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Abstract: Classical aluminum adjuvant is a deficient antigen carrier for cross-presentation and cross-priming of CD8+ 
cytotoxic T cells. Our previous research has demonstrated that cross-presentation efficiency significantly increased 
when antigens are conjugated covalently to α-Al2O3 nanoparticles. Here we found that coating conventional alumi-
num adjuvants with polyethyleneimine (PEI) could enhance antigen cross-presentation of DCs (dendritic cells) in 
vitro and in vivo. PEIs exerted differential effects on antigen cross-presentation. These findings provided an alterna-
tive approach to promote the rapid translation of alumina nanoparticles adjuvants into clinical application.
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Introduction

Dendritic cell (DC)-based vaccines have recent-
ly attracted extensive attention due to their 
promising application in tumor immunotherapy. 
DCs are the most powerful professional anti-
gen-presenting cells (APCs) for initiating specif-
ic antigen immune responses. However, clinical 
efficacy of DCs-based vaccines is often limited 
by the lack of effective antigens that induce 
sufficient immune response [1, 2]. Therefore, 
maximizing the efficiency of cross-presentation 
is the key strategy for the successful clinical 
applicability of DCs-based vaccines.

Adjuvants are often combined with antigens to 
boost immune responses in veterinary and 
human vaccines [3, 4]. Aluminum hydroxide is 
the most widely used adjuvant for decades. 
Moreover, aluminum-containing adjuvants ha- 
ve been approved by the US Food and Drug 
Administration for human use due to their 
excellent safety profile [3-7]. However, classical 
alum adjuvants only trigger moderate antigen-
specific antibody responses, serving as defi-

cient antigen carriers for cross-presentation 
and cross-priming of CD8+ cytotoxic T cells [8, 
9].

Rehydragel, an aluminum hydroxide wet gel  
suspension， is composed of micro-crystalline 
clusters of nanofibers and exhibits excellent 
protein adsorption properties [3, 10]. Many 
studies have shown that Rehydragel has  
significant advantages, such as large effective 
surface area, excellent biocompatibility and 
great antigen-loading capacity [3, 7, 10]. Our 
previous work demonstrated that cross-presen-
tation efficiency was significantly increased 
when antigens were covalently conjugated to 
α-Al2O3 nanoparticles [11]. Recent studies sh- 
ow that cationic polyethyleneimine (PEI) of prop-
er molecular weight (MW) can lead to high sur-
face charge and membrane interference effect 
that facilitates effective binding when applied 
to delivery system [12, 13]. In this study, we 
investigated whether coating Rehydragel with 
PEI could improve the antigen cross-presenta-
tion and cross-priming of antigen specific T 
cells. 

http://www.ajtr.org
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Materials and methods 

PEI coating

A total of 0.5-mL of Rehydragels (LV, HS, HPA,  
5 mg/mL) was mixed with 1.5-mL of PEIs (25 
mg/mL). The mixture was then diluted into  
protein solution and incubated at RT 60 min-
utes. LV, HS and HPA were brought from 
Chemtrade Chemicals. Linear PEI with a mean 
MW of 2.5, 25, 40 and 160 kDa (lPEI2.5k, 
lPEI25k, lPEI40k and lPEI160k) was obtained 
from PolyScience. Branched PEI with a mean 
MW of 0.8, 1.8, 25 and 50-100 kDa (bPEI0.8k, 
bPEI25k and bPEI50-100k) was purchased 
from Sigma-Aldrich.

Mice

Eight-week-old C57BL/6 and OT-I mice (whose 
T cells recognize the H-2Kb-restricted OVA257-264 
peptide) were purchased from the Jackson 
Laboratory. All mice were bred and maintained 
in a specific pathogen-free environment. All ani-
mal experiments were reviewed and approved 
by the Earle A. Chiles Research Institute Animal 
Care and Use Committee.

