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Abstract

Cytotoxic T lymphocyte (CTL)-mediated immune responses are the primary defense mechanism 

against cancer and infection. CTL epitope peptides have been used as vaccines to boost CTL 

responses; however, the efficacy of these peptides is suboptimal. Under current vaccine 

formulation and delivery strategies, these vaccines are delivered into and processed inside antigen 

presenting cells such as dendritic cells (DCs). However, the intracellular process is not efficient, 

which at least partially contributes to the suboptimal efficacy of the vaccines. Thus, we 

hypothesized that directly loading epitopes onto MHC class I complexes (MHC-Is) on the DC 

surface would significantly improve the efficacy of the epitopes because the direct loading 

bypasses inefficient intra-DC vaccine processing. To test the hypothesis, we designed an immune-

tolerant elastin-like polypeptide (iTEP)-delivered CTL vaccine containing a metalloproteinase-9 

(MMP-9) sensitive peptide and an CTL epitope peptide. We found that the epitope was released 

from this MMP sensitive vaccine through cleavage by DC-secreted MMP-9 outside of the DCs. 

The released epitopes were directly loaded onto MHC-Is on the DC surface. Ultimately, the MMP 

sensitive vaccine strikingly increased epitope presentation by DCs by 7-fold and enhanced the 

epitope-specific CD8+ T cell response by as high as 9.6-fold compared to the vaccine that was 

uncleavable by MMP. In summary, this novel direct loading strategy drastically boosted vaccine 

efficacy. This study offered a new avenue to enhance CTL vaccines.
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Introduction

Cytotoxic T lymphocyte (CTL)-mediated immune responses are the primary defense 

mechanism against cancer and infection.1, 2 Vaccines that are able to boost CTL responses 

are being intensively pursued in laboratory and clinical settings.2, 3 However, there is a gap 

between the vaccine development effort and the efficacy of these vaccines. For example, 

although there have been many cancer CTL vaccine clinical trials, only two cancer vaccines 

have so far been efficacious enough to be used clinically.4-6 This discrepancy, we believe, 

can be attributed to the intra-dendritic cell (DC) processing that current vaccination 

*Corresponding author: Mingnan.chen@utah.edu, Telephone: 801-581-7616, Fax: 801-581-3674. 

HHS Public Access
Author manuscript
Mol Pharm. Author manuscript; available in PMC 2017 October 06.

Published in final edited form as:
Mol Pharm. 2017 October 02; 14(10): 3312–3321. doi:10.1021/acs.molpharmaceut.7b00367.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strategies rely on. Current CTL vaccination strategies require the vaccines to be processed 

through an antigen cross-presentation pathway inside DCs.4, 7, 8 This pathway, however, 

includes multiple barriers: e.g., vaccine uptake by DCs, undesired destruction of vaccines in 

lysosomes after the uptake, necessary yet inefficient vaccine translocation from 

phagolysosomes to cytosol, and release of CTL epitopes (8-9 mer peptides) from the 

vaccines.8-12 Although various vaccine delivery systems have been developed to overcome 

these barriers.9, 10, 13-16 the outcome is modest, and the aforementioned barriers still dampen 

the effectiveness of these vaccines. In consideration of the barriers and limited successes of 

current vaccination strategies, it is necessary to explore a completely distinct vaccination 

strategy that bypasses cross-presentation and its associated barriers. Here, we aimed to 

develop a vaccination strategy that directly loads CTL epitopes onto the MHC class I 

complexes (MHC-I) of DCs.

The direct loading of free peptides composed of CTL epitopes onto MHC-Is on DC surfaces 

is powerful in vitro.17, 18 However, peptide application in vivo is impeded because of the 

peptides' low proteolytic stability and short plasma half-life. iTEPs, immune-tolerant elastin-

like polypeptide polymers, functioned as macromolecule carriers to increase the proteolytic 

stability and plasma half-life of their peptide payloads. iTEPs were successfully applied as 

CTL epitope carriers and potentiated the vaccine efficacy.15, 19 However, the previous iTEP-

delivered CTL vaccines work with the same mechanism as traditional vaccines: vaccines 

were taken up by DCs and cross-presented to the MHC-I on the cells. To directly load CTL 

epitopes onto the MHC-I on DCs, it is necessary to control the release of iTEP-delivered 

CTL epitopes around DCs before uptake. Matrix metalloproteinase (MMPs), a family of 

zinc endopeptidases-degrading extracellular matrix proteins, captured our attention for the 

aim of controlled release of CTL epitope in the proximity of DCs. MMPs perform multiple 

roles in physiological and pathological cellular processes, especially tissue remodeling in 

morphogenesis, angiogenesis, tissue repair, and metastasis.20-22 They are also involved in 

immunological processes, such as regulation of bioavailability and activity of cytokines and 

chemokines, integrity of physical tissue barriers, and immune evasion of tumor cells.23, 24 

Among the MMP family, MMP-2 and MMP-9 are gelatinases and share similar substrates. 

Both human and mouse dendritic cells secrete MMP-2/9 for their migration needs.25-28 

Although the two MMPs are not exclusively expressed by DCs, constitutive expression of 

the MMPs in tissues are generally low or non-existent.29, 30 Thus, the proximity of 

migrating DCs should have greater MMP activity than other tissues under a normal 

physiological state, a difference favoring a spatially-controlled epitope release around DCs. 

