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Abstract

Dendritic cell (DC)-based cytotoxic T lymphocyte (CTL) epitope vaccines are effective to induce 

CTL responses but require complex ex vivo DC preparation and epitope-loading. To take 

advantage of DC-based epitope vaccines without involving the ex vivo procedures, we aimed to 

develop carriers to directly load CTL epitopes onto DCs in vivo. Here, we first engineered a 

carrier consisting of a hydrophilic polypeptide, immune-tolerant elastin-like polypeptide (iTEP) 

and a substrate peptide of matrix metalloproteinases-9 (sMMP). The iTEP was able to solubilize 

CTL epitopes. CTL epitopes were connected to the carrier, iTEP-sMMP, through sMMP so that 

the epitopes can be cleaved from the carrier by MMP-9. iTEP-sMMP was found to release its 

epitope payloads in the DC culture media, which contained MMP-9 released from DCs. iTEP-

sMMP allowed for the direct loading of CTL epitopes onto the surface MHC class I complexes of 

DCs. Importantly, iTEP-sMMP resulted in greater epitope presentation by DCs both in vitro and in 
vivo than a control carrier that cannot directly load epitopes. iTEP-sMMP also induced 2-fold 

stronger immune responses than the control carrier. To further enhance the direct epitope-loading 

strategy, we furnished iTEP-sMMP with an albumin-binding domain (ABD) and found the new 

carrier, ABD-iTEP-sMMP, had greater lymph node (LN) accumulation than iTEP-sMMP. ABD-

iTEP-sMMP also resulted in greater immune responses than iTEP-sMMP by 1.5-fold. Importantly, 

ABD-iTEP-sMMP-delivered CTL epitope vaccine induced stronger immune responses than free 

CTL epitope vaccine. Taken together, these carriers utilized two physiological features of DCs to 

realize direct epitope-loading in vivo: the accumulation of DCs in LNs and MMP-9 released from 

DCs. These carriers are a potential substitute for DC-based CTL epitope vaccines.
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1. Introduction

Cytotoxic T lymphocyte (CTL) vaccines are promising and relatively safe modules to 

prevent and treat a wide variety of diseases and have been used clinically [1–4]. However, 

the efficacy of CTL vaccines for diseases like cancer is not satisfactory. To date, only two 

prophylactic [5, 6] and one therapeutic [7] cancer vaccines have been approved for clinical 

use. Among CTL vaccines under development, dendritic cell (DC)-based CTL vaccines are 

outstanding for their potency [8–10]. In fact, the only approved therapeutic cancer vaccine, 

Provenge (Sipuleucel-T), is a DC vaccine [7].

Clinically tested DC vaccines are generated by inducing monocyte-derived DCs from 

patients’ peripheral blood mononuclear cells (PBMCs) and loading the DCs with tumor cell 

lysates, protein antigens, or CTL epitopes ex vivo [11–13]. The loaded DCs are then infused 

back to the same patients to stimulate CTL responses [14]. When cell lysates and proteins 

are used as loading antigens, DCs need to process these antigens and extract CTL epitopes 

from the antigens before presenting the epitopes with the MHC class I complexes on the DC 

surface. When CTL epitopes are used, these epitopes can be directly loaded onto the MHC 

class I complexes on the DC surface, which bypasses antigen processing steps [14, 15]. This 

direct epitope-loading, often termed as epitope pulsing, happens because there are empty 

MHC class I complexes on the DC surface due to the dissociation of originally bound 

epitopes. Consequently, epitopes surrounding DCs can bind to the empty MHC class I 

complexes. The direct epitope-loading is an efficient approach to generate DC vaccines as it 

bypasses multiple inefficient steps of the intracellular antigen cross-presentation [16, 17]. 

Indeed, these epitope-loaded DC vaccines were found effective to induce CTL responses in 

both preclinical and clinical studies [18–20]. However, the epitope-loaded DC vaccines are 

hindered by several intrinsic limitations that are associated with DC vaccines in general: the 

requirement of autologous DCs, the complicated and costly ex vivo processing, and 

insufficient DC migration to lymph nodes (LNs) [14, 21–24]. These limitations seriously 

compromised the applicability of epitope-loaded DC vaccines.

It is possible to take advantage of the epitope-loaded DC vaccines while avoiding their 

limitations if one can directly load CTL epitopes onto DCs in vivo. The simplest idea is to 

administer free CTL epitopes as vaccines. Theoretically, these epitopes can be loaded onto 

MHC class I complexes on the DC surface in vivo. However, free epitopes have stability 

issues due to their small sizes and can be loaded onto cells other than DCs as long as these 

cells have MHC class I complexes [25]. To address the issues of size and undesired loading, 

we have developed a carrier that increases the size of CTL epitopes and specifically releases 

the epitopes in the proximity of DCs utilizing matrix metalloproteinases-9 (MMP-9) 

secreted by DCs [26]. We have proved that this carrier enabled direct epitope-loading onto 
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the MHC class I complexes on the DC surface in vitro. The carrier and the epitope-loading 

strategy embedded in the carrier remain to be validated in vivo.

To achieve efficient CTL epitope-loading in vivo, it is required that not only CTL epitopes 

are released around DCs but also the epitopes are delivered to the proximity of DCs in the 

first place. An increased epitope accumulation in lymph nodes (LNs) would promote the 

access of the epitopes to DCs because DCs are abundant in LNs [27, 28]. Albumin-binding 

molecules preferentially accumulate in LNs [29–31] and, thus, have been used to deliver 

epitopes to LNs [32, 33]. Among reported albumin-binding molecules, an albumin-binding 

domain (ABD) that has 46 residues has been proven safe and effective in preclinical and 

clinical studies [34–36]. Particularly, the ABD can be easily incorporated into peptide-based 

vaccines and vaccine carriers through genetic engineering [37]. Therefore, it is intriguing to 

know whether the ABD would enhance the aforementioned carriers that have the direct 

epitope-loading capacity.

Here, we specially designed and generated a polypeptide-based carrier for a low-

immunogenic melanoma CTL epitope that is strongly hydrophobic, pTRP2 (sequence: 

SVYDFFVWL). The carrier was designed to be very hydrophilic to solubilize pTRP2. The 

carrier was found to release CTL epitopes in an MMP-mediated fashion in DC culture 

medium, and load CTL epitopes directly onto the cell surface MHC class I complexes. In 
vivo, the carrier promoted epitope-loading by 3-fold and enhanced the pTRP2-specific 

immune responses by 2-fold. Further, the incorporation of ABD into this carrier promoted 

the LN accumulation of the carrier by 4-fold and further strengthened the pTRP2-specific 

immune responses by 1.5-fold. Last, pTRP2 delivered by the ABD-incorporated new carrier 

induced greater pTRP2-specific CTL responses than free pTRP2, a clinically used 

melanoma vaccine. Taken together, it is feasible to directly load CTL epitopes onto the 

MHC class I complexes on DCs in vivo, and the loading is boosted by carriers that are able 

to spatially control epitope accumulation and release.

