  Moreover, C70 is easy to purify and 34 
can interact with antigen peptides in the absence of ATP, making it a more useful immune 35 
adjuvant molecule than the full-length Hsp70.  However, the process of a receptor mediating 36 
the uptake of C70–peptide complex is unclear.  For the efficient use of C70, it is necessary 37 
to identify the receptor for peptide/C70 and confirm that the receptor mediates the uptake of 38 
antigenic peptide-bonded C70. 39 

 40 
Various surface proteins of immune cells are believed to play a role in the cellular 41 

responses induced by Hsp70.  Lectin-like oxidized low-density lipoprotein (LDL) receptor-1 42 
(LOX-1) was originally identified as a lectin-like receptor that binds and internalizes oxidized 43 
LDL on endothelial cells, causing endothelial dysfunction and atherosclerosis [4].  LOX-1 has 44 
been identified on smooth muscle cells and macrophages as well as on dendritic cells (DCs).  45 
Recently, it was reported that LOX-1 is involved in the binding of Hsp70 and the antigen–46 
peptide complex (peptide/Hsp70) to DCs, and in antigen cross-presentation [5, 6].  47 

 48 
In the current study, we showed that LOX-1 is the primary receptor for peptide/C70 and 49 

for peptide/Hsp70.  C70 increases the LOX-1 affinity by forming a complex with the antigen 50 
peptide.  Moreover, we confirmed that C70 can be conveniently prepared using an 51 
Escherichia coli expression system, and that C70 is more stable than the full-length Hsp70. 52 
 53 
2. MATERIAL AND METHODS  54 
 55 
2.1 Cell culture  56 
 57 

HEK293 cells were purchased from Riken cell bank (Tsukuba, Japan) and transfected 58 
with plasmid carrying CFP-LOX-1 [7] using Lipofectamine Plus (Invitrogen, Carlsbad, CA, 59 
USA) according to the manufacturer’s protocol, and stable cell lines were selected using 60 
G418 (1.2 mg/mL) in MEM with 10% fetal calf serum (FCS). 61 
KG-1 human dendritic like cells were purchased from Riken cell bank (Tsukuba, Japan). KG-62 
1 cells were differentiated into dendritic like cells by stimulating 0.2 × 106 cells/mL for 5–7 63 
days with PMA (100 ng/mL, Sigma, St.Louis, MO) plus TNF-α (10 ng/mL, R&D Systems, 64 
Minneapolis, MN) in RPMI 1640 with 10% heat-inactivated FCS.  Treatment with PMA and 65 
TNF-α caused some cells to become adherent, and the typical morphological changes 66 
observed in vivo were noted [8]. 67 
 68 
2.2 Purification of Hsp70and C70 69 

 70 
The Hsp70-coding clone was purchased from GeneCopoeia (Rockville, MD), and full-71 

length Hsp70 (Hsp70, residues 1-641) and C region-coding peptide-binding domain (C70, 72 
residues 384–641) were cloned into pET 28a (Novagen, Madison, WI), which contains a 73 
thrombin-recognition site before the His-tag.  Escherichia coli BL21 (DE3) were transformed 74 
with each plasmid and His-tagged proteins were expressed during 4-h induction with 1 mM 75 
IPTG, according to the protocol supplied by Novagen. Harvested bacterial cells were re-76 
suspended in TBS (20 mM Tris, 150 mM NaCl, pH7.5) containing protease inhibitor cocktail 77 



 

(Nakalai, Kyoto, Japan), sonicated, and centrifuged at 10,000 × g for 30 min.  Clarified 78 
supernatants were used as soluble lysates, and each soluble lysate was bound to a column 79 
containing Ni-NTA agarose (Qiagen, Hilden, Germany), washed with TBS containing 20 mM 80 
imidazole, and eluted with 20–250 mM imidazole gradient using FPLC system (Pharmacia, 81 
Uppsala, Sweden).  Peak fractions at OD280 were pooled and dialyzed against TBS.  82 
Although high purity of C70 was observed at this step, an additional purification step was 83 
performed as a precaution.  Each dialyzed fraction of Hsp70 or C70 was applied to MonoQ 84 
HR5/5 (Pharmacia) equilibrated with buffer A (20 mM Tris-acetate, pH 7.6, 1 mM EDTA, 10 85 
µM 2-mercaptoetahnol), and eluted with 0–350 mM NaCl gradient.  Peak fractions were 86 
collected and dialyzed against PBS.  The His-tag was removed by incubation with thrombin 87 
for 4 h at 25°C, and thrombin was removed by benzam idine sepharose (GE Healthcare, 88 
Tokyo, Japan). E. coli bacterial cell lysates and purified proteins were examined by SDS-89 
PAGE and proteins were visualized by Coomassie staining. In order to completely deplete 90 
the contaminating lipopolysaccharide (LPS) from bacterial cells, a subsequent purification 91 
step using polymixin B columns (Pierce, Rockford, IL) was performed, according to the 92 
manufacturer protocol, immediately before addition of each protein to DCs. 93 
 94 
2.3 Peptides and antibodies 95 
 96 

