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The task of epitope discovery and vaccine design is increasingly reliant on bioinformatics analytic tools and access to depositories of curated data relevant to immune reactions and specific pathogens. The Immune Epitope Database and Analysis Resource (IEDB) was indeed created to assist biomedical researchers in the development of new vaccines, diagnostics, and therapeutics. The Analysis Resource is freely available to all researchers and provides access to a variety of epitope analysis and prediction tools. The tools include validated and benchmarked methods to predict MHC class I and class II binding. The predictions from these tools can be combined with tools predicting antigen processing, TCR recognition, and B cell epitope prediction. In addition, the resource contains a variety of secondary analysis tools that allow the researcher to calculate epitope conservation, population coverage, and other relevant analytic variables. The researcher involved in vaccine design and epitope discovery will also be interested in accessing experimental published data, relevant to the specific indication of interest. The database component of the IEDB contains a vast amount of experimentally derived epitope data that can be queried through a flexible user interface. The IEDB is linked to other pathogen-specific and immunological database resources.
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INTRODUCTION

The Immune Epitope Database and Analysis Resource (IEDB) is a freely available resource that contains an extensive collection of experimentally measured immune epitopes and a suite of tools for predicting and analyzing epitopes (Figure 1). The IEDB includes antibody and T cell epitopes for infectious diseases, allergens, autoimmune diseases, and transplant/alloantigens studied in humans, non-human primates, mice, and other animal species. Life science researchers can use the IEDB to develop new vaccines, diagnostics, and therapeutics. The database is populated using information captured or curated from peer-reviewed scientific literature and from data submitted by researchers. As of December 2016, over 18,000 references have been curated, and the database contains over 260,000 epitopes and over 1,200,000 B cell, T cell, MHC binding, and MHC ligand elution assays (positive and negative). Because the database is continually being updated with new literature and data submissions, the IEDB provides researchers designing vaccines with a comprehensive collection of experimental data in a single data repository that can be used to query for known epitopes and their immunogenic responses.
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FIGURE 1 | The Immune Epitope Database and Analysis Resource captures experimental epitope data in a database and makes known epitopes freely available to the research community. These data are used to train epitope prediction tools in the Analysis Resource, which also contains tools to analyze sets of epitopes.



The tools in the Analysis Resource1 (1, 2) fall into two general categories: prediction and analysis tools. Prediction tools predict the outcome of experiments, such as MHC class I or class II binding, MHC class I processing and immunogenicity, and for predicting linear and discontinuous (conformational) B cell epitopes. The epitope prediction tools are valuable resources for vaccine developers when experimentally measured epitopes are not available in the IEDB. In this review, we briefly describe the basic principles of machine learning algorithms, on which the prediction tools are based, and some basic principles of tool evaluation. Next, we describe the MHC class I and class II binding prediction tools hosted in the analysis resource.

The tools for class I cover a broad range of alleles, including 83 human, 8 chimpanzee, 18 macaque, and other non-primates. The accuracy of these predictions is very high, with AUC values greater than 0.9. For MHC class II binding, the breadth of allele data is less extensive, involving 24 human alleles and 3 mouse alleles. There are also pan predictions that extrapolate from these alleles to predict binding for other alleles. The class II binding predictions are being retrained with new data as of the end of 2016. The accuracy of class II binding predictions has improved significantly over the past 10 years, from AUC of 0.76 to 0.87, but it is lower than class I. Subsequently, we describe T cell processing predictions which combine MHC binding with other parts of the MHC class I cellular pathway, namely proteasomal cleavage and TAP transport, generated from independent experimental datasets. There are also predictors trained on eluted MHC ligands that provide an overlay of the signals from MHC binding and MHC processing presentation pathway. The processing prediction tools offer a relatively small but statistically significant increase in accuracy compared to using the MHC binding prediction alone.

The Analysis Resource includes several B cell epitope prediction tools, based on a number of classical approaches such as hydrophilicity scales or amino acid properties, independently developed by different authors and reimplemented in the Analysis Resource. There are also predictors based on machine learning and structure-based approaches. The accuracy of B cell epitope prediction tools is generally rather poor, having AUC values ranging from 0.6 to 0.7. Finally, we will describe analysis tools. The analysis tools enable users to analyze known epitope sequences, assembled either from IEDB queries or other sources. These tools include epitope conservancy analysis, population coverage, and epitope clustering.

In the general categories of analysis tools, there are tools with which users can estimate the fraction of individuals expected to respond to a given set of peptides with the Population Coverage tool, calculate conservancy of a peptide within a protein, and cluster peptides based on sequence identity. The Population Coverage tool gives vaccine designers insight to the efficacy of their vaccine to regional and global populations, while the conservancy analysis tool identifies regions of a protein or antigen that are conserved and are potential targets for vaccines.

MACHINE LEARNING AND EVALUATING PREDICTION QUALITY

MHC binding experiments measure the affinity between an MHC and isolated peptides, usually expressed as IC50 concentration with low IC50 value implying a high affinity binder (3). Because even a small virus can result in tens of thousands of peptide fragments as a result of processing by a cell’s MHC class I pathway, experimentalist can rarely afford to measure each of them. Machine learning approaches can develop a function that predicts affinity binding for a given peptide sequence (4, 5). Artificial neural networks (ANNs), support vector machines, linear programming, and hidden Markov models (HMMs) find this function and differ primarily in how they define “find,” their respective function spaces, and how they measure affinity binding. The calculation of a scoring matrix offers a relatively simple example. With a scoring matrix, the binding affinity for the sequence is computed based on the amino acid and its position in the binding groove. The values for each residue in the sequence are summed to yield the overall binding for the entire sequence. The position-specific scoring matrix is derived by varying the values of the matrix until the sums for known, measured peptides approximate the measured affinities. To evaluate how well this function works for predicting MHC class I peptide binding, objective methods to evaluate prediction quality are necessary.

Peptide binding datasets, far larger than any previously assembled, were originally compiled in 2006 (6). The dataset covered 48 MHC class I alleles from 88 different datasets with a variety of peptide lengths with a total of 50,000 IC50 values. This collection allowed the IEDB team to perform a thorough comparison of different prediction algorithms, including a number of publicly available prediction websites, such as SYFPEITHI (7) and BIMAS (8), and computed the correlation between the measured IC50 values and each algorithm’s predicted score, be it a heuristic score as for SYFPEITHI or a half-life of binding score as for BIMAS. To evaluate performance, given the different predicted scoring systems of the algorithms, we reformulated the problem in terms of predicting which peptides bind with an IC50 value less than 500 nM, an established threshold associated with immunogenicity for 80–90% of all epitopes.

This allowed computing the number of true negatives, true positives, false negatives, and false positives. By systematically varying the predicted score threshold from low to high, one can calculate the rate of true positives and false positives as a function of the threshold to derive an ROC curve. The area under this ROC curve is the AUC value and that has a number of important statistical properties (9). It is independent of the predicted scale because it compares the rank of your matrices and it is independent of the composition of the dataset, such as having different proportions of binders and non-binders. The AUC value is essentially capturing the probability that given two peptides, one a binder and the other a non-binder, the predicted score will be higher for the binder compared to the non-binder. An AUC value of 0.5 is equivalent to a random prediction and a value of 1.0 is equivalent to a perfect prediction.

In evaluating the different web server predictors, we discovered that it was difficult to separate the performance of the algorithms from the datasets used to train them. To correct for this effect, we used a cross-validation approach, where the dataset is split into five subsets. The algorithm is then trained on the data in four of the subsets and predicts the values in the fifth. This process is then repeated four more times, with each subset being omitted from training and used to compare predictions (10).

MHC CLASS I BINDING PREDICTIONS

Antigen-specific T cells do not directly recognize native antigens, but rather the T Cell receptor binds a molecular complex formed by an MHC molecule and a peptide epitope. In order for a peptide to be bound and presented by the MHC molecule, the antigen needs to be processed by the cell (11). Antigens are cleaved by the proteasome and transported into the endoplasmic reticulum (ER), through the Golgi, and finally presented in a closed groove on the MHC class I molecule. The MHC class I molecule is expressed by almost all nucleated cells and presents cleaved segments of the antigen to the CD8+ T cells. Its binding groove is closed at both ends and can accommodate peptides of 8–15 amino acids in length. MHC molecules are highly polymorphic and thousands of different variants exist. The peptide binding specificity is also very broad, and a given MHC can bind and present a number of different peptides (12).

Given the large number of variants possible and this broad specificity, experimental characterization of all peptide–MHC interactions is experimentally challenging. Binding prediction methods facilitate the selection of potential epitopes. The methods are developed using experimental peptide binding data for different MHC alleles to train machine learning algorithms that in turn can be used to predict the binding for any arbitrary peptide.

The IEDB database resource houses binding data for 173 MHC class I molecules, which includes 119 human alleles for HLA-A, B, and C. It also has data for macaque, chimpanzee, mouse, cattle, pig, and rat (13). The machine learning methods are periodically retrained when sufficient amount of new data become available in the IEDB. The prediction routines were last retrained in 2013, and the training sets are publicly available at http://tools.iedb.org/main/datasets/. The available methods and their performance have been published starting from 2005 and have seen an improvement in performance over that time (14, 15).

The Web Interface for MHC Class I Binding Predictive Tools

The primary interface for epitope prediction tools is through a web interface, which is described below. Users can access the MHC class I binding prediction tool from the IEDB home page or directly at http://tools.iedb.org/mhci/. The class I home page has numerous tabs to assist users, including a Help tab for detailed explanations on inputs and outputs, an Example tab with specific examples and a Reference tab with publications related to the methods. From the Download tab, the user can download the scoring matrices for the various methods and a link to the dataset used for retraining the class I binding prediction tools in 2013 (16). Tool developers are encouraged to make use of these data. In addition, users can download a standalone version of the binding prediction tool that can be hosted on the user’s own server. Finally, the Contact tab has a link to the IEDB help desk at help@iedb.org that has the goal of responding within one business day of receiving a help request.

To perform class I binding predictions, the user inputs one or more sequences as plain text, separating the sequences with blanks, or in FASTA format, or specifies a file containing the proteins. Next, a user can select a preferred method from a list including IEDB recommended, consensus (17), netMHCpan (10, 18), ANN (4, 19–22), scoring matrix method (SMM) (5), SMMPMBEC (23), Combinatorial Library (24), PickPocket (25), and netMHCcons (26). The IEDB recommended method is the default setting and usually is consensus, a combination of three different methods (ANN, SMM, and Combinatorial Library). If these methods are not available for the selected allele, netMHCpan will be used instead. The user next specifies MHC species (human, mouse, non-human primates, and others) and specific alleles. Multiple alleles and epitope lengths (9–14) can be specified. For humans, the most frequent alleles are available for selection by default, and a reference set of the 27 most frequent alleles (97% of the global population) and peptide lengths of 9 and 10 can also be selected.

Output of MHC Class I Binding Predictive Tools

When the user clicks the submit button, the protein sequence is parsed into all possible peptides for the specified length and the predicted binding affinity for each is calculated. The tool compares the predicted affinity to that of a large set of randomly selected peptides and assigns a percentile rank (lower percentile rank corresponds to higher binding affinity), which is method independent since not all methods predict IC50 values. In the Consensus method (17), the median value of the three values is used. Results are presented by default sorted by predicted percentile rank, but results can also be sorted by sequence position. Users can filter results by a designated percentile rank cutoff.

The results page lists the input protein sequence, the table of results, a link to download the results as a CSV file, and a list of citations associated with the methods used. The output table includes columns for the allele, peptide start and end positions, the peptide length, the peptide sequence, the method(s) used, and the percentile rank. Checking a box at the top of the results table can expand the results. The output table can be sorted by clicking on each column header.

There are three main strategies for selecting potential binders. The first involves selecting all peptides with IC50 value less than 500 nM, a threshold previously associated with immunogenicity (3). A second recommended strategy is to pick the top 1% of peptides for each allele/length combination. The third strategy is to pick peptides with percentile ranks below 1% (27). A further study regarding the strength of affinity for different alleles and their repertoire size indicated that repertoire size differs for each allele (28). We derived from this study allele-specific binding thresholds for the 38 most common HLA-A and HLA-B alleles. A link at the top of the Help tab accesses a table of alleles and their associated affinity cutoff IC50 values.

Standalone Version and Application Program Interface (API)

The MHC class I binding tools are also available in a standalone version that runs on a Linux operating system and can be downloaded from the Download tab. Because the standalone version is hosted locally on hardware of the user’s choosing, an internet connection is not needed and users do not need to worry about their web browser timing out. Instructions for installing the software are provided in the accompanying README file.

All users can also access the MHC binding prediction tools using the API. The API uses a Representational State Transfer, an application that uses HTTP requests to GET, PUT, POST, or DELETE data from web servers. In this manner, users can send parameters over the internet directly to the IEDB web servers. No special software needs to be installed locally to use the API, and users will always access the latest version of the tools, unlike the standalone versions that need to be updated on local servers with each new release of the prediction tools. The API can also be incorporated into scripts and pipelines. In addition to the MHC class I binding prediction tool, APIs exist for several other prediction tools, including class II binding, linear antibody epitope, class I processing, class I immunogenicity, and MHC-NP. Documentation for using these APIs can be found on the Tool-API tab.2 The features and attributes of the web, standalone, and API versions of the tools are summarized in Figure 2.
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FIGURE 2 | Different versions of the prediction tools available at Immune Epitope Database and Analysis Resource (IEDB) and their features. The web version has an easy to use interface and can be accessed using internet browsers at http://tools.iedb.org/. The standalone version can be downloaded from the IEDB tools website and installed on local computers. The Application Program Interface (API) version can be used to make custom scripts and used in pipelines.



MHC CLASS I PROCESSING PREDICTION TOOLS

When a virus infects a host, it gets inside the cell, replicates, and spreads throughout the host. The virus and other components are degraded by a process known as antigen processing, which results in some of the peptide fragments being presented on the surface in the context of MHC class I epitopes that are recognized by CD8 T cells that can kill the cell, produce cytokines, proliferate, and form memory populations. Antigen processing is a complex enzymatic process with key players such as the proteasome complex that generates short peptides. Some of these fragments are transported from the cytosol into the ER by binding to TAP, where they undergo further trimming of N-terminal residues and then bind to MHC complexes. These are then transported to the cell surface where they can be presented to T cells (11).

To predict the outcome of antigen processing and presentation, proteasomal cleavage, TAP transport, MHC class I binding, and T cell receptor peptide–MHC interaction can be considered. Each step of this pathway has a corresponding specificity or efficacy. As a first approximation, about 15% of all peptides that can be made from a protein are actually transported into the ER and about 2.5% of peptides that are made will bind to an MHC molecule. About 50% of peptides presented on the cell surface will be recognized by a T cell receptor (29).

There are two different types of processing tools in the Analysis Resource. One combines proteasomal cleavage, the transfer of peptide fragments by TAP, and MHC binding. The other type is neural network trained directly on naturally processed and presented peptides. The NetChop method (30, 31) models the cleavage and generation of the C-terminus of peptides based on data from naturally processed peptides and it is combined with other neural network based approaches [NetCTL (32) and NetCTLpan (33)]. Processing prediction tools include the MHC-NP tool developed by a research group outside the IEDB team, based on MHC elution experiments to assess the probability that a given peptide is naturally processed and binds to a given MHC molecule (34). Figure 3 provides a summary of the various tools involved in antigen processing and the different steps of processing with which they are associated.
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FIGURE 3 | Different prediction tools are available in the Analysis Resource with respect to different stages of MHC I antigen processing.



Combined Predictors

This tool can be found on the T Cell Tools section of the web interface, similar to that of the MHC class I binding, with added sections for proteasome cleavage and TAP transport. Users can select between two proteasome types—immunoproteasome and constitutive proteasome. Since their specificities are very similar (35), the immunoproteasome is recommended for use and is set by default.

TAP transports peptides into the ER that are potentially N-terminally extended from the ligand that end up in MHC (36). This means that the peptide that binds to MHC does not necessarily need to be a good substrate for TAP, but needs to be an N-terminally extended precursor of a TAP substrate. Accordingly, the TAP transport input section has two input fields, maximum precursor extension and alpha factor. The TAP transport method takes a precursor of up to an extension of 1 into account. The alpha factor is a weighting factor that takes into account the uncertainty of not knowing which peptides are involved. A detailed discussion on the selection of these values has been published elsewhere (37). For most users, we recommend the use of the default values of 1 for the maximum precursor extension and 0.2 for the alpha factor as these worked best in predicting TAP transport overall.

The output includes columns for the allele, start and end positions, peptide length, and sequence, plus columns for proteasome, TAP, MHC, and Total scores. The proteasome score indicates how well the peptide with its C-terminus could have been generated. The TAP transport score evaluated the ability of the peptide or its N-terminally prolonged precursor to be generated. The MHC score is the −log10 of the IC50 value, so in this case a higher MHC score indicates a better binder. The total score is the sum of these three scores.

There are several caveats associated with the combined predictor and the other processing prediction tools. Based on our evaluation of the performance of prediction methods, we found that the processing predictions were better than the MHC binding predictions alone when predicting eluted peptides (38). However, eluted peptides are typically identified by mass spectrometry, which requires the peptide to be reasonably abundant to allow for detection. In actuality, an immune response could occur with few peptides on a cell. So there is a potential bias that eluted data overrepresents the “best possible” ligands and the difference between the processing predictions and the binding-only predictions may not be relevant in practice. When we benchmarked the ability to predict T cell epitopes, the improvement was not statistically significant. In conclusion, while processing predictions make sense in terms of the biology, the IEDB team recommends using the MHC class I binding predictions, which are trained on much larger datasets. For situations where the binding predictions provide too many candidate epitopes, using the processing scores instead can offer another filter to reduce the number of peptides to investigate.

Other Processing Tools

Additional processing predictors are the neural network based tools, NetChop (30, 31), NetCTL (32), and NetCTLpan (33). NetChop is the proteasomal cleavage predictor based on an analysis of C-terminus residues in eluted ligands. NetCTL uses the NetMHC method and combines it with NetChop and TAP transport method. NetCTLpan uses the NetChop, TAP transport method, and NetMHCpan.

The input interface is again similar to the other binding and processing tools, allowing the user to specify one of the three prediction methods and the protein sequence(s) of interest. NetChop predicts C-terminal cleavage based on two approaches, either the C-term 3.0 method, which uses specificities for the C-terminals based on eluted MHC ligands, or the 20S 3.0 method, which uses the analysis of proteasomal cleavage digests similar to the combined predictor. C-term 3.0 is not actually a proteasome prediction because it derives the specificity of the C-terminals statistically from eluted ligands that reflect the TAP transport specificity, but it performs better than 20S 3.0 and is, therefore, presented as the default value for all three methods. There are six publications that provide further details on the methods.

An additional processing method is MHC-NP, which was contributed to the IEDB by the Giguère group. While it covers a limited number of mouse and human MHC class I alleles, MHC-NP won a benchmark performance contest at the Second Machine learning Competition in Immunology.3 The IEDB is open to hosting tools from external groups on the Analysis Resource and welcomes the opportunity to do so.

THE T CELL IMMUNOGENICITY PREDICTOR

The Analysis Resource has a T cell immunogenicity predictor tool that predicts the relative ability of a given set of peptides bound in an MHC complex to be recognized by a T cell. To develop the tool, we assembled datasets of peptides that have similar MHC binding affinity and then separated the ones that are recognized by T cells from the ones that are not recognized by T cells. We then observed that certain amino acids, such as tryptophan, phenylalanine, and isoleucine, are enriched in immunogenic peptides while other residues, such as serine, methylamine, and lysine, are depleted. Studies suggest that tryptophan and phenylalanine have long side chains that have a greater ability to make contact with the T cell receptor, possibly making them more immunogenic than other residues (39). We used the enrichment and depletions score to generate propensity scales than can be used to evaluate a peptide directly (39).

The tool has only been validated for 9-mers. By default, the tool masks the first, second, and C-terminus residues, the ones most likely to be directly responsible for MHC binding. The remaining residues in positions 3–8 are then the ones most likely to be in contact with the T cell and they are evaluated using the propensity scale and a score is calculated. A positive score indicates a likelihood of T cell recognition and a negative score indicates that recognition is less likely. We have conducted extensive studies to validate this approach. The tool has AUC values of 0.65–0.69, which is rather poor but still statistically significant. It offers an advantage over the processing tools in that it is independent of MHC binding.

It is worth noting that proteasomal cleavage, TAP transport, and MHC binding have undergone coevolution to a large extent, so that MHC molecules have evolved to bind peptides that are in the ER (38). So processing prediction tools are predicting dependent variables. As a result, their combination does not provide vastly improved predictions. In contrast, the immunogenicity tool focuses on residues that are not involved in these other predictions, and thus, its results are independent of the other processing prediction tools. Therefore, the IEDB team recommends using the MHC class I binding predictions to select candidate peptides for measurement and supplement that with the immunogenicity predictor to further reduce candidates to test.

MHC CLASS II BINDING PREDICTIONS

The MHC class II antigen-processing pathway applies to exogenous proteins from extracellular sources, such as bacteria or fungus, which are engulfed by the cell and cleaved by proteases in the lysosome (11). The MHC class II molecules are synthesized by the ER and have two chains, alpha and beta, which assemble together to make a complete MHC class II chain. After a series of complex cellular processing events, MHC class II carrying specific peptides derived from degradation of these proteins are presented on the cell surface to T cell scrutiny (11).

The basic structure and principles for class II and class I binding prediction have many things in common but there are also some important differences (Table 1). With regard to structure, MHC class I molecules have a single alpha chain that impacts binding and the binding cleft lies between the alpha 1 and alpha 2 domains. Because the binding groove is closed, it can only accommodate shorter peptides (8–14 amino acids). MHC class II molecules though have two chains, alpha and beta that impact binding (12). The binding groove is open and can accommodate longer peptides (13–25 amino acids). MHC class I molecules are present in all nucleated cells. Class II molecules are found only in antigen presenting cells, such as macrophage cells, B cells, or dendritic cells (12).

TABLE 1 | Comparison of MHC class I and class II epitope prediction tools available in the IEDB.
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With regard to nomenclature (40), only the alpha chain is variable in class I molecules so the nomenclature is “HLA” followed by the locus, typically A, B, or C, an asterisk, and certain digits that define the kind of allele it represents. An example for class I is HLA-B*07:02. For class II molecules, both the alpha and beta chains affect binding and both chains are variable for the DP and DQ loci. As such, both chains need to be specified, such as HLA-DPA1*01:03/DPB1*02:01. For the DR locus, only the beta chain is variable so it is the only one that needs to be specified, for example HLA-DRB1*01:01.

Another important difference pertains to the binding core. Because the open binding groove accommodates longer peptides, only part of the peptide binds or interacts with the class II molecule. The binding core is typically nine amino acids in length with neighboring or flanking residues. As a result, it is difficult to identify which residues are actually involved in the binding process. For proper binding, the binding core needs to be aligned with the binding groove. Flanking residues also interact with the class II molecule outside the binding groove, but because peptides lengths typically vary from 15 to 23 residues, the flanking residues are also challenging to identify. As a result, MHC class II binding prediction is more challenging than that for class I molecules (41–45).

MHC Class II Binding Prediction Tool Web Version

The web interface for the MHC class II binding prediction tool has many similarities to the class I interface. The tool can be accessed by links on the IEDB home page or directly at http://tools.iedb.org/mhcii and has tabs for Help, Example, Reference, Download, and Contact. Users can find a sequence of interest by clicking on the NCBI sequence browser and cut/paste it into the sequence field. The format for the sequences can be plain text or FASTA. Users can also upload a file with their sequences as plain text.

Several different prediction methods are available including IEDB recommended, Consensus (41, 46), netMHCIIpan (47, 48), SMM-align (49), Sturniolo (50), and NN-align (51). The default method is IEDB recommended. Users can specify the species and locus for humans (DR, DP, and DQ) and mouse (H-2-I), and the associated alleles. Finally, users can specify the output results to be sorted by percentile rank or sequence position. The IEDB team continuously evaluates and enhances algorithms and develops new algorithms, so the IEDB recommended methods can change over time. Each method generates a percentile rank and a binding affinity score.

The user selects the species, locus, and alleles. As in the class I binding tool, only the most frequent alleles are listed for HLA-DR. There are five or six alleles available for the DP and DQ loci. Thus, there are fewer alleles available, because less data are available for training the algorithms (44). By default, the alpha and beta chains are combined. If the user wants to specify the chains separately for DP and DQ, they can check a box to enable this option. For the DR locus, only the beta chain is displayed since the alpha chain is invariant.

A reference set of 27 most common alleles (52) that can provide global coverage can be selected by checking the appropriate box. Users also have the option to upload allele selections in a text file using the allele names. The tool parses the input protein sequences into 15-mers and predicts the binding affinity for each peptide. It then compares the predicted affinity for each peptide with that of a large set of randomly selected peptides to determine its percentile rank. The Consensus method uses the median rank of the three constitutive methods. As before, the lower the percentile rank, the better the binder.

Users can download the results in a CSV file and the web output lists the allele in the first column, followed by the start and end sequence positions, the peptide sequence, method used, and the percentile rank. The results can be expanded by checking the box at the top of the table, which reveals the different scores for the methods used. The expanded view also lists the nine amino acid binding core computed by each method.

As for class I, there are several recommended approaches to selecting binders, including selecting peptides that have percentile rank less than or equal to 10.0, or IC50 values less than or equal to 1,000 nM, the experimentally determined threshold for class II immunogenicity (53). Another approach is to select a desired percentage of the peptides within the peptide set sorted by percentile rank for users who want to study a fixed number of best possible peptides.

Because the tool breaks down input sequences into all possible 15-mers, many of these sequences will have the same predicted 9-mer binding core. One way to reduce this redundancy is to preprocess the input protein sequence by splitting it into a series of 15-mers that overlap by 10 residues and submit this series as input instead of the entire protein sequence. An overlap of 10 is recommended because it can capture the minimal number of 15-mers with all possible 9-mer binding cores with at least on flanking residue on both sides. Alternatively, the user can post-process results when the entire protein sequence is used as input by selecting the best binding (lowest percentile score) peptide among those with the same binding core. Because this process is more involved than the pre-processing approach, the pre-processing approach is recommended.

Prediction of Promiscuous Binders and Immunodominant Epitopes

A peptide that binds to multiple MHC molecules is referred to as a promiscuous binder. Promiscuous binders may be associated with strong antigenicity (54, 55) and can provide extensive population coverage (52, 55). To predict promiscuous class II binders, the binding prediction tool can be used as described but raising the binding percentile rank threshold to 20 from 10, opting to use the 27 reference alleles that covers 94% of the global population. Once the run is submitted and completed, users can download the results into a CSV formatted file and use a spreadsheet program to find the sequences that have percentile rank below 20, and then count the number of alleles that bind each 15-mer peptide. We recommend selecting sequences that bind at least 50% of the alleles with a percentile rank cutoff of 20%.

In an independent study, we analyzed peptide datasets with measured immune responses from house dust mite, Timothy grass, Mycobacterium tuberculosis, cockroach allergens, and Pertussis (44). The aim of the study was to devise prediction strategies not at the level of single alleles, but rather at the level of the general population. After extensive experimentation, we discovered that a combined prediction for a set of seven alleles, representative of prototypic binding supertypes, could capture 50% immune response with 20% of the peptides. Users can generate 15-mers overlapping by 10 residues from their protein of interest, predict binding for these seven alleles, compute the median consensus percentile rank of the seven values for each peptide, and select all peptides with a median consensus percentile rank less than or equal to 20.0. This group of peptides will capture ~50% of the immune response in a general human population (44).

TepiTool

The IEDB team has recently developed TepiTool, a T cell Epitope Tool that provides a user-friendly interface for MHC class I and II binding predictions, by using IEDB team’s recommendations as defaults, to automatically select the top peptides (56). The TepiTool interface is a step-by-step wizard that guides the user through input parameters and desired outputs. It is currently available at http://tools.iedb.org/tepitool on the Analysis Resource Labs web page.

TepiTool guides the user through six separate steps, specifying inputs about their sequences (step 1), host species and MHC class (step 2), and alleles (step 3). For class I alleles, there are several options that the user can pick via radio buttons. The user can select from the list of frequently occurring alleles (frequency greater than 1% in the global population), a list of all available alleles, a list of representative alleles from different HLA supertypes, the panel of 27 allele reference set, or they can choose to upload an allele file. In step 4, the user is presented with several options regarding the selection of peptides, including low, moderate, or high number of peptides and different lengths of peptides. The user also has the option to select their own settings regarding removing or keeping duplicate peptides (to facilitate setting up of pools for screening). The user also has the option of including only peptides that are conserved in a specified percentage of sequences. By default, the percentage is set to 50%, but it can be changed in 10% increments up or down. All during this process, the selected parameters are summarized in a panel on the right of the web page.

In step 5, the user selects the prediction method (IEDB recommended, Consensus, SMM, or ANN) and the output (predicted percentile rank, predicted IC50 or MHC-specific binding thresholds, the top X% or the top X number of peptides based on percentile rank). The recommended threshold of 500 nM is provided as a default if the IC50 option is chosen. In all cases, the number of peptides in the predicted results is shown in the summary panel on the right. In the sixth and final step, the user reviews input parameters and selected options before submission. The user can also specify a job name and an email address to be notified when the run is completed.

On the output page, a table of concise results and the best binders based on the chosen criteria are listed at the top. This table contains the peptide start and end positions, peptide sequence, percentile rank, allele name, and the level of conservancy (if this option was chosen). The output also contains links to download the complete results citation information for the tools used, the input sequence, and a summary of the other input parameters.

MHC class II binding predictions are performed similarly, and in step 3, the user can select custom allele sets, the seven-allele, or the reference set of 27 most frequent alleles. In step 4, the default setting is for a moderate number of predicted peptides with duplicate peptides removed and the input protein will be automatically split into 15-mers overlapping by 10 amino acids. An overlap of 8 will be used if the “low number of peptides” option is used, and the overlap of 10 if the “high number of peptides” option is chosen. Alternatively, the tool performs the post-processing step of removing largely overlapping peptides from the prediction set by picking the top peptide from the overlapping set of peptides based on percentile rank.

SEQUENCE-BASED B CELL EPITOPE PREDICTIONS

B cell epitope prediction tools can be accessed from the Analysis Resource pull-down menu or the link on the IEDB home page.4 On the web page for this tool, users must input either a protein Swiss-Prot ID or a sequence in plain text format and select the method for the prediction. A description of the different methods can be found on the Help tab, including the references and amino acid scales used in these methods. As with the T cell prediction tools, there is also an Example tab that contains several sample cases that can help familiarize users to the input and output formats and a Reference tab that lists the publications that describe the methods.

Historically, physicochemical properties such as hydrophilicity (57), surface accessibility (58), beta-turns (59, 60), and flexibility (61) were correlated with the occurrence of B cell epitopes in proteins. We implemented these four amino acid physicochemical properties-based methods in this tool. In addition, we implemented a semi-empirical method which makes use of physicochemical properties of amino acids and their frequencies of occurrence to predict linear B cell epitopes (62) and a machine-learning based B cell linear epitope prediction method called BepiPred (63). BepiPred is a prediction method that is based on a combination of HMM and Parker’s hydrophilicity and Levitt’s secondary structure scales. For this reason, BepiPred is the default method. With an AUC value of 0.66, its prediction performance is relatively poor, but better than the other methods available on the web page.

BepiPred results page contains a plot of the predicted score versus the sequence position (Figure 4). The user can adjust the window size and score threshold. The score for a single residue position incorporates the neighboring residues defined by the specified window size, which has a default value of 7. The threshold value is based on the sensitivity and specificity. For BepiPred, a threshold value of 0.35 corresponds to a sensitivity of 0.49 and specificity of 0.75 (63). Increasing the threshold will reduce the sensitivity and increase the specificity, which will reduce false positives but reduce the number of possible epitopes (true positives). A threshold of 0.90 corresponds to a sensitivity of 0.25 and a specificity of 0.91, and a threshold of 1.30 corresponds to a sensitivity of 0.13 and a specificity of 0.96. Below the chart is a table that displays the predicted peptides, start and end positions, sequence, and its length. A second table lists the predicted residue score for each position and an Assignment column that indicates a predicted epitope position with an “E.” For the other methods, the threshold value is automatically set as the average score value, and both the window size and threshold values can be modified by the user.
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FIGURE 4 | BepiPred results. BepiPred results for predicting linear epitopes in sperm whale myoglobin protein (Swissprot ID: P02185). Users can change the window size and score threshold (highlighted in a red box) and recalculate the results. A red line is drawn in the Score versus residue position plot at the chosen score threshold value to predict epitopes. Predicted epitope residue positions are colored in yellow. Predicted peptide table below the plot lists all the predicted linear epitopes and their positions in the protein.



STRUCTURE-BASED EPITOPE PREDICTIONS

The IEDB Analysis Resource has two structure-based methods for predicting discontinuous epitopes—DiscoTope (64, 65) and ElliPro (66). Both make use of the proteins’ geometrical properties. There are also protein–protein docking algorithms that can be used for antigen–antibody interaction prediction. To use structure based prediction tools, the user must provide a three-dimensional (3D) structure of the antigen–antibody complex such as the ones provided by the Protein Data Bank.5 The search feature on the home page of the PDB allows the user to search 3D structures of a protein by key work, PDB ID, or a sequence, while an advanced sequence search feature allows one to run BLAST on an input sequence to find relevant structures in the PDB database. Clicking on the desired structure will open a structure specific web page from which the structure coordinates can be downloaded in PDB format for use in the prediction tools. FASTA files are also available for download. PDB ID or a PDB format file is a required input for the DiscoTope epitope prediction method. If a 3D structure is not available in the PDB, there are homology modeling or comparative modeling methods, servers, and databases that can accessed, as described below.