Cell lines and bone marrow-derived DC

Prof Hong-ming Hu offered the mutu DC cell 
line which was derived from the spleens of 
CD11c:SV40LgT-transgenic C57BL/6 mice [14] 
and B3Z cell line, the H-2Kb-OVA257-264 speci- 
fic CD8+ T cell hybridoma with LacZ expres- 
sion [15]. Culture of mutu DCs was performed 
in DMEM containing 10% fetal bovine serum, 
100 units/mL penicillin, 2 mML-glutamine, and 
100 mg/mL streptomycin (Thermo Fisher 
Scientific).

Bone marrow-derived dendritic cells (BMDCs) 
were generated from bone marrow precursor 
cells collected from C57BL/6 mice, transporter 
associated with antigen processing1 (TAP1) 
knockout mice and CD40 knockout mice. 
Briefly, femurs were dissected from mice, fol-
lowed by flushing bone marrow with RPMI 1640 
medium. After twice of washing with PBS, the 
cells (1×106 cell/well) were treated with a 5-day 
culture with RPMI 1640 medium containing 
IL-4 (1 ng/mL, PeproTech) and GM-CSF (10 ng/
mL, granulocyte-macrophage colony stimulat-
ing factor, Gibco). The medium was relinquished 
by half on days 2 and 4.

Cross-presentation assay by chlorophenol Red-
β-D-galactopyranoside (CPRG) assay in vitro

Mutu DCs and TAP1 knockout DCs (2×104), 
CD40 knockout DCs (2×104) were loaded with 
Rehydragel already coated with PEI of different 
MWs and OVA protein (10 μg/mL, Sigma-
Aldrich) in the presence or absence of protea-
somal inhibitors, velcade (200 nM, Millennium) 
and lactacysin (20 μM, Sigma-Aldrich), and 
lysosomal inhibitors, NH4Cl (20 μM, Sigma-
Aldrich), tunicamycin (20 μM, Sigma-Aldrich) 
and concanamycin A (20 μM, Sigma-Aldrich). 
From six hours after loading, DCs were cocul-
tured with B3Z cells (2×105) overnight. The  
activation of B3Z cells was determined by 
β-galactosidase activity at 595 nm absorbance 
of the products after CPRG (Sigma-Aldrich) 
cleavage. In this study we called the assay of 
antigen cross-presentation CPRG assay. 

Western blot analysis

In order to detect OVA expression in DCs, mutu 
DCs (5×106) were loaded with Rehydragel/PEI-
OVA for 6 hours, and treated with Perfringolysin 
O (PFO, 100 ng/mL) at 37°C for 30 min. Afte- 
rward, the cytosol was collected. Bicinchoninic 
acid (BCA) protein assay kit (Thermo Fisher 
Scientific) was used to measure protein con-
centration. Ub-proteins isolated from cytosol 
extracts of mutu DCs cocultured with OVA, 
LV-OVA or LV/bPEI25k-OVA were enriched as 
previously published [16]. The Vx3GFP fusion 
protein (30 μg/mL) with a His6 tag was added 
to the equal quantified PFO extract, followed by 
an overnight incubation at 4°C. The mixture 
was then subjected to Ni-Sepharose excel resin 
(GE Healthcare), followed by an overnight incu-
bation at 4°C. After centrifugation, the resin 
was washed with Tris-NaCl buffer (20 mM Tris-
Cl, 300 mM NaCl, pH 8.0) containing 5 mM 
imidazole, then the his6-Vx-bound ubiquitinat-
ed proteins were eluted with Tris-NaCl buffer 
containing 250 mM imidazole. The eluate was 
dialyzed against PBS overnight at 4°C and 
stored at -80°C as enriched Ub-proteins (ubiq-
uitinated proteins). The eluted fractions were 
subjected to Western blot analysis with anti-
OVA antibody. Protein was separated by SDS-
PAGE, transferred to a nitrocellulose mem-
brane, and incubated with primary anti-OVA 
(Sigma-Aldrich) and HRP-conjugated secondary 
antibody (Thermo Scientific) for one hour at 
room temperature. Membranes were subse-
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could facilitate the cross-presentation of OVA 
protein. Mutu DCs were loaded with OVA pro-
tein/nanoparticles with different concentration 
ratios for 6 hours and co-cultured with B3Z 
hybridoma cells overnight. The concentration of 
OVA protein was fixed at 10 μg/mL and we 
titrated the concentration of Rehydragel, 
branched PEI25k and branched PEI25k-coated 
Rehydragel, respectively. As shown in Figure 
1A, PEI-coated Rehydragel could trigger stron-
ger B3Z response than Rehydragel alone or PEI 
alone. And we found that when the concentra-
tion of OVA protein was 10 μg/mL, the optimal 
concentration of PEI-coated Rehydragel was  
1 μg/mL (Figure 1A), which was sufficient for 
the effective cross-presentation and used for 
the following experiments. Furthermore, PEI-
coated LV or HS particles triggered stronger 
B3Z response than PEI-coated HPA (Figure 1B). 
These results indicated that the cross-presen-
tation of OVA protein was obviously enhanced 
when OVA protein was combined to bPEI25k-
coated Rehydragel before being loaded onto 
DCs, but the effectiveness of Rehydragel varied 
with its type. 