Therefore, if the iTEP-delivered epitope vaccine can be digested by DC-secreted MMPs and 

release the epitopes around the DCs, the direct loading of CTL epitopes onto DC MHC-Is 

can be accomplished.

Taking use of both iTEP delivery and the DC's MMP activity, in this study, we designed a 

vaccine that not only delivers to but also releases epitopes around DCs by fusing iTEPs with 

an MMP-2/9 cleavage site and a model CTL epitope. The MMP cleavage site chosen for this 

project is a proven substrate of MMP-2/931, 32 and has been used to target tissues having 

high MMP activity.33-35 We proved that this MMP sensitive vaccine was more potent than a 

vaccine without MMP cleavage site. DCs secreted MMP-9 to its environment. The DC-

secreted MMP-9 controlled extracellular epitope release from the iTEP-delivered vaccine. 
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Subsequently, these epitopes were directly loaded onto the MHC-I by substituting epitopes 

that were previously on the complexes without being taken up and intracellular processing. 

This novel vaccine strategy bypasses intra-DC processing required by the traditional vaccine 

strategy, dramatically increases vaccine efficacy, and will have great potential in CTL 

vaccine application.

Materials and Methods

Cell Lines

The DC2.4 cell line (H-2Kb) was a gift from Dr. Kenneth Rock (University of 

Massachusetts, USA). DC2.4 cells were cultured in RPMI-1640 medium supplemented with 

10% heat inactivated fetal bovine serum (FBS), 2 mM glutamine, 1% non-essential amino 

acids, 1% HEPES, 50 μM β-mercaptoethanol, 100 units/mL penicillin, and 100 μg/mL 

streptomycin (ThermoFisher Scientific, USA). The B3Z T-cell hybridoma, which is specific 

for H-2Kb, OVA257-264 (SIINFEKL, also known as pOVA), was kindly provided by Dr. 

Nilabh Shastri (University of California, USA). B3Z cells were cultured in RPMI-1640 

medium supplemented with 10% heat inactivated FBS, 2 mM glutamine, 1 mM pyruvate, 50 

μM β-mercaptoethanol, 100 units/mL penicillin, and 100 μg/mL streptomycin 

(ThermoFisher Scientific, USA). The Raw264.7 cells were from ATCC. Raw264.7 cells 

were cultured in the same medium of culturing DC2.4 cells.

Generation of Bone Marrow Dendritic Cells (BMDCs)

BMDCs were generated according to a protocol described previously with minor 

modifications.36 Femoral and tibial bone marrow cells were obtained from 8-week-old 

female C57BL/6 mice by the protocol approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Utah. Approximately 1 × 107 bone marrow cells 

were seeded on 10 cm tissue culture dish into 10 mL of RPMI-1640 medium containing 

10% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin. The cells were cultured at 

37 °C and 5% CO2. After overnight depletion of adherent cells, suspension cells were 

seeded on a new dish with the same medium and 20ng/mL murine GM-CSF (Gold 

Biotechnology, USA). Fresh medium with murine GM-CSF were added every 2–3 days. 

Suspension and loosely attached cells were harvested on the seventh day of cultivation.

Collection of cell-cultured conditional medium (designated as DC-cultured medium)

When DC2.4 cells, Raw264.7 cells or BMDCs grew to 90% confluence in growth media 

containing 10% FBS on 10cm dishes, the culture media were changed to media without 

FBS. After 48 h, the supernatants of the cell culture were collected and concentrated using 

Amicon Ultra-4 filter units (10,000 MW, Millipore, USA). The proteins in the concentrated 

samples were quantified by UV 280 using NANODROP 2000 (Thermo Scientific, USA). 

The collected cell-cultured conditional media were saved at -80°C for later use.

Construction of the expression plasmids for the iTEP vaccines

The genes encoding iTEP, iTEP-pOVA, and iTEP-sMMP-pOVA were constructed in a 

modified pET25b (+) vector using a previously described PRe-RDL method.19, 37 

Specifically, genes encoding the peptides GVLPGVG, GAGVPG, ESIINFEKL, and 
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PLGLAGSIINFEKL were generated by annealing sense and antisense oligonucleotides and 

then inserting the product into the vector at the BseRI site. Then, the iTEP gene was 

polymerized by the PRe-RDL method until a desired length of the iTEP gene was achieved. 

The iTEP sequences contain 35 repeats of GAGVPG and 16 repeats of GVLPGVG. Genes 

encoding pOVA (ESIINFEKL) or sMMP-pOVA (PLGLAGSIINFEKL) were inserted into 

the C-terminus of iTEP in a similar manner. The sequences of the oligonucleotides used to 

construct these genes are listed in Table S1. After DH5α had been transformed with the 

resulting expression vectors for amplification, the lengths of the coding genes were 

confirmed by an XbaI and BamHI double digestion, followed by agarose gel analysis. The 

coding genes were also verified by DNA sequencing (Genewiz, USA).

Production and purification of the iTEP vaccines

iTEP and iTEP fusions were produced from BL21 competent cells and purified as previously 

described.19 Endotoxin was removed by treating with 1% Triton X-114 three times, as 

previously described.38, 39 Then, the Triton X-114 was removed using Amicon Ultra-15 

(10k) centrifugal filters (Millipore, USA). The residual endotoxin in the samples was 

measured by using Limulus Amebocyte Lysate (LAL) PYROGENT Single Test Vials 

(Lonza, Allendale, NJ, USA). All samples had endotoxin levels below 0.1EU per 100μg 

protein in 100μL.