The performance of ElliPro was evaluated in two separate studies in 2007 (67) and 2012 (65). The 2007 benchmark used 42 X-ray structures of antibody–antigen complexes and ElliPro obtained an AUC value of 0.73, a score better than several other predictors, including Epitopia (68), PEPITO (69), and DiscoTope 1 (64). Two antibody–protein docking tools were benchmarked and had AUC values less than 0.60. The 2012 benchmark used 52 X-ray structures of antibody–antigen complexes. In this study, ElliPro had an AUC value of 0.69 and was outperformed by DiscoTope 1.1 (AUC = 0.71) and DiscoTope 2.0 (AUC = 0.73). Overall, the performance of all the structure-based methods has average AUC value less than 0.75. This relatively poor performance might be due to the limited number of structures that can be used to train the algorithms. As more antibody–antigen complexes are deposited in the PDB, the quality of the structure-based predictions may improve.

The DiscoTope Method for B Cell Epitope Prediction

DiscoTope 2.0 (65) was trained on 75 X-ray structures of antibody–protein complexes and it takes into account multiple epitopes of an antigen. It assigns each residue a score calculated as a linear combination of normalized values from Parker’s hydrophilicity scale, amino acid propensity, the number of contacts within 10 Å for each atom, and the area of relative solvent accessibility. The DiscoTope web page requires three inputs: the PDB ID, a PDB chain ID, and the version of DiscoTope to use. If a user has generated a PDB file from homology modeling, that file can be specified and uploaded as well. The IEDB team recommends the use of DiscoTope 2.0, but it involves a more complex calculation than version 1.1 and subsequently takes longer to run. Users making a large number of runs might, therefore, want to use version 1.1. Different default score thresholds are used by the two different versions.

The initial DiscoTope results page displays a plot of the DiscoTope score versus the amino acid position of the protein, with the score threshold displayed as a red horizontal line and epitope candidate positions colored in green. Users can also select a Table View and a 3D View.

The 3D View initiates a JSmol applet that graphically displays the 3D protein structure along with the same table that is displayed in the Table View (Figure 5). The orientation of the 3D protein structure can be changed in JSmol using a computer mouse and visualization settings can be changed by right-clicking the mouse button to reveal a list of display options. Each row in the table has a button labeled CPK, which when clicked will highlight the residue in the structure model.
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FIGURE 5 | DiscoTope three-dimensional (3D) view results. DiscoTope discontinuous epitope prediction results for AMA1 protein from Plasmodium falciparum (PDB ID: 1Z40 chain A colored in blue) are shown. 3D structure of AMA1 protein is rendered using JSmol. Predicted epitope residues are shown in yellow. The table on the right side lists all these predicted epitope residues along with different scores calculated by the DiscTope algorithm. Any of these residues can be highlighted in the 3D structure by clicking the CPK button in the table.



ElliPro

Like DiscoTope, ElliPro can be accessed from the IEDB home page from the Analysis Resource pull-down menu or via the link in the right-hand panel. ElliPro (67) predicts epitopes in three steps. It first approximates the protein shape with an ellipsoid. It next calculates a protrusion index (PI) (70) for each and every residue. The PI is determined by constructing an ellipsoid that encompasses as many residues as possible but excludes that particular residue. Once the ellipsoid is constructed, it computes the ratio of the number of residues contained in the ellipsoid to the total number of residues to produce the PI. In the third step, the program clusters neighboring residues based on PI values to predict epitopes. There are two prediction parameters as inputs. The minimum score has a default value of 0.5 and indicates that any residue with a PI greater than 0.5 is considered an epitope candidate. The maximum distance parameter has a default value of 6, which means that only residues within a 6 Å distance will be clustered together within one epitope.

The ElliPro results page contains two tables, the first one for predicted linear epitopes and the second for predicted discontinuous epitopes. The former includes columns for the chain ID, start and end positions of the epitope, the peptide sequence, the number of residues, the ElliPro score, and buttons to view the 3D structure with a JSmol applet. The JSmol rendering of the protein will show the epitope as spheres and the rest of the protein as lines. The ElliPro score is the average value of the PI for all residues involved. The predicted epitopes are presented in descending order based on their scores. The second table has essentially the same information except each residue is listed with its chain ID, amino acid notation, and sequence position. At the bottom of the page is a link so users can view the individual residue scores in a table and a plot of score versus sequence position.

Homology Modeling for B Cell Epitope Predictions

If the user has an amino acid sequence for their protein of interest but a PDB structure is not available, the user needs to perform homology modeling to generate a PDB file. In this case, we recommend using Protein Model Portal (PMP).6 Users can enter their protein sequence in the search field and hit the Search button. PMP will search major protein databases, such as UniProt, Swiss-Prot, and NCBI, and display results of the query. Users can then select a record and obtain a PDB-formatted file. If no models are found, the user can click the Submit button at the bottom of the query result page to submit their target protein sequence to one of PMP’s registered homology modeling services. The subsequent page displays a list of the protein modeling servers along with a brief description of their server policy. Among them MODELLER is one of the prominent homology modeling suites that has gained vast popularity over the years (71). Once users select a server, registers for it, and submit their sequence, they will receive an email informing them that their results are ready to be retrieved.

The I-TASSER server was the number one server for protein structure prediction in community-wide contests for CASP7, CASP8, CASP9, CASP10, and CASP11 (72, 73). It also has a relatively simple user interface and easily understood parameters. However, I-TASSER is very popular and busy, and a protein of 1,000 amino acids could take several days before the job is finished. I-TASSER will provide five predicted homology models by default. Each model has a C-score that indicates the level of confidence of the model. I-TASSER also generates a TM score that indicates how close the top ranked structure is to a natural structure. We recommend only considering the models that have C-scores greater than −1.50 and using the model with the highest C-score if possible, even though a C-score meeting this empirical criterion does not necessarily guarantee the reliability of the model chosen. Once the user has obtained the PDB file of their homology model, they can specify the file for upload for their ElliPro run.

Methods for Modeling and Docking of Antibody and Protein 3D Structures

The B cell page of the Analysis Resource has a link to a web page that provides information on available methods for modeling and docking antibody and protein 3D structures. The first step in the process is taking the antibody and antigen sequences and developing structure models. If a structure exists in the PDB, this step can be skipped. For modeling the antigen, one can use the protein structure modeling process previously described. For antibody modeling, however, there are specific programs available that take advantage of the inherent structure of an antibody. RosettaAntibody (74) and PIGS (75) are two applications that model antibodies. PIGS, or Prediction of ImmunoGlobulin Structure, is easier to use and has been implemented in the Analysis Resource. Once models for the antigen and antibody have been generated, the docking can be modeled with many different protein–protein docking programs including PatchDock (76) and ClusPro (77).

PIGS can be accessed from the Analysis Resource’s B Cell Tools tab. As with the other tools in the Analysis Resource, PIGS has Help, Example, and Reference tabs. Users also have the option of uploading a sequence file with the light and heavy chain information instead. The PIGS results page displays a JSmol rendering of the modeled antibody structure. Each chain has its own color as do the light and heavy chain loops (L1, L2, L3, H1, H2, H3). There is a button at the bottom of the results page to download the structure file. This file can be opened in a text editor where the user can examine the alignment of the target sequence to the canonical antibody template. If the user wants to edit the alignment, they will have to go to the PIGS home website7 since this feature has not been implemented in the IEDB.

With structure files for the antibody and the antigen, the user can now use one of the antibody–antigen docking programs. PatchDock8 is relatively fast and has good accuracy and a straightforward and easy to understand user interface. The Complex Type input parameter should be set to “Antibody–antigen.” The antibody should be specified as the receptor molecule and the antigen specified as the ligand molecule since the antibody–antigen docking is optimized for this configuration. The Clustering RMSD field is used for clustering the results. Because there can be many results, the program clusters them to be able to present representative ones. PatchDock recommends using 4.0 Å in protein–protein docking. Once a job is submitted, PatchDock typically returns results within a few minutes. The results are ranked by the geometric shape complementarity score (Score), where the higher score indicates a better result. Values are also presented for the approximate interface area of the complex (Area) and the atomic contact energy. The page has a link to visualize the candidate with a Jmol applet and a link to download the results. Users can improve the solutions using the FireDock (78, 79) link at the bottom of the page. PatchDock performs a rigid-body computation so the backbone does not move. FireDock is an efficient method for refining the rigid-body docking solutions of PatchDock.

ClusPro9 is another well-known docking server and was the first web-based antibody–antigen docking program publicly available. ClusPro also incorporates electrostatic interaction energy and desolvation energy. ClusPro accepts both PDB IDs and uploaded PDB files as input. Under Advanced Options, there is an Antibody Mode, where the user can check the boxes to use the Antibody Mode and to automatically mask non-CDR regions. The resulting models can be downloaded and visualized on this page.

Analysis Tools

The IEDB’s analysis tools most frequently used are the population coverage tool, the epitope conservancy tool, and the epitope clustering tool. The population coverage tool (80) calculates the fraction of individuals that are predicted to respond to a given set of epitopes with known MHC restriction, based on HLA genotypic frequencies from http://allelefrequencies.net (81) assuming no linkage disequilibrium between HLA loci. Example data sets from the tab of the same name can be selected. The user can enter either epitope names or sequences, and then selects the population geographical location of interest. Results show what fraction of the population are expected to respond to at least one peptide, how many peptides on average each subject is expected to respond, and to how many peptides 90% of donors can potentially respond. Results are presented in graphical and tabular form.

The epitope conservancy analysis (82) tool calculates the degree of conservancy of an epitope within a given protein sequence set at different degrees of sequence identify. The degree of conservation is defined as the fraction of protein sequences that contain the epitope at a given identity level. In practice, the user inputs a set of epitopes and a set of protein sequences, and specifies the sequence identity threshold. The results page shows the number of protein sequences where each epitope is conserved at the given identity threshold. Users can click on a link to view details for a given epitope, which shows the subsequences in each protein that match the epitope sequence. With an identity threshold of 100%, the matches are identical, but lower thresholds allow varying degrees of amino acid substitutions.

The epitope cluster analysis tool (2) groups epitopes together based on sequence similarity. It is common to have variants of the same epitope tested by different labs that synthesize peptides of different lengths or use different isoforms of proteins. This can result in largely redundant sequences in a group. This tool takes epitope sequences as input and groups them by a user-specified level of identity.

CONCLUSION

The IEDB and the Analysis Resource provide researchers interested in vaccine design and evaluation with useful bioinformatics resources in the context of data and tools. In this paper, we have described the features of the epitope prediction and analysis tools and how to use them (Figure 6). The MHC class I binding and processing prediction tools calculate putative epitopes and their affinity to a wide assortment of MHC alleles, which correlates to CD8+ recognition and immune response. Evaluations have shown these predictions to have very good accuracy. The MHC class II binding tools, while not as accurate as the class I tools, have improved significantly over the years as more binding data have become available to train the machine learning algorithms that drive the predictions. For both class I and class II binding prediction tools, reference sets of HLA alleles have been derived that provide over 95% global population coverage, an important feature for developing drugs. These tools are helpful in developing a set of likely high affinity binding peptides that can be synthesized for experimental analysis. A user-friendly interface named TepiTool has been developed to guide users through the process of making class I and class II binding predictions. It facilitates the selection of different input parameters, including the IEDB recommended default values and the reference allele sets, and it allows the user to select output criteria, such as the top binders based on percentile rank or promiscuity in the case of class II alleles. The class I immunogenicity tool predicts the immunogenicity of peptide–MHC complex in a manner that is independent of MHC restriction.
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FIGURE 6 | The tools of the Analysis Resource can be used to predict T cell and B cell epitopes and to analyze sets of epitopes. The Analysis Resource interacts with a range of bioinformatics resources.



The development of B cell epitope predictors is an ongoing area of research. The Analysis Resource offers tools for predicting linear and conformational antibody epitopes using several approaches, including amino acid scales, machine learning techniques, and molecular geometrical properties. Although not providing a performance similar to that of MHC class I and class II predictors, the B cell epitope tools can identify candidate antigen regions likely to bind antibodies. The Analysis Resource also provides a tool for predicting the population coverage of T cell epitope-based vaccines so that vaccines can be designed to maximize coverage. The epitope conservancy analysis tool was designed to analyze the variability and conservation of epitopes within a given set of protein sequences, useful information in developing peptide-based vaccines since conserved epitopes would be expected to be immunogenic across multiple strains or possibly species. In all, the IEDB offers a valuable and free bioinformatics resource to the vaccine design community.
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Editorial on the Research Topic

Epitope Discovery and Synthetic Vaccine Design

Traditional and first generation vaccines are composed of live or fixed whole pathogens, while second generation vaccines include, among others, the native protein antigens purified from the pathogen. And furthermore, third-generation vaccines are comprised of DNA plasmids capable of expressing the sequence of the most important pathogen protein antigens in the host. During this evolution of vaccines, there has been a gain in safety, however, with a loss of efficacy that has been compensated for with the use of adjuvants.

The latest step in the evolution of vaccine formulations is the development of epitope vaccines. Epitopes are short amino acid sequences of a protein that can induce a more direct and potent immune response, than the response induced by the whole cognate protein (1).

Moreover, the strategy for developing epitope vaccines requires an accurate knowledge of the amino acid sequence of the immunogenic protein of interest. Therefore, since vaccines against parasite, bacteria, or virus infections and tumors require a cellular immune response for prevention, control, and cure, a strategy called Reverse Vaccinology (RV) was developed. The RV approach uses the information of the codon sequence contained in the DNA of the pathogen to obtain a complementary cDNA, and further translates it to obtain the sequence of the protein of interest. Once these proteins are inside the antigen-presenting cells (APC) of the host, they are processed. The T cell epitopes are then proteolytically cleaved from the protein, and further exposed by the MHC molecules of the APC surface, to interact with the receptors of T cells. Therefore, with the knowledge of the primary sequence of the protein antigen, the epitopes can be identified by cloning the domains or smaller peptides of the protein separately and experimentally determining which one is more immunogenic, or alternatively, by screening the whole protein sequence using in silico predictions programs [Fleri et al.; (2, 3)].

The structure of the MHC molecules on APC, MHC class I molecules have a single alpha chain that influences binding, and the binding groove lies between the alpha 1 and alpha 2 domains (Fleri et al.). Since the binding groove is closed, it can only accommodate shorter peptides (8–14 amino acids). The groove binding core has only nine amino acids. MHC class II molecules in contrast, have two chains, alpha and beta that influence binding. The binding groove is open and can accommodate longer peptides (13–25 amino acids) but the binding core has 9 amino acid residues with 0–5 residues flanking on each side. Only the alpha chain is variable in class I molecules, so the nomenclature is “HLA” followed by the locus A, B, or C, an asterisk, and the number of the allele it represents. For class II molecules, both the alpha and beta chains impact binding and both of their chains are variable for the DP and DQ loci. However, for the DR locus, only the beta chain is variable (Fleri et al.). For all the mentioned characteristics, MHC class II binding prediction is more challenging than that for class I molecules. Based on different machine learning algorithms, several predictions were developed as tools to identify the T cell epitopes of the protein antigens [Fleri et al.; (2, 3)].

In contrast, for parasite, viral, bacterial infections and tumors, whose prevention control and cure requires the development of a potent antibody response, the problem is more complex. In fact, the majority of B cell epitopes are discontinuous epitopes composed of amino acid residues located on separate regions of the protein, and which are joined together by the folding of the chain (4). These groups of residues cannot be isolated as such from the antigen. Therefore, the strategy used for these cases is called structural based reverse vaccinology (SBRV), and it focuses on the use of monoclonal antibodies against the protein antigen. There are six complementary determining regions (4) or antigen-binding regions (ABRs) (5), in the antibody molecule that can interact with the antigen. An antigen-binding site, also called a paratope, which is a small region (of 10–15 amino acids) is the part of the antibody that recognizes and binds to an antigen. However, each ABR differs significantly in its amino acid composition and tends to bind different types of amino acids on the surface of proteins. In spite of these differences, the combined preference of the six ABRs does not allow the epitopes to be distinguished from the rest of the protein surface. These findings explain the poor success of past and newly proposed methods for predicting protein epitopes (4, 5). SBVR strategy is used to study the interaction of the complex composed of the monoclonal antibody with the protein in order to identify to which amino acids of the antigen protein, the ABR or paratope of the monoclonal antibody binds. The objective of this approach is to elucidate the potential amino acid sequence of the discontinuous epitope indirectly. However, the search for the epitopes that interact with antibodies is a much more difficult task to which successful prediction algorithms are about non-existing. Consequently, this strategy has not achieved much success (4, 5).

The inability of synthetic linear peptides to effectively mimic the discontinuous epitopes is one of the reasons for the failure of many B cell synthetic vaccines to induce the synthesis of neutralizing antibodies. These facts partially explain why even though more than a thousand synthetic B cell peptides have been identified, only 125 of them have progressed to phase I, 30 of them to Phase II, and none of them have succeeded in phase III trials or have been licensed for human use (4).

Hence, while RV generally refers to the in silico analysis of the entire pathogen genome to identify all the antigens that the pathogen is able to express, the SBRV refers to the approach which tries to generate a vaccine from the known crystallographic structure of the neutralizing antibodies bound to the epitopes (6).

In the case of infections that are preventable by an antibody response, the term antigenicity has frequently been confused with immunogenicity (7). In fact, the epitopes of some viral antigens are often wrongly considered as immunogens, when they are only antigens, since they can interact with a variety of antibodies raised against a virus, but they are not capable of inducing the synthesis of the neutralizing antibodies engaged in protection (7). Previously, it was thought, that if an antigenic epitope bound strongly to a neutralizing monoclonal antibody in vitro, it would be also able to induce the synthesis of neutralizing antibodies when used as a vaccine. However, this is not true (7).

Additionally, other concepts have been developed in association to the RV strategy (6). The concept of RV 1.0 is an approach based on bioinformatics and animal immunization and challenge used to determine which antigens are more appropriate for vaccination (8). In contrast, the concept of RV 2.0 refers to a strategy that obtains monoclonal antibodies from the few individuals that make a strong antibody response against natural infection. These monoclonal antibodies guide the vaccine design in the reversal direction of the normal flow of vaccines to anti-bodies (8).

Furthermore, the concept of “rational vaccine design” was used very often creating the expectation of having the same success as the strategy of “rational drug design” obtained before. However, the “rational drug design” is related to the development of chemical analogs that are perfect inhibitors of the active site of important vital enzymes of the pathogen. In contrast, investigators involved in the development of the HIV vaccine claimed that they use the “rational vaccine design” whereas in fact they only improved the antigenic binding capacity of one epitope with respect to only one paratope, and not the immunogenic capacity of an epitope to elicit neutralizing antibodies. These conclusions generated strong criticism [Van Regenmortel; (9)].

In contrast, the present Research Topic uses the concept of “Epitope Discovery and Synthetic Vaccine Design” as illustrated by Kao and Hodges (1). These authors demonstrated that synthetic vaccines based on short peptides, which represent immunogenic epitopes are able to impair and even exceeded the protective potential of the native cognate whole protein. They found higher antibody titers directed to the receptor-binding domain of the Pilus A of Pseudomonas aeruginosa, which has 14 amino acids than to the whole pilin native protein. The titers against the native pilin of the animals immunized with the synthetic peptide-conjugate were higher, than the titers of animals immunized with the whole pilin protein. In addition, the affinities of the anti-peptide sera for the intact pilin receptor-binding domain were significantly higher than affinities of anti-pilin protein sera (1).

We support the development of epitope vaccines that combine immunoinformatics and experimental biological approaches (Alves-Silva et al.; Barbosa Santos et al.). We used an immunoinformatic approach to improve the efficacy of existing vaccines composed of protein antigens that were selected according to their relevance in previous experimental biological results. Our results also showed that vaccines composed of the immunogenic domains, optimize and even exceed the protective potential induced by the whole protein (1). For instance, we achieved 33% optimization of vaccine efficacy by using a recombinant chimera, which contains the two domains that hold the most immunogenic epitopes of the Nucleoside hydrolase NH36 of Leishmania, instead of the whole NH36 protein (Alves-Silva et al.). These two domains (F1 and F3) hold the most potent epitopes for the generation of prophylactic protection against Leishmania (L.) amazonensis infection (Alves-Silva et al.). Vaccination with the NH36 protein reduces the lesion sizes by 55% (10). However, vaccination with the F1 and the F3 domains independently determined respective reductions of 70 and 77%, and the F1F3 chimera induced a reduction of 82% in the footpad lesion sizes (Alves-Silva et al.).

This enthusiasm coming after the advent of immunoinformatic tools and the finding of epitopes via in silico predictions should not devalue the empirical foundations of all experimental science involved in the development of the vaccines that control diseases until present (6). On the contrary, both the empirical and in silico tools should be used together in the development of new synthetic epitope vaccines that offer advantages over traditional vaccines. They are chemically defined antigens free from deleterious effects. Additionally, in contrast to live-attenuated vaccines, they do not revert to virulence in immunocompromised subjects, and different from genetic vaccines, they do not involve ethical questions.

With this Research Topic, we believed we have made significant contributions to the development of synthetic epitope vaccines that may help in the prevention, treatment, and control of infectious diseases and cancer.
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There is an imperative need for effective preventive vaccines against human cytomegalovirus as it poses a significant threat to the immunologically immature, causing congenital disease, and to the immune compromised including transplant recipients. In this study, we examined the efficacy of synthetic long peptides (SLPs) as a CD4+ and CD8+ T cell-eliciting preventive vaccine approach against mouse CMV (MCMV) infection. In addition, the use of agonistic OX40 antibodies to enhance vaccine efficacy was explored. Immunocompetent C57BL/6 mice were vaccinated in a prime-boost vaccination regiment with SLPs comprising various MHC class I- and II-restricted peptide epitopes of MCMV-encoded antigens. Enforced OX40 stimulation resulted in superior MCMV-specific CD4+ as CD8+ T cell responses when applied during booster SLP vaccination. Vaccination with a mixture of SLPs containing MHC class II epitopes and OX40 agonistic antibodies resulted in a moderate reduction of the viral titers after challenge with lytic MCMV infection. Markedly, the combination of SLP vaccines containing both MHC class I and II epitopes plus OX40 activation during booster vaccination resulted in polyfunctional (i.e., IFN-γ+, TNF+, IL-2+) CD4+ and CD8+ T cell responses that were even higher in magnitude when compared to those induced by the virus, and this resulted in the best containment of virus dissemination. Our results show that the induction of strong T cell responses can be a fundamental component in the design of vaccines against persistent viral infections.
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INTRODUCTION

It is estimated that 60–80% of people worldwide are infected by the prototypic β-herpesvirus human cytomegalovirus (HCMV). CMV establishes low-level viral persistence within immunocompetent hosts without clinical symptoms. However, it can cause life-threatening disease in the immunological immature (unborn babies and newborns) and immunocompromised individuals (e.g., bone marrow and organ transplant recipients) (1, 2). Although new antiviral drugs against CMV are in clinical development, the most commonly used agents display toxicity. Importantly, no licensed prophylactic or therapeutic vaccines exist for CMV at present. Consequently, there is an imperative need to identify potent vaccine modalities to prevent HCMV infection (3–5).

CD4+ and CD8+ T cell responses play a critical role in controlling CMV infection in both mouse and human. While CD4+ T cells seem to be more crucial in the early phase after infection, CD8+ T cells are imperative during latency and harbor superior protective properties upon rechallenge (6–9). Moreover, adoptive transfer approaches established the pivotal role of CMV-specific CD4+ and CD8+ T cells in orchestrating virus replication control (10–12). During CMV infection, CD4+ and CD8+ T cell responses either follow the traditional course comprised by massive expansion followed by rapid contraction and maintenance at low levels or instead do not undergo contraction but remain at high frequency or even expand gradually. The latter has been described as memory T cell inflation and has been observed for a restricted set of immunodominant CMV antigens (13–16). Memory inflation is thought to occur due to low-level persistent antigenic priming and requires certain costimulatory receptor-ligand pairs of which CD27–CD70 and OX40–OX40L interactions are important (17, 18). Phenotypically inflationary T cells exhibit effector-like properties without signs of exhaustion (14, 16, 19). The comparable nature of the T cell response to mouse CMV (MCMV) and HCMV is also found for B cell and NK cell responses and is likely related to the similarities of both viruses in tropism, pathology, and the establishment of latent infection that reactivates upon immunosuppression (20, 21).

Recently, we demonstrated that synthetic long peptide (SLP) vaccines, designed to exclusively induce MHC class I-restricted CD8+ T cells, were able to elicit robust and polyfunctional T cell responses that led to reduced MCMV replication in C57BL/6 and BALB/c mouse strains after challenge (22). However, live MCMV vaccines were more efficient which prompted us to further improve the SLP vaccine efficacy. Since CD4+ helper T cells promote long-term maintenance of memory CD8+ T cells, also during MCMV infection (23, 24), and display direct antiviral capabilities (12, 25), the induction of CD4+ T cells may improve the efficacy of the SLP vaccine. Here, we analyzed the potency of SLP vaccines inducing MCMV-specific CD4+ T cells, either alone or in conjunction with SLPs eliciting MCMV-specific CD8+ T cells. Enforced OX40 signaling was used to enhance the expansion of both CD4+ and CD8+ T cell subsets. We show that combined administration of SLPs eliciting CD4+ and CD8+ T cells and OX40 stimulation during booster vaccination leads to a startling increase of both the T cell magnitude and polyfunctionality, ultimately leading to efficient control of lytic MCMV infection.

ANIMALS AND METHODS

Mice

Wild-type female C57BL/6 mice (8–10 weeks) were purchased from Charles River Laboratories (L’Arbresle, France) and Ly5.1 (SJL; CD45.1) congenic mice on a C57BL/6 genetic background were obtained from The Jackson Laboratory. Mice were bred and housed under specific-pathogen-free conditions at the Central Animal Facility of Leiden University Medical Center (LUMC). Experimental procedures were approved by the LUMC Animal Experiments Ethical Committee and conducted according to the Dutch Experiments on Animals Act and the Council of Europe (#13156 and #14187).

Viral Infections

Virus stocks were prepared from salivary glands of BALB/c mice infected with MCMV-Smith [American Type Culture Collection (ATCC)]. The viral titers of the produced virus stocks were determined by viral plaque assays with mouse NIH-3T3 Embryonic Fibroblasts (ATCC). C57BL/6 mice were infected intraperitoneally (i.p.) with 5 × 104 PFU MCMV in 400 µl of PBS. 60 days post-booster vaccination or infection, mice were rechallenged with 5 × 104 PFU MCMV. Viral loads in spleen, liver, and lungs were determined by real-time PCR at day 5 post challenge as described previously (26). Due to differences in peak viral replication, the viral load in the salivary glands was not measured.

Peptides and Vaccination

Short (9–10 aa) and long (20–21 aa) peptides containing MHC class I-restricted T cell epitopes (22) and 15 aa long peptides containing MHC class II epitopes (15) were produced at the GMP-peptide facility of the LUMC. The purity (75–90%) of the synthesized peptides was determined by HPLC and the molecular weight by mass spectrometry. All peptide sequences used in this study are listed and described in Table S1 in Supplementary Material. Both single and mixed SLP vaccines were administered subcutaneously (s.c.) at the tail base by delivery of 50 µg of each SLP and 20 µg CpG (ODN 1826, InvivoGen) in a total volume of 50 µl in PBS. Booster SLP vaccinations were provided after 2 weeks. At the indicated times (during prime and/or booster vaccination), mice were injected i.p. with 150 µg agonistic OX40 mAb (clone OX86) dissolved in 150 µl of PBS. All SLP vaccine administrations were well tolerated without adverse events and signs of hypersensitivity.

Flow Cytometry

To evaluate CD4+ and CD8+ T cell responses, cell surface and intracellular cytokine staining in splenocytes and blood lymphocytes were performed as previously described (27). In brief, to determine the cytokine production capacity, single-cell suspensions from spleens were stimulated with short MHC class I peptides (2 µg/ml) for 5 h in the presence of brefeldin A (Golgiplug; BD Pharmingen) or with long MHC class II peptides (5 µg/ml) for 8 h of which the last 6 h in presence of brefeldin A. MHC class I tetramers specific for the M45985–993, M57816–824, m139419–426, M38316–323, and IE3416–423 MCMV epitopes were used. Fluorochrome-conjugated mAbs were obtained from BD Biosciences, Biolegend, or eBioscience. Flow cytometry gating strategies are shown in Figure S6 in Supplementary Material. All data were acquired on a LSRFortessa cytometer (BD Biosciences) and analyzed with FlowJo-V10 software (Tree Star).

Antibody Detection by ELISA

Total IgG, IgG2b, IgG2c, IgG3, IgE, and IgA concentrations were determined by ELISA in serum samples as previously described (26). Briefly, Nunc-Immuno Maxisorp plates (Fisher Scientific) were coated overnight with 2 µg/ml MHC class II SLPs in bicarbonate buffer, and after blocking (skim milk powder, Fluka BioChemika) sera from mice (i) chronically infected, (ii) long term vaccinated with MHC class II SLP vaccines and anti-OX40 mAb treated (i.p. during booster vaccination only), or (iii) uninfected were added. Next, plates were incubated with various HRP-conjugated antibodies (SouthernBiotech) to detect different immunoglobulin isotypes. Plates were developed with TMB substrate (Sigma Aldrich), and the color reaction was stopped by the addition of 1 M H2SO4. To serve as a positive control, a peptide from the M2 protein (eM2) of influenza A virus with known ability to induce antibodies and corresponding serum was used. Optical density was read at 450 nm (OD450) using a Microplate reader (Model 680, Bio-Rad).

Adoptive T Cell Transfers

The secondary expansion potential of the SLP vaccine-induced antigen-specific CD8+ T cells receiving agonistic OX40 mAb only during booster vaccination was determined by adoptive transfers. Splenic memory (day 65) CD8+ T cells from SLP vaccinated CD45.1+ congenic mice were negatively enriched with magnetic sorting using the CD8+ T cell isolation kit (Miltenyi Biotec). 2 × 106 total CD8+ T cells were retro-orbitally injected (in a total volume of 200 µl in PBS) into naive CD45.2+ recipients. Recipient mice were rested for 2 h and concomitantly infected with 5 × 104 PFU MCMV. Subsequently, in order to quantify the number of the vaccine antigen-specific CD8+ T cells that was transferred, a representative amount of cells was stained with MHC class I tetramers and with fluorochrome labeled antibodies against CD44, CD3, CD4, and CD8. The number of the donor’s vaccine-specific T cells transferred was ranging between 8 × 103 and 2.5 × 104 cells for the group that did not receive OX40 mAb and between 1.8 × 104 and 4.5 × 104 cells for the OX40 mAb boosted group. 6 days later, the number of vaccine-specific CD8+ T cells of the donor was measured (based on the expression of the CD45.1 marker) by flow cytometry, and the fold expansion was calculated.

Statistical Analyses

Statistics were calculated using the unpaired Student’s t-test or ANOVA in GraphPad Prism software (GraphPad Software Inc., USA). *P < 00.5, **P < 0.01, ***P < 0.001, and ****P < 0.00001.

RESULTS

Prime/Boost Vaccination with SLPs Inducing MCMV-Specific CD4+ T Cell Responses

MHC class II epitopes from MCMV-encoded proteins have previously been identified by us in the C57BL/6 mouse strain (MHC haplotype H-2b) (15), and five immunogenic epitopes (i.e., m18872–886, M25409–423, m139560–574, m14224–38, and m09133–147) were selected for the SLP vaccine platform (Table S1 in Supplementary Material). Initially, the potential of single SLP-based vaccines in eliciting CD4+ T cell responses was assessed in a prime/boost vaccination setting (2 weeks apart) with the TLR9 ligand CpG as adjuvant. At day 8 after the first SLP vaccination, CD4+ T cell responses were not detected by polychromatic intracellular cytokine staining (data not shown) but they became detectable in the spleen at day 8 after the booster SLP vaccination (Figure 1A). However, these responses were relatively low when compared to SLP-induced CD8+ T cell responses (22). Analysis of the cytokine profile revealed the presence of single IFN-γ, double IFN-γ/TNF, and triple IFN-γ/TNF/IL-2 cytokine-producing CD4+ T cell populations (Figure 1B).
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FIGURE 1 | Prime-boost synthetic long peptide (SLP) vaccination with combined MHC class II SLPs provokes the induction of strong and polyfunctional CD4+ T cell responses. (A) At day 8 post-booster vaccination with single SLPs containing MHC class II epitopes, the magnitude of the CD4+ T cell responses specific to the indicated epitopes was determined by intracellular cytokine staining after restimulation with peptide. Representative plots show percentages of IFN-γ versus TNF cytokine production of the vaccine-elicited CD4+ T cells. (B) Pie charts depict the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2) cytokine producers of each antigen-specific CD4+ T cell population at day 8 post-booster vaccination with single MHC class II SLPs. (C) Percentages (left) and total numbers (right) of splenic SLP and MCMV-specific IFN-γ+ CD4+ T cells at day 8 post-booster vaccination with a mixture of all five MHC class II SLPs are shown. (D) Pie charts depict the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2) cytokine producers of each antigen-specific CD4+ T cell population at day 8 after booster vaccination with a mixture of all five MHC class II SLPs. Data represent mean values and are representative of three independent experiments (n = 4–5 per group). *P < 0.05; **P < 0.01; ns, not significant.