The antigen peptide OvaBip (SIINFEKLGSGHWDFAWPW) was synthesized by Operon 97 
(Tokyo, Japan), and ovalbumin-derived antigen peptide, Ova (SIINFEKL), was purchased 98 
from MBL (Nagoya, Japan). When indicated, Hsp70, C70, and OvaBip were labeled with 99 
Alexa555 or 633 (Invitrogen, Carlsbad, CA) according to the protocol supplied by 100 
manufacturer. Anti-LOX-1 antibody (ab60178) and anti-LOX-1 neutralizing antibody (23C11) 101 
were purchased from Abcam (Cambridge, MS). 102 
 103 
2.4 Peptide and Hsp70 complex formation 104 

 105 
Antigen peptide and Hsp70 complex formation was carried out as described previously 106 

[3]  Briefly, Hsp70 was incubated in binding buffer (PBS containing 1 mM KCl, 2mM MgCl2) 107 
for 15 min at 37°C, with a 20-fold molar excess of OvaBip or Ova in the presence of 1 µM 108 
ATP.  Subsequently, Hsp70 and peptides complex (OvaBip/Hsp70 or Ova/Hsp70) was 109 
incubated for another 25 min at 37°C in the presenc e of 100 µM ADP, and free peptides 110 
were removed by gel filtration using Bio-Gel P-6 Extra Fine (Bio Rad, Foster City, CA).  111 
Alexa633-labeled Hsp70 and OvaBip peptide complexes (OvaBip/Alexa633-Hsp70) or 112 
Alexa633-labeled Hsp70 and Alexa555-labeled OvaBip complexes (Alexa555-113 
Ovabip/Alexa633-Hsp70) or Alexa633-labeled Hsp70 and Ova peptide (Ova/Alexa633-114 
Hsp70) complex were prepared in the same way.  C70 and OvaBip or Ova complex 115 
(OvaBip/C70 or Ova/C70) formation was carried out without ATP for 14 h, and free peptides 116 
were removed by gel filtration.  Alexa555-labeled C70 and Ova complex (Ova/Alexa555-117 
C70) was prepared in the same way.   118 
 119 

2.5 Surface plasmon resonance assay  120 
 121 

The surface plasmon resonance assays were carried out with a Biacore 3000 (Biacore, 122 
Uppsala, Sweden). We prepared a version of CTLD14, the extracellular ligand-binding 123 
domain of LOX-1, which was biotinylated near the N-terminal, as described previously [9].  124 
Biotinylated CTLD14 (1 µg/mL PBS(-) pH7.4) was immobilized on the sensor chip SA (GE 125 
Healthcare, Buckinghamshire, UK) via the N-terminal biotin at 25°C with a flow rate of 20 126 
µL/min to a density of approximately 200 response units (RU) for Hsp70 or 140 response 127 
units for C70.  The interaction between immobilized CTLD14 and Hsp70, C70, or OvaBip 128 
complex was examined at 25°C with a flow rate of 20  µL/min with PBS (-), pH 7.4, as a 129 
running buffer.  Proteins or protein-peptide complexes were injected over the flow cell for 2 130 



 

min, followed by 3 min for dissociation.  The response obtained from the control flow cell 131 
(without immobilized CTLD14) was subtracted from the CTLD14-immobilized cell to correct 132 
for nonspecific binding.  BIA evaluation version 4.1 (GE Healthcare) was used to carry out 133 
the analysis of the kinetics. 134 
 135 
2.6 Binding and uptake assay 136 
 137 