Characterization of the thermally induced, reversible, inverse phase transition of the iTEP 
and iTEP vaccines

The phase transitions of the iTEP or iTEP fusions were characterized by turbidity changes in 

sample solutions as a function of temperature. Briefly, the OD350 of a sample was 

dynamically recorded using a UV-visible spectrophotometer equipped with a multi-cell 

thermoelectric temperature controller (Cary 300, Varian Instruments, Walnut Creek, CA), 

during which the sample (25 μM, with 1M NaCl) was heated from 20 to 80 °C and then 

cooled to 20 °C at a rate of 1 °C/min. The maximum first derivative of the turbidity curve of 

a sample was identified. The transition temperature (Tt) of the sample was the temperature 

that corresponded to the maximum derivative.

Fluorescent labeling of iTEPs

iTEP-pOVA and iTEP-sMMP-pOVA were labeled with NHS-Fluorescein following a 

protocol described by the manufacturer's instructions. Briefly, 10mg of iTEPs were reacted 

with 1mg of NH-Fluorescein in 0.1 M sodium bicarbonate buffer, pH 8.3 at a final volume 

of 1mL. The reaction was carried out with continuous stirring in the dark and at room 

temperature for 2 h. The protein-dye conjugates were purified using a PD-10 desalting 

column (GE Health Care Life Sciences) followed by Amicon Ultra-15 (10k) centrifugal 

filters (Millipore). The fluorescein conjugates were measured for their absorbances at 205 

nm (A205) and 493 nm (A493, λmax for NHS-Fluorescein). The concentrations of iTEP 

fusion and the degree of labeling (DOL) were calculated based on these equations:
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where ε is the extinction coefficient in cm−1 M−1. Both iTEPs have one lysine (K) and one 

asparagine (N) in their sequences. iTEP-pOVA has two glutamic acids (E) while iTEP-

sMMP-pOVA has one. NHS-Fluorescein couples principally with the α-amines at the N-

terminals and the ε-amines of lysine side chains.40 The labeling efficiency of NHS ester to 

either N or E is quite low in our reaction condition. Actually, the labeling efficiency to both 

polypeptides are very similar. The DOLs for both iTEPs were around 8-10%. Then they 

were all adjusted to 8% for cell uptake experiments.

Enzymatic cleavage assay

NHS-Fluorescein labeled iTEP-pOVA or iTEP-sMMP-pOVA was used as the substrate for 

the MMP enzymatic cleavage. The substrates were incubated with recombinant active 

MMP-2, MMP-9, or DC-cultured conditional medium at indicated concentrations for 16 h at 

37°C. The resulting mixtures were then subjected to 4-15% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), separating cleaved small molecule pOVAs 

from big molecule iTEPs. For the inhibitor experiments, DC-cultured conditional media 

were treated with different inhibitors at indicated concentrations for 2 h before adding the 

labeled iTEP substrates. Fluorescent images were taken using FluoChem FC2 (Alpha 

Innotech Corp.). The band intensities were quantified by ImageJ software (NIH). The results 

are expressed as fold change compared to MMP activity without inhibitor.

Presentation of pOVA delivered by iTEP vaccine

The DC presentation of pOVA was studied as previously described.19 Briefly, 1.5 × 105 

DC2.4 cells/well were set in 48-well plates and cultured with iTEP, iTEP vaccines, or pOVA 

peptide, as indicated, for 16 h at 37°C and 5% CO2. The cells were then washed and stained 

by PE-tagged monoclonal antibody 25-D1.16 (Biolegend, San Diego, CA, 1:100 dilution) 

before flow cytometry analysis. The data were processed using FlowJo × software. The 

mean fluorescence intensity (MFI) of treated cells was normalized to the MFI of untreated 

cells.

Activation of B3Z hybridoma (CD8+ T) cells

This assay was performed using a previously described protocol with modifications.19 

Briefly, 1×105 DC2.4 cells/well were set to 96-well plates. Then the DCs were incubated 

with iTEPs at 37 °C for 4 h or with iTEPs pretreated with DC-cultured conditional media at 

4 °C for 30 min, as indicated. After wash, the DCs were fixed on the plate with 1% 

paraformaldehyde for 15 min at room temperature. The plate was washed 5 times with B3Z 

culture medium. Then, 1×105 B3Z cells/well were added into the wells and co-cultured with 

DC2.4 cells for 24 h. The cells were washed and lysed with 100 μL lysis buffer (PBS 

containing 100 mM 2-mercaptoethanol, 9 mM MgCl2, and 0.125% NP-40) together with 

0.15 mM chlorophenol red β-galactoside substrate (Sigma, St. Louis, MO, USA). After a 2-

h incubation at 37 °C, the reaction was stopped with 50 μL of 15 mM EDTA and 300 mM 

Dong et al. Page 5

Mol Pharm. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glycine. The OD570 of the solutions was measured, and OD630 was used as a reference when 

using an Infinite M1000 PRO plate reader (Tecan Trading AG, Switzerland).

Gelatin Zymography

Zymography was performed following a previously described protocol with a few 

modification.41 In brief, 4-15% SDS-polyacrylamide gel was prepared by copolymerizing 

with 0.1% gelatin from porcine skin (Sigma, St Louis, MO). Recombinant active MMP-2, 

MMP-9, or DC-cultured conditional media at indicated concentrations were loaded onto the 

gel without boiling and electrophoresed under non-reducing condition. The gel was washed 

with 2.5% (v/v) Triton X-100 at room temperature on a shaker for 0.5 h to remove the SDS. 