For clinical applications multiple SLPs need to be combined in order to deal with MHC heterogeneity. Moreover, the breadth of SLP vaccines is important for the efficacy (22). Hence, mice were vaccinated with a mixture of the five SLPs, and the CD4+ T cell response for each individual peptide epitope was measured. CD4+ T cell reactivity to all MHC class II epitopes was detected (Figure 1C), albeit that the response to each individual peptide was lower when compared to single SLP vaccination, suggesting that competition among CD4+ T cell peptide epitopes occurs in multivalent vaccines. Moreover, in comparison to the CD4+ T cell response observed after MCMV infection, vaccination with a mixture of MHC class II SLPs resulted in lower numbers of MCMV-specific T cells (Figure 1C). Nevertheless, the cytokine polyfunctionality of the SLP-elicited CD4+ T cells was augmented compared to MCMV-induced CD4+ T cells (Figure 1D). Taken together, these results show that prime/boost vaccination with a mixture of MHC class II epitope-containing SLPs elicits polyfunctional MCMV-specific CD4+ T cell responses, but in magnitude these are lower as compared to those induced by the virus itself.

Enforced OX40 Triggering during Booster Vaccination Shows Superior Induction of SLP-Elicited CD4+ T Cell Responses

Next, we attempted to augment the magnitude of the SLP-induced CD4+ T cell responses. As OX40-mediated signals are important for enhancing CD4+ T cell expansion and survival (28), we decided to use an agonistic OX40 antibody that provides in vivo OX40 stimulation. First, we investigated the scheduling of the agonistic OX40 antibody administration (i.e., during priming only, during booster only or during priming and booster) in order to obtain the most optimal CD4+ T cell stimulation (Figure 2A). The magnitude of the T cell response elicited by the SLP containing the M25409–423 epitope was measured 8 days post-booster vaccination in the spleen. OX40 stimulation clearly increased the magnitude of the M25409–423-specific CD4+ T cell responses, and remarkably, this was most prominent when the mice received agonistic OX40 antibody during the booster vaccination only (Figures 2B,C). Markedly, a >100-fold increase in IFN-γ+ CD4+ T cells was observed when compared to SLP vaccination without enforced OX40 stimulation, whereas the response was 17-fold and 5-fold higher than in mice receiving OX40 antibody during priming only or during both priming and booster vaccination, respectively (Figure 2C). In addition, there was a striking gain in cytokine polyfunctionality when agonistic OX40 antibody was provided during booster vaccination only (Figures 2D–F). Compared to SLP vaccination, the increase in absolute numbers of triple IFN-γ/TNF/IL-2 producers was even >200-fold (Figure 2E).


[image: image1]

FIGURE 2 | Activation of the OX40 axis during booster vaccination with a single MHC class II synthetic long peptide (SLP) vaccine propels increment of the vaccine-induced CD4+ T cell response. (A) Scheme of the experimental procedure and the vaccination timeline. Wild-type C57BL/6 mice were vaccinated (i) s.c. with M25409–423 MHC class II SLP alone or (ii) with M25409–423 MHC class II SLP (s.c.) along with anti-OX40 mAb (i.p.). Two weeks after prime vaccination mice from group (i) and (ii) were divided into two groups, respectively, and a booster immunization was administered. Half mice received only the M25409–423 SLP and the other half were injected anti-OX40 mAb in addition to the M25409–423 SLP. (B) The total size of the splenic M25409–423 SLP vaccine-induced CD4+ T cells from each group was measured by intracellular cytokine staining. Representative plots depict percentages of IFN-γ versus TNF cytokine producing CD4+ T cell populations at day 8 post-booster vaccination. (C) Total numbers of splenic IFN-γ+ producing M25409–423 antigen-specific CD4+ T cells at day 8 post booster SLP vaccination and differential anti-OX40 mAb treatment are shown. (D) Total double (IFN-γ/TNF) and (E) triple (IFN-γ/TNF/IL-2) cytokine producers of M25409–423 vaccine-specific CD4+ T cells measured in spleen at day 8 post-booster vaccination. Fold differences among each population are also depicted (F). Pie charts show the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2) cytokine producers of each M25409–423-specific CD4+ T cell population upon vaccination with M25409–423 SLP and anti-OX40 mAb. Data represent mean values and are representative of three independent experiments (n = 5–6 per group). *P < 0.05; **P < 0.01; ns, not significant.



Next, we examined whether the strong increase in MCMV-specific CD4+ T cells by administration of agonistic OX40 antibody during booster vaccination was also evident in case of a mixture of SLPs. Clearly, at day 8 post-booster vaccination, a strong increase in both percentages and absolute numbers of the peptide-specific IFN-γ+ CD4+ T cells was observed for all epitopes in the mixture (Figure 3A). In addition, administration of OX40 antibody dramatically improved the cytokine polyfunctional traits (Figure 3B). Most profoundly, OX40 stimulation augmented the IL-2 production capacity of the vaccine-induced CD4+ T cells (Figures 3B,C). Together, these results demonstrate that activation of the OX40 axis during booster SLP vaccination leads to superior CD4+ T cell expansion and induction of cytokine polyfunctionality.
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FIGURE 3 | OX40 activation during booster vaccination with combinatorial MHC class II synthetic long peptide (SLP) vaccines leads to the induction of robust and polyfunctional CD4+ T cell responses. (A) Percentages (left) and total numbers (right) of the splenic epitope-specific IFN-γ+ CD4+ T cell responses elicited at day 8 post-booster vaccination with a mixture of SLPs containing MHC class II epitopes alone (CD4 SLP mixture; white bars) or with SLPs containing MHC class II epitopes and anti-OX40 mAb (CD4 SLP mixture + anti-OX40 boost; black bars). (B) Pie charts show the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2) cytokine producers of each antigen-specific CD4+ T cell population at day 8 post-booster vaccination with a mixture of MHC class II SLPs alone or with MHC class II SLPs plus anti-OX40 mAb. (C) Total triple (IFN-γ/TNF/IL-2) cytokine producers of each antigen-specific CD4+ T cell population were measured in spleen at day 8 post-booster vaccination with a mixture of MHC class II SLPs and anti-OX40 mAb or with SLPs alone. Fold difference is indicated. Data represent mean values and are representative of three independent experiments (n = 6 per group). *P < 0.05; **P < 0.01.



Having established a powerful means to augment SLP vaccines containing MHC class II epitopes, we tested if the used SLPs may comprise unidentified class I epitopes and/or linear B cell epitopes leading to CD8+ T cells and antibody responses, respectively. However, intracellular cytokine staining did not reveal any induction of MCMV-specific CD8+ T cells and SLP-specific antibody ELISAs were negative (Figures S1A,B in Supplementary Material). Furthermore, increased percentages of activated NK cells were also not detected after SLP vaccination (Figure S1C in Supplementary Material), indicating that the intended MHC class II epitope-containing SLPs with enforced OX40 stimulation exclusively activate antigen-specific CD4+ T cell responses.

Provision of OX40 Stimulation during Booster Vaccination Also Advances SLP-Induced CD8+ T Cell Responses

To improve our previously reported CD8+ T cell eliciting SLP vaccine modality (22), we here envisaged to combine both MHC class I and II epitope-containing SLPs. We, therefore, also analyzed the impact of OX40 engagement on vaccine-induced CD8+ T cells in a similar scheduling experiment using a SLP exclusively containing the CD8+ T cell peptide epitope M57816–824 (Figure S2A in Supplementary Material). Consistent with the results described for CD4+ T cells, mice that were vaccinated and treated with agonistic OX40 antibody during booster vaccination displayed the strongest SLP-induced CD8+ T cell response in both blood and spleen (Figures S2B–F in Supplementary Material). The number of SLP-induced CD8+ T cells, determined either by IFN-γ reactivity or by MHC class I tetramer binding, at the peak after the boost were similar, indicating that OX40 stimulation during SLP vaccination (provided either during priming, during booster or during prime/boost) induces functional (non-exhausted) CD8+ T cells (Figures S2C,D in Supplementary Material). The cell-surface phenotype based on KLRG1 and CD127 of the vaccine-induced CD8+ T cells at the peak of the response after the booster was comparable (Figure S2G in Supplementary Material).

Next, the impact of OX40 stimulation during booster vaccination was evaluated for a mixture of MHC class I epitope-containing SLPs. Longitudinal analysis of the SLP-specific CD8+ T cell response revealed that OX40 stimulation during booster vaccination clearly amplifies the expansion of all SLP vaccine-induced CD8+ T cells measured in blood and spleen (Figures 4A,B), although this effect was relatively lower when compared to that seen for CD4+ T cells. At the peak of the response, 8 days after booster SLP vaccination, the magnitude of the IFN-γ+CD8+ T cell response specific for each MHC class I-restricted epitope was again proportional to the MHC class I tetramer response (data not shown). However, the polyfunctional cytokine profile was improved upon OX40 stimulation (Figures 4C,D). In particular, OX40 stimulation augmented the percentages and absolute number of the triple cytokine producers (Figures 4C,D).
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FIGURE 4 | OX40 ligation during booster vaccination with a mixture of MHC class I epitope-containing synthetic long peptides (SLPs) leads to the induction of strong and polyfunctional CD8+ T cell responses. (A) Longitudinal analysis of the epitope-specific CD8+ T cell responses in blood induced by combinatorial MHC class I epitope-containing SLP vaccines without (CD8 SLP mixture) and with anti-OX40 mAb administration (given only during booster vaccination) (CD8 SLP mixture + a-OX40 boost). Data represent mean values ± SEM (n = 12 per group). (B) Total IFN-γ+ cytokine-producing CD8+ T cells for each antigen-specific population detected in spleen at day 8 post-booster vaccination with CD8 SLP mixture (white bars) or with CD8 SLP mixture + anti-OX40 boost (black bars). (C) Pie charts show the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2)-specific cytokine producers of the antigen-specific CD8+ T cell populations at day 8 post-booster vaccination. (D) Total numbers of IFN-γ/TNF/L-2 cytokine producing CD8+ T cells for each antigen-specific population detected in spleen at day 8 post-booster vaccination. (E) At day 8 after booster vaccination with combined MHC class I SLPs and/or anti-OX40 mAb (during booster or during both prime/boost), the BCL-2 protein expression was measured within the antigen-specific CD8+ T cells in spleen by flow cytometry. Fold changes between groups are depicted. Data represent mean values + SEM (n = 6 mice per group) and are representative of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



To gain insight into the mechanisms underlying the apparent impact of OX40 stimulation during booster vaccination, we examined the expression of the pro-apoptotic protein BCL-2, a known target of OX40 triggering and implicated in T cell survival (29). BCL-2 expression was upregulated by the vaccine-specific CD8+ T cells when OX40 stimulation was provided during booster vaccination compared to no OX40 stimulation (Figure 4E). Moreover, when agonistic OX40 antibody was administered during both primary and booster vaccination, BCL-2 expression was downregulated. These results indicate that stimulation of OX40 can bolster vaccine-induced CD8+ T cell expansion through a BCL-2-dependent mechanism, if this stimulation is correctly scheduled.

Over time, the SLP-induced CD8+ T cell responses contracted, yet the OX40 boosted epitope-specific CD8+ T cell responses to M38, M45, and M57 were maintained at higher levels (Figure 5A). At the memory phase (60 days after booster vaccination), there were higher percentages and numbers of triple (IFN-γ/TNF/IL-2) cytokine-producing vaccine-induced CD8+ T cells in mice that received agonistic OX40 antibody during booster vaccination (except for m139419–426) (Figures 5B,C).
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FIGURE 5 | Agonistic OX40 mAb administration during booster vaccination leads to improved memory synthetic long peptide (SLP)-elicited CD8+ T cell responses. (A) Total single IFN-γ+ cytokine-producing CD8+ T cells for each antigen-specific population detected in spleen at day 60 post-booster vaccination with combinatorial MHC class I SLPs and anti-OX40 mAb (provided during booster vaccination) (CD8 SLP mixture + anti-OX40 boost) or with MHC class I SLPs alone (CD8 SLP mixture). Fold changes between groups are depicted. Data represent mean values + SEM (n = 6 per group). (B) Pie charts show the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2) cytokine producers of each antigen-specific CD8+ T cell population in spleen at day 60 post-booster vaccination with a mixture of MHC class I SLPs and anti-OX40 mAb (administered only during booster vaccination) or with MHC class I SLPs alone. (C) Total triple IFN-γ+/TNF+/IL-2+-producing CD8+ T cells for each antigen-specific population detected in spleen at day 60 post-booster vaccination. Fold changes between groups are depicted. Data represent mean values + SEM (n = 6 per group). (D) Different groups of mice [unvaccinated (naive), mouse CMV (MCMV) infected (live-virus vaccine), vaccinated with a mixture of all 5 MHC class I SLPs, vaccinated with a mixture of all five MHC class I SLPs and anti-OX40 mAb (given only during booster vaccination), or treated with a-OX40 mAb only] were challenged at day 60 postvaccination/infection with 5 × 104 PFU salivary gland-derived MCMV Smith. At day 5, post challenge spleen, liver, and lungs were harvested and the viral genome copies were determined by qPCR. The viral titers of individual mice are depicted (n = 5–8 mice per group). Mean ± SEM is indicated. The detection limit was below 1,000 genome copies as measured in naive mice. Experiments were performed twice with similar outcome. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant as compared to the unvaccinated group unless otherwise indicated.



We also tested the impact of the in vivo OX40 stimulation on the secondary expansion potential, a hallmark of memory T cells. We performed adoptive transfer experiments in which congenically marked (CD45.1+) memory CD8+ T cells from SLP vaccinated mice were isolated and transferred into naïve recipient mice, which were subsequently challenged with MCMV (Figure S3A in Supplementary Material). Overall, the SLP-induced memory CD8+ T cells isolated from mice that also received OX40 stimulation during booster vaccination expanded better compared to the vaccine only group (Figures S3B,C in Supplementary Material).

Subsequently, we examined whether OX40 stimulation is able to further improve the prophylactic efficacy of the combined MHC class I SLP vaccine. At day 60, post-booster vaccination, mice were virally challenged and the titers were quantified in spleen, liver, and lungs. Similar to our previous study (22), vaccination with a mixture of MHC class I SLPs resulted in reduction of the virus titers (Figure 5D). Mice that received OX40 stimulation during the booster showed increased potency to control the virus compared to mice that received no extra stimulation of OX40 (Figure 5D). All together, these data suggest that enforced OX40 stimulation during booster SLP vaccination does not only impact the expansion of activated CD8+ T cells but also has a long-lasting constructive influence on the magnitude and the functional profile of the vaccine-elicited CD8+ T cells leading to more effective viral control.

SLP Vaccines Inducing Both CD4+ and CD8+ T Cells Confer Superior Protection against MCMV Infection

To evaluate if the provision of CD4+ T cells would benefit the CD8+ T cell response, C57BL/6 mice were vaccinated with a mixture of either all 5 MHC class I epitope-containing SLPs or with a mixture of all 5 MHC class I and all 5 class II epitope-containing SLPs (Table 1 in Supplementary Material). Agonistic OX40 mAb was provided during the boost only. The CD8+ T cell response after the prime vaccination was higher when the SLP vaccine contained a mixture of MHC class I and II peptide epitopes (Figure 6A; Figure S4A in Supplementary Material), stressing the importance of CD4+ T cell help during the priming. Also, the phenotype of the vaccine-induced CD8+ T cells after prime vaccination revealed slightly more effector-type (KLRG-1+CD127-) CD8+ T cells when CD4+ T cell help was provided (Figure S4B Supplementary Material), whereas the polyfunctionality of the vaccine-induced CD8+ T cells remained unchanged (data not shown). However, at day 7/8 after booster SLP vaccination, the effect of CD4+ T cell help on the magnitude of the vaccine-induced CD8+ T cell response was no longer detectable in blood (Figure 6A) and spleen (Figure 6B). At this time-point, also no difference in the CD8+ T cell cytokine polyfunctionality and phenotype was found (Figures 6C,D). Furthermore, the size and polyfunctionality of the CD4+ T cells responses induced at the peak response after combined MHC class I and II SLP vaccination was similar to vaccination with MHC class II SLPs only (Figures S5A,B in Supplementary Material). Taken together, vaccination with a mixture of MHC class I and II epitope-containing SLPs resulted in enhanced primary CD8+ T cell expansion compared to vaccination with class I epitope-containing SLPs only, but no additional effects of the helper T cells were observed after the enforced OX40 stimulation provided during booster vaccination.
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FIGURE 6 | Combination of MHC class I and II epitope-containing synthetic long peptide (SLP) vaccines and OX40 agonistic mAb during booster vaccination leads to robust induction of both CD4+ and CD8+ T cell responses. C57BL/6 mice were vaccinated s.c. with a combination of all MHC class I epitope-containing SLPs (CD8 SLP) or with a combination of all MHC class I and II epitope-containing SLPs (CD4 + CD8 SLP). In both groups agonistic OX40 mAb was administered i.p. during booster vaccination. (A) Kinetics of the antigen-specific CD8+ T cells measured by MHC class I tetramer staining in blood. Data shown are mean values ± SEM (n = 18 mice/group) (B) Total MHC class I tetramer-specific CD8+ T cells induced by combinatorial MHC class I or MHC class I plus MHC class II SLP vaccination compared to MCMV infection at day 8 post-booster vaccination in spleen. Data represent mean values (n = 5 mice/group). (C) The cytokine production capacity of the splenic SLP vaccine-induced CD8+ T cells was examined by intracellular cytokine staining at day 8 after booster vaccination. Pie charts depict the percentages of the single (IFN-γ), double (IFN-γ/TNF), and triple (IFN-γ/TNF/IL-2) cytokine producers of each antigen-specific CD8+ T cell populations at day 8 post-booster vaccination. (D) Phenotypic analysis of the combinatorial SLP vaccine-induced CD8+ T cells in spleen at day 8 post-booster vaccination. Data represent mean values (n = 5 mice/group) and are representative of three independent experiments.



Ultimately, we analyzed the prophylactic efficacy of the SLP-induced MCMV-specific CD4+ and CD8+ T cells to control viral replication. At day 60 post-booster SLP vaccination, mice were infected with MCMV and 5 days later the viral titers were quantified. The viral load of unvaccinated (naive) mice challenged with MCMV was found significantly higher in spleen, liver, and lungs compared to the viral load of mice that received earlier a virulent virus as a vaccine. This result suggests that pre-existing immunity to MCMV can inhibit virus replication during subsequent infection (Figure 7). Furthermore, the viral titers of mice that had received the virulent virus-based vaccine were similar to those measured during chronic MCMV infection, indicating that this is the maximum of immune control that can be achieved. Mice vaccinated with the mixture of SLPs containing MHC class II epitopes plus OX40 triggering during booster vaccination displayed significant reduction in viral load in all tested organs (Figure 7), indicating that the SLP-induced MCMV-specific CD4+ T cells display direct antiviral properties. Vaccination with the mixture of MHC class I SLPs plus anti-OX40 during booster resulted in a more efficient reduction of viral load in all organs. Strikingly, mice that received a mixture of MHC class I and II epitope-containing SLPs and OX40 stimulation during booster vaccination displayed the strongest reduction in viral load (Figure 7). Notably, the SLP vaccine-induced reduction in viral load in the spleen and liver was almost as effective as to what is observed after vaccination with virulent virus. Thus, SLP vaccines comprising a mixture of MHC class I and II SLPs has the highest protection potency compared to similar vaccines that elicit merely MCMV-specific CD4+ or CD8+ T cell responses. All together, we conclude that OX40 activation during booster vaccination empowers SLP-induced memory CD4+ and CD8+ T cells to efficiently counteract lytic MCMV infection.
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FIGURE 7 | Prime-boost vaccination with a combination of MHC class I and II epitope-containing synthetic long peptides (SLPs) exhibits increased potency to protect against lytic mouse CMV (MCMV) infection. Unvaccinated (naive), MCMV (live-virus vaccine), combined MHC class II SLPs (CD4 mixture), combined MHC class I SLPs (CD8 mixture), combined MHC class I and II SLPs (CD4 + CD8 mixture), and anti-OX40 mAb only treated C57BL/6 mice were challenged 60 days post-booster vaccination/infection with 5 × 104 PFU salivary gland-derived MCMV Smith. At day 5 post challenge, liver, lungs, and spleen were harvested and the viral genome copies were quantified by qPCR. To further evaluate the efficacy of the vaccines, the viral titers of chronically infected (MCMV chronic/day 60) mice were also measured. The viral titers of individual mice are depicted (n = 4–8 per group). Statistical significance between the unvaccinated group and the rest of the groups is indicated with asterisks above each group. A statistical comparison between the CD4 + CD8 mixture group and the MCMV (live-virus vaccine) and MCMV chronic group was also performed (vertical statistical bar). For both comparisons the statistical difference was found the same (**P < 0.01). The detection limit was below 1,000 genome copies as measured in naive mice. Experiment was performed twice with similar outcome. Statistical difference is indicated **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant as compared to the unvaccinated group unless otherwise indicated.



DISCUSSION

In this study, we show that SLP-based vaccine strategies eliciting vigorous polyfunctional CD4+ and CD8+ T cell responses are highly effective against MCMV infection. While SLP-based vaccines that evoke solely CD8+ T cell responses display already efficacy against lytic MCMV infection (22), vaccination with a mixture of various immunodominant MHC class II and MHC class I MCMV epitopes and the combination with enforced OX40 stimulation results in superior vaccine efficacy. Former explored CMV vaccines focused mainly on the induction of neutralizing antibodies and thus far did not show substantial efficacy (3–5). Our finding that SLP-based vaccines that merely provoke CD4+ and CD8+ T cell responses are almost as efficient as a virulent vaccine suggests that the inclusion of T cell-stimulating antigens should facilitate the design of more efficient vaccines against CMV.

Signals through the OX40 costimulatory receptor are known to regulate expansion and survival of both CD4+ and CD8+ T cells after antigen encounter (28, 30). Consistent with this, OX40 had a robust effect on the magnitude of the effector SLP vaccine-induced CD4+ and CD8+ T cells and on their capacity to induce “Th1” cytokine responses (especially IL-2). This effect of OX40 costimulatory signals was stronger when agonistic antibody to OX40 was provided during booster SLP vaccination. We hypothesize that primed T cells more rapidly and stronger upregulated OX40 leading to greater benefit during enforced OX40 stimulation. OX40 ligation seems to work better on CD4+ T cells as compared to CD8+ T cells, which may be related to the higher expression of OX40 on CD4+ T cells (31, 32). Due to its capacity to regulate both CD4+ and CD8+ T cells, OX40 is a promising candidate in immunotherapy of chronic viral infections and cancer (30). In this study, we did not detect toxicity of OX40 agonistic antibodies but a better understanding of potential side-effects is required.

CD4+ T cell responses in CMV infection have been long known as important contributors to control primary infection (8, 33). In MCMV infection, CD4+ T cells direct the quality and persistence of inflationary CD8+ T cells and B cell responses (23, 24, 34). Here, we show that vaccine-induced CD4+ T cells solely can confer moderate protection against acute MCMV infection. These results are consistent with other reports showing CD4+ T cell effectivity against MCMV and HCMV (8, 12, 25, 35–37). Furthermore, we observed that addition of CD4+ T cell help during vaccination with MHC class I SLP vaccines promoted priming of naïve CD8+ T cells. After booster vaccination in settings wherein OX40 costimulation was enhanced, no additional effects of CD4 help on the magnitude and phenotype of the CD8+ T cells were observed, suggesting that enforced OX40 stimulation during booster vaccination may replace the need for CD4 help signals. On this basis, the improved prophylactic vaccine efficacy of the combined MHC class I and II SLP vaccines appears to be more additive rather than synergistic.

Another interesting observation was that the vaccine efficacy was somewhat better in liver and spleen than in lungs. A possible explanation for this discrepancy is that the SLP-induced CD8+ T cells are better capable to control the virus (lowering the viral titers) in the spleen and liver than the SLP-induced CD4+ T cells. A marked difference in the efficacy of SLP-induced CD4+ and CD8+ T cells as observed in liver and spleen is not found in the lungs and can thus be dictated by the tissue environment. Differences in site-specific control of MCMV-specific CD4+ and CD8+ T cells is known to be especially important in the salivary glands but for other tissues this may be important as well (33). Nevertheless, the combined SLP vaccines inducing both CD4+ and CD8+ T cell responses clearly improved the efficacy of the vaccine in all organ tissues. In this respect, it is of interest to note that SLP-based vaccines can be further refined by different prime-booster regimens, inclusion of B cell epitopes and by combinations with adjuvants, immunomodulatory antibodies, or other vaccine platforms (38).

This study provided evidence that SLP-based vaccines eliciting broad CD4+ and CD8+ T cell responses can effectively control lytic MCMV infection without contribution by humoral responses. The use of OX40 as an adjuvant for MCMV peptide immunization strongly bolstered the development of effective CD4+ and CD8+ T cells. Future studies to examine the ability of the SLP vaccine-induced T cells and OX40 costimulation to boost immune responses in immunocompromised settings of CMV infection or other chronic viral infections are strongly encouraged by these promising findings. Taken together, our data highlight the importance of designing CMV vaccines that elicit effective CD4+ and CD8+ T cell responses.
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Despite several efforts in the last decades, an efficacious HIV-1 vaccine is still not available. Different approaches have been evaluated, such as recombinant proteins, viral vectors, DNA vaccines, and, most recently, dendritic cell (DC) targeting. This strategy is based on DC features that place them as central for induction of immunity. Targeting is accomplished by the use of chimeric monoclonal antibodies directed to DC surface receptors fused to the antigen of interest. In this work, we targeted eight promiscuous HIV-derived CD4+ T cell epitopes (HIVBr8) to the DEC205+ DCs by fusing the multiepitope immunogen to the heavy chain of αDEC205 (αDECHIVBr8), in the presence of the TLR3 agonist poly (I:C). In addition, we tested a DNA vaccine encoding the same epitopes using homologous or heterologous prime-boost regimens. Our results showed that mice immunized with αDECHIVBr8 presented higher CD4+ and CD8+ T cell responses when compared to mice that received the DNA vaccine (pVAXHIVBr8). In addition, pVAXHIVBr8 priming followed by αDECHIVBr8 boosting induced higher polyfunctional proliferative and cytokine-producing T cell responses to HIV-1 peptides than homologous DNA immunization or heterologous αDEC prime/DNA boost. Based on these results, we conclude that homologous prime-boost and heterologous boosting immunization strategies targeting CD4+ epitopes to DCs are effective to improve HIV-specific cellular immune responses when compared to standalone DNA immunization. Moreover, our results indicate that antigen targeting to DC is an efficient strategy to boost immunity against a multiepitope immunogen, especially in the context of DNA vaccination.
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INTRODUCTION

Since HIV was discovered in the 1980s, there has been a remarkable progress in the treatment for AIDS. Despite impressive advances in the scientific knowledge and numerous trials, a safe and effective preventive HIV vaccine is still not available. The majority of licensed vaccines provide protection against other pathogens by the induction of neutralizing antibodies (nAbs), but strategies that focused on the development of an effective humoral immunity for HIV have failed so far. The RV144 trial was the only to demonstrate some level of efficacy (~31.2%) against HIV infection by inducing env-specific CD4+ T cells as well as antibodies that were able to bind to HIV, but not to neutralize it (1, 2). Moreover, the tested vaccine regimen induced proliferating CD4+ T cells with a cytotoxic profile (3). A T cell vaccine able to elicit potent cellular immune responses showed marked protection against simian immunodeficiency (SIV) challenge in non-human primates (4). Janes et al. (5) showed that Gag-specific T cells induced by the Merck Ad5Gag–nef–pol vaccine were associated with reduced viremia after HIV-1 infection.

The role of CD4+ T cells to support immunity places them as key for viral clearance, ensuring homeostasis. The important role of CD4 T cell responses during HIV (6) and non-human primate SIV infection is now clear (7). They can provide help for CD8+ cytotoxic T cells to control virus replication (8), especially in the mucosal region (9). In addition, HIV-specific CD4+ T cell responses promote B cell differentiation leading to generation or maintenance of nAbs in natural infection (10). Furthermore, HIV-specific CD4+ T cells can control viral replication by direct cytotoxicity (11) or indirectly through the secretion of soluble antiviral mediators (CCL3, CCL4, and CCL5) (12). A polyfunctional Gag-specific CD4+ T cell response was inversely correlated with virus load and directly with the HIV-specific CD8+ T cell response in HIV-infected long-term non-progressor individuals (13). Furthermore, expression of specific HLA class II alleles has a considerable impact on the control of HIV replication. HLA-DRB1*15:02 is significantly associated with HIV control (14) and elite controllers that express HLA-DRB1*13 and HLA-DQB1*06 class II HLA molecule showed superior mucosal Gag-specific CD4+ T cell responses that produced simultaneously IFNγ, TNFα, and IL-2 when compared to non-controllers or individuals in highly active antiretroviral therapy (HAART) (9). Thus, it is now accepted that an effective vaccine should also promote broad and polyfunctional CD4+ T responses against HIV infection (15).

The inclusion of appropriate HIV-1 epitopes recognized by CD4+ T cells may thus play an essential role in the induction of immune responses to a HIV vaccine candidate. Our group has previously described a set of conserved HIV-1 CD4+ T cell epitopes from the whole proteome of the HIV-1 B subtype consensus that promiscuously bound to multiple HLA-DR, -DQ, and -DP molecules. Peripheral blood mononuclear cells from 90% of HIV-seropositive individuals recognized these epitopes, and the strongest responses were found among long-term non-progressors (16). Epitope-based vaccines focus responses on epitopes with desirable properties and prevent responses to neutral or deleterious epitopes (17). A DNA vaccine encoding the mentioned conserved epitopes (HIVBr18) induced broad specific CD4+ and CD8+ T responses in transgenic mice expressing human HLA class II alleles (HLA-DR2, -DR4, -DQ6, and -DQ8) (18). Furthermore, HIVBr18 promoted high magnitude, broad, and polyfunctional CD4+ and CD8+ T cell responses to 8 out of 18 vaccine-encoded peptides in BALB/c mice (19). This epitope-based vaccine concept may cope with HIV genetic variability, since it induces a broad T cell response focused on conserved HIV epitopes, and may also provide increased population coverage, given the promiscuity of HLA class II binding to multiple epitopes.

DNA vaccines are relatively easy and cheap to produce, being promising agents to control epidemics in remote, resource-poor locations (20). However, DNA vaccines have shown limited immunogenicity in non-human primates and in humans, possibly due to the low amount of the expressed antigen (21). For this reason, different approaches have been pursued in order to overcome this hurdle (22). Dendritic cells (DCs) have the ability to link innate and adaptive immunity because they are able to effectively acquire, process, and present a myriad of pathogen-derived epitopes mainly to T cells (23). In mouse spleen and lymph nodes, two major subtypes of resident DCs have been described: the CD11c+CD8α+ DCs that additionally express high levels of DEC205 endocytic receptor and the CD11c+CD8α− that express the DCIR2 receptor (24, 25). In vivo antigen targeting to the CD11c+CD8α+ DCs was first demonstrated when two model antigens were fused to a monoclonal antibody (mAb) directed to the DEC205+ receptor. Ovalbumin and hen egg lysozyme were successfully coupled to the αDEC205 mAb, and effective presentation to either CD4+ or CD8+ T cells was observed, eliciting both robust humoral and cellular responses (26, 27). Different pathogen-derived antigens were shown to be efficiently processed and presented to T cells when targeted to the CD11c+CD8α+ DCs through αDEC205 mAb, such as Plasmodium yoelii (28), Plasmodium falciparum (29), Trypanosoma cruzi (30), Mycobacterium tuberculosis (31), HIV (32–34), and dengue virus (35). Furthermore, it was shown that targeting of HIV antigens using αDEC205 mAb could be an efficient vaccine platform. A single dose of αDEC205-Gag mAb in the presence of poly (I:C) induced protective CD4+ T responses when mice were challenged with recombinant vaccinia virus expressing Gag (33). In addition, αDEC205-p24 in the presence of poly (I:C) led to strong polyfunctional CD4+ profile that was able to induce proliferating and cytokine-producing T cells (32). HIV p24 targeted to CD11c+CD8α+ DCs also induced Th1 CD4+ T cells as well as cross-presentation to CD8+ T cells (36). Immunization with an anti-human DEC205-p24 mAb induced IFNγ- and IL-2-producing cells and was able to elicit high titers of anti-human IgG in transgenic mice (37). αDEC205-Gag targeting was also shown to assist a protective response to a DNA vaccine by mobilizing CD8+ T cells after challenge (38). More recently, αDEC205-p24 mAb was evaluated for intranasal immunization, and it was able to induce HIV-specific immunity in the gastrointestinal tract (34).