HEK293 cells or HEK293 cells stably expressing CFP_LOX-1were grown on cover slips 138 
for 2 days prior to the experiments, and incubated with 1 µM of Alexa633-Hsp70, Alexa555- 139 
OvaBip, or Alexa555-OvaBip/Alexa633-Hsp70, for 15 min at 37°C in a humidified 140 
atmosphere containing 5% CO2. The cells were then fixed with formaldehyde (2% in PBS), 141 
mounted, and imaged using a Leica DM IRE2 microscope (Leica Microsystems, Wetzler, 142 
Germany) equipped with a 100× NA 1.4 objective and a Cool SNAP-HG digitalized cooled 143 
CCD camera (Roper Scientific, Trenton, NJ) driven by MetaMorph software (Universal 144 
Imaging, Downing, PA). To determine the expression level of LOX-1, the CFP fluorescence 145 
intensity was examined using an E4 filter with excitation at 436-nm and a 470-nm emission 146 
filter. The fluorescence intensity Alexa555 was examined using an Y3 filter with excitation at 147 
535-nm and a 610-nm emission filter, and the fluorescence intensity of Alexa633 was 148 
examined using an Y5 filter with excitation at 620 nm and a 700-nm emission filter. 149 

 150 
KG-1 cells were differentiated into DCs on lysine-coated coverslips for 5–7 days, 151 

and the uptake assay was performed as described above.  Images of over 100 DCs from 3 152 
independent experiments were acquired.  After subtracting the background emission level, 153 
the fluorescence intensity of each cell was determined from the mean pixel value of the 154 
whole cell by using MetaMorph software.  The binding of protein or peptide was calculated 155 
from the fluorescence intensity derived from Alexa555 or 633 as described previously [9]. 156 
LOX-1 was detected using anti-LOX-1 antibody followed by incubation with Alexa488 labeled 157 
2nd antibody. 158 

 159 
2.7 Statistical analysis 160 
 161 

Student’s t-test was used for comparison of 2 data sets.  P values < 0.05 were 162 
considered statistically significant. 163 
 164 
3. RESULTS 165 
 166 
 167 
3.1 LOX-1 is the receptor for Hsp70-OvaBip complex uptake 168 
 169 
  To investigate the contribution of LOX-1 in the uptake of Hsp70 and peptide 170 
complex, we prepared recombinant Hsp70 labeled with Alexa633, and OvaBip 171 
(SIINFEKLGSGHWDFAWPW) labeled with Alexa555.  HEK293 cells stably expressing 172 
CFP_LOX-1 (expression of CFP_LOX-1 was confirmed by western blotting with anti-LOX-1 173 
antibody as shown in a supplemental figure) were incubated with Alexa633-Hsp70, 174 
Alexa555-OvaBip, or Alexa555-OvaBip/Alexa633-Hsp70.  We were able to detect little 175 
uptake of Hsp70 (Fig.1A) and OvaBip (Fig.1B).  In contrast to Hsp70 or OvaBip alone, the 176 
uptake of both Hsp70 and OvaBip were remarkably increased when it was in a complex (Fig. 177 
1C).  Since we evaluated the OvaBip/Hsp70 uptake ability of wild HEK293 cells, no 178 
OvaBip/Hsp70 signal were detected (Fig.1D), we concluded that the OvaBip/Hsp70 uptake 179 
were dependent on LOX-1.  180 
 181 



 

Fig. 1.  LOX-1 is the receptor for uptake of Hsp70 and OvaBip complex.  HEK293 cells stably 182 
expressing CFP_LOX-1 incubated with Alexa633-Hsp70, Alexa555-OvaBip, or Alexa555- 183 
OvaBip/Alexa633- Hsp70, and then examined by fluorescence microscopy.  (A) Cells 184 
incubated with Alexa633-Hsp70. (B) Cells incubated with Alexa555-OvaBip. (C) Cells 185 
incubated with Alexa555-OvaBip/Alexa633- Hsp70. (D) Wild HEK293cells incubated with 186 
Alexa555- OvaBip/Alexa633-Hsp70.  187 
 188 
3.2 Substrate-binding domain of Hsp70 is more stabl e than full length Hsp70 189 
 190 