Effectiveness of different PEIs on the cross-
presentation of DCs 

Next, we examined how different PEIs coated 
onto the same Rehydragel affected the cross-
presentation of OVA protein. To determine the 
optimal HS/PEI concentration ratio, we coated 
HS with branched PEI 0.8k and PEI 25k at dif-
ferent ratios. We found that the cross-presenta-
tion was the most effective when the concen-
tration ratio of HS/bPEI (branched PEI) was 
10:1 (Figure 2A). Moreover, CPRG results 
showed that combined with OVA protein, 
bPEI0.8k-coated or bPEI25k-coated HS could 
elicit stronger B3Z response than any other 
branched PEIs and linear PEIs (Figure 2B). 
These results showed that HS coated with 
branched PEI0.8k or PEI25k could yield stron-
ger responses of OVA antigen cross-presenta-
tion by DCs.

Effectiveness of Rehydragels and bPEIs mix-
ture on the cross-presentation of DCs 

We have found that HS and LV particles per-
formed better among the tested Rehydragels, 
and the branched PEI 0.8k and 25k were also 
more effective than other PEIs. Next, we exam-
ined the effectiveness of different mixture of 
Rehydragels and bPEIs on the cross-presenta-

quently visualized using chemiluminescent 
reagents and X-ray films (Bio-Rad).

Animal experiments

B16-OVA tumor cells (2×105) were injected sub-
cutaneously (s.c.) into naïve C57BL/6 mice. On 
the 7th day, mice with palpable tumors were 
immunized with intranodal injection with 
LV-OVA, LV/bPEI25k-OVA, or OVA alone (30 μg 
protein each). On the 10th day, 5×106 DCs load-
ed with LV-OVA, LV/bPEI25k-OVA, or OVA alone 
were injected intravenously. PBS was used as 
control. Intracellular cytokine staining (ICS) was 
employed to testify the frequency of OVA pep-
tide-specific CD8+ T cells. On the 16th day, lym-
phocytes in lymph nodes and spleens were 
fetched and seeded into 96-well round bottom 
plates (1×106 cells/well). SIINFEKL (1 μg/mL, 
OVA257-264 peptide) was added to each well. PBS 
was used as a negative control, and anti-CD3 
(BD Biosciences) was used as a positive control 
to induce the lymphocytes activation. After a 
12-hour culture, brefeldin A (10 mg/mL, Sigma-
Aldrich) was added, followed by another 6-hour 
culture. Then, the cells were collected for flow 
cytometry analysis. 

In some experiments, some B16-OVA tumor-
bearing mice received adoptive transfer of OT-I 
spleen cells (1×107) when LV-OVA, LV/bPEI25k-
OVA, or OVA alone were injected into inguinal 
lymph nodes on the 7th day after tumor cell 
inoculation. On day 10, DCs loaded with LV-OVA, 
LV/bPEI25k-OVA, or OVA alone were injected 
intravenously similarly. On the 16th day, the 
lymphocytes were stained with APC-labeled 
anti-mouse Thy1.1 antibody (eBioscience), 
PerCP-labeled anti-mouse CD8 antibody (eBio-
science) and MHC Dextramer H-2Kb/SIINFEKL 
conjugated with PE (ImmuDEX) for flow cytom-
etry analysis.