Then, the gel was placed in developing buffer (50 mM Tris [pH8.0] and 5mM CaCl2, 10mM 

NaCl) for 0.5 h at room temperature. The gel was then incubated in fresh developing buffer 

for 24 h at 37 °C to allow proteinase digestion of the substrate. The developed gel was rinsed 

with water and stained with 0.1% Coomassie brilliant blue (Sigma) followed by destaining 

with H2O until clear zones became evident. The clear bands on a blue background showed 

the positions of the enzyme activity of gelatinases. The band intensities were quantified by 

ImageJ software (NIH). The protein standard in the gel is ColorPlus™ Prestained Protein 

Marker (NEB, P7709S) which includes a mixture of purified proteins covalently coupled to 

colored dye. Unlike MMPs digesting gelatin, the proteins in the standard did not digest 

gelatin and showed faint bands under the blue background of coomassie blue-stained gelatin 

gel.

To verify that the bands of proteolytic activity were MMPs, inhibition studies were 

conducted. The MMP inhibitors, 1,10-phenanthroline (20mM, Sigma) or EDTA (5mM) 

were added to the samples and incubated for 0.5 h at 37°C before loading to the gelatin gel 

for the zymography analysis. PMSF (5 mM), a serine protease inhibitor, was used as a 

negative control to verify the MMP activity of the samples. In another set experiment, the 

samples without inhibitor were loaded onto gelatin gel for electrophoresis. The gel was 

incubated in 2.5% Triton X-100 and then developing buffer containing GM6001 (10μM). 

The band intensities were quantified by ImageJ software (NIH). The results are expressed as 

fold change compared to MMP activity without inhibitor.

Microfluometric assay to detect uptake of iTEP vaccine by DCs

The assays were conducted using previous protocols with a few modifications.42 1.0 × 105 

DC2.4 cells/well in a 96-well plate were incubated with fluorescein-labeled iTEPs at 37°C 

and 5% CO2 for various times. After incubation, the cells were washed with PBS once 

before adding trypan blue (250 μg/mL, pH 4.4) to quench the extra fluorescence. The trypan 

blue was removed after 1 min, and cells were washed three times with PBS. The cells were 

then lysed with 1% TritonX-100 for 10 min, and the cell lysates were transferred to a new 

96-well black plate. The fluorescence intensity of the cell lysates was measured using an 

Infinite M1000 PRO plate reader (Tecan Trading AG, Switzerland) at 494 nm excitation and 

518 nm emission. The uptake intensity was normalized by minus binding intensity derived 

from 10 min incubation. Standard curve of iTEP concentration vs fluorescence intensity was 

generated. Then the up taken amount of iTEPs were calculated using standard curve, 
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normalized uptake intensity, and volume of the samples. The results were expressed as the 

percentage of the input dose of iTEP vaccine:

Statistical analysis

Data were analyzed for statistical significance using an unpaired Student's t-test. GraphPad 

Prism 6 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis and 

figure construction. A P value <0.05 was statistically significant.

Results

Generation and characterization of iTEP-sMMP-pOVA, an MMP-2/9 sensitive vaccine

We designed a CTL vaccine which can bypass the requirement of cytosolic delivery and 

cross-presentation of the CTL epitope by DCs. The idea to drive this vaccine design was to 

generate an MMP-sensitive vaccine carrier from which the CTL epitope can be released 

from the carrier by DC-secreted MMP. Therefore, the released epitope may be directly 

loaded onto the MHC-I on DC surfaces (Figure 1). Toward this end, an iTEP polymer 

[M(GAGVPG)35(GVLPGVG)16GC, Table 1] was used as a vaccine carrier. A substrate 

peptide of MMP-2/9, [sMMP: PLGLAG], together with a model CTL epitope [pOVA: 

SIINFEKL] were fused to the C-terminus of the iTEP. The newly synthesized iTEP polymer 

was named iTEP -sMMP-pOVA (sequences are in Table 1). As a control, an iTEP-pOVA 

fusion which was devoid of sMMP was also designed (sequences are in Table 1). The iTEP 

carrier and iTEP vaccines were produced from E.coli and purified through temperature and 

salt dependent phase transition. Their purity and sizes were analyzed through an SDS-PAGE 

gel separation (Table 1 and Figure 2A).

The thermally induced, reversible phase transition feature of the iTEP and iTEP vaccines 

were characterized through optical density measurements. Because all the iTEPs in this 

study did not display a phase transition in the tested temperature range (20–80 °C) in PBS 

(data not shown), 1M of NaCl was included in the solutions to achieve a thermally-induced 

phase transition. The results showed that at 25 μM, all iTEP and iTEP fusions displayed the 

thermally induced, reversible phase transition feature. The heating transition temperature 

(Tt) of the three iTEP polymers were similar, which were around 54-56 °C. The cooling Tts 

of the three iTEPs were also similar and around 45-49 °C (Table 1 and Figure 2B-2D). 

These results suggested that fusing of pOVA or sMMP-pOVA peptides minimally influence 

the phase transition feature of iTEP and do not affect the hydrophobicity of iTEP.

