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Abstract: Dendritic cells (DC) are the most potent antigen-presenting cells for initiating immune responses. DC 
maturation can be induced by exposing of immature DC to pathogen products or pro-inflammatory factor, which dra-
matically enhances the ability of DC to activate Ag-specific T cells. In this study, a recombinant calreticulin fragment 
39-272 (rCRT/39-272) covering the lectin-like N domain and partial P domain of murine CRT has been expressed 
and purified in Escherichia coli. Functional analysis studies revealed that rCRT/39-272 has potent immunostimu-
latory activities in both activating human monocytes and B cells to secrete cytokines. rCRT/39-272 can drive the 
activation of bone marrow derived DC in TLR4/CD14 dependent way, as indicated by secretion of cytokines IL-12/
IL-23 (p40) and IL-1β. Exposure of DC to rCRT/39-272 induces P-Akt, suggesting that rCRT/39-272 induces matura-
tion of DC through PI3K/Akt signaling pathway. The results suggest that soluble rCRT/39-272 is a potent stimulatory 
agent to DC maturation in TLR4/CD14 and PI3K/Akt dependent pathway. It may play important roles in initiating 
cellular immunity in vivo and the T cell response in vitro. Thus it could be used for study of DC-based tumor vaccines.
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Introduction

Calreticulin (CRT) is a highly conserved soluble 
protein in endoplasmic reticulum (ER) that 
plays very important roles in regulation of cel-
lular functions [1]. CRT binds to Ca2+ with high 
affinity and is crucial for regulating Ca2+ homeo-
stasis [2]. Similar to other molecular chaper-
ones, CRT can help newly synthesized polypep-
tide chain folding correctly and transporting to 
the cell membrane. Although CRT is an 
ER-resident protein, it also appears on the 
membrane of many kinds of cells such as lym-
phocytes, neutrophils and apoptotic cells. The 
cell surface CRT (csCRT) participates into the 
cell adhesion, clearance of apoptotic cells, anti-
tumor immune response, and immuno-modula-
tory process [3-8]. Previously studies have 
revealed that soluble CRT can be detected in 
the sera of patient with auto-immune diseases, 
which indicates CRT may have direct stimula-
tory functions to immune cells in vivo and may 
participate in the pathogenesis of auto-immune 
diseases [9]. Additionally, CRT is a molecular 
chaperone that has potent immunological 

activity [10, 11]. Chaperones are proposed to 
shuttle their associated peptides into antigen-
presenting cells (APCs) to induce peptide-spe-
cific adaptive immune responses, while eliciting 
the co-stimulatory responses including dendrit-
ic cells (DCs) activation and cytokine produc-
tion [12]. Recent study indicates that chaper-
ones can activate the innate immune system, 
possibly through DCs, which is sufficient to 
elicit tumor rejection [6, 13]. As an endogenous 
signal, chaperons released from dying cells 
may also exacerbate autoimmune diseases 
[12, 14, 15]. It has been proposed that CRT 
may facilitate induction of the immune response 
through interaction with DCs [16]. Therefore, in 
this study a recombinant CRT fragment 
(rCRT/39-272) was used to analyze the putative 
stimulatory effects on bone marrow derived 
DCs from BALB/c mice.

Materials and methods

Mice

Female BALB/c and C57BL/6 mice (4-6 weeks) 
were purchased from the Chinese Academy of 
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Military Medical Science (Beijing, China). C3H/
HeN and C3H/HeJ mice were purchased from 
Vital River Laboratory Animal Technology 
(Beijing, China). CD14 knock-out mice were pur-
chased from The Jackson Laboratory (Bar 
Harbor, Maine, USA). All animals were reared 
under specific pathogen-free conditions in the 
Department of Immunology, Peking University.