Statistical analysis

A 2-tailed Student t test (GraphPad Prism 7.0) 
was carried out. Error bars denoted mean ± SD. 
P<0.05 was considered statistically significant 
(ns, P>0.05, *P<0.05; **, P<0.01; ***, 
P<0.001).

Results

Effectiveness of Rehydragels on the cross-
presentation of DCs 

We first tested whether different Rehydragels 
(HPA, HS and LV) coated with the same PEI 
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tion of OVA protein. HS/
bPEI0.8k (HS particles coated 
with bPEI0.8k), HS/bPEI25k 
(HS particles coated with 
bPEI25k), HS/bPEI0.8k+25k 
(HS particles coated with 
bPEI0.8k and bPEI25k simul-
taneously) and HS/bPEI0.8k+ 
HS/bPEI25k (pure mixture of 
HS/bPEI0.8k and HS/bPEI25k 
together) were prepared. Ac- 
cording to CPRG results, HS/
bPEI25k was stronger than 
HS/bPEI0.8k in inducing OVA 
cross-presentation, but HS/
bPEI25k, HS/bPEI0.8k+25k 
and HS/bPEI0.8k+HS/25k sh- 
owed no difference (Figure 
3A). Moreover, we found that 
LV/bPEI25k was the most 
powerful combination (Figure 
3B). Thus, LV/bPEI25k was 
used for the following experi- 
ments. 

To understand why Rehydra- 
gel/bPEI could facilitate DCs 
cross-presentation, we per-
formed Western blot analysis 
using antibodies against OVA 
to probe the cytosolic delivery 
of OVA in the Ub-protein frac-
tions isolated from cytosol 
extracts of mutu DCs cocul-
tured with OVA, LV-OVA or  
LV/bPEI25k-OVA, respectively. 
Our previous work has shown 
that Ub-proteins can enhance 
cross-presentation compared 
with cell lysates [16]. So  
we purified Ub-proteins from 
the cytosol extracts collected 
from the supernatant of PFO-
treated DCs. For affinity pu- 
rification of Ub-proteins, we 
used the Vx3GFP fusion pro-
tein containing triple ubiquitin-
interacting motifs (UIMs) that 
could bind ubiquitinated pro-
tein. As expected, when the 
same total protein concentra-
tion of PFO extract was us- 
ed, Ub-OVA displayed an obvi-
ously stronger signal in the LV/

Figure 1. Rehydragels (HPA, HS, LV) enhanced cross-presentation of murine 
DCs. A. Rehydragel alone, PEI alone and PEI-coated Rehydragel with differ-
ent concentrations (0.03, 0.1, 0.3, 1, 3 μg/mL) were mixed with OVA protein 
(10 μg/mL) for 1 hour at room temperature. Mutu DCs were loaded with 
OVA/nanoparticles for 6 hours at 37°C and then cultured with B3Z cells over-
night. The B3Z responses were analyzed by CPRG assay. Groups of PBS, OVA 
peptide (1 μg/mL) and B3Z only were used as control in these experiments. 
B. The changes of DC cross-presentation by different Rehydragels were de-
termined by CPRG assay when the concentration of PEI-coated Rehydragel 
was 1 μg/mL. *P<0.05, **P<0.01, ***P<0.001.
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bPEI25k-OVA-cocultured DCs compared with 
LV-OVA- or OVA-cocultured DCs (Figure 4A). 