Next, we prepared the 28-kDa C-terminal domain of Hsp70 (C70), which contains 191 
the 18-kDa substrate-binding region [1], using an E. coli expression system in the same way 192 
as that for Hsp70.  C70 was expressed as a completely soluble protein and was easy to 193 
purify (Fig.2B).  After the first purification step using Ni-NTA agarose, C70 was detected as 194 
an almost pure protein (Fig.2C).  In contrast, nearly 40% of Hsp70 was expressed as 195 
insoluble protein (Fig.2A) and the purity after Ni-NTA agarose column purification was less 196 
than 90% (Fig.2C).  The yield of purified proteins from a 300 mL culture was 15 mg of C70 197 
and only 8 mg of Hsp70 before cleavage of the His-tag.  The final yield after treatment to 198 
remove the His-tag and LPS was 3 mg of C70 and 0.8 mg of Hsp70.  Although these 199 
purification steps caused loss of protein, we treated each protein with thrombin and depleted 200 
LPS in order to exclude any effects from the His-tag or contaminating LPS.  C70 was stable 201 
at 4°C over a few months, whereas full-length Hsp70  degraded during storage (Fig.2D).   202 



 

When HEK293 cells stably expressing LOX-1were pre-treated with OvaBip/C70, the 203 
uptake rate of Alexa555-OvaBip/Alexa633-Hsp70 was decreased (Fig. 2E).  The result 204 
indicated that C70 peptide complex binds to LOX-1 as well as Hsp70. 205 

 206 

 207 
Fig.2.  Expression and stability of recombinant Hsp70 and C70.  Recombinant Hsp70 208 

and C70 were purified as described in material and methods. E. coli bacterial cell lysates 209 
and purified proteins were examined by SDS-PAGE and proteins were visualized by 210 
Coomassie staining. (A) Hsp70, (B) C70. (-): bacterial culture without IPTG, (+) with IPTG for 211 
4 h; S: soluble fraction, I: insoluble fraction. Arrows indicate the expected molecular mass of 212 
Hsp70 or C70. (C) Hsp70 and C70 eluted from Ni-NTA Agarose column. Each lane 213 
contained 3 µg or 6 µg total proteins. Arrows indicate contaminating protein. (D) Stability of 214 
Hsp70 and C70. Purified proteins were stored at 4°C  for 3 months and 3 µg or 6 µg total 215 
proteins were run in each lane. Arrow indicates the degraded Hsp70. (E) HEK293 cells 216 
stably expressing CFP_LOX-1 incubated with OvaBip/C70 followed by incubation with 217 
Alexa555-OvaBip/ Alexa 633-Hsp70. 218 
 219 
3.3 Surface plasmon resonance assay 220 

 221 
To evaluate the affinity of Hsp70, C70 alone, or protein and OvaBip complexes to 222 

LOX-1, we performed a surface plasmon resonance assay.  We prepared soluble CTLD14, 223 
which is a domain of LOX-1 that is responsible for ligand recognition [7].  The recombinant 224 
CTLD14 was purified as a dimer, which is the native form of LOX-1 on the cell surface [7].  225 
Because the CTLD14 had been almost 100% biotinylated near the N-terminus in the 226 
bacterial expression system, it could be directly immobilized onto an SA sensor chip without 227 
any further treatment.  228 

 229 



 

First, we examined the binding of Hsp70.  Sensorgrams (Fig. 3A) showed an 230 
increase in RU reflective of Hsp70 binding (association) and a very slow decrease in 231 
response consistent with a loss of mass from washout (dissociation) after each injection 232 
(arrows).  We analyzed the sensorgrams by fitting them with a simple 1:1 Langmuir model.  233 
Parameters were summarized in Table I.  The KD value was calculated to be 2.44 × 10-9 M.  234 
A χ2 value of 3.43 indicates an adequate fit of the model to the data.  Furthermore, SE was 235 
less than 10%.  Next, we analyzed the interaction between OvaBip/Hsp70 and CTLD14 (Fig. 236 
3B).  The KD value was calculated to be 1.25 × 10-10 M.  Although the kd was very low and it 237 
was difficult to calculate the accurate KD value, this very slow dissociation rate shows the 238 
stability of OvaBip/Hsp70 and CTLD14 in PBS at neutral pH. 239 

We then examined the binding of C70 to CTLD14 (Fig. 3C), and OvaBip/C70 to 240 
CTLD14 (Fig. 3D).  The KD value between C70 and CTLD14 was calculated to be 4.02 × 10-7 241 
M.  The χ2 value was 0. 2.  The KD value between OvaBip/C70 and CTLD14 was calculated 242 
to be 6.6 × 10-8 M.  The χ2 value was 0. 6.  Although the RU for C70 was low compared to 243 
that of full-length Hsp70, C70 increased its affinity for LOX-1 by forming a complex with the 244 
peptide.  The low kd indicated that the interaction between the OvaBip/C70 and CTLD14 was 245 
stable. 246 
 247 