Recombinant proteins

Expression and purification of rCRT/39-272 
and the recombinant GFP (rEGFP) using the E. 
coli system were performed as previously 
described [9]. Expression of the recombinant 
proteins were determined by Coomassie blue-
stained SDS-PAGE gels and Western blotting.

Generation of immDCs

The cells culture medium was RPMI 1640 sup-
plemented with 10% (v/v) FBS (HyClone 
Laboratories, Logan, UT), penicillin/streptomy-
cin (100 U/ml), L-glutamine (2 mM), and 2-ME 
(5×10-5 M).

BALB/c mouse bone marrow cells were flushed 
out from the femur and tibiae. The red blood 
cells (RBC) were lysed with ACK lysis buffer. 
Then, bone marrow cells (5×106 cells/well) 
were incubated in 6-well flat bottomed plates 
(Falcon, USA) in RPMI 1640 medium at 37°C, 
5% CO2 for 5 days. The recombinant mouse 
GM-CSF (rmGM-CSF, PeproTech EC Ltd, UK) 
was added to the culture (20 ng/ml). At day 3, 
the medium was replaced with 3.5 ml of fresh 
medium containing rmGM-CSF. At day 5, the 
non-adherent cells were harvested.

Cytokine production assays

Freshly prepared C3H/HeN and C3H/HeJ 
mouse, C57 and CD14 knock-out mouse 
immDCs were stimulated with rCRT/39-272 (30 
μg/ml to 1 μg/ml), LPS(3 μg/ml) in RPMI 1640 
medium for 24 h at 37°C. The concentrations 
of IL-12/IL-23 (P40) and IL-1β, MCP-1 in the cul-
ture supernatant were determined using ELISA 
kits (eBioscience, USA) following the manufac-
turer’s instructions. Standard curves were 
established using corresponding mouse recom-
binant standard substance.

Flow cytometric analysis

DC was collected, washed with 1% bovine 
serum albumin (BSA) (Sigma, USA) in PBS. The 

cells (1×106 cells/tube) were incubated for 40 
min at 4°C with 1 μl of FITC-conjugated anti-
bodies. After washing, the cells were subjected 
to analysis using a fluorescence-activated cell 
sorter (FACScan, Becton-Dickinson, Rutherford, 
NJ, USA).

Western blotting

Proteins were separated in 12% SDS-PAGE gels 
and then transferred onto polyvinylidene difluo-
ride membranes at a constant current of 300 
mA using a Bio-Rad Trans-Blot Cell (Bio-Rad, 
Hercules, CA). The Akt Rabbit mAb and 
Phospho-Rabbit mAb (Cell Signaling, USA) were 
used. After three washes with TBS containing 
0.05% Tween 20, blots were incubated for 1 h 
with HRP-linked anti-rabbit IgG (Cell Signaling, 
USA). The signals were visualized using the ECL 
detection system as recommended by the  
manufacturer (Applygen Technologies, Beijing, 
China).

Statistical analysis

All experiments were repeated at least three 
times. The results were expressed as mean ± 
SD. Statistical analysis was performed using 
the independent samples t test or two-sided, 
paired t test between groups using the SPSS 
14.0 program (SPSS, Chicago, IL). Differences 
were considered statistically significant at P < 
0.05.

Results

rCRT/39–272 activates DCs and induces the 
phenotypic maturation of DCs in vitro

Activation of DCs is the initial step in mediating 
adaptive immune response. Activated DCs 
present antigen peptide-MHC complexes to ini-
tiate the proliferation and differentiation of 
naïve T cells [17]. Immature DCs (immDCs) 
induced from BALB/c mouse bone marrow cells 
using recombinant murine GM-CSF (rmGM-
CSF) were used to study the stimulatory func-
tions of rCRT/39-272. After 5 days culture peri-
od in vitro, the induced immDCs have classical 
DC morphology (Figure 1A). immDCs were 
treated with rCRT/39-272 in vitro for 24 h and 
the secreted cytokines in culture supernatants, 
IL-12/IL-23 (p40) and IL-1β, was measured by 
cytokine quantitative ELISA. As a result, 
rCRT/39-272 upregulated the secretion of p40 
and IL-1β in a dose-dependent way, however, 