In mice, CD8a+ DCs are superior to CD8+ T cells 
in cross-presenting antigens, and can produce 
interleukin-12 (IL-12) that promotes cytotoxicity 

and 1IFNR-/- mutu DCs were loaded with LV/
bPEI25k-OVA for CPRG assay. As shown in 
Figure 5A, the cross-presentation of OVA pro-
tein was inhibited in the absence of IFNR, but 
unchanged in other groups. The results sug-
gested a critical role of IFNR in Rehydragel/

Figure 2. Different PEIs enhanced cross-presentation of murine DCs. A. HS particles were coated with bPEI0.8k or 
bPEI25k at different ratios and then mixed with OVA protein (10 μg/mL); B. HS particles were coated with different 
branched PEIs or linear PEIs and then mixed with OVA protein (10 μg/mL). Mutu DCs were loaded with HS/PEI-OVA 
for 6 hours at 37°C and then cultured with B3Z cells overnight. The B3Z responses were analyzed by CPRG assay. 
Groups of PBS, OVA protein (10 μg/mL), OVA peptide (1 μg/mL) and B3Z only, B3Z mixed with OVA were used as 
control in these experiments. ns, P>0.05, *P<0.05, **P<0.01.

Figure 3. Different Rehydragels and bPEIs mixtures enhanced cross-presen-
tation of murine DCs. A. HS/bPEI0.8k (HS particles coated with bPEI0.8k), 
HS/bPEI25k (HS particles coated with bPEI25k), HS/bPEI0.8k+25k (HS 
particles coated with bPEI0.8k and bPEI25k simultaneously) and HS/
bPEI0.8k+HS/bPEI25k (pure mixture of HS/bPEI0.8k and HS/bPEI25k to-
gether) were mixed with OVA protein (10 μg/mL), respectively. B. HS or LV 
particles were coated with bPEI0.8k or bPEI25k respectively, and then mixed 
with OVA protein (10 μg/mL). Mutu DCs were loaded with the Rehydragel/
bPEI-OVA for 6 hours at 37°C and then cultured with B3Z cells overnight. 
The B3Z responses were analyzed by CPRG assay. Groups of PBS and OVA 
peptide (1 μg/mL) were used as control in these experiments. ns, P>0.05, 
*P<0.05, **P<0.01.

[17, 18]. In this study, we 
found the release of IL-12 by 
DCs was increased also by 
either LV-OVA or LV/bPEI25k-
OVA, more significantly by the 
latter (Figure 4B). 

Taken together, these results 
indicated that coating con- 
ventional aluminum adjuvants 
with PEI could enhance anti-
gen cross-presentation of 
DCs in vitro.

DCs cross-presentation was 
inhibited by 1IFNR

Toll-like receptor 3 (TLR3) and 
I-IFNs can regulate DCs ma- 
turation, cross-presentation, 
and antiviral and antitumor 
responses [19-28]. Next, we 
investigated if the TLR3 and 
1IFNR pathways contributed 
to Rehydragel/bPEI-enhanced 
DCs cross-presentation. WT 
mutu DCs, TLR3-/- mutu DCs 
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bPEI-enhanced DCs cross- 
presentation.

CD40 signaling is implicated 
in cytotoxic T lymphocyte 
(CTL) induction by cross-prim-
ing through activated antigen 
presenting cells (APCs) [29, 
30]. To determine whether the 
Rehydragel/bPEI-enhanced 
DCs cross-presentation was 
specific to CD40 signaling, 
mouse BMDCs were pro-
duced from CD40 knockout 
mice, co-cultured with LV/
bPEI25k-OVA, and then used 
to stimulate B3Z cells. Inte- 
restingly, the CPRG results 
revealed that CD40 deficien- 
cy exerted no significant ef- 
fect on OVA cross-presenta-
tion activated by LV/bPEI25k 
(Figure 5B).

Rehydragel/bPEI enhanced 
OVA cross-presentation in 
DCs through proteasome, 
lysosome and TAP1 pathways 

The cross-presentation of ph- 
agocytosed antigens by MHC 
class I (MHC-I) molecules is 
known to be mediated throu- 
gh the recruitment of TAP 
transporters from the endo-
plasmic reticulum [31, 32]. 

We next evaluated cross-pre-
sentation of LV/bPEI25k-OVA 
by TAP1 KO BMDCs (TAP1 
knockout BMDCs). The CPRG 
results showed that TAP1-/- 
DCs loaded with LV/bPEI25k-
OVA failed to activate the B3Z 
cells (Figure 6A), suggesting 
that TAP1 was absolutely 
indispensable for Rehydragel/
bPEI-enhanced OVA cross-
presentation in DCs.