To investigate whether pOVA peptide can be cleaved from the sMMP containing vaccine by 

MMP digestion, the iTEP vaccines were evaluated by enzymatic cleavage using recombinant 

MMP-2 and MMP-9. In order to separate and detect cleaved pOVA from the original 

uncleaved iTEP vaccine, iTEP-pOVA and iTEP-sMMP-pOVA were first covalently labelled 

with NHS-Fluorescein at a degree of labeling (D.O.L) of 0.08 dye/protein. Then the labelled 

iTEPs were treated with MMPs, and the cleavage products were resolved through SDS-
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PAGE. As shown in Figure 2E, after treated with MMP-9, full length iTEP-sMMP-pOVA 

was cleaved to generate a peptide showing a low molecular weight band in lane 2. 

Comparison with free pOVA run on the same SDS-PAGE indicated that this enzyme 

digestion product is pOVA peptide (Figure S1). Treatment of MMP-2 had a similar effect, 

which also cleaved iTEP-sMMP-pOVA to release free pOVA (Figure 2E, lane 4). However, 

treatment of MMP-9 or MMP-2 did not cleave iTEP-pOVA, an iTEP vaccine without an 

MMP cleavage site (Figure 2E, lane 6 and 8 respectively). Therefore, iTEP-sMMP-pOVA 

was specifically responsive to and cleavable by MMP-2/9.

iTEP-sMMP-pOVA is cleaved by DC-secreted MMP-9 to release pOVA

It was reported that human and mouse DCs secreted both MMP-2 and MMP-9.25-28 We 

proposed that DCs secrete MMPs to their extracellular environment to control cleavage of 

iTEP-sMMP –pOVA and release of pOVA. To explore if this is the case, we first measured 

the MMP secretion from both primary DC (BMDC of C57BL/6 mice) and DC cell line 

(DC2.4 derived from C57BL/6 mice). The supernatants of the cell cultures were collected 

and concentrated as DC-cultured medium and loaded on a gelatin gel for gelatin 

zymography analysis. With the analysis, we observed a 92 kDa clear zone in the DC 

medium from either BMDC or DC2.4 (Figure 3A, lane 1 for BMDC, and lane 2 or 5 for 

DC2.4). This clear zone ran to the same position of MMP-9 proenzyme which had been 

proved to be secreted by Raw264.7 cells (Figure 3A, lane 4).43, 44 Interestingly, the amount 

of MMP-9 proenzyme secreted by BMDC was 26.38 fold by DC2.4 cells, suggesting that 

the primary cells are potent and that iTEP-sMMP-pOVA has a high possibility to encounter 

MMP-9 when it is delivered to the proximity of DCs in vivo. The active MMP-2 was also 

resolved in the gelatin gel as a control to show its smaller MW (62 kDa) and gelatin activity 

(Figure 3A, lane 3). The gelatin digestion ability of DC-secreted MMP-9 was specific 

because it was inhibited by MMP inhibitors such as 1,10 phenanthroline, EDTA, GM6001, 

but not non-MMP inhibitors such as PMSF, a serine kinase inhibitor (Figure 3B). With these 

data, we concluded that DCs greatly secrete MMP-9 but only a small amount of MMP-2.

To study whether the DC-cultured medium is active to cleave iTEP-sMMP-pOVA and 

release pOVA extracellularly, we incubated fluorescein-labeled iTEP-sMMP-pOVA in the 

DC-cultured medium and examined the products of enzymatic digestion through separation 

of SDS-PAGE. We found that the DC medium cleaved iTEP-sMMP-pOVA to create free 

pOVAs like the recombinant MMP-9 or MMP-2 did (lane 2 in Figure 3C verses lane 2 and 4 

in Figure 2E). The enzymatic activity of DC-cultured medium was MMP specific because 

the activity can be inhibited by inhibitors specific to MMP but not by other inhibitors. 1, 10 

phenenthroline, a broad inhibitor of zinc metallopeptidases and MMPs, completely inhibited 

cleavage of iTEP-sMMP-pOVA by DC-cultured medium (lane 4 of Figure 3C). EDTA, a 

metal chelator, and GM6001, a potent inhibitor of collagenases and gelatinases, also 

significantly inhibited digestion of iTEP-sMMP-pOVA by DC-cultured medium, with only 

77.83% and 65.93% of pOVA production compared to the digestion without inhibitor, 

respectively (Figure 3C, lane 5 and 6). Contrariwise, PMSF, a non-MMP inhibitor, did not 

affect the activity of the DC-cultured medium at all (Figure 3C, lane 3). Thus, DC cells 

secreted MMP-9 proenzyme into the environment around; the activated extracellular MMP-9 
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specifically digested iTEP-sMMP-pOVA containing an MMP cleavage site to release the 

pOVA peptide outside of the cells.

MMP-sensitive vaccines drastically promote epitope presentation by DCs

To analyze if adding of MMP cleavage site increases the biological activity of iTEP vaccine, 

we compared DC presentation and the downstream antigen-specific CD8+ T cell activation 

induced by the iTEP vaccines. The presentation of pOVA by DCs was detected by an 

antibody recognizing the pOVA/ H-2Kb complex. After being cultured with iTEP vaccines, 

DC2.4 cells, murine DC cells containing H-2Kb on their surface,45 presented pOVA with 

different efficiency. The histogram of flow cytometry analysis showed that treatment with 

iTEP-sMMP-pOVA significantly increased presentation of pOVA by DC than with iTEP-

pOVA (Figure 4A). Quantification of mean fluorescence intensity (MFI) revealed that the 

DCs incubated with iTEP-sMMP-pOVA presented a 7-fold higher amount of pOVA epitopes 

than DCs with treatment of iTEP-pOVA (Figure 4B). The treatment with iTEP carrier 

without epitope was used as a negative control. The peptide pOVA pulse directly bound to 

H-2Kb of DCs with more than a 10-fold increase in presentation and served as a positive 

control in this assay (Figure 4A and 4B).