2. Results

2.1. iTEP-sMMP was able to load its epitope payload directly onto MHC class I complexes 
on cell surface

pTRP2, the model vaccine of this study, is a cancer vaccine used in clinical trials [12, 38, 39] 

(NCT00022438, NCT01456104) yet has low immunogenicity, thus, it is significant to use 

the strategy of direct epitope-loading to improve the immunogenicity of pTRP2. Our 

previously reported the carrier for direct epitope-loading, (GVGVPG)35-(GVLPGVG)16-

PLGLAG [26], termed as iTEPs-sMMP, is not suitable for the delivery of pTRP2 because it 

cannot solubilize pTRP2 at a physiological temperature (Table 1, Fig. 1A). In view of this 

issue, we designed a new iTEP-based carrier that has a longer hydrophilic segment than the 

previous carrier. This new carrier, (GVGVPG)70-(GVLPGVG)16-PLGLAG, has a 

hydrophilic iTEP (GVGVPG)70 [40], a hydrophobic iTEP (GVLPGVG)16 [40], and a 

MMP-9 substrate peptide, PLGLAG. The carrier is termed as iTEP-sMMP. The fusion 

polypeptide of pTRP2 and iTEP-sMMP, namely iTEP-sMMP-pTRP2, is soluble at a 

physiological temperature (Table 1, Fig. 1A). iTEP-sMMP-pTRP2 has a transition 
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temperature (Tt) between its soluble phase and aggregate phase of 75.7 ± 0.6 °C at 40 μM 

concentration in PBS.

Since the tools are not available to in vitro characterize the epitope-loading and T cell 

activation of pTRP2 delivered by iTEP-sMMP, a surrogate epitope, pOVA (sequence: 

SIINFEKL), was used for the in vitro characterizations of iTEP-sMMP, although the in vivo 
effect of iTEP-sMMP-pTRP2 was eventually examined. The strategy of direct epitope-

loading relies on the presence of CTL epitopes in the proximity of DCs. We intended to 

utilize MMP-9 secreted from DCs (Figure S1) to cleave epitopes from iTEP-sMMP around 

DCs. We found that incubation between iTEP-sMMP-pOVA and the supernatant of DC2.4 

cell culture or MMP-9 resulted in a small peptide product similar to free pOVA according to 

the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Fig. 

1B), suggesting that pOVA might be released from iTEP-sMMP-pOVA in the presence of 

the DC supernatant or MMP-9. In contrast, an incubation of iTEP-sMMP-pOVA alone did 

not result in that small peptide. Further, MMP-9 in the supernatant are likely responsible for 

cleavage because 1) the substrate of MMP-9, PLGLAG, connects the epitope and the carrier 

by design, and 2) phenanthroline, an inhibitor of MMP [41], drastically hindered the 

cleavage evidenced by a clear reduction of the band that represented the cleavage product 

(Fig. 1C).

Next, we examined whether iTEP-sMMP-pOVA led to direct loading of pOVA onto MHC 

class I complexes on the cell surface. In this examination, we utilized B16-F10 cells that 

have MHC class I complexes on their surface but do not have the cross-presentation capacity 

as they are not professional antigen-presenting cells. Thus, if exogenous epitopes are 

presented by B16-F10 cells with the MHC class I complexes, these epitopes must be directly 

loaded onto the complexes. We found that, after B16-F10 cells were pulsed with the 

incubation mixture of iTEP-sMMP-pOVA and the DC culture supernatant, the cells 

presented pOVA with MHC class I complexes (Fig. 1D). Further, when more concentrated 

supernatants were used for the incubation, more pOVA/MHC class I complexes were 

detected on B16-F10 cell surface. These results supported that 1) iTEP-sMMP-pOVA can 

result in direct loading of pOVA onto the cell surface MHC class I complexes, and 2) the DC 

culture supernatant, very likely the MMPs in the supernatant, enabled the epitope release 

and the consequent loading. We also found that the directly loaded pOVA was biologically 

functional because it activated its restricted T cell clone, B3Z cells [42] (Fig. 1E). In this 

experiment, two kinds of incubation mixture, 1) iTEP-sMMP-pOVA with the DC2.4 culture 

supernatant, and 2) iTEP-sMMP-pOVA with the RPMI medium, were first used to pulse 

B16-F10 cells, respectively; then, the treated B16-F10 cells were used to activate B3Z cells. 

We found that the first mixture resulted in significantly greater activation of B3Z cells than 

the second mixture when the concentrations of iTEP-sMMP-pOVA used in the experiments 

were greater than 0.3 μM (Fig. 1E). We also found the activation was concentration-

dependent on iTEP-sMMP-pOVA. Further, the activation was significantly diminished when 

phenanthroline was added into the incubation mixture of iTEP-sMMP-pOVA and the DC 

culture supernatant (Fig. 1F). This conclusion was valid when the concentrations of iTEP-

sMMP-pOVA used in the experiment were greater than 0.3 μM.
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Taken together, CTL epitopes can be cleaved from iTEP-sMMP-pOVA in the supernatant of 

DC culture; iTEP-sMMP can result in direct loading of epitopes onto the MHC class I 

complexes on cell surface; the loaded epitopes were functional.

2.2. iTEP-sMMP led to greater epitope presentation than a carrier that was dependent on 
cross-presentation

CTL epitope vaccine carriers may be categorized into two types based on the epitope 

presentation process the carriers utilize. The first type, like iTEP-sMMP, facilitates the direct 

loading as well as the cross-presentation of its epitope payloads onto the MHC class I 

complexes on DCs. The second type is solely dependent on the cross-presentation pathway 

of DCs to present its epitope payloads. The second type is unable to release epitopes outside 

of DCs and to directly load the epitopes onto MHC class I complexes. It is important to 

know whether iTEP-sMMP results in greater epitope presentation than the second type of 

carriers, which will determine the type of carriers we should use to deliver epitope vaccines. 

We first answered this question through in vitro studies. We compared iTEP-sMMP-pOVA 

with iTEP-pOVA (Table 1), a vaccine that was dependent on the cross-presentation. iTEP-

pOVA did not contain the sMMP and was not expected to release pOVA outside of DCs. An 

incubation of iTEP-sMMP-pOVA with DC2.4 cells resulted in 6-fold more pOVA 

presentation by DCs than an incubation of iTEP-pOVA with DC2.4 cells (Fig. 2A and Fig. 

S2). Indeed, the presentation result of iTEP-pOVA was not statistically different to that of 

the DC only incubation (P = 0.14). At the same time, the peptides pOVA and sMMP-pOVA 

resulted in much higher presentation than iTEP-sMMP-pOVA and iTEP-pOVA. 

Consistently, the incubation of iTEP-sMMP-pOVA with DC2.4 cells also led to greater B3Z 

cell activation than the incubation of iTEP-pOVA with DC2.4 cells when the DCs collected 

from these incubations were used for the B3Z cell activation assay (Fig. 2B). Together, these 

results showed that iTEP-sMMP-pOVA was more effective than iTEP-pOVA to render DCs 

to present pOVA.