Calreticulin activates DC

7290 Int J Clin Exp Med 2015;8(5):7288-7296

rEGFP, a protein expressed and purified using 
the same system, had no obvious effect to acti-
vate DCs to secrete cytokines (Figure 1B, 1C). 
To exclude the possibility that the rCRT/39-272 
form E. coli system may have endogenous LPS 
contamination, polymyxin B (a LPS antagonist 

blocking the LPS effect) was added to the cul-
ture in the presence of rCRT/39-272 or LPS. As 
shown in Figure 1D and 1E, addition of poly-
myxin B could effectively inhibit the IL-12/IL-23 
(p40) and IL-1β secretion by LPS stimulated 
DCs but not rCRT/39-272 stimulated DCs.

Figure 1. rCRT/39-272 stimulates DCs to secrete cytokines. ImmDCs were induced from BALB/c mouse bone mar-
row cells using 20 ng/ml GM-CSF for 5 days, and the morphology of induced immDCs is shown (A). ImmDCs (5×104 
cells/well) were stimulated with either rCRT/39-272 or rEGFP (1, 3, 10 or 30 μg/ml) in triplicate wells in 96-well 
plates for 24 h. The culture supernatants were then harvested and quantitatively assessed for the content of IL-12/
IL-23 (p40) and IL-1β using ELISA kit (B, C). ImmDCs were stimulated with rCRT/39-272 (10 μg/ml) or LPS (3 μg/
ml) in the presence or absence of polymyxin B at 10 μg/ml in triplicate wells in 96-well plates for 24 h. The culture 
supernatants were then harvested and quantitatively assessed for the content of IL-12/IL-23 (p40) and IL-1β using 
ELISA kit (D, E). Results were presented as the mean concentration (μg/ml) ± SD of triplicate wells. **P < 0.01; 
***P < 0.001. Experiments were repeated three times with similar results.
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When exposed to various stimuli, immDCs can 
differentiate into mature DCs (mDCs), which 
evokes T cell response in vivo. ImmDCs have a 
strong ability to efficiently capture antigens and 
endocytosis, but maDCs have reduced this abil-
ity, and the stimulus for maturation influences 
the types of subsequent immune response [18, 
19]. To investigate the effects of rCRT/39-272 
on the maturation of immDCs in vitro, pheno-
typic of immDCs followed by rCRT/39-272 stim-
ulation was studied. Treatment with rCRT/39-
272 led to the up-regulation of CD54 and CD80 
(Figure 2) as well as CD40 expression, but not 
CD83, CD86 and MHC class II expression (data 
not shown).

TLR4/CD14 signaling pathway is involved in 
the rCRT/39-272 activation of immDCs

The biological activity of rCRT/39-272 is similar 
to LPS, which activates B cells and macro-

phages mainly through the TLR4/CD14 path-
way [9, 10, 20]. So we next investigated wheth-
er the activation of immDCs by rCRT/39-272 is 
also TLR4/CD14 dependent. CD14 and TLR4 
deficient mice were used to check the 
proposal.

Two pairs of mice were used to test the stimula-
tory function of rCRT/39-272, one was C3H/
HeJ mice (expressing nonfunctional mutant 
TLR4) and C3H/HeN mice (expressing wide-
type TLR4), and the other was wild type 
C57BL/6 mice (CD14 wildtype) and CD14 
knock-out mice with C57BL/6 background. 
After stimulated by rCRT/39-272 at gradient 
concentration for 24 h, DCs from C3H/HeJ 
mice produced much less IL-12/IL-23 (p40) and 
IL-1β (Figure 3A and 3B) compared with that 
from C3H/HeN mice. As expected, the same 
result was also observed in the other pair of 
mice that rCRT/39-272 treated DCs from CD14 