Figure 4. The mechanisms involved in enhanced DCs cross-presentation by 
Rehydragel/bPEI. A. Ub-OVA expression in the cytosol extract of mutu DCs. 
Mutu DCs cocultured with OVA protein (10 μg/mL), LV-OVA, LV/bPEI25k-OVA 
for 6 hours, and then the Ub-proteins from the cytosol extract were collected 
for Western blot analysis. The pure OVA protein (100 ng/mL) was used as 
control in this experiment. B. Rehydragel/bPEI increased IL-12 secretion 
by murine DCs. The secretion of IL-12 cytokine was detected by ELISA after 
mutu DCs were loaded with OVA, bPEI25k-OVA, LV-OVA or LV/bPEI25k-OVA. 
PBS was used as control in this experiment. *P<0.05, **P<0.01.

Figure 5. Cross-presentation of OVA protein by DCs was inhibited in the ab-
sence of 1IFNR. A. Mutu DCs, TLR3-/- mutu DCs and IFNR-/- mutu DCs were 
loaded with LV/bPEI25k-OVA for 6 hours for CPRG assay. B. Mutu DCs, mu-

rine BMDCs and CD40-/- DCs 
were loaded with LV/bPEI25k-
OVA for 6 hours for CPRG assay. 
Groups of PBS and OVA peptide 
(1 μg/mL) were used as control in 
these experiments. ns, P>0.05, 
*P<0.05.
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To further assess whether Rehydragel/bPEI-
enhanced OVA cross-presentation required the 

IFN-γ when re-stimulated with anti-CD3 (Figure 
7B). 

Figure 6. Rehydragel/bPEI enhanced OVA cross-presentation in mutu DCs 
through proteasome, lysosome and TAP1 pathways. A. Mutu DCs, murine 
BMDCs and Tap1-/- DCs were loaded with LV/bPEI25k-OVA for 6 hours for 
CPRG assay. B. Mutu DCs were treated with proteasome inhibitors and lyso-
some inhibitors, and then loaded with LV/bPEI25k-OVA for 6 hours for CPRG 
assay. Groups of PBS and OVA peptide (1 μg/mL) were used as control in 
these experiments. ns, P>0.05, *P<0.05, ***P<0.001.

Figure 7. Vaccination with Rehydragel/bPEI-OVA induced high frequency 
of OVA-specific IFN-γ producing CD8+ T cells in the B16-OVA tumor-bearing 
mice. Lymphocytes collected from the lymph nodes and spleens of B16-OVA 
tumor-bearing mice vaccinated with PBS, LV-OVA, LV/bPEI25k-OVA or OVA 
alone were co-incubated with SIINFEKL and anti-CD3. Intracellular IFN-γ 
staining of T cells was detected by flow cytometry. PBS and anti-CD3 were 
used as control in this experiment. A. Representative cytoflourograph. B. Cu-
mulative data from three experiments. ns, P>0.05, **P<0.01, ***P<0.001.

degradation of proteasomes 
or lysosomes, we used pro- 
teasome inhibitors (velcade 
and lactacysin) and lysosome 
inhibitors (NH4Cl, tunicamycin 
and concanamycin A). After 
incubated with LV/bPEI25k-
treated OVA and different 
inhibitors for six hours, the 
cross-presentation in DCs 
was strongly inhibited both by 
proteasome inhibitors and 
lysosome inhibitors (Figure 
6B). These results showed 
that both proteasomes and 
lysosomes participated in 
TAP1-mediated Rehydragel/
bPEI-enhanced OVA cross- 
presentation. 