Since iTEP-sMMP can both directly load epitopes onto cell surface MHC class I complexes 

and load the epitopes to the complexes through the cross-presentation, it was not clear 

whether the superior epitope presentation result of iTEP-sMMP-pOVA over iTEP-pOVA was 

due to the direct loading mechanism or the cross-presentation mechanism. To investigate this 

question, we utilized B16-F10 cells as antigen presenting cells for our antigen presentation 

and B3Z cell activation studies because B16-F10 cells do not have the cross-presentation 

pathway and hence can only support direct epitope-loading. On the other hand, B16-F10 

cells secrete MMP-9 (Fig. 2C) and the supernatant of B16-F10 cell culture can cleave iTEP-

sMMP-pOVA (Fig. 2D). The incubation of iTEP-sMMP-pOVA with B16-F10 cells resulted 

in 1.5-fold more pOVA presentation by B16-F10 cells than the incubation of iTEP-pOVA 

with the cells (Fig. 2E and Fig. S2); the incubation of iTEP-sMMP-pOVA with B16-F10 

cells also induced 2-fold higher B3Z cell activation than the incubation of iTEP-pOVA with 

B16-F10 cells (Fig. 2F) when the concentrations of the vaccines were greater than 1 μM. 

Meanwhile, the epitope presentation result of iTEP-pOVA was not statistically different than 

that of the B16-F10 only incubation (P = 0.09; Fig. 2E). These results suggested that the 

direct epitope-loading mechanism contributed to the greater epitope presentation of iTEP-

sMMP-pOVA.

Wang et al. Page 5

Biomaterials. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3. iTEP-sMMP enhanced epitope presentation in vivo

After we established that iTEP-sMMP resulted in greater epitope presentation than iTEP in 
vitro, we compared these two carriers for epitope presentation in vivo. We expected that 

iTEP-sMMP would facilitate the direct loading of its epitope payloads onto MHC class I 

complexes on the DC surface in vivo, because 1) primary DCs collected from mice secreted 

MMP-9 (Fig. S3A), and 2) the culture supernatant of these DCs cleaved iTEP-sMMP-pOVA 

and generated a peptide fragment that was same as the peptide fragment generated by 

MMP-9 (Fig. S3B). To execute the comparison between iTEP-sMMP and iTEP in vivo, we 

subcutaneously injected mice with iTEP-sMMP-pOVA or iTEP-pOVA and collected primary 

DCs from spleens and draining LNs (inguinal and axillary LNs) 24 h after the injections. 

Then, we used these DCs for B3Z cell activation assay and used the B3Z activation data to 

infer the extent that these DCs presented pOVA. When 1×105 to 4×105 DCs were used for 

the B3Z assay, DCs from iTEP-sMMP-pOVA treated mice resulted in significantly stronger 

B3Z cell activation than DCs from iTEP-pOVA treated mice (Fig. 3A). When less than 

1×105 DCs were used, there was no difference in B3Z activation between the two sources of 

DCs. These results suggested that iTEP-sMMP-pOVA resulted in greater pOVA presentation 

by DCs than iTEP-pOVA in vivo.

Next, we examined whether iTEP-sMMP-delivered CTL epitopes induced stronger antigen-

specific immune responses than iTEP-delivered epitopes. For this experiment, we returned 

to use pTRP2 as the model epitope and generated iTEP-sMMP-pTRP2 and iTEP-pTRP2 

(Table 1). At 10 days after the second immunization of mice with iTEP-sMMP-pTRP2 or 

iTEP-pTRP2, we collected splenocytes from these mice. Then, we quantified the pTRP2-

restricted immune responses using an IFN-γ-based enzyme-linked immunospot (ELISPOT) 

assay [43]. We used the ELISPOT data to gauge pTRP2-specific immune responses. We 

found that iTEP-sMMP-pTRP2 induced about 2-fold stronger pTRP2-specific immune 

responses than iTEP-pTRP2 (mean spot number: 43.6 ± 9.3 spots versus 23.8 ± 4.1 spots per 

105 splenocytes, P < 0.01, Fig. 3B).

Since iTEP-sMMP and its epitope payloads can be internalized by DCs as a whole, thus, the 

epitopes delivered by iTEP-sMMP can be directly loaded onto the MHC class I complexes 

on DC surface or loaded onto the complexes through the antigen cross-presentation pathway. 

iTEP-sMMP-pOVA was found more effective than iTEP-pOVA to generate pOVA/MHC 

class I complexes on DC surface in vivo (Fig. 3A). However, it was not clear whether the 

edge of iTEP-sMMP-pOVA was due to its direct epitope-loading capacity or its other 

differences to iTEP-pOVA. It is possible that iTEP-sMMP-pOVA has more efficient cross-

presentation than iTEP-pOVA. To elucidate the contribution of the direct epitope-loading in 
vivo, we performed the in vivo epitope-loading study in the presence of cytochrome c 
(CytC), an inhibitor of CD8+ DCs [44]. CytC can selectively deplete CD8+ DCs and 

compromise the cross-presentation pathway because CD8+ DCs are main effector DCs for 

the antigen cross-presentation [45]. We found that while CytC reduced the CD8+ DC 

fraction among all DCs from 32.8 ± 1.0% to 21.3 ± 4.3% (Fig. 3C and Fig. S3C), the 

presentation of pOVA from iTEP-sMMP-pOVA was not affected by the CytC treatment (Fig. 

3D). These data implied that the pOVA presentation resulted from iTEP-sMMP-pOVA was 

mainly attributed by the direct epitope-loading capacity of iTEP-sMMP-pOVA instead of 
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antigen cross-presentation, although we cannot completely rule out the contribution of cross-

presentation.

2.4. Binding with albumin boosted the epitope presentation effect of iTEP-sMMP.

It is beneficial to the direct epitope-loading function of iTEP-sMMP if more iTEP-sMMP 

accumulate in the proximity of DCs in vivo. DCs are abundant in LNs, thus, an increased 

accumulation of iTEP-sMMP in LNs may boost its opportunity to be present around DCs in 

LNs. Subsequently, the increased accumulation in LNs may lead to the increased 

presentation of epitopes by DCs that are delivered by iTEP-sMMP. To further enhance the 

direct epitope-loading capacity of iTEP-sMMP, we generated a new carrier (Table 1) that 

contained iTEP-sMMP and ABD, a protein domain that binds to mouse serum albumin 

(MSA) and tends to accumulate in LNs [37].

First, we confirmed that these ABD-containing vaccines bound to MSA (Fig. 4A–B and Fig. 

S4). Specifically, the incubation of ABD-iTEP-sMMP-pTRP2 and MSA resulted in a new 

peak showing at 9.2 min on size exclusion chromatography (SEC). In contrast, MSA showed 

as a peak at 9.9 min on the chromatogram; and ABD-iTEP-sMMP-pTRP2, by itself, did not 

show any prominent peak due to its low extinction coefficient (9970 M−1 cm−1 of ABD-

iTEP-sMMP-pTRP2 versus 46030 M−1 cm−1 of MSA at 280 nm). In addition, the new peak 

resulting from the incubation mixtures increased with the increment of the ratio of ABD-

iTEP-sMMP-pTRP2 to MSA; while the peak of MSA decreased with the increment of the 

ratio (Fig. 4A), implying the new peak belonged to the complex between ABD-iTEP-

sMMP-pTRP2 and MSA. According to the surface plasmon resonance (SPR) analysis (Fig. 