To examine the biological significance of the above presentation results, we conducted a 

B3Z assay. B3Z is a CD8+ T-cell hybridoma clone which T cell receptors are restricted to 

the pOVA:H-2Kb complex presented by DCs. When B3Z cells are activated by the 

association between their T cell receptors and the pOVA:H-2Kb on DCs, they are able to 

produce β-galactosidase46 that can be quantified by a β-galactosidase assay. Thus, the 

production amount of β-galactosidase can be used to infer the activation levels of B3Z cells, 

which, in turn, is used to measure biologically significant presentation of pOVA by 

DCs47, 48. In this study, we compared the activation of B3Z cells after we incubated them 

with DC2.4 cells. The DCs were priorly incubated with different vaccines. Similar to the 

response of DC presentation, B3Z activation trigged by the two iTEP vaccines were 

different. At low concentration (0.2 μM), iTEP-sMMP-pOVA had a significant, 12-fold 

increase in B3Z activation, while iTEP-pOVA did not change the B3Z cell response (Figure 

4C). At high concentration stimulation (1 μM), iTEP-sMMP-pOVA resulted in an even more 

significant increase, which was 21-fold of the iTEP carrier treatment and close to the 

response of pOVA, the positive control. iTEP-pOVA also increased B3Z activation by almost 

10-fold at 1 μM, but this response was still 2.5-fold lower than that of iTEP-sMMP-pOVA at 

the same concentration (Figure 4C). Thus, the data of both DC presentation and antigen-

specific CD8+ T cell activation proved that iTEP vaccines with an MMP cleavage site are 

much more efficient than ones without an MMP site.

pOVAs released from iTEP-sMMP-pOVA directly load onto MHC class I complexes for 
antigen presentation

As stated above, we found that iTEP-sMMP-pOVA drastically increased DC presentation 

and antigen-specific CD8+ T cell activation. The reasons for the enhanced DC presentation 

might be multifaceted: 1. direct loading of epitopes onto MHC-I on the DC surface, 2. 

increased uptake by DCs, and/or 3. increased intra-DC processing and cross-presentation. To 

find out which one is the major reason for iTEP-sMMP-pOVA's high potency in DC 
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presentation, we first compared uptake of iTEP-sMMP-pOVA and iTEP-pOVA by DCs. 

DC2.4 cells were incubated with fluorescein-labeled iTEP vaccines and the amount of the 

ingested vaccine by the cells was measured with time extension. The results demonstrated 

that the uptake percentage of these two vaccines by DC2.4 cells were similar after 10 min, 

30 min, and 1 h of incubation at 37 °C. Even though the uptake of iTEP-sMMP-pOVA was 

higher than iTEP-pOVA after 2 h of incubation, the change was subtle and then there was no 

difference after 4 h of incubation (Figure 5A). Therefore, overall there was no obvious 

difference between the uptake efficiency of these two vaccines by DCs and cellular uptake 

did not contribute for iTEP-sMMP-pOVA's high potency in antigen presentation.

Then we examined the second possibility: direct loading of the pOVA epitope released from 

iTEP vaccines onto MHC-I of DCs. For this end, we loaded the pOVA epitopes, which were 

released from DC-cultured medium-pretreated iTEP vaccines, to the DC2.4 cells at 4 °C for 

just 30 min. This condition completely inhibited the cellular uptake of iTEP vaccine and 

resulted in direct loading only (Figure S2). We then evaluated the direct loading through 

measuring B3Z activation by the pOVA-loaded DC2.4 cells because the activation of the 

antigen specific CD8+ cells is the direct consequence of DC presentation through the 

complex of epitope and MHC-I. The results showed that iTEP-sMMP-pOVA and iTEP-

pOVA induced similar B3Z activation when they were pretreated with medium without any 

supplement. Interestingly, iTEP-sMMP-pOVA resulted in significantly, 3 fold more increase 

of B3Z activation when the vaccine was pretreated with DC-cultured medium or MMP-9 

enzyme. Contrarily, iTEP-pOVA did not increased B3Z activation when it was with the same 

pretreatments (Figure 5B). These results suggested that DC-secreted MMP-9 results in 

significantly more direct loadings of pOVAs from iTEP-sMMP-pOVA than from iTEP-

pOVA.

The iTEP-sMMP-pOVA-stimulated direct loading was MMP dependent. When 1,10 

phenanthroline or GM6001 was added in the DC-cultured medium, the activated B3Z 

response was significantly inhibited to 25% and 47% of the uninhibited sample, respectively. 

However, PMSF did not affect the B3Z activation (Figure 5C). On the other side, all the 

inhibitors had no effect on iTEP-pOVA-induced presentation (Figure S3). Therefore, 

combining all the collected data, we concluded that pOVA released from iTEP-sMMP-pOVA 

through DC-secreted MMP-9 is responsible for the direct loading of epitopes on MHC-I and 

enhanced antigen presentation, even though we could not exclude the existence of the third 

possibility, that increased intra-DC processing and cross-presentation by iTEP-sMMP-pOVA 

might also contribute.