In recent years, evidence has shown that heterologous prime-boost vaccination was an effective strategy to generate powerful antibody responses (39, 40), to improve the magnitude and quality of T cell responses (41), and to induce protection against different pathogens (42), including HIV. We thus hypothesized that targeting HIV CD4+ T cell epitopes to DCs using the αDEC205 mAb would be able to induce higher specific cellular responses against HIV-1 when compared to a DNA vaccine encoding the same epitopes. In the current study, we assessed the polyfunctionality of HIV-specific T cell responses induced by αDECHIVBr8 chimeric mAb and the DNA vaccine HIVBr8 in homologous and heterologous prime-boost immunization regimens. Our results showed that immunization with αDECHIVBr8 solely or heterologous prime-boost with HIVBr8 followed by αDECHIVBr8 was able to induce broader and polyfunctional CD4+ and CD8+ T cells when compared to the DNA vaccine alone.

MATERIALS AND METHODS

Epitopes

The sequences of HIV-1 epitopes selected for this study were previously described by Fonseca et al. (16) and are the following: p6 (32–46), p17 (73–89), pol (785–799), gp160 (188–201), rev (11–27), vpr (65–82), vif (144–158), and nef (180–194) (Table 1). These epitopes were derived from the previously described DNA vaccine HIVBr18 (18, 19) and comprise the eight mentioned epitopes (HIVBr8) that can bind to I-Ad and are recognized by T cells from immunized BALB/c mice. The epitopes were assembled in tandem and are separated by GPGPG at C and N termini to avoid the creation of junctional epitopes that may interfere with processing and presentation (43).

TABLE 1 | Amino acid sequence of HIV epitopes.

[image: image1]

Cloning the DNA Sequence Encoding HIV-1 Epitopes: pVAXHIVBr8 Generation

The HIVBr8 nucleotide sequence was codon optimized, and a Kozak sequence was included at the 5′ end to improve mammalian expression. The artificial gene (Genscript) was cloned between the HindIII and XhoI restriction sites of the pVAX1 vector (Invitrogen) to generate the pVAXHIVBr8 plasmid that was amplified using DH5α cells. The pVAXHIVBr8 was purified using the Endofree Plasmid Giga Kit (Qiagen) according to the manufacturer’s instructions. The yield and quality of purified DNA was determined by spectrophotometry at 260 nm and confirmed by agarose gel electrophoresis.

Fusion of HIV-Derived CD4+ T Cell Epitopes to the αDEC205 Antibody: αDECHIVBr8 mAb Generation

Plasmids encoding the light and heavy chains of the mouse αDEC205 antibody were kindly provided by Dr. Michel C. Nussenzweig (The Rockefeller University). The artificial HIVBr8 gene was produced (Genscript), digested from pUC57 vector, and cloned in frame with the carboxyl terminus of the heavy chain of the mouse DEC205 (clone NLDC145) between the 5′ XhoI and 3′ NotI sites. Large-scale preparation of plasmids pDECHIVBr8, empty pDEC (a negative non-fused control), and pDEC kappa (encoding the αDEC205 kappa light chain) were prepared using Maxi Plasmid Purification Kit (Qiagen), according to the manufacturer’s instructions. The yield and quality of purified DNA were determined by spectrophotometry at 260 nm and confirmed by agarose gel electrophoresis.

Expression and Purification of αDECHIVBr8 mAb

The chimeric αDEC and αDECHIVBr8 mAbs were produced and purified after transfection of human embryonic kidney 293T cells (ATCC, CRL-11268) exactly as described (35).

Immunoblot

Approximately 1 µg of the αDEC and αDECHIVBr8 mAbs were run on 12% SDS-PAGE gels under reducing conditions, and subsequently transferred to nitrocellulose membranes (GE Healthcare) at 100 V for 90 min in transfer buffer (glycine 39 mM, Tris 48 mM, SDS 10% and methanol 20%, pH 8.3). After transfer, nitrocellulose membranes were blocked in PBS 0.02% Tween-20 (PBST), 5% non-fat milk, and 2.5% BSA, overnight at 4°C. Membranes containing the reduced mAbs were then incubated with peroxidase-labeled goat anti-mouse IgG Fc specific (1:5,000, Jackson Laboratories) plus peroxidase-labeled goat anti-mouse IgG kappa (1:3,000, SouthernBiotech) for 60 min at room temperature. After three washes with PBST, the reaction was developed using chemiluminescence (ECL kit, GE Healthcare) and captured on Kodak film.

Binding Assay

Binding assays were performed using CHO cells expressing either the mouse DEC205 (CHOmDEC) or DCIR2 (CHOmDCIR2) receptors, kindly provided by Dr. Michel Nussenzweig (The Rockefeller University). Purified mAbs were diluted to 4, 2, or 1 µg/mL and incubated with the CHOmDEC or CHOmDCIR2 cells at 4°C for 30 min, exactly as described by Henriques et al. (35). Next, the cells were washed and incubated with anti-mouse IgG1-PE (clone A85-1, BD Biosciences) for 30 min at 4°C. Additionally, 4, 2, or 1 µg/mL of αDEC or αDECHIVBr8 mAbs were incubated with 5 million splenocytes at 4°C for 40 min and then incubated with anti-CD49b-biotin (clone DX5), anti-CD19-biotin (clone 1D3), anti-CD3-biotin (clone 145-2C11), Streptavidin-APCCy7, anti-CD11c-APC (HL3), anti-IAIE-FITC (clone 2G9), anti-CD8-Pacific Blue (clone 53-6.7), and anti-IgG1-PE (clone A85-1). All monoclonal antibodies were purchased from BD Biosciences. Fifty thousand events were acquired for the analysis of binding to CHO cells and 3 million for the analysis of binding to splenocytes. Samples were acquired using FACS Canto II flow cytometer (BD Biosciences) and analyzed using the FlowJo software (version 9.9, Tree Star, San Carlos, CA, USA).

Animals and Immunization

The 6- to 8-week-old female BALB/c (H-2d) mice were purchased from Centro de Desenvolvimento de Modelos Experimentais para Medicina e Biologia (CEDEME), Brazil. Groups of six animals were immunized with two doses—2 weeks apart—of 4 µg of αDECHIVBr8 mAb in the presence of 50 µg of adjuvant poly (I:C) (Invivogen) delivered intraperitoneally (IP) or subcutaneously (SC), or with two doses of 100 µg of the DNA vaccine pVAXHIVBr8 by intramuscular route (IM). The control groups were immunized with 4 µg of αDEC in the presence of 50 µg of poly (I:C) or with pVAX (empty vector). Furthermore, for heterologous prime-boost regimen, other groups received one dose of the mAb followed by one dose of DNA vaccine or vice versa. The control groups were immunized with one dose of αDEC mAb together with poly (I:C) followed by one dose with pVAX or vice versa.

Spleen Cell Isolation for Immune Assays

Two weeks after the last immunization, mice were euthanized and spleens were removed aseptically. After obtaining single cell suspensions, cells were washed in 10 mL of RPMI 1640 (Gibco). Cells were then resuspended in R-10 [RPMI supplemented with 10% of fetal bovine serum (Gibco)], 2 mM L glutamine (Gibco), 10 mM Hepes (Gibco), 1 mM sodium pyruvate (Gibco), 1% v/v non-essential amino acids solution (Gibco), 40 µg/mL of gentamicin, 20 µg/mL of peflacin, and 5 × 10−5 M 2-mercaptoethanol (Gibco). The viability of cells was evaluated using 0.2% Trypan Blue exclusion dye to discriminate between live and dead cells. Cell concentration was estimated with the aid of a cell counter (Countess, Invitrogen) and adjusted in cell culture medium.

T Cell ELISpot Assay

Splenocytes from immunized mice were obtained as previously described and assayed for their ability to secrete IFNγ after in vitro stimulation with 5 µM of individual or pooled HIV-1 peptides using the ELISpot assay. The ELISpot assay was performed using mouse IFNγ ELISpot Ready-SET-Go! (eBiosciences) according to the manufacturer’s instructions. Spots were counted using an AID ELISpot Reader System (Autoimmun Diagnostika GmbH, Germany). The cutoff was 15 SFU per million splenocytes.

Analysis of Polyfunctional HIV-Specific T Cell Responses by Multiparametric Flow Cytometry

To analyze HIV-specific T cell expansion, proliferation, and cytokine production, splenocytes from immunized mice were labeled with carboxyfluorescein succinimidyl ester (CFSE) (19). In summary, freshly isolated splenocytes were resuspended (50 × 106/mL) in PBS and labeled with 1.25 µM of CFSE (Molecular Probes) at 37°C for 10 min. The reaction was quenched with RPMI 1640 supplemented with 10% FBS (R10), and cells were washed with R10 before resuspension in RPMI 1640. Cells were cultured in 96-well round-bottomed plates (5 × 105/well in triplicates) for 5 days at 37°C and 5% CO2 with medium only or pooled HIV-1 peptides (5 µM). After 4 days of incubation, cells were restimulated in the presence of 2 µg/mL anti-CD28 (BD Pharmingen), 5 µM of individual or pooled HIV-1 peptides and brefeldin A GolgiPlug™ (BD Pharmingen) for further 12 h. After the incubation period, cells were washed with FACS buffer (PBS with 0.5% BSA and 2 mM EDTA) and surface stained with anti-CD3 APCCy7 (clone 145-2C11), anti-CD4 PerCP (clone RM4-5), and anti-CD8 Pacific Blue (clone 53-6.7) monoclonal antibodies for 30 min at 4°C. Cells were fixed and permeabilized using Cytofix/Cytoperm™ kit (BD Pharmingen), according to the manufacturer’s instructions. After permeabilization, cells were washed with Perm/Wash buffer (BD Biosciences) and stained intracellularly with anti-IL2 PE (clone JES6-5H4), anti-TNFα PECy7 (clone MP6-XT22), and anti-IFNγ APC (clone XMG1.2) monoclonal antibodies for 30 min at 4°C. Following staining, cells were washed twice and resuspended in FACS buffer. All antibodies were from BD Pharmingen. Samples were acquired on a FACSCanto II flow cytometer (BD Biosciences) and then analyzed using FlowJo software (version 9.9, Tree Star, San Carlos, CA, USA). To analyze cellular polyfunctionality, we used the Boolean gating platform (FlowJo software) to create several combinations of the three cytokines (IL-2, TNFα, and IFNγ) within the CFSElow population resulting in seven distinct patterns. The percentages of cytokine-producing cells were calculated by subtracting background values. For each experiment performed, unstained and all single-color controls were processed to allow proper compensation.

Data Analysis

Statistical significance (p-values) was calculated by using a two-way ANOVA and Bonferroni’s or one-way ANOVA and Tukey honest significant difference. Statistical analysis and graphical representation of data was performed using GraphPad Prism version 5.0 software.

Ethics Statement

Mice were housed and manipulated under SPF conditions in the animal care facilities of the Division of Immunology, Federal University of São Paulo (UNIFESP). This study was carried out in accordance with the recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Brazilian National Law (11.794/2008). The protocol (number 3226180814) was approved by the Institutional Animal Care and Use Committee (CEUA) of Federal University of São Paulo.

RESULTS

αDECHIVBr8 mAb Binds Specifically the DEC205 Receptor

In an attempt to induce a T cell response against HIV, we cloned eight CD4+ T cell epitopes in fusion with the heavy chain of the DEC205 receptor. αDECHIVBr8 and control αDEC205 mAbs were purified and analyzed in 12% SDS polyacrylamide gel under reducing conditions. Figure 1A shows an immunoblot in which both mAbs were transferred to a nitrocellulose membrane and incubated with anti-mouse total IgG and anti-mouse IgG kappa chain. Two bands that correspond to the heavy chain (~50 kDa) and to the light chain were detected. In the αDECHIVBr8 mAb preparation, we detected the light chain (~25 kDa) and also a band of ~70 kDa that corresponds to the heavy chain of αDEC205 fused with the HIVBr8 sequence. Next, we tested whether the αDECHIVBr8 mAb retained its binding capacity to either CHO cells expressing the mouse DEC205 receptor or to the CD11c+CD8α+ spleen DCs. Figure 1B shows that αDECHIVBr8 mAb was able to specifically bind to CHO cells expressing the mouse DEC205 receptor in a dose-dependent manner but not to CHO cells expressing the mouse DCIR2 receptor. The control αDEC205 mAb showed the same binding pattern. More interestingly, the αDECHIVBr8 mAb was able bind specifically to the murine CD11c+CD8α+ DCs but not to the CD11c+CD8α− DCs, showing its specificity for DCs that express DEC205 in vivo. As expected, the control αDEC205 mAb also bound to the CD11c+CD8α+ DCs (Figure 1C). Taken together, these results showed that the αDECHIVBr8 mAb was successfully produced and retained its capacity to bind to murine DCs expressing DEC205.
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FIGURE 1 | The chimeric αDECHIVBr8 was successfully produced and retained its ability to bind to cells expressing the DEC205 receptors. (A) One microgram of each monoclonal antibody (mAb) was run on 12% SDS-PAGE under reducing conditions. An immunoblot was performed using peroxidase-labeled goat anti-mouse IgG Fc specific and peroxidase-labeled goat anti-mouse IgG kappa. Molecular weight (kilodaltons), αDEC (control), and αDECHIVBr8; (B) CHO cells expressing either DEC205 (left) or DCIR2 (right) receptors were incubated with 4, 2, or 1 µg/mL of αDEC (control) or αDECHIVBr8, following staining with anti-mouse IgG1 PE antibody. Fifty thousand events were acquired in FACS Canto II and analysis was performed using FlowJo software; (C) 5 million splenocytes from BALB/c mice were incubated with 4, 2, or 1 µg/mL of the chimeric αDECHIVBr8 or αDEC mAbs. Splenocytes were then incubated with a pool of fluorescent antibodies and gated as singlets and CD3−CD19−CD49b−. Dendritic cells were selected as CD11c+ IAIE+ and subsequently divided into CD8α+ and CD8α−. Binding was detected on 3 × 106 cells using an anti-mouse IgG1-PE antibody. Analysis was performed using FlowJo software.



Immunization with the αDECHIVBr8 mAb Induces Higher Immune Responses than the pVAXHIVBr8 DNA Vaccine

We initially evaluated the cellular immune responses against the pooled HIV peptides in BALB/c mice immunized with one or two doses of αDECHIVBr8 mAb (4 µg) in the presence of poly (I:C) and compared to two doses of the pVAXHIVBr8 DNA vaccine (100 µg) (Figure 2A). Splenocytes from mice immunized with two doses of the αDECHIVBr8 mAb presented a higher number of specific IFNγ-producing cells when compared to mice immunized with two doses of the DNA vaccine (about 280 and 180 SFU/106, respectively). In addition, no significant difference was observed when the groups that received one or two doses of the αDECHIVBr8 mAb were compared (Figure 2B). Notably, when specific cellular proliferation was evaluated, mice that received two doses of αDECHIVBr8 mAb displayed higher frequency of specific CD4+ (12%, Figure 2C) and CD8+ (8.5%, Figure 2D) T cells that proliferated when compared to all the other groups. Significantly, these were almost twofold higher than the numbers found in the group receiving two doses of pVAXHIVBr8 (6.6% CD4+ and 4.8% specific CD8+ T cells). Control groups that were immunized with αDEC mAb or pVAX plasmid did not show specific IFNγ production or T cell proliferation. Of note, the number of CD4+ and CD8+ T cells that proliferated in mice immunized with two doses of the αDECHIVBr8 mAb was higher than the number detected in mice immunized with just one dose. These results led us to conclude that two doses are more effective to induce higher immune responses.
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FIGURE 2 | Immunization with the chimeric αDECHIVBr8 monoclonal antibody induces higher immune responses when compared to immunization with the pVAXHIVBr8 DNA vaccine. BALB/c mice (n = 6) were immunized with one or two doses of 4 µg of αDEC or αDECHIVBr8 in the presence of poly (I:C) adjuvant (IP) or two doses of 100 µg of pVAX or pVAXHIVBr8 DNA vaccine (IM). (A) Immunization scheme. Fifteen days after the second dose, the spleen of each animal was removed and the splenocytes (B) were cultured in the presence of pooled HIV-1 peptides (5 µM) for 18 h to evaluate the number of IFN-γ-producing cells by ELISpot assay. SFU, spot forming units. Cutoff = 15 SFU/106 cells and is represented by the dotted line. (C,D) Splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) (1.25 µM) and cultured in the presence of pooled HIV-1 peptides (5 µM) for 5 days to evaluate specific proliferation. After staining with fluorochrome-labeled anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies, cells were analyzed by flow cytometry. CFSE dilution on gated CD3+CD4+(C) or CD3+CD8+ (D) cells was used as readout for antigen-specific proliferation. One million events were acquired in a live lymphocyte gate. The percent of proliferating CD4+ and CD8+ CFSElow cells was determined in the CD3+ cell population. The percentage of proliferating T cells was calculated subtracting by the values of stimulated from non-stimulated cultures. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Data represent mean ± SD.



Next, we decided to address if the route of immunization would alter the efficacy of the αDECHIVBr8 mAb immunization. For that purpose, mice were immunized with two doses of the αDEC or αDECHIVBr8 in the presence of poly (I:C) by intraperitoneal (IP) or subcutaneous (SC) route (Figure 3A). As shown in Figure 3B, IP immunization with the αDECHIVBr8 mAb was able to induce higher IFNγ-producing cells than the SC immunization. Similar results were obtained when we measured the percentage of specific proliferating CD4+ and CD8+ T cells (Figures 3C,D, respectively). Control mice immunized with αDEC205 mAb did not show significant production of IFNγ or proliferation independently of the route used. We subsequently characterized the profile of polyfunctional T cells. Using multiparameter flow cytometry, we detected antigen-specific T cells (CD4+ and CD8+) based on their ability to proliferate (CFSE dilution assay) and produce the effector cytokines IFNγ, TNFα, and IL2 simultaneously. Boolean combinations of proliferating and cytokine-positive populations indicated that immunization by IP route was most effective to induce higher percentage CD4+ T cells that proliferated and produced simultaneously IFNγ/IL2/TNFα or IFNγ/TNFα or TNFα only (Figure 3E). Also, IP immunization induced a higher percentage of CD8+ T cells that proliferated and produced IFNγ/IL2/TNFα simultaneously when compared to the group immunized by SC route (Figure 3F). We can conclude that immunization using two doses of the αDECHIVBr8 mAb by the IP route was better to induce T cell responses with greater magnitude and more polyfunctional than those induced by the pVAXHIVBr8 DNA vaccine encoding the same epitopes.
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FIGURE 3 | The intraperitoneal route elicits higher T cell responses in the spleen than subcutaneous administration of the chimeric αDECHIVBr8 monoclonal antibody. BALB/c mice (n = 6) were immunized with two doses of 4 µg of αDEC or αDECHIVBr8 in the presence of poly (I:C) adjuvant by intraperitoneal (IP) or subcutaneous (SC) routes. (A) Immunization scheme. Fifteen days after the second dose, the spleen of each animal was removed and the splenocytes (B) were cultured in the presence pooled HIV-1 peptides (5 µM) for 18 h to evaluate the number of IFN-γ-producing cells by ELISpot assay. SFU, spot forming units. Cutoff = 15 SFU/106 cells and is represented by the dotted line. (C,D) Splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) (1.25 µM) and cultured in the presence of pooled HIV-1 peptides (5 µM) for 5 days to evaluate specific proliferation. After staining with fluorochrome-labeled anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies, cells were analyzed by flow cytometry. CFSE dilution on gated CD3+CD4+(C) or CD3+CD8+ (D) cells was used as readout for antigen-specific proliferation. For detection of cytokine-producing T cells, cells were pulsed on day 4 for 12 h with pooled peptides in the presence of anti-CD28 and brefeldin A. Cells were then surface stained with anti-CD3, CD4, and CD8, permeabilized, and stained for intracellular cytokines. Multiparameter flow cytometry was used to determine the frequency of IFNγ-, IL2-, or TNFα-producing CD4+ and CD8+ T cells (E,F). After gating on proliferating (CFSElow) and cytokine-producing cells, Boolean combinations were then created using FlowJo software to determine the frequency of each response based on all possible combinations of cytokine-producing CD4+ (E) and CD8+ (F) T cells. One million events were acquired in a live lymphocyte gate. The percentage of proliferating and cytokine-producing T cells was calculated subtracting the values of stimulated from non-stimulated cultures. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Data represent mean ± SD.



Homologous or Heterologous αDECHIVBr8 Prime-Boost Enhances IFN-γ Production, T Cell Proliferation, and Polyfunctional T Cells

To test whether a heterologous prime-boost strategy would work with chimeric mAb, groups of mice were then immunized with one dose of αDECHIVBr8 mAb (prime) followed by one dose of the pVAXHIVBr8 DNA vaccine (boost), or vice versa, and compared to the homologous prime-boost immunization strategy (two doses of chimeric mAb or DNA vaccine) (Figure 4A). Two weeks after the boost, splenocytes from immunized mice were incubated with pooled peptides and specific IFNγ production was measured by ELISpot assay. We detected the highest numbers of IFNγ-producing cells against the pooled peptides in mice that received two doses of αDECHIVBr8 and in the group receiving pVAXHIVBr8 priming followed by αDECHIVBr8 mAb boosting (Figure 4B). Interestingly, mice primed with αDECHIVBr8 mAb and boosted with pVAXHIVBr8 showed a lower response when compared to the two previously described groups. Finally, mice immunized with two doses of pVAXHIVBr8 presented the lowest number of IFNγ-producing cells (416 SFU/106 cells, Figure 4B). A similar pattern was observed when we analyzed the percent of CD4+ and CD8+ specific proliferation (Figures 4C,D, respectively): mice immunized with two doses of αDECHIVBr8 mAb displayed 8.23% of CD4+ and 7.49% of CD8+ T cell specific proliferation, while pVAXHIVBr8 (prime)/αDECHIVBr8 (boost) displayed 7.04 and 7.86%, respectively. Lower percentages were observed in mice immunized with two doses of pVAXHIVBr8 or αDECHIVBr8 mAb (prime)/pVAXHIVBr8 (boost). In addition, we characterized the phenotype and functionality of antigen-specific CD4+ and CD8+ T cells based on their ability to proliferate (CFSElow) and produce IFNγ, TNFα, and IL2 individually or in combinations (Figure S1 in Supplementary Material). Figure 4E shows once more that immunization with two doses of αDECHIVBr8 and pVAXHIVBr8 (prime)/αDEC205-HIVBr8 (boost) were most effective to induce higher percentage of CD4+ T cells that proliferated and produced simultaneously IFNγ/TNFα or IFNγ only or TNFα only. When we analyzed the CD8+ T cells, two doses of pVAXHIVBr8 DNA vaccine showed a higher percentage of CD8+ T cell proliferating and producing only IFNγ when compared to the other groups (Figure 4F). By contrast, CD8+ T cells from mice immunized with two doses of αDECHIVBr8 and pVAXHIVBr8 (prime)/αDECHIVBr8 (boost) were able to proliferate and mainly produce TNFα. αDEC and pVAX immunized mice displayed negligible percentages of specific proliferating/cytokine-producing T cells. Extended comparative analysis revealed that αDECHIVBr8 and αDECHIVBr8 (prime)/pVAXHIVBr8 (boost) immunized mice displayed higher frequency of non-proliferating (CFSEhigh) IFNγ+/IL2+/TNFα+ and CFSEhigh IFNγ+/TNFα+-producing CD4+ T cells when compared to other groups (Figure S2A in Supplementary Material). Analysis of CD8+ T cell compartment demonstrated that αDECHIVBr8 (prime)/pVAXHIVBr8 (boost) was the most efficient strategy to induce CFSEhigh IFNγ+/IL2+/TNFα+ and CFSEhigh IFNγ+ cells, while αDECHIVBr8 immunization induced higher frequency of CFSEhigh TNFα+ cells (Figure S2B in Supplementary Material). Taken together, these results showed that homologous immunization with αDECHIVBr8 mAb or heterologous pVAXHIVBr8 (prime)/αDECHIVBr8 (boost) were able to induce broad specific cellular responses, and polyfunctional CD4+ and CD8+ T cells that proliferated and produced effector Th1 cytokines to epitopes encoded by the chimeric mAb and the DNA vaccine.
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FIGURE 4 | Homologous αDECHIVBr8 monoclonal antibody (mAb) immunization or heterologous prime-boost induces polyfunctional T cell responses. BALB/c mice (n = 6) were immunized with two doses of 4 µg of αDECHIVBr8 in the presence of poly (I:C) adjuvant (IP) or two doses of 100 µg of pVAXHIVBr8 DNA vaccine (IM). For heterologous regimens, mice were immunized with one dose of αDECHIVBr8 followed by one dose of DNA vaccine or vice versa. The control groups were immunized with one dose of αDEC mAb together with poly (I:C) followed by one dose with pVAX or vice versa. (A) Immunization scheme. Fifteen days after the second dose, the spleen of each animal was removed and the splenocytes (B) were cultured in the presence of pooled HIV-1 peptides (5 µM) for 18 h to evaluate the number of IFN-γ-producing cells by ELISpot assay. SFU, spot forming units. Cutoff = 15 SFU/106 cells and is represented by the dotted line. (C,D) Splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) (1.25 µM) and cultured in the presence of pooled HIV-1 peptides (5 µM) for 5 days to evaluated specific proliferation. After staining with fluorochrome-labeled anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies, cells were analyzed by flow cytometry. CFSE dilution on gated CD3+CD4+(C) or CD3+CD8+ (D) cells was used as readout for antigen-specific proliferation; For detection of cytokine-producing T cells, cells were pulsed on day 4 for 12 h with pooled peptides in the presence of anti-CD28 and brefeldin A. Cells were then surface stained with anti-CD3, CD4, and CD8, permeabilized, and stained for intracellular cytokines. Multiparameter flow cytometry was used to determine the frequency of IFNγ-, IL2-, or TNFα-producing CD4+ and CD8+ T cells (E,F). After gating on proliferating (CFSElow) and cytokine-producing cells, Boolean combinations were then created using FlowJo software to determine the frequency of each response based on all possible combinations of cytokine-producing CD4+ (E) and CD8+ (F) T cells. One million events were acquired in a live lymphocyte gate. The percentage of proliferating and cytokine-producing T cells was calculated subtracting the values of stimulated from non-stimulated cultures. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Data represent mean ± SD.



In an attempt to improve the cellular immune response induced by the DNA vaccination alone and compare it to the homologous immunization with αDECHIVBr8 or with the heterologous pVAXHIVBr8 (prime)/αDECHIVBr8 (boost), we decided to administer one additional dose of either αDECHIVBr8 or pVAXHIVBr8. In this way, the homologous immunization groups received three doses of either αDECHIVBr8 or pVAXHIVBr8, while the heterologous immunization group received one dose of pVAXHIVBr8 followed by two boosters of αDECHIVBr8. Control groups received three doses of either αDEC or pVAX (Figure 5A). To assess the magnitude of the immune response, we evaluated specific IFNγ-producing cells in splenocytes from immunized mice stimulated with pooled peptides (Figure 5B). Once again, we observed no difference between animals immunized with three doses of αDECHIVBr8 and animals immunized with pVAXHIVBr8 once/αDECHIVBr8 twice. By contrast, the group immunized with pVAXHIVBr8 thrice presented a lower number of specific IFNγ-producing cells. In addition, as observed with the administration of two doses, CD4+ and CD8+ T cells (Figures 5C,D, respectively) from mice immunized with three doses of αDECHIVBr8, and one dose pVAXHIVBr8 followed by two doses of αDECHIVBr8 displayed higher T cell proliferation against the pooled HIV-1 peptides than three doses of pVAXHIVBr8. By contrast, mice immunized with three doses of pVAXHIVBr8 continued to present a lower percentage of proliferation when compared to the two previous groups. αDEC and pVAX immunized mice presented negligible numbers of IFNγ-producing cells and T cell proliferation. Boolean combinations of proliferating and cytokine-positive populations indicated that homologous immunization with αDECHIVBr8 (3×) or with pVAXHIVBr8 (1×)/αDECHIVBr8 (2×) induced polyfunctional CD4+ T cells that proliferated and produced simultaneously IFNγ/TNFα, or IFNγ, or TNFα only (Figure 5E). Similar results were observed when CD8+ T cells were analyzed (Figure 5F). CD4+ and CD8+ T cells from mice immunized with the controls αDEC and pVAX displayed negligible percentages of specific proliferating/cytokine-producing T cells. Taken together, these results indicate that an additional dose of pVAXHIVBr8 does not improve the magnitude of the T cell responses over immunization with αDECHIVBr8 mAb.
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FIGURE 5 | The chimeric αDECHIVBr8 monoclonal antibody (mAb) is more immunogenic even with increased doses of the DNA vaccine. BALB/c mice (n = 6) were immunized with three doses of 4 µg of αDECHIVBr8 in the presence of poly (I:C) adjuvant (IP) or three doses of 100 µg of pVAXHIVBr8 DNA vaccine (IM). For heterologous regimens, mice were immunized with one dose of DNA vaccine followed by two doses of the chimeric mAb. (A) Immunization scheme. Fifteen days after the second dose, the spleen of each animal was removed and the splenocytes (B) were cultured in the presence of pooled HIV-1 peptides (5 µM) for 18 h to evaluate the number of IFN-γ-producing cells by ELISpot assay. SFU, spot forming units. Cutoff = 15 SFU/106 cells and is represented by the dotted line. (C,D) Splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) (1.25 µM) and cultured in the presence of pooled HIV-1 peptides (5 µM) for 5 days to evaluate specific proliferation. After staining with fluorochrome-labeled anti-CD3, anti-CD4, and anti-CD8 monoclonal antibodies, cells were analyzed by flow cytometry. CFSE dilution on gated CD3+CD4+(C) or CD3+CD8+ (D) cells was used as readout for antigen-specific proliferation. For detection of cytokine-producing T cells, cells were pulsed on day 4 for 12 h with pooled peptides in the presence of anti-CD28 and brefeldin A. Cells were then surface stained with anti-CD3, CD4, and CD8, permeabilized, and stained for intracellular cytokines. Multiparameter flow cytometry was used to determine the frequency of IFNγ-, IL2-, or TNFα-producing CD4+ and CD8+ T cells (E,F). After gating on proliferating (CFSElow) and cytokine-producing cells, Boolean combinations were then created using FlowJo software to determine the frequency of each response based on all possible combinations of cytokine-producing CD4+ (E) and CD8+ (F) T cells. One million events were acquired in a live lymphocyte gate. The percent of proliferating CD4+ and CD8+ CFSElow cells was determined in the CD3+ cell population. The percentage of proliferating and cytokine-producing T cells was calculated subtracting the values of stimulated from non-stimulated cultures. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Data represent mean ± SD.



Immunization with Chimeric αDECHIVBr8 mAb Induces Broad T Cell Responses

To evaluate whether immunization induces broad T cell responses, splenocytes from mice immunized with two doses of αDECHIVBr8 and pVAXHIVBr8 or heterologous prime-boost regimens (Figure 6A) were incubated with each of the eight individual HIV-1 peptides present in the chimeric mAb or DNA vaccine. We detected IFNγ-producing cells against all tested peptides. Immunization with two doses of αDECHIVBr8 mAb or with pVAXHIVBr8 (prime)/αDECHIVBr8 (boost) elicited significantly higher numbers of IFNγ-producing cells when compared to mice immunized with two doses of pVAXHIVBr8 or that received αDECHIVBr8 (prime)/pVAXHIVBr8 (boost) (Figure 6B).
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FIGURE 6 | Immunization with homologous or heterologous prime-boost induces broad T cell responses. BALB/c mice (n = 6) were immunized with two doses of 4 µg of αDECHIVBr8 in the presence of poly (I:C) adjuvant (IP) or two doses of 100 µg of pVAXHIVBr8 DNA vaccine (IM). For heterologous regimens, mice were immunized with one dose of the DNA vaccine followed by one dose of monoclonal antibody. (A) Immunization scheme. Fifteen days after the last immunization, splenocytes were cultured (B) with individual HIV-1 peptides (5 µM) for 18 h to evaluate the number of IFN-γ-producing cells by ELISpot assay, SFU, spot forming units. Cutoff = 15 SFU/106 cells and is represented by the dotted line.



In summary, ours results demonstrate that immunization of BALB/c mice with two or three doses of αDECHIVBr8 mAb or heterologous prime-boost with pVAXHIVBr8 followed by αDECHIVBr8 were able to induce specific immune responses with a higher number of IFNγ-producing cells, and polyfunctional CD4+ and CD8+ T cells that proliferated and produced effector Th1 cytokines.

DISCUSSION

In this paper, we provide the first evidence that a multiepitopic vaccine can be targeted to DCs via DEC205 mAb. Furthermore, homologous prime-boosting with the αDECHIVBr8, or heterologous DNA prime followed by αDECHIVBr8 boosting encoding the same epitopes, can induce T cell responses of higher magnitude, polyfunctionality, and breadth than homologous prime-boost with the DNA vaccine.