4B), the binding affinity (KD) between ABD-iTEP-sMMP-pTRP2 and MSA was 3.80 ± 0.06 

nM, which was similar to a reported KD between free ABD and MSA, 1.24 ± 0.01 nM [34]. 

Meanwhile, iTEP-sMMP-pTRP2 showed no binding with MSA (Fig. 4B).

We next compared the LN accumulation of ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-

pTRP2. Within 48 h after subcutaneous injection of the two vaccines, the area under the 

curve (AUC) of ABD-iTEP-sMMP-pTRP2 in draining LNs was 4-fold more than the AUC 

of iTEP-sMMP-pTRP2 (115.61 %ID.h versus 26.98 %ID.h) (Fig. 4C). Additionally, we 

confirmed the LN accumulation difference between ABD-iTEP-sMMP-pTRP2 and iTEP-

sMMP-pTRP2 through ex vivo imaging of LNs. Here, mice were injected with either Alexa 

Flour 488-labelled ABD-iTEP-sMMP-pTRP2 or Alexa Flour 488-labelled iTEP-sMMP-

pTRP2. Six hours after the injection, the mean fluorescence signal of LNs from the ABD-

iTEP-sMMP-pTRP2 treated mice was about 4.5 times stronger than the mean fluorescence 

signal of LNs from the iTEP-sMMP-pTRP2 treated mice (8.05 ± 5.39 ×107 versus 1.72 

± 0.71×107 after subtraction of the background signal 4.34 ± 0.52×107, Fig. 4D). Together, 

these data demonstrated that ABD-iTEP-sMMP-pTRP2 had greater LN accumulation as 

compared to iTEP-sMMP-pTRP2.

Lastly, we investigated whether ABD-iTEP-sMMP-pTRP2 would induce stronger pTRP2-

restricted immune responses than iTEP-sMMP-pTRP2. We used the IFN-γ-based ELISPOT 

assay to gauge the immune responses and found that ABD-iTEP-sMMP-pTRP2-induced 

immune responses were 1.5-fold greater than those of iTEP-sMMP-pTRP2, (mean spot 

number: 51.3 ± 6.8 spots versus 33.3 ± 11.6 spots per 105 splenocytes, P < 0.05, Fig. 4E). At 
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the same time, the immune responses induced by iTEP-sMMP-pTRP2 were 2-fold greater 

than those of iTEP-pTRP2 (mean spot number: 33.3 ± 11.6 spots versus 16.0 ± 2.8 spots per 

105 splenocytes, P < 0.05, Fig. 4E). Taken together, the carrier with both sMMP and ABD, 

ABD-iTEP-sMMP-pTRP2, most effectively boosted the immune responses of epitope 

payloads.

Free CTL epitopes can be directly loaded onto the MHC class I complexes on DC surface 

and they are commonly tested in CTL vaccine trails and combination immunotherapy trials 

[46, 47]. Thus, it is of clinical interest to examine whether ABD-iTEP-sMMP-pTRP2, the 

most effective vaccines that we have developed to enable direct epitope-loading, is more 

potent than a clinically used, free CTL epitope, pTRP2 peptide in inducing CTL responses. 

To this end, we immunized mice with ABD-iTEP-sMMP-pTRP2 or pTRP2 peptide and 

compared their pTRP2-specific immune responses using IFN-γ-based ELISPOT assay. We 

found that ABD-iTEP-sMMP-pTRP2 induced about 2-fold greater immune responses than 

pTRP2 (mean spot number: 54.7 ± 13.3 spots versus 29.3 ± 1.5 spots per 105 splenocytes, P 
< 0.01, Fig. 5A and 5B). We also evaluated the CTL responses using an in vivo CTL-

mediated killing assay. Examination of CTL responses by this assay would answer how well 

the ABD-iTEP-sMMP-pTRP2 enahnced immune responses help to eliminate cells that 

present pTRP-2 epitope including melanoma cells. Specifically, mice were first immunized 

with monophosphoryl lipid A (MPLA), a clinically used vaccine adjuvant [48], together 

with ABD-iTEP-sMMP-pTRP2 or pTRP2. Ten days after immunization, mice were injected 

with pTRP2-pulsed target cells and the specific killing of target cells were analyzed 16 hours 

later. We found that mice immunized with ABD-iTEP-sMMP-pTRP2 eliminated more target 

cells than mice immunized with pTRP2 peptide (Fig. 5C and 5D), indicating that ABD-

iTEP-sMMP-pTRP2 indcued stronger CTL responses than pTRP2 peptide. These results 

suggested that ABD-iTEP-sMMP-pTRP2 had the potential to improve CTL epitope vaccines 

tested in clinical trials.

3. Discussion and Conclusion

DC vaccines are a very effective module to induce CTL responses and have achieved clinical 

successes, such as Provenge. However, DC vaccines require complicated ex vivo 
manufacturing. The typical manufacturing procedures include steps like inducing DCs from 

patients’ PBMCs, ex vivo antigen loading to the DCs, and infusion of the DCs back to 

patients [11, 14, 15]. Further, these tedious procedures have to be repeated each time for 

each treatment. For example, a course of Provenge requires three infusions of DCs and 

hence three labor-intensive preparations of the vaccines. Each preparation takes 2–3 days 

[49, 50]. These hurdles of producing DC vaccines put a dramatic price tag on the vaccines. 

One course of Provenge treatment costs about $93,000 [22, 23]. Another barrier of DC 

vaccines is the strict requirement of an autologous DC source: DCs used to treat a patient 

have to be collected from the same patient. This requirement makes the scale-up of DC 

vaccines a significant challenge. In contrast to DC vaccines, the direct epitope-loading 

vaccines we developed can be easily produced. CTL epitopes were fused to the carriers 

through genetic engineering. The entire vaccines were produced and reproduced using 

Escherichia coli repeatedly and homogeneously at high yields (~200 mg/L). The vaccines 

were easily purified through cycling the reversible phase transition of the vaccines, thanks to 
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the phase transition property of the iTEP in the vaccines [40]. The scalable and 

straightforward production procedures of the vaccines make them a potentially inexpensive 

and timesaving alternative for DC vaccines.

iTEP-sMMP-pOVA led to more pOVA presentation by DCs than iTEP-pOVA, both in vitro 
and in vivo. As an extrapolation of this result, vaccines with the direct epitope-loading 

capability, such as iTEP-sMMP-pOVA, are arguably more potent than the vaccines that 

solely rely on the antigen cross-presentation, such as iTEP-pOVA. The edge of direct 

epitope-loading vaccines is probably due to their decreased dependence on the cross-

presentation by DCs. The cross-presentation is not an efficient pathway due to several 

limiting steps including antigen internalization by DCs, antigen transportation from 

endosomal compartments to cytosol inside DCs, as well as antigen degradation and epitope 

release by DC proteasomes [16, 17, 51]. To date, the majority of CTL vaccine carriers were 

developed for delivery of the vaccines into DCs and the subsequent cross-presentation [32, 

52–54]. Based on our results, these carriers force the vaccines into the inefficient cross-

presentation pathway and hence limit the overall effectiveness of the vaccines by design. Our 

results, on the other hand, call for a fresh thought and strategy for CTL vaccine delivery, that 

is the delivery of vaccines to the proximity of DCs instead of inside DCs.

iTEP-sMMP-pOVA was designed to directly load pOVA onto the MHC class I molecules on 

DC surface. However, the possibility exists that iTEP-sMMP-pOVA is internalized by DCs 

and the pOVA from iTEP-sMMP-pOVA is processed and cross-presented by DCs. 