Discussion

According to traditional wisdoms on CTL vaccine processing, these vaccines are 

internalized and translocated to the cytosol of DCs where CTL epitopes are released from 

the vaccines. Later, the epitopes are cross-presented together with MHC-I by DCs to CD8+ 

T cells, which activates the T cells and initiate CTL responses. Up to date, most CTL 

vaccine carriers are developed to facilitate the vaccine uptake and translocation processes, 

which, in turn, enhances the presentation of CTL epitopes and CTL responses.49-51 Here, we 

developed a vaccine delivery system that enabled a direct loading of CTL epitopes to MHC-I 
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on DC surface. This direct loading method bypassed the cytosolic delivery and cross-

presentation steps and was believed more efficient than previous CTL vaccine carriers. The 

direct loading method utilized MMP-9 secreted by DCs to release epitope from the delivery 

system. Our data showed that the direct loading method was superior to those cytosolic 

vaccine delivery methods in promoting epitope presentation by DCs.

The idea of direct epitope loading was inspired by the observation that there are a significant 

amount of empty MHC-I on DC surface that are ready to accommodate CTL epitopes 

(20,000 to 60,000 empty MHC-I per DC2.4 cell per hour).52 In a typical MHC-I antigen 

cross-presentation pathway, one CTL epitope is first loaded onto one MHC-I in endoplasmic 

reticulum of DCs: the epitope sits in the binding cleft of the MHC-I and forms non-covalent 

interactions with the MHC-I; then, this epitope/MHC-I complex is transported to DC 

surface.53 However, epitopes that bind with MHC-I with a low affinity may dissociate from 

the MHC-I on DC surface, which generates empty MHC-I.52, 54 The binding affinity 

between CTL epitopes and MHC-I is governed by an intrinsic binding specificity between 

the two. For a given allele of MHC-I, only epitope with a certain sequence motif can bind 

with the MHC-I strongly 55. For example, for the H-2Kb allele, the MHC-I of DC2.4 cells, 

the preferred motif is that the c-terminus of the epitope should be a leucine residue; the 

number 5th residue from the N-terminus of the epitope should be either a phenylalanine or a 

tyrosine residue.55 The sequence of pOVA, SIINFEKL, matches the motif perfectly. 

Consequently, pOVA binds with H-2Kb tightly with an affinity as of 215.07 nM. In general, 

the epitope/MHC-I complex with an affinity smaller than 500nM is recognized as a tight 

complex. 52, 56 According to these insights of epitope loading, when a high affinity epitope 

is released from its carrier around DCs, the epitope has a good chance to bind with empty 

MHC-I on DC surface and form a stable complex.

The improved epitope presentation of iTEP-sMMP-pOVA was mainly due to direct epitope 

loading. This conclusion is based on two observations that 1) DC internalized comparable 

amount of iTEP-sMMP-pOVA and iTEP-pOVA (Figure 5A), and 2) when antigen 

presentation experiment was conducted at a condition that vaccine internalization is halted 

(Figure 5B), iTEP-sMMP-pOVA led to greater epitope presentation than iTEP-pOVA. 

Because the internalization is halted and only the direct epitope loading is allowed, we can 

attribute the different presentation results between the two vaccines to the different direct 

loading efficiency of the two vaccines. Thus, we infer that iTEP-sMMP-pOVA is more 

efficient in direct loading. As of different presentation results between iTEP-sMMP-pOVA 

over iTEP-pOVA observed at 37 °C, there might be an additional cause other than the 

different direct loading efficiency: the MHC-I antigen cross-presentation pathway favors 

iTEP-sMMP-pOVA over iTEP-pOVA. Indeed, some intracellular metallopeptidases were 

found to facilitate epitope release from protein antigens in the MHC-I pathway.57 Some of 

these metallopeptidases are able to cleave pOVA from iTEP-sMMP-pOVA because they 

recognize sMMP.58 Taken together, iTEP-sMMP-pOVA may utilize two mechanisms to 

improve antigen presentation, the direct loading of epitopes and the metallopeptidase-

mediated, intra-DC epitope release.

This concept of controlled release of epitopes delivered by an MMP sensitive carrier has an 

extra benefit when delivering tumor-related epitope vaccines. Some tumor cells secrete high 
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levels of MMP-2/9 when they metastasize and invade LNs.59, 60 These tumor cell-secreted 

MMPs can be leveraged to release the epitopes around tumor cells in LNs. These epitopes 

may be subsequently loaded onto tumor cells, predisposing the cells to epitope-directed 

immune attack: the epitope-specific CTLs eliminate the tumor cells which were loaded with 

the epitopes.

Our data showed that the direct loading method was superior to cytosolic vaccine delivery 

methods in vitro. To translate this advantage into strong CTL responses in vivo, few 

additional requirements have to be fulfilled: first, MMP-sensitive vaccines like iTEP-sMMP-

pOVA need to accumulate around DCs so that DC-secreted MMP-9 is available to cleave 

CTL epitopes from the vaccines; second and conversely, the vaccines should have minimal 

exposure to heathy cells that secrete MMP-9 because such exposure may lead to direct 

epitope loading to these healthy cells. Such loading falsely masks these healthy cells by the 

epitopes. Then, these cells could be recognized by the immune system as infected or 

cancerous cells and hence predisposed for epitope-directed immune destruction.61, 62 Thus, 

one of future developments to furnish the direct loading method is to target these direct 

loading carriers to the proximity of DCs.