 

Table I. Summary of parameters analyzed by BIA evaluation 

 

 ka(1/Ms) SE (ka) kd (1/s) SE (kd) KD (M) 

Hsp70 4.83 × 104
 734 1.18 × 10-4

 8.88 × 10-5
 2.44 × 10-9

 

OvaBip/Hsp70 2.35 × 105
 3.82 × 103

 2.95 × 10-5
 6.5 × 10-5

 1.25 × 10-10
 

C70 1.60 × 104
 979 6.41 × 10-3

 1.78 × 10-4
 4.02 × 10-7

 

OvaBip/C70 1.48 × 104
 300 9.80 × 10-4

 7.66 × 10-5
 6.6 × 10-8

 

  248 



 

Fig. 3.  Sensorgrams of specific binding of serially diluted ligands to immobilized CTLD14 on 249 
SA sensor chip.  Ligands diluted with running buffer (PBS) were injected (at the points 250 
indicated by arrows 1)  over flow cells at a flow rate of 20 µL/min for 2 min, followed by 3 min 251 
of dissociation (started at the points indicated arrows 2).  Curves from the reference cell 252 
without immobilized CTLD14 were subtracted from the binding curve.  (a) 0.045 µM, (b) 0.09 253 
µM, and (c) 0.18 µM of ligand was injected.  The dissociation constant of ligand and CTLD14 254 
was calculated based on the 1:1 (Langmuir) binding model. (A) Hsp70, (B) OvaBip/Hsp70, 255 
(C) C70, and (D) OvaBip/C70.  256 

 257 
 258 
3.4 Substrate-binding domain of Hsp70 (C70) uptake through LOX-1 259 
 260 

Finally, we evaluated the uptake of well-known antigen peptide, Ova (SIINFEKL) and 261 
Hsp70 or C70 complexes.  Each Ova/Hsp70 and Ova/C70 was taken up into LOX-1 262 
expressing HEK293 (Fig. 4A) as well as OvaBip/Hsp70 complex.  Next, we examined each 263 
complex uptake through LOX-1 in DCs.  To stimulate their differentiation into DCs, KG-1 264 
cells were treated with a combination of PMA and TNF-α; the typical morphological changes 265 
were apparent (Fig. 4B-1).  Once differentiated, KG-1 DCs, which express LOX-1 (Fig. 4B-266 
1), were incubated with Hsp70, Ova, or Ova/Hsp70.  We were able to detect the uptake of 267 
Hsp70 and Ova/Hsp70 (Fig.4B-2, 3).  In contrast to peptide alone, the uptake of Ova was 268 
increased when it was in a complex with Hsp70 (Fig. 4C-1).  Moreover, when cells were pre-269 
treated with anti-LOX-1-neutralizing antibody, the uptake rate was clearly decreased (to less 270 
than 15%) (Fig. 4C-1).  Next, we examined whether C70 was also taken up into DCs through 271 
LOX-1.  Although the amount of Alexa555-C70 alone that was taken up by DCs was not very 272 
high compared to that of full-length Hsp70 (Fig. 4B-4), Ova/Alexa555-C70 showed increased 273 
uptake efficiency (Fig. 4B-5), and 23C11 inhibited the uptake of Ova/Alexa555-C70 (Fig. 4C-274 



 

2).  These results indicate that only C70 is sufficient to form the antigen peptide complex and 275 
be internalized into DCs via LOX-1.   276 

 277 

 278 
Fig. 4.  LOX-1 is the receptor for uptake of Ova/Hsp70 and Ova/C70.  A: HEK293 cells stably 279 
expressing CFP_LOX-1 incubated with Ova/Alexa633-Hsp70 (A-1) or Ova/Alexa555-C70 (A-280 
2), and then examined by fluorescence microscopy.  B: KG-1 cells were differentiated into 281 
DCs, incubated with proteins or peptide/protein complexes, and then examined by 282 
fluorescence microscopy. (B-1) DCs stained with anti-LOX-1 antibody.  (B-2) DCs incubated 283 
with Alexa633-Hsp70. (B-3) DCs incubated with Ova/Alexa633-Hsp70. (B-4) DCs incubated 284 
with Alexa555- C70. (B-5) DCs incubated with Ova/Alexa555-C70. (C) DCs incubated with 285 
LOX-1-neutralizing antibody (23C11) followed by incubation with Ova/Alexa633-Hsp70 or 286 
Ova/Alexa555-C70. Images of over 100 DCs from 3 independent experiments were 287 
acquired.  Fluorescence intensity was quantitatively evaluated using region-measurement 288 
analysis (MetaMorph) as described in Material and Methods.  Data are expressed as the 289 
fluorescence intensity after subtracting the background emission level ± SD, *P < 0.05 290 