Therefore, it is important to explore whether the superior epitope presentation results of 

iTEP-sMMP-pOVA over iTEP-pOVA are due to direct epitope-loading, or more efficient 

cross-presentation for iTEP-sMMP-pOVA over iTEP-pOVA, or both. To this end, we took 

advantage of B16-F10 cells that cannot cross-present exogenous vaccines, and proved that 

the direct epitope-loading was one pathway utilized by iTEP-sMMP-pOVA. The incubation 

of iTEP-sMMP-pOVA and B16-F10 cells led to pOVA presentation by the cells, while the 

incubation of iTEP-pOVA and B16-F10 cells led to no presentation as compared to untreated 

cells (Fig. 2E). More importantly, when CD8+ DCs, the cells capable of antigen cross-

presentation were reduced by one third, we did not observe significant reduction of epitope 

presentation by DCs from iTEP-sMMP-pOVA-treated mice. These results suggested that 

direct epitope-loading was at least one working mechanism of iTEP-sMMP-pOVA to boost 

epitope presentation, and possibly the primary working mechanism of iTEP-sMMP-pOVA to 

boost epitope presentation in vivo. It is acknowledgeable that these results were not 

sufficient to rule out the contribution from cross-presentation of iTEP-sMMP-pOVA. 

However, it is possible to delineate the contributions of direct epitope-loading and cross-

presentation more precisely by using murine models that stringently lack the cross-

presentation capacity, such as TAP1-deficient mice [55] and, more recently, Rab43-deficient 

mice [56].

The direct epitope-loading vaccine, iTEP-sMMP-pTRP2, induced stronger pTRP2-specific 

immune responses than iTEP-pTRP2. The advantage of iTEP-sMMP-pTRP2 was further 

expanded by equipping the vaccine with albumin-binding capacity. Here, the vaccine was 

fused with ABD so that the vaccine can bind with albumin. Previously, it was shown that 

ABD enabled preferential accumulation of its fusion proteins in LNs over other organs [37]. 
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Consistently, the ABD, in this study, also enabled ABD-iTEP-sMMP-pTRP2 to bind with 

albumin and increased its LN accumulation by 4-fold. The LN accumulation is significant 

because LNs are rich for DCs and greater LN accumulation of vaccines increases the 

exposure of the vaccines to DCs. In this study, the ABD, instead of other albumin-binding 

molecules, was used with iTEP-sMMP-pTRP2 because 1) it possesses a high binding 

affinity with albumin (3.80 ± 0.06 nM) and 2) it, as a protein domain, can be easily fused to 

iTEP-sMMP-pTRP2 with high fidelity through genetic engineering. Taken together, the 

ABD is a practical and effective tool to boost direct epitope-loading of CTL epitopes. 

Finally, it is demonstrated that the direct epitope-loading vaccine ABD-iTEP-sMMP-pTRP2 

induced stronger immune responses inclduing the CTL-mediated killing effect than pTRP2, 

which suggested the potential clinical application of the direct epitope-loading vaccine in the 

future.

In summary, we developed a vaccine delivery system that directly loaded epitopes to the DC 

surface in vivo and enhanced CTL responses of a poorly-immunogenic CTL epitope. These 

direct-epitope loading vaccines may become an attractive substitution for DC vaccines.

4. Materials and Methods

4.1. Animals and cell lines

Four to 8-week old, female C57BL/6 mice were purchased from Charles River Laboratories. 

The mice were kept under the approved protocol by the University of Utah Institutional 

Animal Care and Use Committee (IACUC). DC2.4 cell, which was kindly provided by Dr. 

Kenneth Rock (University of Massachusetts), is a dendritic cell line with H-2Kb of MHC 

class I molecules. DC2.4 cells were cultured in RPMI 1640 medium supplemented with 10% 

fetal bovine serum (FBS), 2 mM L-glutamine, 1% nonessential amino acids, 10 mM 

HEPES, 50 μM 2-mercaptoethanol, 100 U mL−1 penicillin and 100 μg mL−1 streptomycin. 

B3Z cell, which was kindly provided by Dr. Nilabh Shastri (University of California, 

Berkeley), is a T cell hybridoma of which the receptor specifically recognizes H-2Kb/

SIINFEKL complexes. B3Z cells were cultured with RPMI 1640 medium supplemented 

with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 μM 2-mercaptoethanol, 100 

U mL−1 penicillin and 100 μg mL−1 streptomycin. B16-F10 cells (American Type Culture 

Collection) were cultured with DMEM medium supplemented with 10% FBS, 100 U mL−1 

penicillin and 100 μg mL−1 streptomycin. All cells were cultured in 37 °C with 5% CO2. In 

the detection of cell surface pOVA by flow cytometry and B3Z cell activation assays, cells 

were cultured with the medium mentioned above but without FBS in order to avoid the 

impact of MMPs present in FBS.

4.2. Production and purification of recombinant polypeptides

The iTEP-based polypeptides were expressed in Escherichia coli. and purified through 

inverse transition cycling using the previously reported method [40, 57]. The endotoxin in 

the polypeptides was subsequently removed using the published method [58]. The level of 

endotoxin in the polypeptides was controlled under 0.25 EU mg−1 for immune-related 

assays.
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4.3. Characterization of the transition temperature (Tt)

Because of the reversible phase transition property of iTEP-based polypeptides, each 

polypeptide has a Tt. To characterize the Tt, each polypeptide was prepared to 40 μM in PBS 

and the solution was added to a cuvette. When the polypeptide solution was heated from 25 

to 95 °C, the optical density at 350 nm (OD350) of the solution was continuously monitored 

using a UV-visible spectrophotometer equipped with a temperature controller (Varian 

Instruments). The curve between OD350 and temperature was fitted using Sigmoidal dose-

response nonlinear regression method in GraphPad (version 6.01). The maximum first 

derivative of the curve was identified as Tt.

4.4. Preparation of supernatant of cell culture

Bone marrow derived dendritic cells (BMDCs) were prepared using the previously described 

method [59]. BMDCs, DC2.4 cells and B16-F10 cells were cultured in 100 mm cell culture 

dishes with corresponding medium. When cells reached 80% confluence, the culture 

medium was removed and the cells were washed gently with PBS for three times. Then 10 

mL RPMI medium (without any supplement, for BMDCs and DC2.4 cells) and DMEM 

medium (without any supplement, for B16-F10 cells) were added to the dishes. Cells were 

cultured in the medium for 24 h before the supernatant was collected. The supernatant was 

concentrated based on the needs of experiments by using Amicon Ultra-4 centrifugal filter 

devices (10,000 molecular weight cutoff).