Figure 2. rCRT/39-27 treatment induces pheno-
typic maturation of immDCs. Bone marrow-derived 
innDCs from BALB/c mouse (5×105 cells/well) 
were either stimulated with rCRT/39-272 (30 μg/
ml), rEGFP (30 μg/ml), LPS (10 μg/ml) or medium 
alone in 24-well plates for 24 h. The cells were then 
collected and washed with cold PBS and stained 
with PE conjugated anti-mouse CD11c, as well as 
FITC conjugated anti-mouse CD54 (B), CD80 (C) or 
isotype control (A). CD11c-positive cells were gated 
as DCs. Shaded histogram represent DCs treated 
with medium alone, dotted lines, dashed lines and 
solid lines represent DCs treated with rEGFP, LPS 
and rCRT/39-272 respectively. Results represent-
ed one of three independent experiments.
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WT mice produced more cytokines than that 
from CD14 knock-out mice (Figure 3C and 3D). 
Thus we concluded that rCRT/39-272 activates 
mouse DCs mainly through the TLR4/CD14 
pathway.

PI3K/Akt signaling pathway is involved in the 
maturation of DCs by rCRT/39-272

Next we further examined the mechanisms 
involved in the activation of DCs by rCRT/39-
272. Since the PI3K/Akt pathway is another 
pathway downstream of TLR4 [21], it may be 
important in mediating rCRT/39-272 induced 
DC maturation. To determine whether the PI3K/
Akt pathway is involved during the maturation 
of DCs by rCRT/39-272, we detected the levels 
of phosphorylated Akt by Western blot. As 
shown in Figure 4, the basal levels of phosphor-

Figure 3. DCs activated by rCRT/39-272 is TLR4/CD14 dependent. Bone marrow-derived DCs (5×104 cells/well) 
from C3H/HeN and C3H/HeJ (TLR4 knock out) mice (A, B), CD14 WT (wild type) and CD14 KO (knockout) mice (C, 
D) were stimulated with either rCRT/39-272 at different concentrations (0 μg/ml to 30 μg/ml) or LPS (3 μg/ml) in 
triplicates for 24 h. The culture supernatants were collected after 24 h of incubation and the concentration of IL-
12/IL-23 (p40) and IL-1β was determined by ELISA at OD492 nm. Results are expressed as mean ± SD of triplicate 
cultures from one of the three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 4. rCRT/39-272 activates DCs through the 
PI3K/Akt signaling pathway. BALB/c mouse bone 
marrow-derived DCs were stimulated with rCRT/39-
272 (30 μg/ml) , LPS (10 μg/ml) or medium alone in 
24-well plates for indicated times (10 min, 30 min, 60 
min and 120 min) at 37°C. Cells were then collected 
and cell lysate was run on SDS-PAGE gels followed 
by Western blotting using rabbit Abs against mouse 
Akt, phospho-Akt and β-actin. Peroxidase-conjugated 
goat-anti-rabbit IgG Abs were used for detection, and 
the results visualized by chemiluminescence and re-
corded using a CCD system.
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ylated Akt in DCs were low, whereas they were 
profoundly increased upon exposure to either 
rCRT/39-272 or LPS. The expression of phos-
phorylated Akt peaked at 60 min after rCRT/39-
272 treatment and was declined thereafter. 
Thus the phosphorylation of Akt was time-
dependent upon stimulation and the PI3K/Akt 
pathway is activated in rCRT/39-272 treated 
DCs. These data indicated that PI3K/Akt path-
way is also involved in the maturation of DCs 
induced by rCRT/39-272.