In consideration of the importance and current challenges of CTL vaccines, the main 

contribution of this study is that it explores a novel and direct epitope-loading strategy to 

unprecedentedly strengthen CTL vaccine-induced responses. This novel yet straightforward 

strategy may bring about an unprecedented impact on these vaccines, allowing them to play 

a more decisive role in the immunotherapy and immune prevention of cancer, infections, and 

other diseases. This new strategy may also be utilizable for delivering chemicals to the 

proximity of DCs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The iTEP-delivered, MMP-9-sensitive vaccine that enables direct epitope-loading. The 

vaccine, which contains a MMP-9 cleavage site, is able to take advantage of MMP-9 

((shown as red scissors) secreted from and surrounding DCs to release CTL epitopes. The 

MMP-9 cleave the epitopes from the vaccines and facilitate an accumulation of the epitopes 

around DCs. The direct epitope loading occurs when these epitopes, at high concentration, 

replace the predecessor epitopes bound with MHC-I on DC surfaces.
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Figure 2. 
Characterization of iTEP-derived iTEP vaccines and their response to MMPs. (A) SDS-

PAGE gel showing the identity and purity of iTEP and iTEP-derived vaccines. (B–D) 

Turbidity profiles (OD350) of iTEP (B), iTEP-pOVA (C), and iTEP-sMMP-pOVA (D) when 

25 μM samples were heated and then cooled between 20 °C and 80 °C in PBS and 1M NaCl. 

(E) Enzymatic digestion of iTEP-pOVA and iTEP-sMMP-pOVA by recombinant active 

MMP-2 or MMP-9. iTEP vaccines were labeled with NHS-Fluorescein and treated with 

enzymes at a 1:1000 ratio of enzyme to substrate at 37 °C for 16 h. The enzyme-digested 

products were resolved by SDS-PAGE, and the image was recorded under UV. The position 

of the fragment of pOVA generated by MMP-2/9 is shown by an arrow.

Dong et al. Page 17

Mol Pharm. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
DCs secrete MMP-9 to cleave iTEP-sMMP-pOVA and release pOVA epitope. (A) Gelatin 

zymography analysis showing that like Raw264.7 cells, DC2.4 cells and BMDCs from 

C57BL/6 mouse greatly secreted MMP-9 but not MMP-2. 50 μg protein from DC2.4 cell 

medium, 2.5 μg protein from BMDC medium, 12.5 μg protein from Raw264.7 cell medium, 

20 ng MMP-9, or 10 ng MMP-2 were resolved by SDS-PAGE containing 0.1% gelatin. (B) 

Gelatin zymography analysis of MMP-9 secreted by DC2.4 cells with different inhibitors. 

Lane2-4, 50 μg protein from DC2.4 cell medium was treated with PMSF, 1,10 

phenothroline, or EDTA for 30 min before loading to the gelatin gel. Lane 5, 50 μg protein 

from DC2.4 cell medium without treatment was resolved by gelatin gel and incubated with 

developing buffer containing 10 μM GM6001 before Coomassie brilliant blue staining. (C) 

Effect of inhibitors on enzymatic digestion of iTEP-sMMP-pOVA by DC-cultured medium. 

DC-cultured medium was pretreated with inhibitors as in (B) at 37 °C for 2 h. Then 

fluorescein-labeled iTEP-sMMP-pOVA was added and incubated at 37 °C for 16 h. The 

enzyme-digested products were resolved by SDS-PAGE, and the image was recorded under 

UV. The position of the fragment of pOVA generated by MMP-2/9 is shown by an arrow.

Dong et al. Page 18

Mol Pharm. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
iTEP-sMMP-pOVA more effectively presents pOVA to DCs than iTEP-pOVA. (A) 

Histograms of flow cytometric analysis. DC2.4 cells were stained with anti-mouse pOVA 

bound H-2Kb after the cells were incubated with 5 μM iTEPs or pOVA. (B) Mean 

fluorescence intensity (MFI) of H-2Kb-pOVA on DC2.4 cells after different treatments. (C) 

Stimulation of B3Z cells via presentation of pOVA by DC2.4 cells which were pre-incubated 

with different reagents at 0.2 μM or 1 μM. The data in all panels are representative of 3 

independent experiments. Bars, mean+SD, n=3. Analysis of variance (Student's t-test). 

★★P<0.01.
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Figure 5. 
pOVAs released from iTEP-sMMP-pOVA directly load onto DC for antigen presentation 

which is dependent on DC-secreted MMP-9. (A) Comparison of uptake of iTEP-pOVA vs 

iTEP-sMMP-pOVA by DC cells. DC2.4 cells were incubated with 10 μM of fluorescein-

labeled iTEP vaccines in FBS free medium at 37 °C from 10 min to 4 h. The normalized 

cellular fluorescence intensity was recorded and compared. (B) Stimulation of B3Z cells via 

direct loading of pOVA on H-2Kb of DC 2.4 cells. The iTEP vaccines were incubated with 

RPMI medium without FBS, supernatant of DC-cultured medium without column 

concentration, or activated MMP-9 at 37 °C for 16 h before loading to DC2.4 cells on ice. 

After 30 min of ice incubation, the DC2.4 cells were washed, fixed, and then mixed with 

B3Z cells for B3Z activation. (C). Effect of MMP inhibitors on direct loading of pOVA 

released from iTEP-sMMP-pOVA. The experiment procedure was similar to (B) except that 

DC-cultured medium was treated with inhibitors at 37 °C for 2 h before incubation with 

iTEP-sMMP-pOVA. The data in all panels are representative of 3 independent experiments. 

Bars, mean+SD, n=3. Analysis of variance (Student's t-test). ★ P<0.05. ★★ P<0.01.
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