Rehydragel/bPEI increased 
the efficiency of cross-presen-
tation in vivo

Next, we examined whether 
Rehydragel/bPEI-antigen co- 
uld elicit an endogenous T  
cell response. Tumor-bearing 
C57BL/6 mice were model- 
ed via subcutaneous injec- 
tion of B16-OVA tumor cells. 
Mice with palpable tumors 
were immunized with intrano-
dal injection of LV-OVA, LV/
bPEI25k-OVA, or OVA alone. 
The intravenous injection of 
DCs loaded with LV-OVA, LV/
bPEI25k-OVA, or OVA alone 
was given at day 3 after  
the first intranodal injection. 
Intracellular IFN-γ staining 
was used to detect the fre-
quency of the OVA-specific 
CD8+ T cells in the vaccinat- 
ed mice. After ex vivo sti- 
mulation with SIINFEKL, we 
found that CD8+ T cells dis-
played a significantly higher 
level of IFN-γ in the mice  
vaccinated with LV/bPEI25k-
OVA (Figure 7A and 7B). In 
contrast, these vaccinations 
did not change the level of 
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In addition, when the B16-OVA tumor-bearing 
mice received simultaneously adoptive transfer 
of OT-I spleen cells and intranodal immuniza-
tion with LV-OVA, LV/bPEI25k-OVA, or OVA 
alone, Kb-OVA257-264 Dextramer was used to 
stain CD8+ T cells (Thy1.1+) that specifically rec-
ognize OVA257-264 in the context of H-2Kb. Flow 
cytometric analysis further revealed an obvious 
increase in the percentage of CD8+ Dextramer+ 
cells in mice vaccinated with LV/bPEI25k-OVA 
(Figure 8A and 8B). 

Together, these results demonstrated that PEI-
modified Rehydragel could increase the effi-
ciency of cross-presentation in vivo.

Discussion

Aluminum adjuvants serve as immunopoten- 
tiators in vaccines clinically [3-7]. However  
classical aluminum-containing adjuvants only 
enhance antibody responses, but not cell-
mediated immunity [9, 33]. We previously 
showed that a-Al2O3 nanoparticles were more 
powerful than alum in inducing antigen cross-
presentation and the antitumor ability [11]. 

Aluminum hydroxide nanoparticles have an 
adsorbability strong enough to carry soluble 
proteins [3, 10]. PEI is a nanomaterial carrying 
strong positive charge that can enhance the 
surface charge when modifying nanoparticles 
[12]. In this study, we determined whether 
alum-based adjuvant Rehydragel coated with 
PEI could promote antigen cross-presentation 
mediated by DCs. Mutu DCs, an immortal 
mouse DC cell line, was chosen as APC. We 
selected OVA protein as the model antigen 

because OVA-specific B3Z hybridoma T cells 
were available. Meanwhile the activation of  
B3Z cells was detected by CPRG assay. We 
found that the mixture of low-concentration 
OVA with Rehydragel LV or HS coated with 
bPEI25k could elicit strong B3Z responses, sug-
gesting that coating conventional aluminum 
adjuvant particles with PEI could increase  
the efficiency of antigen cross-presentation. 
Furthermore, we found that this efficiency var-
ied with aluminum particles and PEI mixtures. 
Our results also showed that branched PEIs 
were more effective than linear PEIs in enhanc-
ing the antigen cross-presentation of DCs, 
which might be explained by the differences in 
membrane interference effects between the 
two polymers.

Efficient cross-presentation of soluble antigens 
often requires high-concentration protein in  
the DC’s cytosol. We have shown that 
Ub-proteins can increase cross-presentation 
efficiency, compared with cell lysates [16]. So, 
OVA protein expression was examined in the 
Ub-protein fraction isolated from the cytosol of 
DCs by Western blot analysis in our study. We 
used the membrane pore forming protein (PFO), 
which can perforate the cytomembrane and 
release cytosolic proteins into the medium 
[34]. Western blot analysis revealed that 
Ub-OVA released into the cytosol increased 
obviously when the antigen was combined to 
bPEI-coated Rehydragel in DCs.