In a previous study, our group demonstrated that a DNA vaccine encoding 18 HIV-derived promiscuous and preserved CD4+ T cell epitopes (16) was able to induce broad CD4+ and CD8+ T cell responses in different strains of HLA class II transgenic mice (DR2, DR4, DQ6, and DQ8) (18). Furthermore, the HIVBr18 DNA vaccine induced polyfunctional and long-lived CD4+ and CD8+ T cells responses to 8/18 HIV peptides encoded by the DNA vaccine (19). Despite promising, DNA vaccines show reduced immunogenicity in humans (21), and in the last decades, several strategies have been developed in order to increase the immunogenicity of these vaccines (17).

Initial attempts at developing a vaccine against HIV have focused mainly on the induction of humoral immune response against the viral gp120 protein and were not able to confer protection (44). In order to improve the induced immune response, the RV144 trial performed an immunization scheme that included a prime with a viral vector followed by a boost with Env protein and reported ~30% of protection in vaccinated individuals (1). A more detailed analysis of the immunized and protected individuals did not show CD8+ responses but CD4+ T cell responses to HIV correlated with reduced acquisition (2). Although the importance of CD8+ cytotoxic T cells as a first response against HIV (45, 46) is well established, a strong CD4+ T cell response is of utmost importance for the slow progression to AIDS (8). A recent study showed that untreated HIV-infected controllers presented higher Gag-specific CD4+ T cell responses and higher titers of nAbs against Env (10). Moreover, in non-human primates, depletion of CD4+ T cells markedly reduced protection mediated by vaccination after SIV challenge (47). Hence, an effective vaccine against HIV should induce specific cytotoxic responses as well as CD4+ T cell responses.

In an attempt to improve the HIV-specific cellular response, we targeted eight previously recognized epitopes derived from the HIVBr18 DNA vaccine directly to DCs. This is accomplished by the use of DC receptor-specific mAbs fused to the antigen of interest. We produced an αDEC205 chimeric mAb containing the sequence of eight HIV-derived CD4+ T cell epitopes (αDECHIVBr8) (18, 19) and compared DC targeting through αDECHIVBr8 mAb with the DNA vaccine pVAXHIVBr8. We initially showed that the αDECHIVBr8 mAb was successfully produced and retained its ability to bind to the DEC205 receptor, especially to the CD11c+CD8α+ DCs that naturally express the DEC205 receptor. The use of chimeric αDEC205 to deliver HIV antigens, especially Gag, to DCs has been previously reported (32, 33). Targeting Gag to CD8α+ DCs leads to a strong polyfunctional CD4+ (32, 37) and also CD8+ T cell responses (36) including in the gastrointestinal tract (34).

To address the minimum number of doses to induce specific immune responses, BALB/c mice were immunized with one or two doses of αDECHIVBr8 in the presence of poly (I:C) or with pVAXHIVBr8 DNA vaccine. We found that mice immunized with two doses of chimeric αDECHIVBr8 mAb developed a stronger CD4+ and CD8+ T cell response when compared to mice that received one dose of αDECHIVBr8 mAb or two doses of the DNA vaccine after stimulation with pooled HIV-1 peptides, demonstrating the effectiveness of the approach in the context of a chimeric multiepitope vaccine antigen. Next, we determined which immunization route was more effective. BALB/c received two doses of αDECHIVBr8 plus poly (I:C) by intraperitoneal (IP) or subcutaneous (SC) route. Although some studies have demonstrated the efficacy of the subcutaneous immunization with αDEC mAbs (27, 48), we detected a stronger CD4+ and CD8+ T cell response when αDECHIVBr8 was delivered IP. These results confirm what has already been demonstrated by other studies that used the IP route and showed high magnitude of specific cellular immune responses against different pathogens such as Yersinia pestis (49), Plasmodium sp. (28), papilloma virus (50), Leishmania major (51), Epstein–Barr virus (52), dengue virus (35), T. cruzi (30), and HIV (32, 33).

Some studies on the clinical course of HIV-1 have associated CD4+ T cells exhibiting polyfunctional profile with better control of disease. In elite controllers, superior polyfunctional CD4+ T cell response is observed when compared to non-controller individuals in HAART (53–55), including in the mucosal region (56). In RV144 trial analysis, vaccinees with polyfunctional CD4+ T cell responses against HIV peptides were found to have a lower rate of infection (57). Besides, the presence of specific HLA class II (DRB1*13, DQB1*06, and DRB1*15:02)-restricted CD4+ T cell responses (9, 14) play an important role in HIV immune control. In the present study, we show the induction of both polyfunctional CD4+ and CD8+ T cell responses after immunization with αDECHIVBr8 in the presence of poly (I:C).

When antigens are targeted to the DEC205+ DC population, they can be presented to CD4+ (58) as well as to CD8+ T cells (48). Other studies showed that antigens encapsulated in nanoparticles and targeted to the DEC205+ DCs are presented by MHC class I and induce specific CD8+ T cell responses (59, 60). This phenomenon can be explained by the ability of the CD11c+CD8α+ DCs to perform cross-presentation (61). Our study demonstrates that targeting promiscuous HIV epitopes to CD8α+ DC induce both CD4+ and CD8+ T cell-mediated immunity.

In recent years, several studies have shown that heterologous prime-boost immunization is able to increase the magnitude and quality of the immune response to many pathogens, including HIV (39). This approach started to be used in attempt to develop vaccines against pathogens that require more robust humoral and cellular immune responses such as HIV (62), M. tuberculosis, and Plasmodium sp. (42). In this work, we found that pVAXHIVBr8 DNA vaccine priming followed by boost with the αDECHIVBr8 mAb boosting increased the overall magnitude of the responses against HIV peptides when the opposite was tested (priming with αDECHIVBr8 followed by pVAXHIVBr8 boost). Our results have shown that receiving two doses of αDECHIVBr8 mAb or a pVAXHIVBr8/αDECHIVBr8 heterologous prime-boost induced a stronger CD4+ and CD8+ polyfunctional T cell response than any other immunization schemes tested. DNA vaccines have been shown to be most effective when administrated as a prime in vaccine formulations (63, 64). In our model, chimeric αDEC205 mAb was more effective as a boost exceptionally when the analysis was performed in non-proliferating (CFSEhigh) cytokine-producing cells. Of note, targeted αDEC205-Gag has been successfully used as a priming platform followed by recombinant vaccinia as boost to induce robust cellular immunity (34, 65).

In an attempt to improve the pVAXHIVBr8 magnitude, we immunized mice with three doses in the homologous or heterologous prime-boost regimens. We analyzed the ability of the cells from immunized mice to produce cytokines and proliferate at the same time. Overall, we observed the same phenomenon that occurred in animals that received only two doses showing that an additional dose of pVAXHIVBr8 did not increase the magnitude to the same level as immunization with αDECHIVBr8 (3×) or with pVAXHIVBr8 prime (1×)/αDECHIVBr8 (2×).

Our results have shown that immunization with two doses of αDECHIVBr8 mAb or with pVAXHIVBr8 followed by αDECHIVBr8 boost elicited higher magnitude T cell responses against all the peptides indicating a broad T cell response. Indeed, recent efficacy trials of T cell-based HIV vaccines showed that for protection, it is necessary to induce broad T cell responses toward conserved epitopes (2, 46, 66). An adenovirus-based SIV vaccine encoding eight virus proteins elicited broad T cell responses that reduced viremia after heterologous challenge (67) and the vaccine-induced response correlated with higher CD4+ T cell responses (68). Hence, vaccine candidates that expand the breadth of CD4+ and CD8+ T cell responses must be developed in order to provide optimal T-cell responses that may cope with the diverse circulating strains of HIV (69).

Our results provide evidence that multiepitope targeting to DCs can provide superior CD4+ and CD8+ T cell responses as compared to DNA vaccines alone. Given the known protective potential of CD4+ T responses elicited by αDEC205 mAb DC-targeted immunization (33), direct DC targeting, or the combination of DNA priming followed by DC targeting, is a promising platform for increasing HIV immunity after vaccination.
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FIGURE S1 | Flow cytometer analysis of cellular proliferation and intracellular cytokine production. Representative dot plots of a seven-color flow cytometry panel used for the detection of carboxyfluorescein succinimidyl ester (CFSE), IFNγ-, IL2-, and TNFα-producing T cells after in vitro stimulation with pooled HIV peptides. After gating on proliferating (CFSElow) or non-proliferating (CFSEhigh) and cytokine-producing cells, Boolean combinations were then created using FlowJo software to determine the frequency of each response based on all possible combinations of cytokine-producing T cells. The frequency of IFNγ-, IL2-, or TNFα cytokine-producing CFSElow or CFSEhigh CD4+ T cells is displayed.

FIGURE S2 | Homologous αDECHIVBr8 monoclonal antibody (mAb) immunization or heterologous prime-boost induces polyfunctional T cell responses. BALB/c mice (n = 6) were immunized with two doses of 4 µg of αDECHIVBr8 in the presence of poly (I:C) adjuvant (IP) or two doses of 100 µg of pVAXHIVBr8 DNA vaccine (intramuscular). For heterologous regimens, mice were immunized with one dose of αDECHIVBr8 followed by one dose of DNA vaccine or vice versa. The control groups were immunized with one dose of αDEC mAb together with poly (I:C) followed by one dose with pVAX or vice versa. Fifteen days after the second dose, the spleen of each animal was removed and the splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) (1.25 µM) and cultured in the presence of pooled HIV-1 peptides (5 µM) for 5 days to evaluated specific proliferation. For detection of cytokine-producing T cells, cells were pulsed on day 4 for 12 h with pooled peptides in the presence of anti-CD28 and brefeldin A. Cells were then surface stained with anti-CD3, CD4, and CD8, permeabilized, and stained for intracellular cytokines. Multiparameter flow cytometry was used to determine the frequency of IFNγ-, IL2-, or TNFα-producing CD4+ and CD8+ T cells. After gating on non-proliferating (CFSEhigh) and cytokine-producing cells, Boolean combinations were then created using FlowJo software to determine the frequency of each response based on all possible combinations of cytokine-producing CD4+ (A) and CD8+ (B) T cells. One million events were acquired in a live lymphocyte gate. The percentage of proliferating and cytokine-producing T cells was calculated subtracting the values of stimulated from non-stimulated cultures. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Data represent mean ± SD.
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The Ebola virus (EBOV) epidemic indicated a great need for prophylactic and therapeutic strategies. The use of plants for the production of biopharmaceuticals is a concept being adopted by the pharmaceutical industry, with an enzyme for human use currently commercialized since 2012 and some plant-based vaccines close to being commercialized. Although plant-based antibodies against EBOV are under clinical evaluation, the development of plant-based vaccines against EBOV essentially remains an unexplored area. The current technologies for the production of plant-based vaccines include stable nuclear expression, transient expression mediated by viral vectors, and chloroplast expression. Specific perspectives on how these technologies can be applied for developing anti-EBOV vaccines are provided, including possibilities for the design of immunogens as well as the potential of the distinct expression modalities to produce the most relevant EBOV antigens in plants considering yields, posttranslational modifications, production time, and downstream processing.
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INTRODUCTION

The last Zaire Ebola virus (EBOV) epidemic outbreak in Guinea, which began in December 2013, quickly spread and six West-African countries were greatly affected (Guinea, Liberia, Sierra Leone, Mali, Nigeria, and Senegal). There have also been reports of cases within health-care workers from the USA, Spain, and the United Kingdom. Fortunately, the overall case incidence has dropped, and no reports on confirmed cases during the last week of December 2015 were generated. Nonetheless, according to a report on December 27, 2015, there have been 25,637 confirmed, probable, or suspected cases of EBOV disease (EVD) in Guinea, Liberia, and Sierra Leone (Figure 1), with over 11,000 reported deaths, which surpasses all previous EBOV outbreaks combined (World Health Organization1). Therefore, the EBOV constitutes an imminent and serious threat to public health, as well as a potential bioterrorism agent (1). EBOV represents one of the three genera composed of the family Filoviridae (2). The EBOV genus comprises five species: (1) Sudan ebolavirus (SUDV), (2) Zaire ebolavirus (ZEBOV), (3) Côte d’Ivoire ebolavirus (also known as Ivory Coast ebolavirus or Tai Forest ebolavirus, TAFV), (4) Reston ebolavirus (RESTV), and (5) Bundibugyo ebolavirus. All of these species, with the exception of the RESTV, have shown to cause disease in human beings (3, 4). After an incubation period of 3–21 days, the EVD generally progresses quickly, with symptoms of fever, diarrhea, vomiting, systemic inflammatory response syndrome, organ dysfunction, and hemorrhagic manifestations that end in death (5).
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FIGURE 1 | Confirmed, probable, and suspected EBOV disease cases worldwide (data up to 27 December 2015; report of December 30 from the World Health Organization, http://www.who.int/en/).



Despite the substantial efforts made to develop rational prophylactic and chemotherapeutic interventions, no licensed countermeasures are available for the treatment of EVD as of now. EBOV is introduced into the human population through close contact with bodily fluids of infected animals such as primates and fruit bats. EBOV then spreads through human-to-human transmission via direct contact (through broken skin or mucous membranes) with bodily fluids of infected people. Therefore, most efficient measures to control the EVD spread consist of the isolation of patients establishing strict barrier nursing procedures to protect health-care workers (5). Looking at this situation, the development of effective therapeutics for the prevention and treatment of EBOV infections is urgently needed. In the case of immunotherapies, achieving broad and long-lasting humoral immunity at the mucosa and systemic levels against many EBOV species as possible is a key goal (6). The most advanced immunotherapy against EVD is ZMapp (Mapp Biopharmaceutical, San Diego, CA, USA), a drug consisting of humanized monoclonal antibodies (mAbs) capable of neutralizing the EBOV. This treatment, based on passive immunity, has been successful in non-human primates (NHPs) and efforts for its licensing and introduction into the market are ongoing (7). ZMapp has already been used on a compassionate basis to treat a few patients of EVD; however, the clinical efficacy of this specific cocktail as a treatment of EVD in humans remains uncertain (8). Vaccination is the ideal approach to fight this disease since prophylaxis could be achieved through the administration of a minimum number of doses. Vaccinology offers a myriad of possibilities for the development of vaccines against EBOV, and according to the ClinicalTrials.gov database,2 47 studies of Ebola vaccine trials have been registered. One of the biggest challenges in achieving global vaccination is developing production platforms accessible to developing countries. For instance, protein subunit vaccines are obtained, distributed, and administered through processes requiring complex downstream steps, cold chain, and delivery systems that involve specialized personnel and equipment. All of these aspects hamper vaccination availability and usage in developing countries. Therefore, the next-generation platforms for vaccine production, distribution, and delivery have been proposed to develop low-cost and broad coverage vaccination strategies. In this context, plant-based platforms constitute an attractive technology with the following attributes: (i) since the use of sophisticated bioreactors and complex downstream processing are avoided, the cost of a plant-derived product is 10–50 times lower than products derived from the fermentation with Escherichia coli (9) and 140 times lower when compared to baculovirus-infected insect cells (10); (ii) high biosynthetic capacity derived from a machinery that performs folding, assembly, and glycosylation; (iii) the plant systems offer high safety in the sense that they are not hosts of human or animal pathogens, in contrast to mammalian-based production systems where the risk of contamination with viruses and prions exists. Moreover, many plant tissues and fruits are safe for human consumption and thus can be used as oral delivery vehicles for vaccines, thereby avoiding the purification and processing required for conventional injectable vaccines. Therefore, plant-made oral vaccines can be easily formulated with freeze-dried plant material, which not only increases antigen concentration but also produces a material stable at room temperature avoiding the cold chain maintenance required for other delivery systems (11). This perspective constitutes the ideal case for vaccine development, and it has been consolidated in recent years with the successful delivery of many vaccines and other biopharmaceuticals by the oral route in test animals (12–14). The technology of plant-based vaccines and the current advances have been recently reviewed by distinct groups (15–17). During the last years, clinical trials have been conducted to evaluate the immunogenicity and safety of influenza virus vaccines with positive outcomes (18–21), which has stimulated the interest of the pharmaceutical industry in these platforms (Table 1).

TABLE 1 | Evaluations of plant-made vaccines in clinical trials reported over the last years.
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In this review, the use of the technology of plant-based vaccines to develop attractive EBOV vaccines is placed in perspective. After describing the molecular approaches to express antigens in the plant cell, the relevant aspects of EBOV as well as conventional vaccines under development were are summarized; finally, the perspectives on how plant systems may lead to EBOV vaccines are identified and discussed.

CURRENT EXPERIMENTAL VACCINES TO FIGHT EBOV

While the precise mechanisms for immune protection against the EBOV infection are likely complex, it is noteworthy that vaccination against the EBOV surface glycoprotein (GP) is both necessary and sufficient for protection against virus infection as has been evidenced by several successful vaccination approaches (23, 24). This evidence suggests an important role of the GP in virus survival within the host. Several studies have pointed out that the humoral responses induced by these vaccines are strongly associated with protection (25–27), although some reports have clearly demonstrated that the cellular response aided in infection clearance as well (28).

The most advanced vaccines against EBOV are based on the viral GP that has demonstrated protection against EBOV in NHPs. It is important to point out that in 2002, the US Food and Drug Administration introduced the “animal rule” concept that aims to facilitate the licensing of vaccine or drug treatments against infection by the EBOV as well as other highly lethal human pathogens for which the efficacy evaluation in human beings would be unethical and field trials unreasonable (29). The application of the “animal rule” allows for the approval of any EBOV vaccine candidate based on efficacy testing in animal models, with defined immune correlates of protection, as well as Phase I and II clinical trials for safety and immunogenicity testing in human beings. Therefore, the development of animal models is critical for the evaluation and eventual approval of EBOV vaccine candidates. Promising animal models for investigating EBOV vaccines include Guinea pig (30), mouse (31), Syrian Golden hamster (32), marmoset (33), and ferret (34, 35). However, NHP models of EBOV infection, especially the model of cynomolgus macaques, have a stronger predictive value for human diseases and immune protection, and thus, it is the preferred model for EBOV vaccine development (24). Therefore, this review will focus on the most advanced vaccines that have been tested in NHPs and clinical trials. New promising vaccine candidates evaluated using other animal models will be mentioned briefly.

Overall, the candidate vaccines against the EBOV developed thus far can be divided into three categories: non-replicative expressing vector-based vaccines, replication-competent viral vector-based vaccines, and viral antigen-based vaccines (36). Most of the successful vaccines against the EVD rely on viral vectors in whose genome the EBOV GP gene was introduced (37). The vector-based vaccines have been evaluated in NHP and in clinical trials, whose outcomes are summarized in the following sections. Viruses used as vaccine vectors include vesicular stomatitis virus (VSV) (38), recombinant adenovirus replicons (39), recombinant parainfluenza virus (40), recombinant rabies virus (RABV) (41), and recombinant Venezuelan equine encephalitis virus (VEEV) (42). Protein-based vaccines such as virus-like particles (VLPs) have also demonstrated EVD protection in NHPs, but the characterization of most of the candidates has been performed in small animal models (43, 44). A general overview on the progress achieved for each type of vaccine is described in the following sections.

Non-Replicative Vector-Based Vaccines

Sullivan et al. (45) reported the first proof of concept on protection against EBOV infection by vaccination. The study revealed that priming with an EBOV GP DNA vaccine followed by boosting with a recombinant adenovirus-5 replicon expressing GP conferred complete protection against a lethal EBOV challenge in NHPs. Although promising and safe for human beings, the use of the most advanced adenovirus 5 replicon-based vaccine faces the problem of pre-existing immunity against the viral vector as well as a relatively low immunogenicity in human beings, since the antibody titers against GP were less than 300, while titers of 2,000 are associated with the protection of NHPs (46). An interesting alternative that may solve the problem derived from the pre-existing immunity against the vaccination vector consists in the use of Chimpanzee adenovirus-based vaccines (47).

Another encouraging example is a VEEV replicon that has been employed for EBOV vaccine development. VEEV replicons expressing EBOV GP and Sudan ebolavirus (SUDV) GP protected NHPs against a lethal EBOV as well as SUDV challenge when administered a single [1 × 1010 focus-forming units (FFU)] simultaneous intramuscular vaccination (42). However, similar to adenovirus replicons, the requirement of high vaccine doses and a pre-existing immunity to VEEV will likely be the major obstacles for human application of this kind of vaccine. A mutant form of the EBOV, without the VP30 gene that is required for virus replication, was evaluated in mice and guinea pigs, and it was shown to confer complete protection against a lethal EBOV challenge after two immunizations (48). Moreover, the efficacy of this new replication-defective viral vector-based vaccine was also confirmed to confer immunoprotection in NHPs when administered by the intraperitoneal route twice at 3-week intervals with 1 × 106 FFU of Ebola ΔVP30 virus. However, this approach raised concerns with respect to virulence reversion, and thus, a new version of the vaccine consisted of the virus inactivated with hydrogen peroxide was generated, which remained antigenic and protective in NHPs when administered intramuscularly (1 × 107 FFU) one or two times with a 4-week interval (49).

Two replication-incompetent vectored vaccines have reached Phase III clinical trials: human adenovirus serotype 26 (Ad26) expressing the Ebola virus Mayinga variant GP (Ad26.ZEBOV) and Modified Vaccinia Virus Ankara-Bavarian Nordic Filo-vector (MVA-BN-Filo). Remarkably, Ad26.ZEBOV and MVA-BN-Filo vaccines resulted in sustained elevation of specific immunity, and no vaccine-related serious adverse events were observed in Phase I clinical trial. In this evaluation, the vaccinated (i.m.) groups were (1) with MVA-BN-Filo as prime vaccine on day 1 boosted by Ad26.ZEBOV on day 29 or day 57; and (2) with a priming dose of Ad26.ZEBOV boosted by MVA-BN-Filo on day 29 or day 57 (50). Therefore, Phases II and III were pursued. Moreover, the Phase IV, named “Long-term Safety Follow-up of Participants Exposed to the Candidate Ebola Vaccines Ad26.ZEBOV and/or MVA-BN-Filo” is active but not open for participant recruitment yet.

Replication-Competent Viral Vector-Based Vaccines

This category includes rhabdovirus-based viral vectors, including the VSV and RABV, and paramyxovirus-based vectors such as recombinant human parainfluenza virus 3 (HPIV3) expressing EBOV GP separately or in combination with nucleoprotein (NP). The potential of this kind of vaccine platform was shown when the recombinant VSV expressing the GPs of ZEBOV (strain Mayinga) was generated using the infectious clone for the VSV Indiana serotype. A single intramuscular immunization, measured in plaque-forming units (PFU) of the virus particles, of cynomolgus macaques (1 × 107 PFU) demonstrated to protect NHPs against a lethal challenge (1 × 103 PFU) of ZEBOV (strain Kikwit) isolated from a patient from the 1995 EBOV outbreak in Kikwit (38). Similarly, Marzi et al. (51) found complete protection of NHPs against ZEBOV (strain Makona) following the administration of a single dose given as late as 7 days before challenge in VSV–EBOV GP vaccinated animals. Looking to explore practical delivery routes, effective protection of NHPs was observed when the vaccine was administered either orally or intranasally with the subsequent EBOV challenge (52, 53). These findings opened the path to explore mucosal vaccination as a feasible strategy in combating the EVD. Furthermore, this vaccine platform showed potential as an early treatment since it induced beneficial effects in NHPs infected with the EBOV (54) and in individuals who have experienced incidental exposure or high-risk occupational exposure to the EBOV such as a needle stick handling (55, 56). Interestingly, a single intramuscular immunization (1 × 107 PFU in the caudal thigh) of the full-length parent RABV vaccine expressing the EBOV GP also conferred complete protection in rhesus macaques after a challenge with 1,000 PFU of the EBOV (strain Mayinga). However, its potency was lower when compared to recombinant VSV-based vaccines (41), such as the attenuated vesiculovax recombinant VSV-based vaccines expressing the EBOV GP, which protects macaques from a lethal challenge after a single dose (57). Another vaccine platform uses a paramyxovirus-based vector, such as the recombinant HPIV3 expressing EBOV GP alone or in combination with NP. These vaccines were constructed by inserting a transcription cassette encoding the EBOV (Mayinga strain) GP gene between the HPIV3 P and M genes alone or in combination with a cassette encoding the NP inserted between the HPIV3 HN and L genes. Rhesus monkeys were protected against the EBOV infection after receiving two doses of 2 × 107 tissue culture infectious dose (TCID50) (days 0 and 28) of combined intranasal and intratracheal inoculation and an intraperitoneally challenge on day 67 (39 days following the second vaccine dose) with 1,000 PFU of the EBOV (Zaire species, Mayinga strain) (40). This study reinforces the practical feasibility of immunization against the EVD via the respiratory tract (58). However, since these vaccine platforms are replication competent, their side effects for human vaccination is a major concern and merits further research. Recently, Phase I and II clinical trials have been conducted, and the results showed that rVSV-ZEBOV is immunogenic but also mild to moderate reactogenic. rVSV-ZEBOV used at 1–5 × 107 PFU (Phase I) provoke fever (25%) and oligoarthritis (22%) in vaccinated volunteers (6). A reduced dose of 3 × 105 (Phase II) PFU decreases viremia and reactogenicity but also antibody response levels without reducing the risk of vaccine-induced side effects (59). Remarkably, a Phase III trial in Guinea highlighted that the rVSV-ZEBOV is highly efficacious when administered in a single 2 × 107 PFU dose (estimated vaccine efficacy of 100%) and safe in preventing the EVD, while the assessment of vaccine-derived adverse events revealed promising outcomes (2 serious adverse events in 5,837 vaccinees) (60, 61).

Viral Protein/DNA-Based Vaccines

Konduru et al. (62) provided the first proof of concept that a subunit vaccine based on purified GP could elicit protective immune responses against the EBOV. In their study, a ZEBOV GP-Fc fusion protein was constructed coding for the C-terminal end (1–637 aa) of the extracellular domain from the ZEBOV GP (Mayinga strain) and the crystallizable fragment (Fc) from human IgG1. The ZEBOV GP-Fc protein fusion was produced in transfected Chinese hamster ovary cells. C57BL/6 mice were intraperitoneally vaccinated (i.p.) with 100 μg of purified ZEBOVGP-Fc in complete Freund’s adjuvant and boosts (25 μg in incomplete Freund’s adjuvant) were administered at 21, 45, and 60 days post-priming. A 90% of protection in the vaccinated mice was achieved after a lethal challenge by i.p. injection with 1,000 PFU of mouse-adapted ZEBOV. Similar results were obtained by Phoolcharoen et al. (63) in which the GP was fused to a mAb that recognizes an epitope in the GP, resulting in the production of EBOV immune complexes (EICs). Remarkably, the EICs were produced in Nicotiana benthamiana plants by transient expression. The purified EICs were tested in mice, administered by the subcutaneous route four times on days 0, 21, 42, and 63, and the immunogenic properties determined. Although antigen–antibody immune complexes were efficiently processed and presented to immune effector cells, they found that co-delivery of the EIC with toll-like receptor (TLR) agonists elicited a more robust antibody response in mice than the EICs alone. Among the compounds tested, polyinosinic:polycytidylic acid (poly I:C, a TLR-3 agonist) was highly effective as an adjuvant. After vaccinating mice with EIC plus poly I:C, 80% of the animals were protected against a lethal challenge with live EBOV. These results are encouraging but further research is needed to optimize the immunogenicity of this vaccine and test its efficacy in NHP models with the subsequent determination of its safety in clinical trials. Another viral antigen-based vaccine strategy is the use of VLP that can direct the target antigen to antigen presenting cells, such as dendritic cells, stimulating antibody, and cellular immune responses. Interestingly, three i.m. immunizations at 42-day intervals with enveloped EBOV VLPs containing the EBOV GP, NP, and VP40 matrix protein, along with RIBI adjuvant, conferred protection to NHPs against a lethal challenge with EBOV, thus providing the first evidence that protective immunity can be elicited by non-viral vector-based vaccines in NHPs (43). Moreover, the versatility of VLPs should be noted that they can either be used as carriers of immune-stimulating molecules or enriched with chimeric EBOV GP carrying additional epitopes as an approach to enhance immune responses.

It is also important to note that the results on three DNA vaccines (INO-4201, -4202, and -4212) and one recombinant protein subunit vaccine (EBOV GP1,2 with Matrix-M) have not been published yet and probably will bring new perspectives in the race of developing new Ebola vaccines (64). DNA vaccines expressing the EBOV GP have also been tested in human beings during Phase I clinical trials with safe and immunogenic properties when applied under a scheme comprising three i.m. doses (2, 4, and 8 mg) on days 0, 28, and 56 (65) and an homologous boost (2 mg) at week 32 or after (66).

PERSPECTIVES FOR EBOV VACCINE DEVELOPMENT

Despite the milestone of establishing durable protection against the EBOV, future developments are required to increase qualitative or quantitative resolution of the protective and non-protective humoral immune responses (67). Two encouraging vaccines based on GP have been evaluated under Phase I and Phase II clinical trials (Table 2) showing durable protection in the cynomolgus macaque model (47, 68, 69). Based on promising data from the initial clinical trials, gathered in the late 2014, the WHO in combination with the Health Ministry of Guinea, Médecins Sans Frontières from Epicentre, and The Norwegian Institute of Public Health launched a Phase III trial in Guinea on March 7, 2015. This trial tested the VSV–EBOV (VSVΔG-ZEBOV-GP) vaccine for efficacy and effectiveness in preventing the EVD (60). The results indicated that the vaccine is highly efficacious and safe, and likely effective in the population when delivered during an EVD outbreak via a ring vaccination strategy (60). In addition, the plan includes testing another advanced vaccine called ChAd3 (ChAd3-ZEBOV-GP; GSK). The follow-up study to compare the safety and efficacy of the ChAd3 Ebola Zaire and VSVΔG-ZEBOV-GP virus vaccines through Phase II/III clinical trials in volunteers from Liberia led to promising results upon the first 4 months, and serious adverse effects were not reported (24, 64, 70). ChAd3 is an example that the current EBOV vaccines require cell-based production and storage at low temperature, thereby creating obstacles in scalable manufacturing and shelf-life in developing countries (67).

TABLE 2 | Current EBOV Food and Drug Administration-approved vaccine trials.a
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Overall, non-replicative vector-based vaccines face the problem of pre-existing immunity and/or the induction of anti-vector immune responses that may decrease their efficacy, while viral replication-competent vaccines face important human safety or adverse side effects concerns. By contrast, the vaccine strategies based on viral protein antigens are not affected by those issues. In this context, plant-made vaccines can be a reasonable alternative in the fight against the EVD.

HOW COULD EBOV PLANT-BASED VACCINES BE DEVELOPED?

The key steps involved in the development of plant-made vaccine prototypes include the following: design putative functional immunogens and develop genetically engineered plants expressing the antigen or establishing viral vector-based platforms for transient expression, estimate yields and antigenic properties of the target antigen, assess the immunogenic potential of the candidate vaccine in test animals in terms of protective immunity and safety, and perform clinical trials once preclinical studies have provided acceptable outcomes (Figure 2).
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FIGURE 2 | Results from the in silico epitope analysis of the African Zaire ebolavirus (ZEBOV) spike glycoprotein sequence (GenBank: AIE11809). Regions in red indicate the epitopes reported by Becquart et al. (71), based on reactivity with sera collected from human survivors as an indication of the induction of neutralizing humoral responses. Regions in yellow indicate the epitopes reported by Vaughan et al. (72) as EBOV-related B-cell epitopes found in the Immune Epitope Database. Regions in blue indicate conserved regions of ZEBOV for the African continent overlapping with the epitopes reported in both articles. Regions in green indicate matches of the conserved regions found in the bioinformatics analysis and the epitopes reported in the aforementioned articles.



POSSIBILITIES FOR THE DESIGN OF IMMUNOGENS

A successful proof of concept on EBOV plant-based vaccines will include the design and production of full-length viral proteins such as GP, matrix viral protein (VP40), and NP antigens, as well as chimeric proteins carrying conserved protective epitopes capable of inducing anti-EBOV neutralizing antibodies. Examples of the latter approach include the following linear epitopes: EQHHRRTDN, VIKLDISEA, and LITNTIAGV (25). Hopefully, the current knowledge on the protective EBOV sequences as well as the technologies to produce heterologous proteins in plant cells will accelerate the development of plant-made vaccine candidates against EBOV.