4.5. Gelatin zymography

The presence of MMP-9, also called gelatinase B, in the cell culture supernatant was 

assessed by gelatin zymography as previously reported method [60]. 10 μL of concentrated 

(30×) cell culture supernatant was loaded into one well of the gelatin-embedded sodium 

dodecyl sulfate (SDS) polyacrylamide gel. 25 ng recombinant mouse MMP-9 standard 

(BioLegend) was loaded as the positive control. The gel was run at 120 V for 1.5 h. The gel 

was then washed with renaturing buffer (2.5% Triton X-100 in water) for 30 minutes and 

incubated in developing buffer (50 mM Tris-HCl, pH 7.6, 10 mM CaCl2, 150 mM NaCl, 

0.02% Brij 35) for 16 h at 37 °C. Next, the gel was stained with Coomassie Blue solution 

and destained with water. The clear bands on the gel represented the location of the 

gelatinases.

4.6. Polypeptides cleavage by MMP-9

iTEP-sMMP-pOVA was labelled with NHS-fluorescein (Thermo Fisher Scientific) using the 

manufacturer’s protocol. 10 μg labelled polypeptide was incubated with 10 μL concentrated 

(30×) cell culture supernatant or 100 ng recombinant mouse MMP-9 standard at 37 °C for 

overnight. For inhibition assay, the cell culture supernatant was treated with 30 mM 1,10-

Phenanthroline (Sigma-Aldrich) for 2 h before the labelled polypeptide was added for 

overnight incubation. After incubation, the mixture was loaded to run SDS polyacrylamide 

gel electrophoresis (SDS-PAGE). The fluorescent image of the gel was captured using 

FluorChem FC2 imaging system (Alpha Innotech). The image was further analyzed by 

ImageJ [61].
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4.7. Detection of cell surface pOVA by flow cytometry assay

1×105 DC2.4 or B16-F10 cells were pulsed with 5 μM cleaved-vaccines for 2 h or incubated 

with 5 μM intact vaccines for overnight in FBS free medium. The vaccine concentration is 5 

uM. The cells were collected and stained with PE anti-mouse H-2Kb/SIINFEKL antibody 

(clone: 25-D1.16, BioLegend) and 4′,6-diamidino-2-phenylindole (DAPI). Cells were then 

analyzed by flow cytometry using BD FACS Canto (BD Biosciences) to quantify the pOVA 

epitopes bound to MHC class I on cell surface. 50,000 events were collected for analysis 

using FlowJo software. The results were shown as median fluorescence intensity (MFI) 

relative to the MFI of control cells.

4.8. Detection of cell surface pOVA by B3Z cell activation assay

DC2.4 and B16-F10 cells (75,000 cells/well) were pulsed with the cleaved-vaccines for 2 h 

or incubated with the intact vaccines for overnight in FBS free medium. The medium was 

then removed and 75,000 B3Z cells/well were added to co-culture for overnight. Next, the 

medium was removed and lysis buffer (100 mM 2-mercaptoethanol, 9 mM MgCl2, 0.2% 

Triton X-100 and 0.15 mM chlorophenol red-β-D-galactopyranoside) was added to incubate 

at 37 °C for 4 h. Then the absorbance at 570 nm of each well was measured using the 

Infinite M1000 pro microplate reader (Tecan) with 635 nm as a referential wavelength. The 

extent of B3Z cell activation was indicated by the optical density at 570 nm (OD570). For the 

inhibition assay, DC2.4 culture supernatant (1×) was treated with 30 mM 1,10-

Phenanthroline for 2 h before iTEP-sMMP-pOVA was added and incubated for overnight at 

37 °C. B16-F10 cells were then pulsed with the mixture for 2 h. Next, B3Z cells were added 

to co-culture for overnight to check the cell activation as described above.

4.9. Detection of in vivo pOVA presentation by B3Z cell activation assay

B3Z assay was used to detect the pOVA epitopes presentation in vivo. Mice were injected 

with 1.5 nmol vaccines at each side of the tail base. 24 h later, spleen and draining LNs were 

collected and prepared to single cell suspension. After lysis of red blood cells, DCs were 

separated from the cell suspension using the OptiPrep (Axis-Shield) density barrier 

centrifugation as described before [62]. The enriched DCs were plated with 2-time series 

dilution as indicated in the figures. 1×105/well B3Z cells were added to coculture with DCs 

for overnight. The activation of B3Z cells was examined as mentioned above to determine 

the pOVA presentation on DC surface.

4.10. Depletion of cross-presenting DCs in vivo by cytochrome c (CytC)

Mice were subcutaneously injected with 5 mg CytC (Sigma-Aldrich) on each side of the tail 

base every 12 h for 4 injections in total. 24 h after the last injection, cell suspensions from 

the spleen and draining LNs were prepared to enrich DCs as described above. The enriched 

DCs were then stained with PerCP anti-mouse CD11c (clone: N418, BioLegend) and FITC 

anti-mouse CD8α (clone: 53–6.7, BioLegend) to determine the fraction of CD8+ DCs by 

flow cytometry. To detect the pOVA epitopes presentation in mice that were treated with 

CytC, iTEP-sMMP-pOVA was injected subcutaneously at one hour after the last injection of 

CytC. 24 h later, DCs from the mouse spleen and draining LNs were collected to do B3Z 

activation assay as described above.

Wang et al. Page 12

Biomaterials. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.11. Size exclusion chromatography (SEC)

30 μM mouse serum albumin (MSA) was incubated with 30, 60 and 120 μM ABD-iTEP-

sMMP-pOVA or ABD-iTEP-sMMP-pTRP2 at 4 °C for overnight. 100 μ L of the mixture 

was then taken to elute through the size exclusion column (diameter: 9.4 mm, length: 250 

mm, particle diameter: 6.0 μm) equipped in an Agilent 1260 infinity liquid chromatography 

system (Agilent Technologies). The samples were eluted at a flow rate of 1 mL min−1 using 

1× PBS. Absorbance spectra of each sample was monitored at 280 nm.

4.12. Surface plasmon resonance (SPR) assay

The SPR assay was conducted by using the MASS-1 SPR instrument (Sierra Sensors). MSA 

was immobilized on a SPR affinity sensor (High Capacity Amine, Sierra Sensors). Various 

concentrations of ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-pTRP2 were injected at a 

constant flow rate of 25 μL min−1 for 3 min. The running buffer (10 mM HEPES pH 7.4, 

150 mM NaCl, 3 mM EDTA, 0.05% Tween-20) was then injected and flowed for 10 min. At 

the end of each cycle, the surface of the sensor was regenerated with two injections of 25 μL 

of 10 mM HCl. The one-to-one Langmuir binding model with mass transport limitations 

was used to calculate the overall binding affinity (KD) between ABD-iTEP-sMMP-pTRP2 

and MSA with the MASS-1 analysis software (Sierra Sensors).