We next investigated whether OVA protein com-
bined with Rehydragel/bPEI could induce DCs 
to secrete Th1-cytokines IL-12 that promotes 

Figure 8. Detection of the percentages of CD8+ T cells (Thy1.1+) that specifically recognize OVA257-264 in the context 
of H-2Kb by Flow cytometry analysis. The B16-OVA tumor-bearing mice received adoptive transfer of OT-I spleen 
cells when LV-OVA, LV/bPEI25k-OVA, or OVA alone were injected into inguinal lymph nodes. The lymphocytes were 
stained with APC-labeled anti-mouse Thy1.1 antibody, PerCP-labeled anti-mouse CD8 antibody and MHC Dextramer 
H-2Kb/SIINFEKL conjugated with PE. A. Representative cytoflourograph. B. Cumulative data from three experiments. 
*P<0.05, **P<0.01.
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cytotoxicity [17, 18]. ELISA analysis showed 
that LV/bPEI25k was more powerful than LV 
alone or bPEI25k alone in promoting the secre-
tion of IL-12 by DCs.

Type I IFN could directly enhance the func- 
tion of DCs, a process implicated in the initia-
tion of adaptive immune responses [22]. IFN-
α/β induces the maturation of DCs, up-regu-
lates their co-stimulatory activity, and en- 
hances the cross-presentation of antigens to 
CD8+ T cells [23-26]. Our findings also ve- 
rified the effect of IFN-α/β on the Rehydragel/
bPEI-enhanced cross-presentation of murine 
DCs.

TLR stimulation promotes cross-presentation 
in type I IFN-dependent fashion. Among TLRs, 
TLR3 can recognize viral double-stranded RNA 
and is involved in the high-level induction of 
IFN-α/β [35]. Meanwhile, cross-presentation by 
DCs requires the participation of surface mole-
cules, such as CD40, lectin, langerin, mannose 
receptor and heat shock protein [29, 30]. 
Interestingly, in our experiments, TLR3 or CD40 
deficiency posed no significant effects on DCs 
cross-presentation activated by Rehydragel/
bPEI. Our results revealed that the antigen 
cross-presentation activated by Rehydragel/
bPEI was not only achieved by TLR3 and CD40 
stimulation. Further studies should be conduct-
ed to reveal the roles of other TLRs (such as 
TLR4, TLR7, TLR9) and surface molecules of 
DCs (such as langerin, lectin, heat shock 
protein).

Cytosolic antigens can be degraded by the  
proteasomes, transported to the ER (endoplas-
mic reticulum) by TAP transporters, and then 
loaded onto MHC class I molecules. In contrast, 
some peptides derived from exogenous pro-
teins can also be degraded by proteases in 
endocytic compartments, and then loaded 
onto MHC class II molecules in endosomes and 
lysosomes [36, 37]. A recent study shows that 
lysosomal cysteine proteases, with the help of 
MHC class II molecules and the MHC class 
I-like molecule CD1D, can regulate antigen  
presentation and elicit the activation of a sub-
group of T cells [38]. Here, we also confirmed 
that TAP1 was absolutely indispensable for 
Rehydragel/bPEI-enhanced OVA cross-presen-
tation by DCs. To further elucidate the anti- 
gen delivery pathways of dendritic cells, protea-
somal and lysosomal inhibitors were used in 
the study. Our results showed that OVA protein 

combined with Rehydragel/bPEI could be pre-
sented by DCs via both the proteasome and  
the lysosome pathways. However, it remains  
to determine the precise role of the protea-
some and the lysosome pathway, and the pro-
teolytic mechanism that regulates antigen 
presentation. 

Furthermore, we also explored whether Re- 
hydragel/bPEI-OVA could trigger the response 
of endogenous T cell. It was found that the level 
of OVA-specific T cells and the number of 
Kb-OVA257-264 Dextramer positive CD8+ T cells 
increased significantly in the mice vaccinated 
with LV/bPEI25k-OVA. Thus, these results 
proved that PEI-coated Rehydragel greatly 
enhanced the efficiency of cross-presentation 
in vivo.

In summary, our studies demonstrated that 
coating conventional aluminum adjuvant parti-
cles with PEI could enhance antigen cross-pre-
sentation of DCs in vitro and in vivo. These find-
ings provided an alternative approach to pro-
mote rapid translation of alumina nanoparticles 
adjuvants into clinical application for cancer 
treatment and prevention of infection by the 
intracellular pathogens. 
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