Regarding epitope vaccines, Wilson et al. (25) reported a GP epitope that is conserved among all Ebola viruses demonstrating that a specific mAb was able to protect mice from a lethal EBOV infection. Subsequently, it was found that although some EBOV GP epitopes induce an antibody-dependent enhancement of EBOV infection, antibodies against other specific EBOV GP epitopes were required to control an EBOV infection (73). Another recent study demonstrated that a linkage region (aa 393–556) of the GP (called MFL) contains a furin cleavage site and an internal fusion loop responsible for important viral functions (74). This region was the major contributor to immunogenicity in terms of the induction of humoral immune responses and neutralizing antibodies against the EBOV (75). Interestingly, the study by Becquart et al. (71), using sera from infected patients, identified specific B-cell epitopes in four EBOV proteins [GP, NP, and matrix viral protein (VP40 and VP35)]. Among them, the specific immunodominant VP40 and GP epitopes were detected by IgG antibodies from asymptomatic individuals and symptomatic Gabonese EBOV infected survivors, respectively. These findings strongly suggest that an effective epitopic subunit vaccine should induce humoral IgG responses targeting specific GP and VP40 epitopes. One interesting approach in the design of an epitope-based vaccine capable of triggering protective immune responses is the use of immunoinformatic tools. In this regard, the potential of inducing both humoral and cell-mediated immunity by T and B cells against the EBOV epitopes was recently assessed by Khan et al. (76). From the complete proteomes of EBOVs, the amino acid sequences were retrieved using UniProt Knowledge Base and bioinformatic analyses were conducted to study antigenicity, solvent-accessible regions, surface accessibility, flexibility, MHC class-I-binding epitopes (cellular immune response), and B-cell-binding epitopes (antibody immune response) from those proteins. The in silico capability of each protein sequence to initiate an immune response allowed for the identification of the most promissory L protein comprise of 128 amino acids, which is also known as RNA-dependent RNA polymerase. This protein reached the highest antigenicity score in VaxiJen analysis among all the query proteins. The downstream bioinformatic analysis showed that the 9-mer epitope TLASIGTAF was the selected potential epitope-based vaccine candidate for inducing cytotoxic T cell immune responses by considering its overall epitope conservancy (76.60%), human population coverage (53–81%), and the affinity for highest number of MHC-I (HLA) molecules (n = 12). Similarly, the L protein was evaluated to identify B cell epitopes and the 9-mer epitope PEEQEQSAE (spanning region from 42 to 50 amino acids) of the L protein was the most potential B cell epitope to induce antibody-mediated immune responses. However, it should be considered that L protein is the last one expressed during viral replication, and thus, a vaccine targeting only this antigen may result in low efficacy. Therefore, vaccine design should contemplate a combination of L protein epitopes with those of early proteins, such as GP. Thus, the combination of experimental data with immunoinformatic prediction approaches opens up a new horizon to design effective multiepitopic vaccines able to induce protective antibody immune responses against the EBOV. In fact, the Immune Epitope Database and Analysis Resource3 has reported an integrative immunopredictive and experimental analysis for “functional epitopes.” These epitopes are identified using assays that demonstrate their potential to induce positive outcomes when virus neutralization assays or challenge experiments are performed. A high percentage of the selected epitopes were from the GP (55%) and NP (33%) proteins. The functional EBOV-related B cell epitopes were only found in these two proteins (72). On the other hand, an in silico analysis to identify EBOV conserved sequences among the EBOV variants, matching with the abovementioned functional analysis, has allowed the identification of a set of promising GP Zaire EBOV B-cell epitopes comprising the following sequence: NISGQSPARTSSDPE, NTPVYKLDISEATQVGQHHRRAD, and TAGNNNTHHQDTGEE SASSGKLGLITNTI AGVAGLITGGRRTR. These sequences are considered promising candidates for multiepitopic vaccine design (Figure 3).
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FIGURE 3 | Scheme on the path for development of Ebola virus plant-based vaccine candidates. Antigens will be designed to serve as strong mucosal immunogens, and coding genes will be assembled into expression vectors elected according to the expression approach to be assessed. Antigen production can be achieved transiently through strategies of chimeric virus (first-generation vectors) or deconstructed virus (second-generation vectors, e.g., agroinfiltration with viral pro-vectors), or stably through a nuclear transformation approach (transformation mediated by Agrobacterium or physical methods) or chloroplast transformation approach (transformation mediated by physical methods). A subsequent characterization of the plant-made antigens will comprise estimating antigen yields and antigenic properties. During preclinical trials, it is envisioned that transient approaches will serve as a high productive platform that will render parenteral vaccines after a purification process, which are ideal as prime doses, while stable transformed lines from edible crops may serve as low-cost oral vaccines formulated with freeze-dried plant biomass.



Since vaccines administered through mucosal membranes, mainly by oral route, are the most convenient approach for mass vaccination, the developments in this direction are a priority. However, epitopes are not good immunogens per se and thus must be coupled to carrier proteins or adjuvant sequences that favor uptake and efficient antigen presentation. Antigen uptake at the mucosa can be aided by the use of transmucosal carriers, such as the B subunits from either the cholera toxin (CTB) or the enterotoxigenic E. coli heat-labile toxin (LTB). These proteins produce oligomeric structures that bind the GM1 ganglioside on the surface of gut epithelial cells, mediating the translocation into the submucosal compartment where the antigen can be processed by dendritic cells with the subsequent induction of adaptive immune responses (77). These properties enable both CTB and LTB to be highly immunogenic and serve as effective carrier proteins and adjuvants for unrelated coupled antigens (78, 79). Therefore, the designed chimeric proteins, through genetic fusion, are proposed as candidates that could result in immunogens capable of inducing strong anti-EBOV antibody responses using oral immunization under the plant-based vaccine concept. This idea is also supported by the proven oral immunogenic activity of CTB- and LTB-based chimeric antigens produced in plants (79, 80). Therefore, specific EBOV epitopes in the form of CTB- or LTB-based chimeras could serve as candidates to induce immunoprotective humoral responses against the EBOV. Other strategies might include the design of chimeras comprising target epitopes and cell penetrating peptides, such as those derived from the HIV-1 Tat protein or the Drosophila melanogaster Antennapedia homeodomain (penetratin), which increase the cellular uptake of large molecules (81, 82).

Another attractive possibility in developing plant-based EBOV vaccines could be based on VLPs. It is well established that plants can synthetize structural viral proteins that self assemble into VLPs. These structures are macromolecular complexes that typically are highly immunogenic due to their complexity. Two types of VLPs can be produced: those based only on structural viral proteins and those based on envelope viral proteins associated to a membrane layer from the plant cell. VLPs derived from bluetongue virus, Norwalk virus, influenza virus, Hepatitis B virus (HBV) (nucleocapsid antigen), human papilloma virus, and rotavirus have been successfully assembled in plants (83). These viral proteins have also been engineered to display unrelated epitopes and thus serve, as in the case of CTB and LTB, as immunogenic carriers. This strategy has been successfully applied in a number of cases (80, 84).

Another alternative for immunogen design consists of recombinant immune complexes (RICs). RICs rely on the production of self-polymerized chimeras, whose monomeric form is comprised of the antigen of interest fused to the heavy chain of a mAb against the same antigen of interest. This has been found to be an effective strategy to increase antigen accumulation in transgenic plants enhancing immunogenicity (85).

EXPRESSION AND DELIVERY POSSIBILITIES

High antigen yields will constitute a key factor in the flowchart to define the viability of the vaccination approach. In particular when oral vaccine development is pursued, high doses of antigen are typically required. If this aspect is addressed, the ambitious goal of developing oral vaccines will be greatly favored. Oral vaccines constitute the most attractive immunization approach since they offer easier and safer administration as well as the possibility of inducing mucosal and systemic immune responses. Although low expression levels were a limitation in the initial attempts at exploring the viability of plant-based vaccines, it is envisioned that the current optimized expression platforms will allow the production of the targeted antigens at acceptable yields to reach the required level in the plant biomass that could reasonably constitute an oral dose (86).

Each expression modality possesses particular advantages but at the same time imposes some limitations. Therefore, the selection of the expression platform should follow a case-by-case analysis contemplating the nature of the elected antigen, the delivery approach, and the required time response (Table 3). For instance, viral vector-based systems offer high yields, efficient production of complex glycosylated proteins, and the shortest production time among the plant-based platforms. However, since these processes are based in Nicotiana species and agroinfiltration, parenteral vaccines can only be produced after an extensive purification process to obtain an antigen free of bacterial compounds and toxic plant metabolites (87). Therefore, VLP-based EBOV vaccines using the GP or VP40 antigens can be ideally produced in viral vector-based platforms as a quick response to epidemics, parenterally immunizing the population at risk. However, it should be considered that these vaccines will not result in low-cost formulations and will require sterile devices and trained personnel for administration. In fact, there is one approved patent covering the production of EBOV VLPs in plants (88). A report by Phoolcharoen et al. (89), where a geminiviral vector was used for expression of the EIC in leaves of N. benthamiana, illustrates the potential for producing functional EBOV antigens at convenient yields.

TABLE 3 | Identified expression options for specific EBOV immunogens using the available plant expression technologies.
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In the case of transplastomic approaches, the average yields are lower than those of the viral expression vector but still considered convenient. However, it should be considered that the time for generating transplastomic lines is very long and no complex posttranslational modifications, such as glycosylation, occur in this organelle (90). Therefore, this platform is ideal for the production of epitope-based vaccines where no complex antigens requiring glycosylation are targeted. One attractive avenue consists in the use of edible plant species for which chloroplast transformation has been established. This is the case of lettuce, which was used for the production of some vaccines (91–93).

By contrast, stable nuclear expression also offers high biosynthetic capacity and propagation of cells in bioreactors. The time for generating transformed lines depends on the species but is generally shorter than that required for transplastomic approaches. Yields are in general modest but can be optimized using several approaches such as organelle targeting and formation of protein bodies (94). Interestingly, several edible plant species can be efficiently transformed. For instance, lettuce can be transformed efficiently using Agrobacterium tumefaciens (95). Another interesting species is the carrot (Daucus carota), for which there are efficient protocols for Agrobacterium-mediated transformation (96, 97). This host, D. carota, is relevant considering that the first plant-made biopharmaceutical for human use introduced into the market (Taliglucerase), which is a glucocerebrosidase for Gaucher’s disease treatment, was expressed in carrot cell cultures. This fact implies that the production processes and the regulatory framework are already in place for this system (98). In fact, the company that developed this process is also working on validating the oral delivery of a recombinant product using carrot cells (99).

CONSIDERATIONS FOR PLANT-BASED EBOV VACCINES IN PRECLINICAL EVALUATIONS

The antigenic and immunogenic properties of the target immunogens should be evaluated through molecular and immunological analyses. At the same time, these techniques will allow antigen quantification. For strategies based on LTB or CTB as carriers, proper folding and formation of pentameric structures produced in plants can be assessed by evaluating their interaction with the GM1 receptor in GM1–ELISA assays. Positive signals for this analysis imply that the chimeric protein is assembled into the pentameric form, and therefore, a proper uptake can be expected at the mucosa.

On the other hand, VLPs are usually detected via electron microscopy, which provides evidence of their successful assembly. VLPs have the ability to stimulate strong immune responses upon oral delivery. In fact, it is considered that the compact and highly ordered structures of VLPs can provide resistance to digestive proteases (100). It is worth mentioning that the antigenic proteins for the HBV are one of the most studied models for production of plant-derived VLPs (101). It has been widely demonstrated that HBV VLP carriers spontaneously assemble in plant cells, resulting in VLPs that preserve their structure (102).

In terms of posttranslational modifications, glycosylation is of particular relevance in the production of vaccines based on GP. It should be considered that distinct glycosylation processes occur in plants with respect to mammalian cells: complex type glycans in plants possess, unlike GPs in mammals, a β(1,2′)-xylose residue, and/or an α(1,3′)-fucose residue linked to the core glycan (103), and a second N-acetylglucosamine (GlcNAc) is enzymatically added to the mannose core, and lack of β(1,4′)-galactose- and sialic acid-containing complex type glycans as well as the bi-antennary N-glycans production found in mammals. However, these differences on glycosylation do not necessarily result in a non-functional or low quality product. In fact, in the case of vaccines, there is the possibility that differential glycans associated with the plant-derived antigen could enhance immunogenicity (104). Moreover, recent advances in the plant glycoengineering allow human-like glycomodification and optimization of the desired glycan structures for enhancing safety and functionality of recombinant vaccines (105).

Another important consideration is the use of rodent or large animal models mentioned above that will allow assessing the immunogenicity and immunoprotective potential of the plant-made EBOV vaccine candidates.

Two cases can be highlighted as examples of how the above mentioned methodologies have resulted in desirable vaccine prototypes: (i) a plant-based vaccine candidate against malaria has been produced in plants by using a transplastomic expression approach. Fusion proteins consisting of CTB along with the antigens malaria apical membrane antigen-1 (AMA1) or merozoite surface protein-1 were produced in lettuce and tobacco leaves; these candidates induced humoral responses and protective immunity against a cholera toxin challenge. Moreover, both oral and injectable vaccination with CTB-AMA-1 resulted in the blocking of the parasite from entering the erythrocytes (13). It should also be considered that LTB has been successfully produced in several crops, including corn and potato (106, 107). The potato-made LTB was used to conduct a pioneering Phase I clinical trial, showing its capacity to achieve seroconversion with no major adverse effects following an oral immunization scheme (106). (ii) A vaccine prototype against Mycobacterium tuberculosis has been developed following an approach based on RICs. The early secreted Ag85B and the latency-associated Acr antigen were expressed in tobacco plants as fusion proteins along with an anti-Acr antibody. Remarkably, Bacillus Calmette–Guérin (BCG)-immunized mice boosted intranasally with TB-RICs showed a significant reduction in M. tuberculosis lung infection in comparison with the group immunized only with BCG (108).

Based on the current evidence on the efficacy of several plant-based vaccines orally administered (16), it is proposed that plant-based formulations may result in strong immune responses that could provide immunoprotection against EBOV. It should also be considered that plant-based vaccines could be applied as oral boosters in prime-boost immunization approaches. This focus has proven useful in many plant-based vaccine prototypes, including those against Yersinia pestis, HBV, and M. tuberculosis (11, 108, 109). All of the aspects mentioned in this article are critical in defining the feasibility of performing evaluations of the plant-based vaccine candidates in clinical trials.

CONCLUDING REMARKS

There is an urgent need to develop efficacious vaccines against the EVD. Although preclinical trials are continuously reported for EBOV vaccine prototypes, efforts to develop low-cost vaccine production platforms should be contemplated. Plant-made vaccines offer the potential to address large-scale vaccine production at low cost, thereby facilitating the success of global vaccination programs, especially in developing and poorer countries where coverage is problematic mainly due to vaccine costs. Only one plant-made vaccine candidate has been developed against the EBOV thus far. Therefore, systematic efforts are required to expand this important research field. The path to address this objective will include (i) the design of protective antigens based on the current knowledge of the EBOV immunogenic determinants and on eficacious immunogenic carriers, preferably those that are highly effective in mucosal membranes; (ii) achieving sufficient antigen yields in edible plant biomass to establish models for oral immunization using minimally processed plant biomass; and (iii) validating the safety as well as the immunogenic and immunoprotective potential of plant-made vaccine candidates in test animals.

Each expression platform offers particular advantages, and the election should be based on the nature of the chosen antigen, the required time response, and desired delivery route. In conclusion, the continuing effort toward the development of plant-made vaccines prototypes could lead to important data to select approaches with the realistic goal of providing efficacious and cost-effective strategies to protect against the EVD. Thus, we encourage research in this direction to accelerate the fight against this deadly disease.
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Since the discovery of the first virus-like particle (VLP) derived from hepatitis B virus in 1980 (1), the field has expanded substantially. Besides successful use of VLPs as safe autologous virus-targeting vaccines, the powerful immunogenicity of VLPs has been also harnessed to generate immune response against heterologous and even self-antigens (2–4). Linking adjuvants to VLPs displaying heterologous antigen ensures simultaneous delivery of all vaccine components to the same antigen-presenting cells. As a consequence, antigen-presenting cells, such as dendritic cells, will process and present the antigen displayed on VLPs while receiving costimulatory signals by the VLP-incorporated adjuvant. Similarly, antigen-specific B cells recognizing the antigen linked to the VLP are simultaneously exposed to the adjuvant. Here, we demonstrate in mice that physical association of antigen, carrier (VLPs), and adjuvant is more critical for B than T cell responses. As a model system, we used the E7 protein from human papilloma virus, which spontaneously forms oligomers with molecular weight ranging from 158 kDa to 10 MDa at an average size of 50 nm. E7 oligomers were either chemically linked or simply mixed with VLPs loaded with DNA rich in non-methylated CG motifs (CpGs), a ligand for toll-like receptor 9. E7-specific IgG responses were strongly enhanced if the antigen was linked to the VLPs. In contrast, both CD4+ and CD8+ T cell responses as well as T cell-mediated protection against tumor growth were comparable for linked and mixed antigen formulations. Therefore, our data show that B cell but not T cell responses require antigen-linkage to the carrier and adjuvant for optimal vaccination outcome.

Keywords: VLPs, vaccines, HPV, CpG, adjuvant

INTRODUCTION

Most prophylactic vaccines are designed to induce strong antibody responses, while many therapeutic vaccines against chronic viral infections and cancer aim to induce T cell responses (5, 6). However, for many vaccines currently under development, this dictum is challenged, and strong B and T cell responses are likely required to achieve protection. Thus, understanding the rules that govern induction of B versus T cell responses and identifying commonalities and differences between them represents an important goal in vaccinology and immunology.

Formulation of vaccines in adjuvants usually enhances both B and T helper (TH) responses (7). However, it is often unclear whether the adjuvants enhance B cell responses directly or indirectly, via enhancing follicular TH cell responses. We have recently shown that the adjuvant CpGs linked to antigen enhances B cell responses by activating B cells directly through TLR9 recognition (8, 9), which required internalization of the CpG. By contrast, CpGs mixed with antigen may primarily enhance B cell responses by facilitating Th cell activation, thereby increasing antibody responses indirectly (10–12). As a general rule, it is important that the immunological target cells [dendritic cells (DCs) or B cells] are simultaneously activated by the adjuvant and exposed to the antigen (5, 13). One way to ensure co-exposure to antigen and adjuvant is the physical linkage of the two components. Something readily achieved by conjugation with covalent chemical bonds or by packaging adjuvant into liposomes or virus-like particles (VLPs). However, for good manufacturing practice production, covalent linkage might be a complicated and costly endeavor, especially if the antigen is complex or if the goal is patient-specific vaccination. Hence, a simple admixed formulation could be advantageous under these circumstances.

The trafficking of antigen from the periphery to lymph nodes (LNs) or the spleen is essential to drive T cell and B cell activation (5), and it is well established that one of the main factors governing influx to the LNs is the size of the particles (14–16). Particles in the nanometer range can flow freely within the lymph, rapidly reaching LNs where they can encounter relevant B cells and APCs that will activate CD4+ and CD8+ T cells (17–19). By simply mixing antigens and adjuvants of similar size, it may be possible to target the same individual cells within the LNs. To test this, we generated particulate adjuvants and antigens of similar size, mixed them freely before injecting the formulation into mice, then observed if they indeed were draining to the same cells within LNs. As adjuvant, we used VLPs derived from Qβ bacteriophages packaged with CpGs, having a size of 30 nm. The recombinant oncoprotein E7 derived from the human papilloma virus (HPV) was chosen as the target antigen as it forms oligomers with a size of around 50 nm (20). To test the impact of antigen size and co-drainage, we also used the immunodominant peptide E749–57 derived from the E7 protein, representing a H2-Db-restricted CTL epitope (12). We found that covalent linkage was essential for maximal B cell for peptide and particle-based vaccine responses, regardless of the size of the antigen. In contrast, an admixed formulation of E7 oligomers with CpG-loaded VLPs was sufficient to induce optimal CD4+ and CD8+ T cell responses that proved to be protective as a therapeutic vaccine when tested in an HPV tumor model. Mixing free E749–57 peptide with CpG-loaded VLPs, however, failed to induce strong T cell responses, suggesting that adjusted particle size may be sufficient to co-deliver antigen and adjuvants to the same DCs for optimal T cell induction, eliminating the requirement for the linkage of the two entities.

MATERIALS AND METHODS

VLP and E7 Production

HPV-E7 protein containing a short C-terminal GGC linker was recombinantly expressed in Escherichia coli, solubilized from the inclusion body fraction by 8M urea and purified using affinity and size-exclusion chromatography. The denatured protein migrated as a 14-kDa single band in reducing SDS-PAGE (data not shown). After refolding by dilution and dialysis against NaCl-MES-containing buffer, E7 protein spontaneously formed oligomers. Qβ VLP production and purification have been described in detail elsewhere (21).

CpG ODN and Antigen Sequence

CpGs 1668 with phosphorothioate backbone were purchased from Invivogen (sequence: 5′ tccatgacgttcctgatgct 3′). The protein and peptides E749–57 were produced in a modified version with additional 3 aa (GGC) added to the C terminus E7 (Proimmune, UK) to allow coupling to VLPs. E7 protein sequence UniProt database: P03129. E749–57 peptide sequence: RAHYNIVTFGGC.

Measurement of Anti-E7 and Anti-VLP Antibodies by ELISA

Anti-VLP and anti-E7 antibody titers were measured in the serum of mice vaccinated 21 days earlier with unmodified VLP. A total of 96-well plates were coated overnight with 5 μg/mL of unmodified VLP or 5 μg/mL of E7 oligomers. After blocking for 2 h with 2% bovine serum albumin phosphate-buffered saline (PBS), serum obtained from vaccinated or control mice (diluted 1:500 to 1:12,500) was added and plates were incubated for 2 h at room temperature. After washing the plates three times with PBS-0.05% Tween, horseradish peroxidase-labeled goat anti-mouse immunoglobulin G (IgG-HRP) (Jackson ImmunoResearch, UK) was added for 1 h, followed by the addition of 3,3′,5,5′-tetramethylbenzidine (TMB) Sigma, as a substrate before reading the optical density (OD) at 450 nm (OD450). Titers are expressed as serum dilutions at the half-maximal OD (OD50).

Association ELISA

Plates (Nunc-Immuno MaxiSorp) were coated with anti-E7 antibody, each of the vaccine preparations were added at a concentration corresponding to 60 ng/mL of E7 protein. Following washing and incubations, anti-Qβ monoclonal antibody was added followed by secondary detection antibody goat anti-mouse IgG-HRP and TMB. Data expressed in OD450.

Vaccine Preparation

Vaccines were prepared by chemical coupling as described elsewhere (2). Purified Qβ VLPs (2 mg/mL in PBS) were derivatized by a 1-h incubation at room temperature with a 10-fold molar excess of succinimidyl-6-(β-maleimidopropionamido)hexanoate (Pierce, Rockford, IL, USA). Free cross-linker was removed by diafiltration with Amicon Ultra Centrifugal Filters, 100 kDa MWCO. Derivatized Qβ VLPs and E749–57-GGC (peptide at fivefold molar excess) or E7 protein were then incubated for 3 h at room temperature to allow cross-linking. Unbound material was removed by diafiltration with Amicon Ultra centrifugal filters, 100 kDa MWCO for the peptide and size exclusion for the E7 protein. Efficiency of cross-linking was analyzed by SDS-PAGE.

Packaging of CpG into Qβ VLPs

Performed as described elsewhere (22). Briefly, bacterial RNA trapped into VLPs during recombinant expression was digested with RNAse A (Merck) for 5 h at 37°C. RNAse-treated VLPs were combined with 120 nM/mL of CpG and incubated for further 3 h at 37°C. Excess of CpG was removed by dialysis against PBS.

Immunization and Trafficking Experiments

C57BL/6 mice (9–12 weeks old; Harlan) were injected s.c. with 80 μg of either vaccine formulation. Blood was collected from the tail vein and serum and PBMCs separated for further analysis.

E7 protein or E749–57 was labeled with AlexaFluor 488 C5-maleamide as described by the manufacturer and with Qβ labeled with AlexaFluor 647 or PE as instructed by the manufacturer (all from Thermo Fischer). C57BL/6 mice (9–12 weeks old; Harlan) were injected s.c. with 30 μg of VLP and peptide into the hind leg.

All mouse experiments have been performed in accordance with the local welfare legislation and under valid animal experimentation licenses.

Cells and Flow Cytometry

Popliteal and inguinal LNs were isolated and a single-cell suspension was prepared by incubating LN with 1 mg/mL collagenase D (Roche) and 0.04 mg/mL DNase I (Boehringer) in 5% FSC containing DMEM, for 30 min at 37°C. Organ pieces were passed through a 70-μm cell strainer and stained for cell-specific markers. The following fluorochrome-labeled antibodies were used: CD11c, CD8a (all from eBioscience), F4/80, Live/Dead Aqua cell stain (all from Life Technologies).

Spleens were isolated smashed through a 70-μm cell strainer using the plunger of a syringe (Falcon), red blood cells were lysed with ACK solution (Lonza). The following fluorochrome-labeled antibodies were used: CD3, CD8a, Live-Dead dye, IFNγ, TNFα, and IL-17 (eBioscience).

Primary culture of DCs from LNs of a naïve mice were harvested and incubated for 24 h with 10 nM of E749-51 conjugated with Alexa488 and 1 μg/mL of Qβ conjugated with Alexa647. CD11c+ F4/80− DCs were subsequently analyzed by flow cytometry for uptake of peptide and Qβ.

Tumor Model

Female C57BL/6 mice at age of 10–11 weeks were injected with 1.5 × 105 TC-1 cells expressing HPV16 E7 oncoprotein. Eight days post injection of tumor cells, mice developed palpable tumors and were subjected to a weekly immunization schedule with E7 coupled or mixed to Qβ(1668) for 49 days. Tumor size was recorded daily and was calculated as follows: W*W*L/2, where W is tumor width (centimeters) and L is tumor length (centimeters). Mice showing signs of suffering or reaching tumor size larger than 1,000 cm3 were euthanized.

RESULTS

Characterization of Qβ-VLPs and E7

Size-exclusion chromatography analysis of refolded E7 showed a wide distribution elution profile corresponding to molecular weights between 17 kDa and 10 MDa (void volume of the column, Figure 1A, upper panel). The refolded E7 was treated under reducing conditions, which narrowed the molecular weight distribution to a major peak with average size of 670 kDa (Figure 1A, bottom panel) and demonstrated the role of disulfide bonds in E7 multimerization, as described elsewhere (20). The 14 kDa capsid protein of the Qβ bacteriophage is expressed in E. coli and self-assembles to form a VLP with molecular weight of approximately 3 MDa. Electron microscopy and dynamic light scattering (not shown) demonstrates that Qβ VLPs are single particles with average diameter of 30 nm. The size-exclusion profile demonstrated a narrow size distribution of the VLP on a S500 column (GE) (Figure 1B). Thus, Qβ VLPs and non-reduced E7 oligomers exhibit roughly comparable sizes of 30–50 nm.
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FIGURE 1 | Size characterization of Qβ virus-like particles (VLPs) and E7 protein. (A) Size-exclusion chromatography of refolded E7 in buffer without reducing agent (upper panel) using TSKgel G4000SW column (resolution between 2 × 104 and 7 × 106 Da). Refolded E7 (bottom panel) forms oligomers with elution time between 9.3 and 15 min. (B) Size-exclusion of Qβ VLPs in a S500 column eluted with phosphate-buffered saline. Narrow peak shows narrow size distribution. (C) Schematic representation of the system of antigens. VLPs have an average size of 30 nm, E7 protein of 50 nm, and the peptide has a size of 1.7 kDa. The plus signal (+) indicates the mixed formulation of VLP and antigen, the dash (–) indicates chemical coupling of antigen and VLP. (D) Immunoplate assay demonstrating the absence of physical association between VLP and E7 protein in the mixed formulation. Plates were coated with anti-E7 antibody, each of the vaccines preparation was added at a concentration corresponding to 60 ng/ml E7 protein. Following washing and incubations, anti-Qβ monoclonal were added followed by detection antibody. Data expressed in optical density (OD).



Qβ and E7 Protein Are Physically Associated by Chemical Coupling but Not by Mixing

In order to compare the immunogenicity of mixed and covalently linked antigen and VLP, the E7 protein containing a short cysteine-containing linker (-GGC) was chemically cross-linked via the free cysteine to surface lysine on Qβ using the hetero-bi-directional cross-linker, SMPH. The efficiency of the cross-linking was assessed by separation on SDS-PAGE under reducing conditions and analyzed by Western blot (Figure 2). Alternatively, purified Qβ and E7 protein were simply mixed. The model of mixed and coupled formulations is represented in Figure 1C. To assess whether mixing would result in spontaneous association of Qβ to E7 oligomers, a sandwich ELISA assay was performed using anti-Qβ VLP capture antibodies and anti-E7 detection antibodies. The assay demonstrated that E7 was only associated with Qβ VLPs upon chemical coupling, while simple mixing did not result in any physical association (Figure 1D). To ensure that loading of VLPs with CpGs did not alter the binding properties of VLPs, the ELISA was repeated with Qβ VLPs loaded with B-type CpG 1668 (Qβ (1668)). Similarly, no association between E7 and Qβ VLPs could be observed (Figure 1D). VLPs loaded with CpG are represented as Qβ(1668), while “Qβ” will be used to indicate unmodified VLPs (naturally loaded with E. coli-derived ssRNA).
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FIGURE 2 | Biochemical analysis of the coupling of Qβ and hPV.e7. HPV.E7 (lane 1 and 4), SMPH reacted Qβ (2 and 5), and coupled Qβ-E7 (3 and 6) were separated by SDS-PAGE under reducing conditions and analyzed by Western blot. HPV-E7 was detected in lanes 1–3 by anti-His tag antibody (His Tag Ab), and lanes 4–6 were assayed with anti-Qβ specific antibody (Qβ Ab).



Linkage of Qβ and E7 Is Not Required for Uptake by the Same DCs

Drainage of Qβ and E7 was assessed by labeling particles with Phycoerythrine (PE) and Alexa488, respectively. Flow cytometry analysis demonstrated that a subpopulation of resident DCs of draining LNs simultaneously took up both E7 and Qβ VLPs (Figure 3A). A total of 23% of cDCs (CD11chighF4/80−) from the popliteal LN were double positives for Qβ and the antigen E7-Alexa488. Thus, antigen and adjuvants, i.e., E7 and Qβ VLPs, were taken up simultaneously in vivo by the same DCs.
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FIGURE 3 | Draining of Qβ virus-like particle (VLP) and antigens to LNs. (A) Qβ-VLP mixed with E7 oligomers are taken up by the same population of DCs in the draining lymph nodes. Mice were injected either with Qβ-VLP-Alexa488 or E7-phycoerythrin (PE) or a mixture of both particles (100 μg of each). The uptake of the fluorescent proteins into DCs of the draining lymph node (popliteal) was analyzed by flow cytometry. Frequency plot is gated on DCs (CD11c+ F4/80−). (B) Frequency plot of cells from draining LNs 24 h postinjection with 100 μg of Qβ-Alexa647 and 100 μg of E749–57 peptide labeled with Alexa Fluor 488. (C) In vitro uptake of Qβ-Alexa647 and E749–57 Alexa488. Single cell preparation draining LN of naïve C57BL/6 mice was prepared and pulsed for 24 h with 1 μg/mL VLP and 10 nM of peptide. Frequency plot is gated on DCs (CD11c+ F4/80−).



To confirm the hypothesis that antigen and VLP size was the limiting factor on antigen and VLP distribution, the E7 derived peptide H2-Db E749–57 was used as antigen instead of the E7 protein. Injection of free peptide E749–57 labeled likewise with Alexa488 and Qβ VLPs labeled with Alexa647 did not result in simultaneous uptake by DCs in draining LNs (Figure 3B). As a matter of fact, the peptide could not be found in LNs 24 h after injection, indicating that small peptides do not drain efficiently to LNs and are not efficiently transported by DCs.

To exclude potential methodological limitations in visualizing peptide interaction with DCs by flow cytometry, an in vitro pulsing experiment was performed. Primary cultures of DCs from LNs of a naïve mice were incubated for 24 h with the peptide E749-51 conjugated to Alexa488 and Qβ conjugated to Alexa647. CD11c+ F4/80− DCs were subsequently analyzed by flow cytometry for uptake of peptide and Qβ. As shown in Figure 3C, almost 50% of the DCs simultaneously interacted with the peptide and Qβ, which confirmed the capacity of small peptides to interact with DCs in vitro and suggested that subcutaneously injected small peptides do not efficiently traffic to the LN.

Packaging of CpG into VLPs Is Necessary to Induce T Cell Responses

The contribution of the vaccine components for generation of CD4+ and CD8+ T cell responses was investigated by injecting mice with E7 protein either alone or mixed with CpG and Qβ(1668) either coupled or mixed with E7. The production of IFNγ by CD4+ and CD8+ T cells was measured 8 days after vaccination. E7 alone or mixed with free CpG induced low percentage of E7-specific T cells. E7 protein mixed or coupled with Qβ(1668) efficiently induced T cells producing IFNγ demonstrating the superior T cell immunogenicity of a vaccine containing VLPs-packaged CpGs (Figures 4A,B). More importantly, levels of CD4+ and CD8+ T cell responses induced by E7 protein either mixed or coupled to Qβ(1668) were similar, suggesting that chemical association of the antigen and adjuvant is dispensable for priming (Figures 4A,B) T cell responses.
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FIGURE 4 | Coupling of similar size antigens to VLPs is not required for cytokine production by T cells. C57BL/6 mice were immunized, and T cell responses were assessed 8 days later. (A) IFNγ production by CD4+ T cells after immunization with E7 protein, E7 mixed with 1668, Qβ(1668) + E7 mixed and Qβ(1668) − E7 coupled. (B) IFNγ production by CD8+ T cells after immunization with E7 protein, E7 mixed with 1668, Qβ(1668) + E7 mixed, and Qβ(1668) − E7 coupled. Mice were immunized with mixed or coupled vaccines. Boost was administered 70 days after first dose, blood was collected on days 0, 8, 71, and 78 for IFNγ measurements. (C) Kinetics of IFNγ production by CD4+ T cells from blood. (D) Kinetics of IFN production by CD4+ T cells from blood. Data represented as mean + SD n = 5 mice per group.