4.13. Lymph node accumulation study

ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-pTRP2 were labelled with Alexa Fluor 488 5-

SDP ester (Invitrogen) following the manufacturer’s protocol. 1.5 nmol labelled ABD-iTEP-

sMMP-pTRP2 or iTEP-sMMP-pTRP2 was subcutaneously injected at each side of the tail 

base of the mice. At 6, 12, 24 and 48 h after injection, inguinal and axillary LNs were 

collected. Next, the LNs were homogenized and sonicated in PBS. The samples were then 

centrifuged and the supernatant were collected to measure the fluorescent intensity 

(excitation 494 nm, emission 518 nm). Based on the standard curves, the fluorescent 

intensity was converted to the amount of ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-

pTRP2. The accumulation of ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-pTRP2 in LNs 

was expressed as percentage of injected dose, %ID.

4.14. Lymph node imaging

At 6 h after injection of ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-pTRP2, inguinal and 

axillary LNs were collected from the mice and imaged (excitation 465 nm, emission 520 

nm, exposure 20 seconds) using the IVIS Spectrum (Caliper Life Sciences).

4.15. IFN-γ enzyme-linked immunospot (ELISPOT) assay

C57BL/6 mice were immunized with 1.5 nmol vaccines at each side of the tail base on day 0 

and boosted on day 7. At day 17, mice were sacrificed and splenocytes were collected to 

perform IFN-γ ELISPOT assay. Splenocytes were cultured in complete RPMI medium 

(RPMI medium supplemented with 10% FBS, 2 mM L-glutamine, 50 μM 2-

mercaptoethanol, 100 U Ml−1 penicillin and 100 μg mL−1 streptomycin) containing 10 μg 

mL−1 pTRP2 peptide (sequence: SVYDFFVWL) for 48 h. 2×105 cells were then seeded to 

the filter plate (Millipore) coated with anti-mouse IFN-γ antibody (clone: R4–6A2, 
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Biolegend) and cultured for 24 h. The cells were then removed and the bound IFN-γ was 

detected by adding biotinylated anti-mouse IFN-γ antibody (clone: XMG1.2, Biolegend). 

Then horseradish peroxidase avidin (Avidin-HRP) and 3-amino-9-ethylcarbazole (AEC) 

were added to visualize the spots. The spots on the plate membrane were scanned and 

counted by ImageJ [61].

4.16. In vivo CTL-mediated specific killing assay

The assay was designed according to published methods with some modifications [63, 64]. 

C57BL/6 mice were immunized with 1.5 nmol ABD-iTEP-sMMP-pTRP2 or pTRP2 and 10 

μg MPLA at each side of the tail base on day 0 and boosted on day 7. At day 17, splenocytes 

from naïve C57BL/6 mice were collected. The spelnocytes were splited into two 

populations: one was pulsed with 10 μM pTRP2 peptide at 37 °C for 2 h; the other one was 

not pulsed. The pulsed and non-pulsed cells were then labeled with 5 μM (CFSEhigh) and 0.5 

μM (CFSElow) CFSE, respectively, at 37 °C for 20 min. Next, the pulsed and non-pulsed 

cells were mixed at 1:1 ratio. Last, 1×107 of the mixed cells were intravenously injected into 

one naïve and two groups of immunized mice. At 16 h after injection, mice were sacrificed 

and splenocytes were collected from these mice. The splenocytes were then analyzed by 

flow cytometry until 1×104 CFSElow cells were counted. The number of CFSEhigh and 

CFSElow cells among the analyzed splenocytes was determined by FlowJo software. The 

pTRP2-specific killing (%) was calculated using the following equation.

Specific killing  % = number of CFSElowcells  ×  A − number of CFSEhighcells

/ number of CFSElowcells  ×  A × 100

A = number of CFSElowcells/number of CFSEhighcells  in naïve mice .

4.17. Statistical analysis

Two-tailed, unpaired Student’s t test and one-way analysis of variance (ANOVA) with the 

Bonferroni post-test were applied to do statistical analysis of the data. A significant 

difference was considered when P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
iTEP-sMMP-pOVA enabled direct loading of pOVA onto MHC class I complexes on the cell 

surface. (A) The representative turbidity plots over temperature for four polypeptides, iTEP-

sMMP-pOVA, iTEP-sMMP-pTRP2, iTEPs-sMMP-pOVA and iTEPs-sMMP-pTRP2. The 

turbidity was shown as the optical density at 350 nm (OD350). (B) A photo of a SDS-PAGE 

gel showed that a small peptide can be cleaved from iTEP-sMMP-pOVA in the presence of 

DC2.4 culture supernatant or MMP-9. Fluorescein-labeled pOVA was loaded into the 

leftmost lane. iTEP-sMMP-pOVA alone or its incubation mixtures with MMP-9 or the cell 
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culture supernatant were loaded into the other lanes. The lower bands in these lanes 

represented cleavage products which had a similar size as pOVA. The upper bands in these 

lanes represent intact iTEP-sMMP-pOVA. (C) A photo of an SDS-PAGE gel showed that the 

cleavage of iTEP-sMMP-pOVA by DC2.4 culture supernatant was inhibited by 

phenanthroline. iTEP-sMMP-pOVA and its treatment conditions were indicated on the top of 

the gel photo. (D) Relative median fluorescence intensity (MFI) of B16-F10 cells after they 

were first pulsed by the incubation mixture of iTEP-sMMP-pOVA and DC2.4 culture 

supernatant and then stained with an antibody specific to pOVA/MHC class I complexes on 

cell surface. The relative MFI was generated by normalizing the observed MFI of each 

sample against the MFI of B16-F10 cells that were pulsed with DC2.4 cell culture 

supernatant and stained. (E) A plot of optical density at 570 nm (OD570) of B3Z cells 

showed that the directly loaded pOVA on B16-F10 surface can activate B3Z cells. Different 

concentrations of iTEP-sMMP-pOVA were first incubated with DC2.4 supernatant (1×) or 

RPMI medium overnight. The incubation mixtures were then used to pulse B16-F10 cells 

before the B16-F10 cells were mixed with B3Z cells. The extent of B3Z cell activation was 

reflected as OD570. (F) An OD570 plot of B3Z cell showed that the activation of B3Z cells 

was inhibited when phenanthroline was added into the incubation mixture of iTEP-sMMP-

pOVA and DC2.4 supernatant. The other procedures were same as described in (E). Data 

were shown as mean ± SD. Data in (D) were analyzed by one way ANOVA with Bonferroni 

post-test. Data in (E) and (F) were analyzed by Student’s t test. **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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Figure 2. 
iTEP-sMMP-pOVA resulted in greater pOVA presentation on the cell surface than iTEP-

pOVA in vitro. (A) Relative MFI of DC2.4 cells. The cells were first incubated with pOVA, 

sMMP-pOVA, iTEP-sMMP-pOVA, iTEP-pOVA, or cell culture medium. The cells were 

then stained with an antibody specific to pOVA/MHC class I complexes on the cell surface. 