 291 
 292 



 

4. DISCUSSION 293 
 294 
Hsp70 has been established as an immune adjuvant for cross priming with antigen 295 

peptides [10].  Subsequently, it was demonstrated that recombinant Hsp70 expressed in E. 296 
coli works as an immune adjuvant as well as Hsp70 isolated from tissues.  One study also 297 
showed that C70, which contains the substrate-binding region but not the ATPase domain of 298 
Hsp70, was sufficient for antigen cross-presentation [3].  It was reported that high expression 299 
of Hsp70 in E. coli led to the formation of inclusion bodies, resulting in defects in solubility 300 
and bioactivity [11].  In this study, we showed several advantages of C70 over full-length 301 
Hsp70: it is 100% soluble even when expressed at high levels; the purification is simple; the 302 
yield is 4 times higher; and it is stable when stored for several months.  303 

In the process of cross-priming, DCs internalize Hsp70 with bound peptides through 304 
receptor.  Binding of Hsp70 to the surface receptor is therefore an important gateway for 305 
antigen presentation.  In fact, several scavenger receptors are involved in mediating uptake 306 
of Hsp70 and peptide complex by DCs [5, 6], and recent report has indicated the potential 307 
importance of LOX-1 [12].  We evaluated the contribution of LOX-1 in binding antigen 308 
peptide by DCs using fluorescent microscopy and LOX-1-neutralizing antibody, and 309 
demonstrated that LOX-1 works to uptake Ova/Hsp70 and Ova/C70.    310 

Surface plasmon resonance assay revealed that Hsp70 itself showed high affinity 311 
for LOX-1.  While the affinity between LOX-1 and C70 alone was not very high, the affinity 312 
increased when C70 made complex with antigen peptides.  These results indicate that C70 313 
acquires a high affinity for LOX-1 by forming a complex with antigen peptide.  Moreover, we 314 
observed a slow dissociation rate constant between OvaBip/C70 and LOX-1 at neutral pH.  315 
The result indicates that once the C70 and peptide complex binds to LOX-1, it is not 316 
dissociated during the early endocytosis step when the surrounding environment is at a 317 
neutral pH.  It has been demonstrated that the binding site for Hsp70 and C70 are located in 318 
lipid raft microdomains [3], and a very recent research has reported that LOX-1 is 319 
predominantly localized in caveolae/lipid rafts [13]. The results support that LOX-1 is the 320 
primary receptor for antigen peptide uptake. 321 
 322 
5. CONCLUSION 323 
Our study demonstrates that the C70 is sufficient for antigen uptake on human DCs, and that 324 
LOX-1 is the primary receptor for C70–peptide complex as well as for Hsp70–peptide 325 
complex.  C70 increased the affinity for LOX-1 by forming a complex with antigen peptides.  326 
In addition, we confirmed that C70 is easy to prepare using an E. coli expression system and 327 
that C70 is more stable than full-length Hsp70.  These findings suggest that C70 is one of 328 
the promising adjuvant molecules for therapeutic applications. 329 
 330 
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 411 
 412 
 413 
Supplemental figure. Expression of CFP_LOX-1.  Wild HEK293 cells or HEK293 cells 414 
stably expressing CFP_LOX-1 were solubilized using TBS (20 mM Tris, 150 mM NaCl, 415 
pH7.5) containing 1% Triton X-100 and protease inhibitor cocktail. Each cell lysate (10 µg 416 
protein/lane) was resolved by SDS-PAGE and analyzed by immunoblotting with anti-LOX-1 417 
antibody followed by HRP-conjugated 2nd antibody. The signals were detected using an ECL 418 
detection system (GE Healthcare). Lane 1: cell lysate from wild HEK293 cells, 2: cell lysate 419 
HEK293 cells stably expressing CFP_LOX-1. Arrow: the signal of CFP_LOX-1 (expecting 420 
MW: around 65 kD). 421 