Mixing of Antigens and CpG-Loaded VLP of Similar Size Is Sufficient for Induction of Strong T Cell Responses

After establishing that Qβ(1668) was necessary to induce IFNγ production by CD8+ T cells in response to E7 and that DCs simultaneously take up antigen and VLP if simply mixed, it was investigated whether such formulation was sufficient for induction of protective T cell responses or whether covalent linkage of E7 oligomers to Qβ(1668) VLPs was necessary. First, the kinetics and duration of the response were measured. E7 was either chemically coupled to or mixed with Qβ(1668) and C57BL/6 mice were immunized s.c. in a prime-boost scheme 70 days apart. T cell responses were followed in the blood by intracellular cytokine staining for IFNγ. Both experimental groups mounted strong primary CD4+ and CD8+ T cell responses that had declined by day 70 and were strongly increased after the boost injection (Figures 4C,D, respectively). CD4+ and CD8+ T cells from the blood were analyzed by intracellular cytokine staining upon in vitro stimulation on day 78.

To further investigate the cytokine production of splenic T cells, spleens were collected on day 78. Both vaccination regimens induced strong CD8+ and CD4+ T cell responses expressing multiple cytokines (Figure 5) and induction of multifunctional CD4+ T cells producing IFNγ, TNFα, and IL-17 (Figure 5A,B) were observed. For CD8+ T cells, a strong induction of TNFα and IFNγ-producing T cells was detected (Figure 5D,E). The number of tetramer-positive cells was roughly similar to the frequency of IFNγ-producing CD8+ T cells (Figure 5E). Thus, as observed in the blood, linked E7 protein induced similar frequencies of cytokine-producing T cells compared to the mixed formulation in splenic T cells (Figure 5).
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FIGURE 5 | Coupling of similar size antigens to VLPs is not required for cytokine production by T cells. (A) TNFα and TNFγ production by CD4+ T cells upon vaccination with Qβ(1668) − E7. (B) IL-17 and TNFγ production by CD4+ T cells upon vaccination with Qβ(1668) − E7. (C) Cytokine production by CD4+ T cells upon vaccination with Qβ(1668) − E7. (D) Frequency of cytokine producing cells among CD8+ T cells upon in vitro stimulation. (E) Cytokine production by E7-tetramer specific CD8+ T cells. (F) Frequency of cytokine producing cells among CD4+ T cells upon in vitro stimulation.



In marked contrast to the results obtained with particulate E7 proteins, for small peptides, linkage to the VLP was essential. Specifically, mice immunized with the peptide E749–57 coupled to Qβ(1668) generated strong CD8+ T cell responses. In contrast, E749–57 mixed to Qβ(1668) failed to induce good production of IFNγ and TNFα by CD8+ T cells significantly above background (Figure 6).
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FIGURE 6 | Coupling of small peptides and VLP is required for activation of CD8+ T cells. C57BL/6 female mice were immunized twice (days 0 and 7) s.c. with 50 μg of coupled or mixed Qβ(1668) and E749–57. Spleens were harvested on day 14 for cytokine production. Cells were stimulated for 6 h with peptide and analysed by flow cytometry. (A) IFN-γ and TNF-α production by CD8+ T cells upon prime-boost vaccination with mixed (upper panel) and coupled (lower panel) versions of Qβ(1668) vaccine. (B) Coupled vaccine (bottom) induces multifunctional CD8+ T cells but not mixed (upper). (C) Percentage of CD8+ T cell producing IFNγ and TNFα post in vitro stimulation. Data represented as mean plus SEM, n = 5. Cells analyzed by FCM, 1 × 107 cells acquired per sample. Values are plotted after subtraction of background values from non-stimulated samples.



Mixing of E7 Protein with Qβ (1668) Is Sufficient for Eradication of Established Tumors

In order to assess the therapeutic capacity of the vaccine-induced T cells, mice were injected with TC-1 cells expressing HPV16 E7 oncoprotein. Eight days post injection of tumor cells, mice developed palpable tumors and were subjected to a weekly immunization schedule with E7 coupled or mixed to Qβ(1668) for 49 days (Figure 7A). In untreated mice, as well as mice injected with Qβ(1668) only, tumors grew unrestrained and 50% of mice reached severity scores requiring euthanasia by day 32 (Figure 7B). In contrast, both coupled and mixed formulation of Qβ(1668) and E7 protein were able to induce strong protection against tumor growth resulting in survival rate of more than 80% until the end of the study. In an additional study, vaccination with E7 mixed with Qβ(1668) extended the survival of tumor bearing mice to more than 3 months (data not shown). Therefore, covalent linkage of the E7 to Qβ(1668) VLPs is not required for induction of protective T cell responses against solid tumor.
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FIGURE 7 | Simply mixing of similar size antigen and adjuvant is enough for protection against tumor. (A) Tumor growth after tumor challenge in immunized mice with mixed and coupled vaccines or controls was monitored over 50 posttumor inoculation. (B) C57BL/6 female mice (n = 5 per group) were injected i.v. with 1.5 × 105 TC-1 cells expressing HPV-16 E7 oncoprotein. Crosses indicate the weekly immunization schedule with E7 coupled or mixed to Qβ(1668) for 49 days. (B) Percent of survival and tumor growth in immunized groups was monitored over time and represented in a Kaplan–Meier survival curve and analysed using the Log-rank test; *P < 0.05.



Covalent Linkage of E7 Oligomers to CpG-Loaded VLPs Is Required for Induction of Optimal B Cell Responses

In order to understand whether the same rules would apply to B cells, the importance of covalent linkage of E7 to Qβ VLPs for induction of optimal antibody responses was assessed. Serum collected from mice immunized with E7 coupled or mixed with Qβ(1668) were analyzed for E7-specific antibody response by ELISA. Importantly, only covalent coupling but not simple mixing of E7 and Qβ (1668) was able to enhance the antibody response against E7 (Figure 8A). Conversely, the antibody levels raised against Qβ were higher in the mixed formulation when compared to the coupled counterpart (Figure 8B). Antibody induction against the E749–57 peptide also required covalent linkage, as in the absence of linkage, antibody levels induced were comparable to the background (Figure 8C). Hence, in contrast to T cell responses, B cell responses appear to require physical linkage of antigen and adjuvants in order to induce appropriate levels of antibody responses irrespective of the size of the antigen.
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FIGURE 8 | Covalent linkage is required for optimal responses of B cells. (A) Antibody titters for IgG against E7 expressed in log scale of OD50 on day 71. (B) Total IgG titters expressed in log scale of OD50 against Qβ at day 71 measured by ELISA. Mean with SEM in log transformed titters. (C) Antibody titters expressed in OD50 against the peptide E749–57. Values as mean (n = 5) plus SEM.



DISCUSSION

In the current study, we demonstrated in an HPV model that a particulate VLP-based vaccine containing CpG exerts distinct adjuvant effects in B and T cells. While for T cells, the concomitant draining of antigen and adjuvant to LNs and subsequent uptake by APCs is enough for T cell-mediated cytokine production and protection against the expansion of tumors, for B cells, appropriate presentation of antigens by linkage to VLPs is required for induction of optimal antibody levels.

This dichotomy may be explained by mechanistic differences in the induction of innate and adaptive immune responses. The innate arm of the immune system represented by DCs is able to recognize certain pathogen and danger-associated patterns (23). However, specific receptor–ligand interaction is not required in order to induce phagocytosis and activation (24). Thus, DCs will non-specifically take up both antigen and VLP. This is strictly different for B cells, which take up particles in an antigen-specific fashion. For B cells to be exposed to CpGs packaged within VLPs, they need to take up the particles via their B cell receptors (BCR), which will be followed by internalization of the VLP plus their CpG cargo (25). Therefore, E7-specific B cells will fail to take up VLPs loaded with CpGs unless E7 is linked to the VLPs. In addition to that, VLPs are potent activators of B cells (26, 27) and the presentation of the coupled antigens in the surface of the VLPs in a geometrically defined and repetitive manner promotes cross-linking of the BCR, which helps surpass the threshold for cellular activation (28). In the case of large antigens such as E7, the coupling is limited by steric hindrance of the proteins, limiting the number of copies of E7 that can be exposed. However, our data suggest that even with relatively low valency of the antigen, coupling exerts a positive impact on the level of antibodies produced.

For priming of T cell responses, activation of the DCs presenting the specific antigen is required (29). The simultaneous uptake of antigen and adjuvants by DCs, but not by T cells is critical (30). However, in contrast to B cells, DCs take up particulate antigens non-specifically without need for antigen-specific receptors (31). Given that DCs on average can accommodate and take up 70 particles (at a size of about 30 nm) (32), most DCs will take up reasonable numbers of both particle species at the same time. Therefore, simple co-exposure of DCs to particulate antigen and adjuvants is sufficient for simultaneous uptake of both entities. This guarantees that DCs will be appropriately activated providing optimal signaling to T cells.

Of particular note, the conclusions from this study are in agreement with a growing body of evidence that proposes that the size of antigens conveys major influence on factors driving immunity (14, 15, 17, 18). Peptides are well known to be unable to induce relevant immune responses; this is likely a result of inefficient drainage, degradation, or uptake by resident DCs in vivo that do not migrate to the LNs. A position that appears to have been confirmed here, as administered peptides failed to charge LN resident DCs.

Collectively, these observations are important for vaccine development, as they elucidate distinct requirements for induction of optimal B versus T cell responses and indicate that the use of both particulate antigens and adjuvants with similar size avoids the necessity of conjugating the two entities together. This may be especially important for the development of patient-specific vaccines. VLPs are an attractive platform for personalized vaccines considering the convenience of production and low costs.

Based on the findings of this work, a new advantage is attributed to such nanoparticles, as we show that covalent linkage of antigen and adjuvants might not be necessary to obtain protective tumor-specific T cells. This knowledge can be used to design antigens that would not require coupling, which would streamline the manufacturing process and increase cost-savings. Also, this simple system of mixed and coupled vaccines stands as an attractive tool to explore the dynamic of humoral and cellular responses and how they interact.
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The threat posed by severe congenital abnormalities related to Zika virus (ZKV) infection during pregnancy has turned development of a ZKV vaccine into an emergency. Recent work suggests that the cytotoxic T lymphocyte (CTL) response to infection is an important defense mechanism in response to ZKV. Here, we develop the rationale and strategy for a new approach to developing cytotoxic T lymphocyte (CTL) vaccines for ZKV flavivirus infection. The proposed approach is based on recent studies using a protein structure computer model for HIV epitope selection designed to select epitopes for CTL attack optimized for viruses that exhibit antigenic drift. Because naturally processed and presented human ZKV T cell epitopes have not yet been described, we identified predicted class I peptide sequences on ZKV matching previously identified DNV (Dengue) class I epitopes and by using a Major Histocompatibility Complex (MHC) binding prediction tool. A subset of those met the criteria for optimal CD8+ attack based on physical chemistry parameters determined by analysis of the ZKV protein structure encoded in open source Protein Data File (PDB) format files. We also identified candidate ZKV epitopes predicted to bind promiscuously to multiple HLA class II molecules that could provide help to the CTL responses. This work suggests that a CTL vaccine for ZKV may be possible even if ZKV exhibits significant antigenic drift. We have previously described a microsphere-based CTL vaccine platform capable of eliciting an immune response for class I epitopes in mice and are currently working toward in vivo testing of class I and class II epitope delivery directed against ZKV epitopes using the same microsphere-based vaccine.
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1. INTRODUCTION

As of Fall 2016, the Zika Virus (ZKV) pandemic continues its northward spread in the Americas. The CDC estimates at least 4,100 cases in the United States and up to 29,000 cases in Puerto Rico. Those cases in Puerto Rico include 672 pregnant women (1). Using a data-driven global stochastic epidemic model to project past and future spread of the ZKV in the Americas, it has been estimated that the large population centers of Florida, New York, and New Jersey will be seeing significant numbers of imported cases (acquired by travel) of ZKV infection (2) by the end of Fall 2016. In South America, the new case rate of ZKV infection is tapering off, however, researchers in Brazil warn that official statistics may significantly underestimate the size of the ZKV epidemic based on improved serological tools that have become recently available. In any event, when a significant proportion of the population is infected with a viral infection and become immune, the epidemic can migrate to an area with a larger susceptible individual pool. Given the alarming news that significant brain defects were detected in newborns of 42% women infected with ZKV during pregnancy, including the third trimester (29%) (3), the public health threat of ZKV in pregnant women is even higher than expected before. Taken together, recent estimates put 1.65 million childbearing women in the Americas at risk of ZKV infection. As yet no phase II trials of a ZKV vaccine have been initiated. We review critical aspects of the unique pathogenesis of ZKV infection which will need to be considered when evaluating the efficacy of such vaccines and designing next iterations of possible ZKV vaccines to improve vaccine efficacy. In this article, we will also highlight details of the vaccines currently under consideration for Phase I and Phase II clinical trials, develop the argument that vaccines that evoke antibody responses need careful scrutiny, outline the rationale why our group is focusing on developing a “pure” CTL vaccine, and enumerate many of the challenges that will need to be overcome to develop an effective ZKV CTL vaccine.

1.1. Genome and Protein Structure of ZKV

ZKV is a small enveloped plus strand RNA virus belonging to the genus Flavivirus, which includes many human pathogenic viruses, such as Dengue virus (DNV), yellow fever virus (YFV), West Nile Virus (WNV), and hepatitis C virus (HCV). ZKV has a 10.8 kb RNA genome, containing a single open reading frame flanked by a 5′-UTR (106 nt long) and a 3′-UTR (428 nt long). The open reading frame encodes a polyprotein precursor, which is processed into three structural proteins [capsid (C), premembrane (prM), and envelope (E)] and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The viral E protein is the major surface glycoprotein of flavivirus, and the non-structural NS3 and NS5 encode essential enzyme activities for viral reproduction. The E protein is divided into three discernible domains (Domain I, Domain II, and Domain III). Domain I is involved in the envelope structure organization, and Domain II and Domain III are related to the monomers interaction and receptor binding, respectively (4).

1.2. Protective Immune Responses to Flaviviruses: Role of T Cells

Significant information is available about the protective role of T cell responses against other flaviviruses of clinical importance. Prevention of infection is achieved primarily by neutralizing antibodies but T cell responses (both CD4+ and CD8+) are of utmost importance for virus clearance. Cytotoxic CD8+ T cells are critical to eliminate virus-infected cells while CD4+ T cells provide help to cytotoxic CD8+ T cells and antibody production (5, 6). DNV-specific CD8+ T cells play a protective role in natural DNV infection both in humans and in animal models (7) and polyfunctional CD8+ responses are associated with protection against disease (8). CD8+ T cell immunity has been shown to be protective against WNV infection (9). Vaccination with a tetravalent DNV vaccine elicits CD8+ T cell responses against highly conserved epitopes (10). Similar, the live-attenuated 17D-based YFV vaccine elicits potent and long-lasting CD8+ T cell responses (11–13). Progress toward understanding the role of CD4+ T cell immunity in flavivirus infection is recent. YFV 17D-204 vaccination and adoptive transfer experiments demonstrate that CD4+ T cells contributed to protection against virulent YFV (14). Similar CD4+ responses have been found to be critical for protection against DNV challenge (15) and for the prevention of encephalitis during WNV infection (16). More recently, the CTL response in a murine ZKV model has shown to be crucial for protection against ZKV infection, both in CD8 depletion experiments in mice and passive transfer of memory CD8+ T cells to naive mice exposed to infection. Furthermore, deletion of the CD8a−/− gene leads to 100% death after infection. This CD8+ T cell response is cytotoxic, polyfunctional, and targeted to several H-2D-restricted epitopes (17).

2. SPECIFIC POTENTIAL ADVANTAGES OF CTL VERSUS ANTIBODY VACCINE FOR ZKV

2.1. Caveats of Antibody-Inducing ZKV Vaccines

Following the acute phase infection of ZKV (with or without clinical symptoms), the persistence of biomarkers of ZKV infection (e.g., viral RNA in semen) suggest that some cells may be chronically infected. The wide distribution of types and anatomical locations of cells permissive for ZKV infection, sometimes beyond the easy reach of antibodies (e.g., blood–brain barrier), suggest that a cell mediated immune response will be critical for immune surveillance of chronically infected cells. While there can be little doubt that a ZKV vaccine stimulating a neutralizing antibody response will be a key resource in limiting viremia during the acute phase of ZKV infection, there are some concerns regarding the exact nature of the antibody response provoked. The exact pathological mechanism which drives Guillain–Barré syndrome (GBS) remains unknown although there seems to a general consensus that antiglycolipid antibodies play an important role, although not every GBS patient develop this type of antibody. As discussed earlier, there is an increased incidence of GBS associated with ZKV infection (18, 19), but it is not known whether antiganglioside antibodies have a role in this specific comorbidity of ZKV infection. Each of the four different DNV serotypes (DNV 1–4) provoke cross-reactive antibody responses that may contribute to the increased disease severity observed following subsequent infection with a different serotype. The first DNV infection is either subclinical or result in a mild disease, and results in long lasting immunity to the serotype. The next DNV infection, if initiated by a different serotype, can induce severe, potentially lethal disease termed Dengue hemorrhagic fever/Dengue shock syndrome (20, 21). The immunopathogenesis of severe disease is not completely understood. One model, termed antibody-dependent enhancement (ADE), works as follows: anti-DNV antibodies evoked by the primary infection, which were once neutralizing but are not with the current serotype, bind the second serotype viral particles and promote antibody mediated phagocytosis by myeloid antigen-presenting cells which in turn become infected serving as a future reservoir for infectious virions with impaired functional activity (22). Of note are recent reports demonstrating that preexisting anti DNV abs can enhance ZKV infection (23, 24). Conversely, preexisting serum anti-ZKV antibodies were able to enhance DNV infection in vitro (25). This is due to the high serological crossreactivity between both flaviviruses which may not be cross-neutralizing. This crossreactivity is so relevant that it has delayed the development of highly specific, non-DNV crossreactive serodiagnostic tests for ZKV infection. An additional concern for flavivirus vaccination-induced pathogenic antibodies in humans came from the recent reports of severe DNV breakthrough infections requiring hospitalization, after vaccination of seronegative volunteers with an antibody-inducing DNV attenuated virus tetravalent vaccine (Dengvaxia®), a phenomenon possibly related to ADE (26). This is a special concern since epidemics of both flaviviruses occur simultaneously in the same regions (27). Their research using a mouse model exhibiting much of the same symptoms/pathology of Dengue fever in humans, concluded “a sub-protective humoral response may, under some circumstances, have pathological consequences.” This group has since shifted their focus to inducing CD8+ T cell-mediated immunity to DNV (7, 28–31). Furthermore, the possibility that preexisting non-neutralizing anti-ZKV antibody-dependent enhancement could facilitate infection of fetal–mother interface tissues and contribute to fetal ZKV infection has not been excluded yet. Of note, currently studied ZKV candidate vaccines currently in the pipeline, either in the preclinical or phase I trial (one ongoing trial) phases, aim to elicit antibodies and are all based on whole envelope proteins, or whole inactivated or live attenuated virus (32). Preclinical studies using vaccines encoding whole ZKV preM/E proteins in DNA form, using adenovirus vectors, or whole inactivated ZKV in non-human primate models have been able to elicit neutralizing antibodies and protection after ZKV challenge (33, 34).

Taken together, these findings suggest caution in needed in the development of whole protein ZKV vaccines where evoked antibody responses that are not neutralizing may possibly enhance infection or be pathogenic (i.e., autoimmune) or could facilitate infection of maternal–fetal interface tissue.

2.2. Epitope-Based T Cell Vaccines

Given the concerns with antibody-inducing flavivirus vaccines, one possible alternative would be to harness the power of the T cell immune response in protecting against flavivirus infection, as mentioned above. A recent report has shown that CD8+ T cell prevent antigen induced antibody-dependent enhancement of Dengue disease in a murine model and several studies have identified DNV T cell epitopes appropriate for inclusion in a T cell-based vaccine (31, 35–38). Another recent study shows the critical role of CTL response for protection against ZKV infection in a mouse model; this article identifies ZKV H-2D restricted epitopes recognized by CD8+ T cells from infected mice (17). Recent clinical trials have demonstrated the efficacy of T-cell-inducing vaccines against a number of diseases (39), but immunization with whole proteins may favor responses to regions subject to antigenic drift and immune escape. A way to counteract this is to focus the response into specific desirable epitopes. The T cell epitope-based vaccine approach may target the immune response only to desirable and relevant epitopes, instead of the whole protein. Relevant epitopes include those that come from conserved viral protein regions, and/or where mutations could lead to reduced viral fitness, and those that bind to multiple MHC variant molecules—thus potentially recognized by the majority of the target population—while avoiding regions that are poorly immunogenic, variable and subject to antigenic drift, or that could cause a harmful response (40). These targeted immune responses could lead to increased potency, as well as increasing safety (41, 42). There are several ongoing clinical trials of T cell epitope-based Influenza vaccines aiming to be universal vaccines (43). Mapping and selection of potential immunogenic T cell epitopes is a crucial step that may be performed either with the aid of bioinformatics tools and experimental confirmation or by empirical approach using peptide library spanning the antigen full sequence.

2.3. Antigenic Drift: Parallels to Chronic HIV Infection and Implications for Vaccine Design

In chronic HIV infection there exists a reservoir of latent, transcriptionally silent viral infection within the resting memory CD4+ T cell compartment and specific myeloid lineage cells (e.g., CD14+/CD16+ monocytes) [reviewed in Ref. (44, 45)]. The resting CD4+ memory cells have long life spans, can remain quiescent, and similar to some of the ZKV tissue targets such placental, neuronal, and gonadal tissues as recently described in mice (46), may reside in immune-privileged sites such as the B cell follicle of lymph nodes, allowing escape from existing immune surveillance mechanisms (47). While the mechanism that triggers active replication in HIV+ CD4+ memory cells is poorly understood, interruption of antiretroviral therapy is associated with the resumption of viral replication. Unfortunately, preexisting HIV-1-specific CD8+ T cell responses have shown to be ineffective [reviewed in Ref. (48)] due to viral evolution of CTL epitopes, resulting in a limited repertoire of effective of cytotoxic T cell-mediated immune responses (49) and progression to AIDS. In HIV infection there are selection pressures exerted by the cellular immune system which result in antigenic drift in new virons (50).

A recent murine model study has demonstrated the potential importance of the CTL response to ZKV infection where H-2D restricted CTL epitopes were identified (17). Studies of HIV specific CTL responses in a subset of HIV+ individuals may also prove informative. HIV controllers (i.e., individuals who are HIV+ yet maintain low viral loads and do not progress to AIDS) have been carefully studied (51). HIV controller status is associated with the ability to develop CTL responses to regions of HIV proteins critical for maintenance of their structure–function (and viral fitness). Pereyra et al. (51) demonstrated that it may be possible to predict CTL class I epitopes favored by HIV controllers and suggested that CTL vaccines designed to evoke cellular immune responses to MHC class I restricted epitopes found within viral protein regions resistant to antigenic drift could lead to improved efficacy of HIV vaccines perhaps mimicking what happens naturally in HIV controllers. Our group has been inspired by these studies and has selected this general approach in the development of a CTL vaccine for ZKV.

Flaviviruses mutate in response to immune system pressure, both by antibodies and T cells. It has been reported that HLA class I-binding residues of a CD8+ T cell epitope encompassing the conserved catalytic site of DNV NS3 protease suffer variation that can abrogate HLA class I binding, suggesting evasion of DNV from a specific CD8+ T cell response by antigenic drift (52). Antigenic drift in ZKV has not been thoroughly studied, but a phylogenetic analysis of contemporary human isolates show a common ancestor and as many as 34 amino acid substitutions relative to the common ancestors with most of the variation contained within the prM protein (53, 54), suggesting that ZKV does not undergo viral evolution as fast as HIV does. However, a recent phylogenetic study on 17 whole ZKV genomes from human isolates in the present epidemic has shown the mutation rate varies between 12 and 25 bases (0.12–0.25% of the polyprotein) per year since the 2013 Polynesia outbreak. The latest sequence shows 64 mutations; and overall, 62 non-synonymous amino acid changes were observed among all sequences analyzed, demonstrating that the ZKV continues to mutate at a rapid rate during the current epidemic (55). The rationale of focusing CTL attack to ZKV protein regions that are “intolerant” to amino acid substitutions thus remains sound.

2.4. ZKV HLA Class I Epitope Identification: HLA Binding and Structural Entropy

Human class I epitopes have not yet been formally identified for ZKV. Some authors have published ZKV MHC class II epitope prediction based on MHC binding search engines alone (35, 56, 57). In order to generate a realistic list of MHC-1 binding peptides on ZKV E and M proteins, not only did we use a binding prediction tool, but we also performed matching known DNV class I epitopes to peptides on ZKV. This is warranted due to the antigenic similarity of DNV and ZKV, which display 44–68% sequence identity, as well as the reported crossreactivity to ZKV of DNV envelope-specific antibodies (58). An additional layer of identification was the structural entropy analysis described in the next section.

We generated the predicted ZKV epitope list using the sequence of ZKV Strain H/PF/2013 (GenBank Accession number: KJ776791.2) (59). This strain was isolated from an infected patient during the French Polynesia epidemic in 2013–2014. The E and M protein amino acid sequences were run through the MHC-I Binding Predictions tool available on IEDB (60). This tool combines data from multiple prediction methods, which include artificial neural networks stabilized matrices. Choosing only those alleles that occur in at least 1% of the human population, we generated a list of predicted epitopes for MHC-A and B alleles. Percentile rank is calculated by comparing a given predicted peptide’s IC50 (concentration of the query peptide which inhibits 50% of a reference peptide binding) against those of a random set drawn from (61) where smaller rank indicates higher affinity. The highest ranking MHC-A and -B alleles are presented in Tables 1 and 2.

TABLE 1 | Structural entropy (SE) calculated by the authors for DNV homologous and/or MHC binding predicted class I epitopes on ZKV E.
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TABLE 2 | Structural entropy (SE) calculated by the authors for DNV homologous and/or MHC binding predicted class I epitopes on ZKV M.
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In order to maximize matching known DNV class I epitopes against the ZKV sequences, we were indiscriminate with respect to the DNV strain sequences. We used epitope sequence data from all of DNV strains 1–4, as downloaded from IEDB. Alignments between predicted ZKV epitopes and DNV were calculated using MAFFT (62) and webPRANK (63).

A recent study by Stettler (58) indicated ZKV/DNV cross-recognition observed for antibodies may not also be present for T-cell epitopes. Because more work is needed on this topic, and in order to analyze a larger set of potential ZKV epitopes, the class I epitopes listed in Tables 1 and 2 are initially predicted, and only afterward aligned to DNV. Allowing for sequence divergence between DNV and ZKV, as well as keeping in mind the antigenic divergence between strains of ZKV, we did not require strict conservation between the predicted ZKV epitopes and the DNV epitopes they were compared to. As such, non-homologous but predicted epitopes were included in these tables. There are no table entries for epitopes matched to DNV but not predicted. Reported HLA specificities refer specifically to ZKV epitope predictions.

2.4.1. Computing Structural Entropy to Select Class I Epitopes for a CTL Vaccine

X-ray crystallography can be used to generate a PDB file containing a complete mathematical representation of the three-dimensional properties of a protein (64). Software is available which can take a PDB file as input and predict changes in the protein’s three-dimensional structure after specified amino acid substitutions. One example of such a program is FoldX, which compute whole-protein free energy changes resulting from these specified amino acid changes (65).

Pereyra-Heckerman described an index they call structural entropy (SE) which codifies the extent to which a free energy change will occur after CTL escape at that epitope (51). A low SE indicates that at least one amino acid position in an epitope, a relatively high change in the protein’s free energy is expected to occur after mutations to one or more amino acids in that epitope. They analyzed class I epitope targets preferred by HIV controllers and reported that these individuals have a statistically significant preference to attack class I epitopes associated with a low SE.

Identifying SE may be a key criterion for picking class I epitope CTL attack points especially for vaccines targeting pathogens that exhibit viral escape due to antigenic drift. Designing vaccines that focus cellular immunity toward these structurally critical regions of proteins may prove advantageous. Pereyra-Heckerman’s observation that HIV controllers preferentially target epitopes with a low SE suggests that it may be possible to design vaccines based entirely on an in silico analysis of the protein structure.

SE is calculated using a four-step process. First, a 20-element free energy change vector is created for each amino acid position within each class I epitope codifying the free energy change computed after each of all possible 20 amino acid substitutions at that amino acid position. Note that one of those substitutions will be the amino acid for itself resulting in a free energy change of “zero” for one of the entries in the 20-element free energy change vector. Second, each 20-element free energy change vector associated with each amino acid in the epitope is converted into a 20 element Boltzmann probability distribution. A particularly high Boltzmann distribution entry indicates that there is a relatively high probability of that particular amino acid occurring at that position. The first and second steps are implemented in equation (1) taken from Pereyra-Heckerman. Third, each Boltzmann distribution is converted into a single Shannon entropy value shown in Pereyra-Heckerman equation (2). A Low Shannon entropy indicates a Boltzmann distribution with at least one entry significantly higher than the others, indicating a relatively high preference for the wild type. Fourth, the SE is calculated by taking the mean of the Shannon entropies for the individual amino acids in the epitope.
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In systems with many possible energy states, the Boltzmann distribution is typically used to compute the relative probability of each energy state occurring. The Boltzmann distribution is used here, in the context of amino acid substitutions, to estimate the probability of each substitution occurring by considering how much each substitution changes the protein’s energy relative to the wild type. We assume that the wild type is the most likely state, and compute the Boltzmann distribution from the free energy changes relative to the wild type, generating a distribution of probabilities for each substitution. Amino acids that do not cause large energy changes will have a high probability, large-valued entry in the Boltzmann distribution, and mutations which cause large energy changes will have low Boltzmann values. We can think of the values in the Boltzmann Distribution as measuring the “naturalness” of each mutation at the given site.

The ZKV structural entropy data was generated using the PDB file (64) uploaded to RCSB by Sirohi et al. in March of 2016 (66). Protein structure data was available for ZKV E and M proteins only. The original DNA sequence used to generate this protein structure was based on the ZKV Strain H/PF/2013 (GenBank Accession number: KJ776791.2) (59). The ZKV E protein has been identified as the main source of H-2D-restricted MHC class I epitopes recognized by CD8+ T cells from ZKV-infected mice (17).

SE data for class I epitopes identified on ZKV E are shown in Table 1 and for ZKV M in Table 2. Qualitative heat maps showing SE values computed using moving windows across all amino acids in ZKV E and ZKV M are shown in Figure 1. These heat maps are not based on the specific epitope sequences identified in the tables. They are qualitative and are intended to show the distribution of SE values throughout the proteins. Note that low SE regions, shown in blue, are in the minority. By raking the epitopes in order of SE in Tables 1 and 2, we list the epitopes predicted to be the best CTL targets based on Pereyra-Heckerman first.
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FIGURE 1 | Three-dimensional ribbon view of ZKV E and M with moving-window-calculated SE values shown in heat map format. Note that the color coded SE regions do not represent SE values for specific epitope sequences.



2.5. Mapping of Potential Epitopes in ZKV Capable of Binding to Multiple HLA Class II Molecules

The rational selection of CD4+ T cell epitopes in vaccine formulation is crucial for successful application of vaccination strategies that focus on induction of CD8+ T cell immunity, given the role of CD4+ T cell response in long-term maintenance of CD8+ T cell-dependent protective immunity. Recently, CD4+ T cells with cytotoxic features have been identified in PBMC from patients with chronic viral infections (67–70). Bioinformatics tools for identification of HLA class II epitopes have been reviewed by Ref. (71). The TEPITOPE HLA-DR binding prediction algorithm (72) and the derived ProPred algorithm (73) use the concept that each HLA-DR pocket in the antigen-binding groove can be characterized by “pocket profiles,” a quantitative representation of the interaction of all natural amino-acid residues with a given pocket, creating a matrix incorporated in the TEPITOPE and ProPred softwares. For each HLA-DR specificity, the algorithms generated a binding score corresponding to the algebraic sum of the strength of interaction between each residue and pocket, which correlated with binding affinity. Peptide scores along a scanned protein sequence are normalized for each HLA-DR as the proportion of the best binder peptides (74). Since the software predicts binding to a significant number of HLA-DR specificities (25 in the case of TEPITOPE, 51 for PROPRED), it is also capable of predicting promiscuous peptide ligands each capable of binding to multiple HLA class II variant molecules (58). The TEPITOPE prediction algorithm has been successfully applied to the identification of dozens of promiscuous T cell epitopes frequently recognized in 59 antigenic proteins from several human pathogens including viruses, bacteria, protozoa, fungi, and helminths (HIV, SIV, CMV. M. tuberculosis, P. vivax, P. brasiliensis, S. mansoni), and in silico prediction correlated with promiscuity in HLA-binding assays and frequency of T cell recognition by exposed individuals (75). This has led to several epitope-based vaccines which were shown to be immunogenic using conventional or and HLA class II-transgenic mice (71, 76) and protective (77) in mice. The incorporation of a promiscuous CD4+ T cell epitope in a recombinant protein-based P. vivax vaccine led to significant increase in its immunogenicity (41). A recent study from our group in non-human primates showed that a HIV CD4+ T cell epitope-based DNA vaccine was highly immunogenic and induced significant responses to most encoded epitopes in all animals tested (unpublished observations). Vaccines encoding promiscuous peptides able to bind to multiple HLA-DR molecules may thus allow wide population coverage. Here, we used the TEPITOPE and ProPred algorithms to identify potential “promiscuous” CD4+ T cell epitopes—predicted to bind to multiple HLA-DR molecules—derived from conserved regions of ZKV majority/consensus E and M protein sequences from circulating strains in the recent epidemic in Brazil and Polynesia.