Discussion

Our previous study showed that rCRT/39-272 is 
capable of driving the proliferation of mouse B 
cells and promoting cytokine secretion of 
mouse macrophages and human PBMC in vitro 
[9]. In this study we mainly investigated the 
immunological function of rCRT/39-272 on 
immDCs induced with rmGM-CSF from BALB/c 
mouse bone marrow cells. Maturation of DCs is 
important for priming T cell responses since the 
process increases the expression of co-stimu-
latory molecules and the secretion of cyto-
kines, including IL-12/IL-23 and IL-1β, which 
could induce T cell differentiation [22, 23]. We 
found that rCRT/39-272 activated immDCs to 
secrete high levels of IL-12/IL-23 (p40) and 
IL-1β. IL-12 is a Th1 type cytokine which can 
induce strong Th1 response both in vivo and in 
vitro [24]. The maturation of rCRT/39-272 stim-
ulated DCs was analyzed by the elevated 
expression of costimulatory molecules CD40, 
CD54 and CD80. DCs activated by rCRT/39-
272 treatment are partially via the TLR4/CD14 
signaling pathway, which is proved by the lower 
responses to secrete cytokines of DCs from 
TLR4 mutant C3H/HeJ mice and CD14 knock-
out C57BL/6 mice compared with wild-type 
C3H/HeN and wildtype C57BL/6 mice. We fur-
ther confirmed that the maturation of DCs by 
rCRT/39-272 stimulation is also through the 
PI3K/Akt signaling pathway.

The full-length of CRT is 46 kDa and the 416 
amino acid sequence contains three domains: 
N domain, P domain and C domain. N domain 
(amino acid 18-197) is a lectin-like globular 
domain which can associate with glycoproteins 
like lectins [11, 25, 26]. Our pervious study 
have revealed that rCRT/39-272 (containing N 
domain) could bind with various glycoproteins, 
including carrageenan, alginic acids, and hyal-

uronic acids, but not with LPS [9]. CRT has simi-
lar immuno-biological activities with heat shock 
proteins (HSPs), and can be classified to HSPs 
superfamily [27, 28], although no obvious struc-
tural homology had been found betwwen CRT 
and HSPs. HSPs have been reported to be able 
to activate APCs and modulating innate and 
adaptive immune responses [10]. When cells 
undergo activation, infection, necrosis and so 
on, HSPs can be up-regulated and translocated 
to the membrane or released to the outer envi-
ronment [29-35]. For example, extra-cellular 
Hsp60 has been shown to induce the matura-
tion of human and murine DCs and macro-
phages, as indicated by up-regulation of co-
stimulatory molecules and the production of 
the proinflammatory cytokines in these cells 
[36, 37]. Moreover, exposure of CRT on cell sur-
face of apoptotic cells or tumor cells is required 
for the recognition and engulfment of these 
cells by macrophages and thus activates the 
anti-tumor immune response [5, 38, 39]. 
Therefore csCRT may act as an immunostimu-
latory factor to activate immune cells in vivo. 
We found that CRT is expressed on the surface 
of many kinds of cells, including DCs, macro-
phages, U937, Raji and P815, but the function 
of CRT on these cells are not completely clear 
[4-6, 8, 40, 41].

DCs are the most APCs, containing up to 100-
fold higher levels of MHC-peptide complexes on 
the cell surface in comparison to other APCs, 
such as B cells and macrophages [17], which 
prompt it an eligible tumor vaccine. Experiments 
using DCs pulsed with tumor-specific antigens 
or tumor-derived proteins obtained some suc-
cess in inducing effective anti-tumor responses 
[42-45]. Maturation of the DCs is necessary for 
DC-based cancer vaccines since maDCs have a 
stable phenotype and can prime T-cell respons-
es effectively [46, 47]. Since our results showed 
that rCRT/39-272 has a strong immunological 
activity to activate BALB/c mouse bone marrow 
derived DCs and induce the maturation of 
immDCs, the use of CRT as DC activator is a 
promising approach for the immunotherapy of 
cancers and the roles of CRT-activated DCs in 
anti-tumor vaccine needs further investigation.
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