The relative MFI was generated by normalizing observed MFI of each sample against the 

MFI of DC2.4 cells that were incubated with cell culture medium. (B) An OD570 plot of 

B3Z cell indicated that iTEP-sMMP-pOVA generated more pOVA epitopes on DC2.4 
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surface than iTEP-pOVA. (C) A gel photo of the gelatin zymography assay showed that the 

culture supernatant of B16-F10 cells contained MMP-9. The top bright band indicated where 

MMP-9 migrated and cleaved gelatin. The additional bright bands in Lane 2 implied that the 

culture supernatant of B16-F10 cells contained other gelatinases. (D) A photo of a SDS-

PAGE gel showed that a small peptide can be cleaved from iTEP-sMMP-pOVA in the 

presence of B16-F10 cell culture supernatant. When B16-F10 cells were used in the assay, 

iTEP-sMMP-pOVA still generated more pOVA epitopes onto the cell surface than iTEP-

pOVA based on the flow cytometry assay (E) and B3Z cell activation assay (F). Experiments 

were conducted in triplicate. Data were shown as mean ± SD and analyzed by Student’s t 
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS = not significant.
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Figure 3. 
iTEP-sMMP-pOVA resulted in greater pOVA presentation by DCs than iTEP-pOVA in vivo. 

(A) An OD570 plot of B3Z cells showed that DCs from iTEP-sMMP-pOVA treated mice 

induced higher B3Z cell activation than DCs from iTEP-pOVA treated mice (n=3). 24 h after 

the injection of the vaccines, DCs were collected from the spleen and draining LNs of mice 

and cultured with B3Z cells to examine the pOVA presentation on the DC surface. (B) iTEP-

sMMP-pTRP2 induced stronger pTRP2-specific immune responses than iTEP-pTRP2 in 
vivo (n=5). Mice were immunized with the vaccines, and the splenocytes were collected to 

examine pTRP2-specific immune responses. (C) Injection of CytC reduced CD8+ DCs in 

mice (n=3). Mice were subcutaneously injected with 5 mg CytC on each side of the tail base 

every 12 h for total of 4 injections. 24 h after the last injection, DCs from the spleen and 

draining LNs were collected to determine the fraction of CD8+ DCs by flow cytometry. (D) 

An OD570 plot of B3Z cell indicated that the pOVA presentation of iTEP-sMMP-pOVA in 
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mice (n=3) was not affected by the injection of CytC. Data were shown as mean ± SD and 

analyzed by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, NS = not significant.
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Figure 4. 
ABD-iTEP-sMMP increased accumulation in LNs and improved immune responses toward 

epitopes it delivered. (A) An overlay of SEC chromatographs of ABD-iTEP-sMMP-pTRP2, 

MSA, and their mixtures showed the binding between ABD-iTEP-sMMP-pTRP2 and MSA. 

The mixtures were incubated overnight before analysis. ABD-iTEP-sMMP-pTRP2 had no 

apparent absorbance at 280 nm. (B) SPR sensorgrams of ABD-iTEP-sMMP-pTRP2 and 

iTEP-sMMP-pTRP2 after they were flowed over a chip surface immobilized with MSA. (C) 

LN accumulation of ABD-iTEP-sMMP-pTRP2 and iTEP-sMMP-pTRP2. The data were 
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expressed as percentage of injected dose, %ID, (n=3). (D) ex vivo imaging of draining LNs 

from mice that were injected with PBS (background), Alex Fluor 488-labeled iTEP-sMMP-

pTRP2 and Alex Fluor 488-labeled ABD-iTEP-sMMP-pTRP2. The unit of radiant 

efficiency is [p/sec/cm2/sr]/[μW/cm2]. (E) ABD-iTEP-sMMP-pTRP2 induced higher 

immune responses than iTEP-sMMP-pTRP2 and iTEP-pTRP2. Mice (n=4) were immunized 

with the vaccines as indicated. The splenocytes were collected to check the pTRP2-specific 

immune responses using the IFN-γ ELISPOT assay. Data were shown as mean ± SD and 

analyzed by one-way ANOVA with Bonferroni post-test. *P < 0.05, ***P < 0.001.
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Figure 5. 
The direct epitope-loading vaccine ABD-iTEP-sMMP-pTRP2 was more efficient than a 

clinically used epitope vaccine pTRP2. Representative image (A) and statistical plot (B) of 

ELISPOT assay showed that ABD-iTEP-sMMP-pTRP2 induced greater immune responses 

than pTRP2 peptide. Mice (n=3) were immunized with ABD-iTEP-sMMP-pTRP2 or 

pTRP2. The pTRP2-specific immune responses were characterized by the IFN-γ ELISPOT 

assay. (C) ABD-iTEP-sMMP-pTRP2 resulted in a greater pTRP2-specific cell killing effect 

than pTRP2. Mice (n=5) were immunized with ABD-iTEP-sMMP-pTRP2 or pTRP2. The 
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pTRP2-specific CTL responses were then examined through the in vivo CTL-mediated 

specific killing assay. (D) Representative flow cytometry plots showed the in vivo pTRP2-

specific cell killing effects. Data were shown as mean ± SD and analyzed by Student’s t test. 

**P < 0.01.
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Table 1.
Sequences of the polypeptides used in this study

Polypeptides Sequences (from N- to C-terminus)
a Molecular mass (kDa) Tt (°C)

b

iTEP-sMMP-pOVA (GVGVPG)70-(GVLPGVG)16-PLGLAG-SIINFEKL 41.6 77.7 ± 0.7

iTEP-sMMP-pTRP2 (GVGVPG)70-(GVLPGVG)16-PLGLAG-SVYDFFVWL 41.8 75.7 ± 1.1

iTEP-pOVA (GVGVPG)70-(GVLPGVG)16-GGGGGG-SIINFEKL 41.2 79.8 ± 0.3

iTEP-pTRP2 (GVGVPG)70-(GVLPGVG)16-GGGGGG-SVYDFFVWL 41.6 76.7 ± 0.3

ABD-iTEP-sMMP-pOVA
LAEAKVLANRELDKYGVSDFYKRLINKA

46.9 53.2 ± 0.2
KTVEGVEALKLHILAALP-(GVGVPG)70-(GVLPGVG)16-PLGLAG-SIINFEKL

ABD-iTEP-sMMP-pTRP2
LAEAKVLANRELDKYGVSDFYKRLINKA

47.2 47.6 ± 0.3
KTVEGVEALKLHILAALP-(GVGVPG)70-(GVLPGVG)16-PLGLAG-SVYDFFVWL

iTEPs-sMMP-pOVA
c (GVGVPG)35-(GVLPGVG)16-PLGLAG-SIINFEKL 26.1 65.7 ± 0.4

iTE Ps-sM M P-pTRP2
c (GVGVPG)35-(GVLPGVG)16-PLGLAG-SVYDFFVWL 26.3 36.6 ± 0.7

a
The subscripts were the repeating numbers of the peptide in parentheses.

b
The Tt of each polypeptide was shown as the mean ± standard deviation (SD) of three independent measurements.

c
pOVA and pTRP2 were fused with a previously reported carrier, iTEPs-sMMP that was capable of direct epitope-loading [26].
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