2.6. Selection of ZKV Sequences and Promiscuous HLA Class II Epitope Prediction

The amino acid sequences derived from the ZKV strains BeH818995 (Genbank accession number KU365777.1), BeH819015 (Genbank accession number KU365778.1), BeH815744 (Genbank accession number KU365780.1), BeH819966 (Genbank accession number KU365779.1), SPH2015 (Genbank accession number KU321639.1), and SSABR1 (Genbank accession number KU707826.1), isolated in Brazil; and the H/PF/2013 strain (Genbank accession number KJ776791.2) isolated in French Polynesia were assembled and aligned with Clustal W (MegAlign, DNASTAR, Madison, WI, USA, Figure 2). We scanned the generated consensus sequence with the TEPITOPE and ProPred algorithms. We selected ZKV M and E peptides (Table 3) whose sequences were predicted to bind to at least 2/3 out of the 25 or 51 HLA-DR molecules in the TEPITOPE or ProPred matrixes, respectively, corresponding to an inner nonamer core selected as the HLA binding motif with flanking amino acids added when possible at either or both N- and C-terminal ends, to increase the efficiency of in vitro peptide presentation to CD4+ T cells.
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FIGURE 2 | Alignment of ZKV M (A) and E (B) proteins with epitope identification.



TABLE 3 | Model-predicted class II epitopes on ZKV E and ZKV M proteins.
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2.7. Potential Synthetic CTL Vaccine Platforms for Class I and Class II Epitope Delivery

H-2D-restricted class I epitopes, when injected intradermally without adjuvants, produce a weak immune response in C57BL/6 mice. Methods have been described for eliciting immune responses to class I. For example, the target epitopes are linked together as a “string of beads” (78). In another example, the DNA corresponding to the desired string of epitopes is inserted in a modified vaccinia Ankara (MVA) vector. Immune responses have been elicited in mice using this technique (79). A DNA string has also been administered with electroporation (80). Immune responses in Macaques have been elicited in this manner (81). In order to add and subtract epitopes from the formulation used in these types of vaccines, new linker elements must be identified and proper presentation of the desired epitopes after “string-of-beads” processing by antigen-presenting cells confirmed (82).

The use of a biodegradable, PLGA microsphere-based vaccine delivery platform allows one or more unmodified peptides to easily be incorporated into the vaccine formulation (83). The limitations of PLGA microsphere-based vaccines have been described in the literature. For example, double-emulsion sphere fabricating technologies may degrade the tertiary structure of the delivered antigen due to exposure to solvents or high temperatures used during spray drying processes (84). In a previous report, we manufactured our microspheres avoiding double emulsion sphere manufacturing technology using a precision spray drying process that operates at room temperature (85).

In contrast to previous studies which incorporated only a single peptide epitope in spheres (86), we showed that it was possible to elicit an immune response from each of two epitopes delivered simultaneously, when the two epitopes were loaded into the same spheres or different spheres.

This is an important consideration, especially because the HLA restricted nature of the class I epitopes being delivered will require the development of a “master vaccine” containing enough different peptide epitopes to cover a target population.

The fact that the majority of the epitopes listed in the first four rows of Tables 1 and 2 have the best predicted HLA match as HLA*02 suggests that a vaccine directed against these class I epitopes could readily tested in Brazil where the frequency of HLA A*02 frequency varies from 21.7 to 47.5% between states (87).

3. CONCLUDING REMARKS

The search for rapid development of safe and effective vaccines against ZKV is a global public health emergency. Testing multiple vaccine platforms in parallel may speed up and increase the likelihood of finding a good vaccine. We have proposed a rationale for ZKV epitope selection and design of T cell epitope-based vaccine against ZKV virus. Selection of candidate ZKV structure-constrained HLA class I epitopes able to bind an array of HLA class I supertypic molecules, and promiscuous class II T cell epitopes capable of binding to multiple HLA class II molecules could provide wide HLA and population coverage for such a vaccine which could be delivered using the synthetic, adjuvanted microsphere vaccine as outlined above or other techniques for epitope immunization that we discussed.
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Brucellosis is a bacterial zoonotic disease affecting several mammalian species that is transmitted to humans by direct or indirect contact with infected animals or their products. In cattle, brucellosis is almost invariably caused by Brucella abortus. Live, attenuated Brucella vaccines are commonly used to prevent illness in cattle, but can cause abortions in pregnant animals. It is, therefore, desirable to design an effective and safer vaccine against Brucella. We have used specific Brucella antigens that induce immunity and protection against B. abortus. A novel recombinant multi-epitope DNA vaccine specific for brucellosis was developed. To design the vaccine construct, we employed bioinformatics tools to predict epitopes present in Cu–Zn superoxide dismutase and in the open reading frames of the genomic island-3 (BAB1_0260, BAB1_0270, BAB1_0273, and BAB1_0278) of Brucella. We successfully designed a multi-epitope DNA plasmid vaccine chimera that encodes and expresses 21 epitopes. This DNA vaccine induced a specific humoral and cellular immune response in BALB/c mice. It induced a typical T-helper 1 response, eliciting production of immunoglobulin G2a and IFN-γ particularly associated with the Th1 cell subset of CD4+ T cells. The production of IL-4, an indicator of Th2 activation, was not detected in splenocytes. Therefore, it is reasonable to suggest that the vaccine induced a predominantly Th1 response. The vaccine induced a statistically significant level of protection in BALB/c mice when challenged with B. abortus 2308. This is the first use of an in silico strategy to a design a multi-epitope DNA vaccine against B. abortus.
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INTRODUCTION

Brucellosis, caused by facultative Gram-negative intracellular coccobacilli grouped in the genus Brucella (1), is a zoonotic disease with a high incidence and prevalence worldwide. Brucellosis affects mammals, and it can considerably undermine the health and productivity of domestic livestock. The most frequent clinical symptom in livestock after Brucella infection is abortion (2). In humans, the disease has a wide spectrum of clinical manifestations. They range from simple fever to major complications in which function in the nervous, digestive, genital-urinary, cardiovascular, and muscular systems is compromised, sometimes leading to death (3). Brucellosis can impose a significant economic burden on animal production (reduction in milk production, abortions, delayed in conception). In cattle, it has been estimated that more than 300,000 animals, out of the 1.4 billion in the world, are infected (4). Brucellosis is one of the most common zoonotic diseases in humans, with more than 500,000 cases reported annually. However, depending upon the system of controls and the socioeconomic conditions, official reports only account for a fraction of the true incidence of this disease, and different countries have reported from 0.09 to 1603 cases per million inhabitants (5).

Infection by Brucella spp. is usually associated to an acute inflammatory reaction, the principal mechanism against local proliferation of Brucella organisms. Infection initially prompts an innate immune response that reduces the number of bacteria (6). The innate response activates immunity mediated by cells, in which CD4+ and CD8+ T lymphocytes, macrophages (MΦ), dendritic cells (DCs), and pro-inflammatory cytokines, such as interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α), participate to confer protection (7). Although the host raises strong immune response, Brucella abortus has the capacity to survive inside MΦ and DCs, expressing a number of virulence factors that allow it to reach its replicative niche and to avoid immune-mediated destruction (8). It has been shown that antigen O protects Brucella from intracellular death mechanisms, while lipid A is involved in evasion of the innate immune system during the first stages of infection (9). Some additional virulence factors have been reported to be involved in intracellular replication and immune evasion. These include VirB type IV secretion (10), BTP1, a seven-helix transmembrane protein that prevents maturation of DCs (11), a BvrR/BvrS regulatory system of two components (12), and the RNA chaperone protein Hfq (13). B. abortus contains a Cu–Zn superoxide dismutase (SOD1), an homodimeric metalloenzyme (14). SOD1 catalyzes the dismutation of the superoxide anion [image: image1] to O2 and H2O2, detoxifying superoxide radicals generated during the host antimicrobial immune response (15). It has been observed that a DNA vaccine with the gene sequence for this protein (sodC) is highly immunogenic (16, 17).

One characteristic of Brucella is a limited genetic diversity. This is manifested by the small number of differences responsible for host preferences and by virulence restrictions (18). The Brucella genome incorporates transfer-acquired mobile elements referred to as genomic islands (GIs). Nine GIs have been identified in Brucella (19). GI-3 is present in B. abortus, Brucella melitenses, and Brucella ovis. This GI contains 25 genes, many of which have unknown function, and several pseudogenes (20). GI-3 in B. abortus 2308 includes open reading frame (ORF) BAB1_0260, BAB1_0270, BAB1_0273, BAB1_0278, and BAB1_0278a. Our group has reported that BAB1_0270, described as a zinc-dependent metallopeptidase protein, and BAB1_0278, which has homology with the GcrA superfamily, are involved in Brucella virulence. Their deletion affects the capacity of Brucella to invade phagocytic cells and to survive within them (21, 22). Furthermore, DNA vaccine encoding BAB1_0270 (23), BAB1_0278 (24), and BAB1_0278a, a hypothetical ABC-type transporter (25), were able to induce an immune response and protection against B. abortus 2308 infection. Immunization with the recombinant flagellar protein (BAB1_0260) also induced protection (26). Based on bioinformatics analysis BAB1_0273, a possible DNA-binding protein, is a putative antigen.

Despite the existence of effective commercial vaccines against brucellosis and a diagnostic test, it has not been possible to eradicate the disease. The main vaccines currently used for cattle are based on live bacteria attenuated to decrease their pathogenicity. Cattle are often vaccinated with B. abortus S19 or RB51, which, although providing good protection, may induce abortion if administered to gravid females (27), and are potentially infectious to humans (28). Recent advances in genomics, proteomics, recombinant DNA techniques, and vaccinology have made possible the development of safer vaccines, which overcome the drawbacks associated with live-attenuated vaccines. For example, DNA vaccines offer the possibility of inducing both humoral and cellular immune responses, and potentially can prolong the expression of an antigen (29). The use of epitopes in the design of this type of vaccine is a new alternative in the development of multi-epitope DNA vaccines (30–32). In this strategy, an informed selection of antigenic determinants that correlate with immunogenicity was used.

In this study, we have predicted antigenic determinants using bioinformatics tools from any ORF codified in GI-3 from B. abortus and designed a multi-epitope chimeric DNA vaccine. Humoral, cell-mediated, and protective immunity induced by this multi-epitope DNA vaccine was examined in BALB/c mice.

MATERIALS AND METHODS

Animals

Seven- to eight-week-old female isogenic BALB/c mice (obtained from the Instituto de Salud Pública, Santiago, Chile) were randomly allocated to three groups. Mice were kept in conventional animal facilities and received water and food ad libitum. All animals were handled in accordance with the regulations of the Bioethics Committee of the Faculty of Biological Sciences, Universidad de Concepción regulations. The Bioethics and Safety committee of the Faculty of Biological Sciences of the Universidad de Concepción approved this study. All efforts were made to minimize animal suffering.

Bacterial Strains

Escherichia coli strain BL21 (DE3) pLys (Novagen, Madison, WI, USA) was used as the host strain for expression of recombinant multi-epitope protein and E. coli DH5α (Invitrogen, San Diego, CA, USA) was used for obtaining plasmids. Both strains were grown at 37°C in LB broth. The virulent B. abortus 2308 and the attenuated strain RB51 were obtained from our culture collection. Bacterial cells were grown under aerobic conditions in Trypticase soy broth (Difco Laboratories, Detriot, MI, USA) for 72 h at 37°C.

Epitope Prediction

The selected protein sequences (Table 1) were obtained from the NCBI Database. To find promising epitopes, we used the Immune Epitope Database (33). This database contains epitope information from 99% of all papers published about immune epitopes (33). We used the T Cell Epitope Prediction Tools to find peptides binding to MHC class I and class II molecules. Epitope prediction was performed for H2-Dd, H2-Kd, H2-Ld alleles and H2-IEd, H2-IAd alleles, and MHC-I and MHC-II haplotypes in BALB/c mice. We used a consensus method consisting of a combination of the Stabilized Matrix Method (34), Artificial Neural Network (35), and Scoring Matrices derived from Combinatorial Peptide Libraries (36). We set a threshold <20 of percentile rank and selected all peptides lower than this.

TABLE 1 | Brucella abortus proteins used to design the multi-epitope DNA vaccine.
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Construction of Recombinant Plasmids

pVAX1 vector (Thermo Fisher Scientific Inc., MA, USA), designed for use in the development of DNA vaccines, and pQE80L bacterial laclq vector (Qiagen), for expressing N-terminally 6xHis-tagged proteins, were used to induce the expression of recombinant protein. The multi-epitope genes were chemically synthesized by GenScript, Inc. (Piscataway, NJ, USA), with codon optimization for mouse and E. coli. The Kozak or Shine-Dalgarno sequence was included in the respective genes. The genes were inserted into pUC57 to generate two expression vectors: pUC57-MEBe (expressing to the recombinant protein) and pUC57-MEBm (used to construct the DNA vaccine). Both constructs were digested with BamHI-PstI and subcloned into BamHI-PstI-digested pVAX1 or BamHI-PstI-digested pQE80L. We obtained pV-MEB (multi-epitope DNA vaccine for Brucella) and pQE80L-MEB plasmids and confirmed them by restriction digestion analysis (Figure 1). We observed 1140 base pairs (bp) corresponding to MEBm fragment (A) and 1098 bp corresponding to MEBe fragment (B), respectively.
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FIGURE 1 | Verification of pV-MEB DNA vaccine and pQE80L-MEB plasmids. (A) Restriction analysis of pV-MEB plasmid digested with BamHI and PstI (line 1) (B) Restriction analysis of pQE80L-MEB plasmid digested with BamHI and PstI (line 1). LM, DNA size marker (1 kb DNA ladder).



Immunization

BALB/c mice were randomly divided into three groups consisting of 10 mice per group. Group 1 was injected with 100 μg of the pV-MEB vaccine in 100 μl of phosphate buffer saline (PBS), divided into two injections of 50 μl, in each posterior tibialis muscle. As negative controls, groups of mice received either 100 μg pVAX1 in 100 μl of PBS or 100 μl of PBS, injected as described above for the experimental group (23). All groups were immunized three times at 15-day intervals.

Purification of Recombinant Multi-Epitope Protein

To obtain the multi-epitope recombinant protein, E. coli BL-21 were chemically transformed with pQE80L-MEBe, and we standardized the protocols to carry out the purification of the rMEB protein. Transformed bacteria were grown in LB broth at 37°C to mid-log phase [optical density at 600 nm (OD600), 0.6–0.8]. To induce the expression of recombinant protein, bacteria were cultured with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h at 27°C to induce the expression of recombinant protein. Thereafter, the transformed bacterial cells were collected by centrifugation and then disrupted by sonication in Tris–HCl buffer plus 0.2 mM of phenylmethylsulfonyl fluoride (PMSF). This preparation was centrifuged at 12,000 g for 20 min, the soluble fraction was saved and the insoluble fraction was denatured with Denaturing Binding Buffer (0.2 mM PMSF; 20 mM Tris–HCl pH 8; 0.5 M NaCl; 6 M Urea; 10 mM Imidazole). The his-tagged rMEB protein was purified by Ni2+-chelated affinity chromatography with HisTrap FF crude columns (GE Healthcare Life Sciences), according to the manufacturer’s instructions. The elution was performed with 100 mM of Imidazole. The eluate was concentrated and desalinated using a filter with a molecular weight exclusion of 10 kDa (Amicon ultra 100 K, Millipore, MA, USA). Protein concentration was determined by the Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific Inc.). Recombinant multi-epitope proteins were stored at −20°C for later use as antigens in a indirect enzyme-linked immunosorbent assay (ELISA) and lymphocyte proliferation assays.

Humoral Immune Response

The antibody isotype IgG, IgG1, and immunoglobulin G2a (IgG2a) titers were measured from peripheral blood using an ELISA. Serum was collected 2 days before each immunization and 15 days after the last immunization. Ninety-six-well polystyrene microtiter plates (Thermo Fisher Scientific Inc., MA, USA) were coated with 1 μg/ml of rMEB or 10 μg/ml of crude Brucella protein (CBP) (37), diluted in 0.05 M carbonate–bicarbonate buffer (pH 9.6). After overnight incubation at 4°C, the plates were blocked with 0.8% gelatin in Tris-buffered saline for 1 h at 37°C. Serial twofold dilutions of sera containing primary antibodies from test and control animals were added and incubated for 3 h at room temperature. Isotype-specific horseradish peroxidase-conjugated anti-mouse IgG (US Biological, Life Sciences) was added at 1:1000 dilution. After 30 min of incubation at room temperature, 200 μl of substrate solution (Sigma-Aldrich, Inc.) was added to each well. Results were read using a VictorX3 Multilabel Plate Reader (PerkinElmer, USA) at 450 nm. All assays were done in triplicate.

Culture of Splenocytes and Lymphocyte Proliferation

Four weeks after the last immunization, mice were euthanized and their spleens removed under aseptic conditions. The splenocytes were cultured, at a concentration of 4 × 106 viable cells/ml (100 μl per well), at 37°C under 5% CO2 in a 96-well flat-bottom plate (Nunc, Denmark), previously sensitized with 2 μg/ml or 10 μg/ml of recombinant proteins (rMEB), or 2 μg/ml or 10 μg/ml CBP. Splenocytes were cultured in RPMI 1640 medium (Thermo Fisher Scientific, MA, USA) supplemented with 10% heat-inactivated fetal calf serum (GIBCO BRL), penicillin–streptomycin (50 UI of penicillin; 50 μg/ml streptomycin), and amphotericin B (0.25 μg/ml). After 72 h, cells were pulsed for 8 h with 0.4 μCi thymidine (50 μCi/mmol; Amersham, UK) per well and the radioactivity incorporated in the DNA measured using a scintillation counter. Concanavalin A (ConA) (Sigma Aldrich, MO, USA), at a concentration of 10 μg/ml was used as proliferative positive control and 10 μg/ml albumin protein or 10 μg/ml total E. coli protein (CEP) were used as proliferative negative control. Cell proliferation data were expressed as the stimulation index of triplicate cultures from a cell pool from each group. These were obtained by dividing the amount of 3H-Thymidine incorporated (c.p.m.) in antigen-stimulated cell cultured by the c.p.m. obtained from cells cultured without antigen (38).

Cytokine ELISAs

The levels of IFN-γ and IL-4 secreted were measured by antigen-capture ELISA. Briefly, spleens were aseptically removed from experimental and control mice, disaggregated to single cells, re-suspended in Red Blood Cell buffer (Promega, Madison, WI, USA) to eliminate erythrocytes, and washed three times using incomplete RPMI 1640 (Thermo Fisher Scientific, MA). Cells were adjusted to a concentration of 4 × 106 viable cells per ml in RPMI 1640 supplemented with 10% fetal calf serum (Thermo Fisher Scientific, MA, USA) and antibiotic/antimycotic solution (100 UI penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B). Spleen cell suspensions were cultured in 24-well plates (Nunc, Denmark) and stimulated with the recombinant multi-epitope B. abortus protein (rMEB) at 2 or 10 μg/ml CBPs or medium alone. They were incubated for 48 h at 37°C under 5% CO2 to induce, in vitro, the expression of cytokines. After centrifugation at 400 × g for 10 min, supernatants were collected and cytokines quantified by ELISA sandwich using the Mouse IFN-γ and IL-4 ELISA kits (eBiosciences, San Diego, CA, USA), following the manufacturer’s instructions. All assays were performed in triplicate.

Protection Experiment

The protection experiments were performed as previously described (16). Briefly, 4 weeks after last vaccination, four mice from each group were challenged by intraperitoneal injection of 104 CFU B. abortus 2308 per animal. Two weeks later, infected mice were euthanized and their spleens were homogenized in PBS, with the homogenate serially diluted and cultured in Petri dishes containing agar Columbia supplemented with 5% sheep blood (bioMériex, Santiago, Chile) for 72 h at 37°C. Bacterial counts were recorded and the number of CFU per spleen calculated. This experiment was repeated twice. When the immunizations were initiated, one reference-vaccinated control group was immunized with 1 × 108 CFU B. abortus RB51 per mouse. Results are reported as units of protection represented by the difference between mean ± SD of log10 CFU/spleen of the PBS control groups with respect to mean ± SD of log10 CFU/spleen values of experimental groups.

Statistical Analysis

The immune response in mice was analyzed using a two-way analysis of variance (ANOVA) and the protective response was analyzed using a one-way ANOVA. Data were analyzed using Prism 5.0 (GraphPad software). Differences were considered significant if P < 0.05.

RESULTS

Epitope Prediction

Using the Immune Epitope Database (IEDB, www.iedb.org), we identified epitopes suitable for constructing a multi-epitope DNA chimeric vaccine against B. abortus. The epitopes identified (Table 1) are specific for MHC class I and MHC class II molecules. However, while all sequences had putative epitopes for MHC class I and class II molecules, the BAB1_0278 ORF only showed epitopes for MHC class I (Table 2). Peptides were selected based on having a lower percentile rank score. Non-redundant peptides were selected to construct the DNA vaccine. An immunodominant peptide of the Cu, Zn superoxide dismutase protein from B. abortus, described previously in the literature (39), was also included in the vaccine sequence. Finally, 21 epitopes were used to construct the DNA vaccine. To connect the epitopes, we used a GDGDG linker sequence, a rationally designed sequences used to link multi-epitope vaccines (40). The final design of the multi-epitope vaccine is shown in Figure 2A.

TABLE 2 | Epitope prediction by computer modeling.
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FIGURE 2 | MEB DNA vaccine design and identification of rMEB protein. (A) Multi-epitope vaccine sequence spaced by GDGDG linker sequence. (B) SDS-PAGE analysis of rMEB. Lane 1, marker; lane 2, total proteins obtained from insoluble extract from Escherichia coli transformed with pQE80L-MEBe plasmid; lane 3, eluent from Ni2+-chelated affinity chromatography of the insoluble extract from E. coli; lane 4, total proteins obtained from the soluble extract from E. coli transformed with pQE80L-MEBe plasmid; lane 5, eluent from Ni2+-chelated affinity chromatography of the soluble extract from E. coli. (C) Western blot analysis of rMEB with anti-His-tag monoclonal antibody.



Production of Recombinant Multi-Epitope Protein of Brucella

To construct the recombinant protein, E. coli BL21 (DE3) cells were transformed with the pQE80L-MEB plasmid and expression of the 6xHis-Tagged protein was induced. The recombinant protein was mainly expressed in the soluble fraction of the transformed bacteria after their sonication (Figure 2B, lane 4). The recombinant protein of B. abortus (rMEB) was induced and detected by Western blot. Its weight was ~37 kDa, the expected mass (Figure 2C).

Humoral Immune Response of Immunized Mice

Specific antibodies for rMEB and CBPs were measured in order to evaluate the humoral immune response. We performed ELISAs to detect specific IgG, IgG1, and IgG2a antibodies induced in mice against rMEB and CBP. Serum from mice immunized with multi-epitope DNA vaccine for Brucella (pV-MEB) contained significant titers of IgG specific for rMEB at 30 days after the first immunization. IgG titers were higher at 45 days, compared to the negative-control groups pVAX and PBS (Figure 3A). The same pattern was observed for IgG against CBPs (Figure 3B). No rMEB- or CBP-specific IgG1 was detected in serum from mice immunized with pV-MEB (Figures 3C,D). Titers of IgG2a antibodies specific for rMEB proteins significantly differed between the pV-MEB groups immunized (P < 0.05) only after the second immunization between pV-MEB groups immunized, compared to PBS and pVAX controls (Figure 3E). On the other hand, a significant titer of IgG2a specific for CBP was observed after the third immunization with pV-MEB, compared to PBS and pVAX negative controls (Figure 3F).
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FIGURE 3 | Titers of specific IgG (A,B), IgG1 (C,D), and immunoglobulin G2a (E,F) production after immunization with recombinant pV-MEB vaccine. Sera obtained from each group of mice were used for detection of antibodies against purified rMEB proteins (A,C,D) and crude Brucella proteins (B,D,F) by indirect enzyme-linked immunosorbent assay. Sera obtained at days 0, 15, 30, and 45 post-immunization were serially diluted in phosphate buffer saline and used in the assay (*P < 0.05, **P < 0.01, and ***P < 0.001).



Cellular Immune Response

To evaluate the cellular immune response, splenocytes were obtained from mice immunized with pV-MEB, p-VAX, or PBS at 30 days after the last immunization. In vitro stimulation using splenocytes from pV-MEB mice immunized with 10 or 2 μg/ml rMEB protein resulted in a significant increase in cell proliferation in relation to the control group (P < 0.001 and P < 0.05, respectively; Figure 4A). In vitro stimulation using splenocytes from pV-MEB mice immunized with 10 and 2 μg/ml of CBP also induced a significant increase in splenocytes proliferation (P < 0.001 and P < 0.01, respectively; Figure 4B). In this assay, 10 μg/ml of ConA was used as lymphoproliferation control. It induced a strong lymphoproliferative response in all experimental groups (data not shown). In vitro stimulation of splenocytes with 10 μg/ml crude E. coli protein and 10 μg/ml albumin did not induce proliferation across the different experimental groups (Figure 4C).
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FIGURE 4 | Lymphocyte proliferation assay after in vitro stimulation with (A) 10 or 2 μg/ml recombinant protein, (B) 10 or 2 μg/ml Brucella abortus total proteins (CBP), and (C) 10 μg/ml of crude Escherichia coli proteins and 10 μg/ml of albumin as control. Results are shown as mean ± SD of the stimulation index of 3H-thymidine, incorporated from mouse splenocytes (n = 5) (*P < 0.05, **P < 0.01, and ***P < 0.001).



IFN-γ levels in supernatants from cultures of splenocytes obtained from the pV-MEB immunization group re-stimulated with rMEB or CBP were significantly higher than those in the negative-control groups (P < 0.001, respectively) (Figure 5A). There were no significant difference in levels of IL-4 secretion between the experimental and control groups (Figure 5B).
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FIGURE 5 | Determination of IFN-γ (A) or IL-4 (B) production. Splenocytes from pV-MEB pVAX or phosphate buffer saline (PBS) groups were obtained 30 days after the last immunization, and were re-stimulated in vitro with 2 μg/ml of recombinant MEB proteins or 10 μg/ml of crude Brucella proteins. Each bar represents the geometric mean ± SD (error bars) of the response in spleen cells from individual mice. ***P < 0.001, statistically significant difference compared to the PBS group.



Protection against Virulent B. abortus Challenged

The protective capacity provided by the pV-MEB DNA vaccine was evaluated 6 weeks after the last immunization. Immunized mice were challenged with 104 CFU B. abortus 2308, and after 2 weeks their spleens were removed, homogenized, and cultured. The results showed that pV-MEB DNA vaccine confers protection against B. abortus 2308. The DNA vaccine induced 1.14 log10 units of protection (P > 0.005; Figure 6) compared to the PBS control group. By comparison, vaccination with live B. abortus strain RB51 induced 2.85-log units of protection.
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FIGURE 6 | Protection conferred to BALB/c mice immunized with pV-MEB vaccine against Brucella abortus 2308. Results are shown as mean ± SD of the log10 CFU of B. abortus 2308 per spleen (n = 4), **P < 0.01 and ***P < 0.001. aUnits of protection represent the difference between log10 CFU values of the phosphate buffer saline group and the log10 CFU values of the immunized group.



DISCUSSION

Brucellosis is a worldwide zoonotic disease of increasing incidence. Vaccination of livestock is considered the best prevention method, but it is necessary to generate safer and more effective vaccine formulations (41). The availability of bioinformatics tools and databases allow the design of vaccines without the need for in vitro manipulation of a pathogenic microorganism. Using “reverse vaccinology” approach, in silico genomic databases are screened to identify antigenic sequences for new vaccines (42). This allows the identification of antigens that would be difficult using traditional methods (42). It has been observed that recombinant protein vaccines induce a humoral/Th2 immune response and it is suggested that a boost with a protein improve the protective efficacy of the antibodies (43). The effect of DNA vaccines, however, is based toward a Th1 response (44–46).

DNA vaccine have a number of advantages, including ease storage, flexibility of antigen codification, and the presence of CpG motifs, which improve the immune response (45). Mono-antigenic DNA vaccines induce a good immune response, but tend to induce less protection against pathogens compared to poly-antigenic vaccine (47, 48). In the case of B. abortus, the three antigens: BCSP31, Cu–Zn SOD, and L7/L12 ribosomal proteins, when giving together as part of a formulation, improve the immune response against pathogenic B. abortus (49).

Within the last few years, the use of epitopes in vaccines has become a valid alternative for improving the efficacy of traditional vaccine, based on a “natural” form of the pathogen (50). Multi-epitope peptide DNA vaccines are effective against some viruses (30, 51, 52) and they are potentially effective against some bacteria such as Helicobacter pylori (53) and in cancer prevention (54, 55).

Multi-epitope DNA vaccines more faithfully mimic antigen processing and presentation during natural infection (30). In addition, multi-epitope DNA vaccines induce more potent immunoreaction than whole protein vaccine (30). Since the epitopes are derived from multiple antigens and packaged into a relatively small delivery vehicle, the vaccine can induce powerful cross-reactive responses toward multiple antigens and elicit a strong humoral and cellular immune response (56). In this study, we used bioinformatics methods to identify epitopes on antigenic proteins of B. abortus and to design a multi-epitope chimeric DNA vaccine. We performed the epitope prediction using bioinformatics resources available online, including NetChop, SYFPEITHI, or BIMAS. However, these database had a 50% prediction assertiveness about the prediction (57). The predictive power of the IEDB has been expanded with the provision of a large number of published epitopes and full-scale MHC-binding peptides (58), so we opted to use the IEDB server. In order to design a rational vaccine against Brucella, we focused on finding MHC class I or MHC class II binding peptides known to orchestrate primarily a T-cell immune response, since B. abortus is known as a facultative intracellular pathogen (59). We selected 21 dominant epitopes from ORFs present within GI-3 and proteins described as antigens of immunological interest (Table 1). Peptides were selected based on their low percentile score using observed redundant sequences as a further selection criterion, choosing peptides with non-redundant sequences (Table 2). For the theoretical binding of peptides we used the “GDGDG” sequence as spacer (Figure 2A) (40). The introduction of GDGDG spacers does not preclude the possibility that such linear arrangements of epitopes might contain other cryptic epitopes. The presence of this spacer at 15–20 residue intervals might help create some secondary and possibly tertiary structure, thereby facilitating antigen expression (40). Then, we constructed the B. abortus multi-epitope chimeric DNA vaccine using of chemical gene synthesis (pV-MEB).

We, next, proceeded to evaluate the immunogenicity and protective efficacy conferred by immunization with the multi-epitope vaccine, peptides present in Cu–Zn superoxide dismutase and the ORFs present within GI-3 (BAB1_0260, BAB1_0270, BAB1_0273, and BAB1_0278) of B. abortus (16, 21–26). The results showed that immunization with pV-MEB triggers a MEB-specific humoral and cellular immune response in BALB/c mice. At systemic level pV-MEB promotes the stimulation of MEB-specific IgG2, indicating an adequate induction of a Th1 response. In vitro stimulation of splenocytes from pV-MEB immunized mice induced the highest proliferation in response to antigen, confirming the in vivo translation of the MEB synthetic gene and subsequent induction of a cell-mediated immune response. We used albumin and E. coli proteins as control of proliferation and in both cases splenocytes did not proliferate. Therefore, the immune response inducing by pV-MEB DNA vaccine was specific to MEB protein and Brucella antigens. Antigen-stimulated splenocytes from vaccinated mice produced IFN-γ. The level of IFN-γ and the in vitro proliferation of splenocytes stimulated by MEB recombinant protein demonstrated that pV-MEB DNA vaccine induces a strong immunoreaction and a polarized Th1 response against Brucella infection, which is associated to effective clearance of intracellular pathogens, so essential feature for a Brucella vaccine (7, 59). The immunogenicity induced by pV-MEB DNA recombinant plasmid was evaluated by challenging immunized mice with B. abortus 2308 strain. Our results confirmed that immunization with pV-MEB induced immunogenicity associated with significant protection, but protection induced by attenuated B. abortus RB51 was more robust.

In conclusion, we have shown that a B. abortus multi-epitope chimeric DNA vaccine (pV-MEB) elicits strong humoral and cellular protective immunity. Future studies must include an array of epitopes or combination of peptides and adjuvants as alternatives to conventional vaccine design. This study provides a starting point for the development of multi-epitope DNA vaccines against B. abortus.
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Several pathogenic bacteria are able to induce the attaching and effacing (A/E) lesion. The A/E lesion is caused by effector proteins, such as Escherichia coli-secreted protein B (EspB), responsible together with Escherichia coli-secreted protein D for forming a pore structure on the host cell, which allows the translocation of effector proteins. Different variants of this protein can be found in E. coli strains, and during natural infection or when this protein is injected, this leads to variant-specific production of antibodies, which may not be able to recognize other variants of this bacterial protein. Herein, we describe the production of a hybrid recombinant EspB toxin that comprises all known variants of this protein. This recombinant protein could be useful as an antigen for the production of antibodies with broad-range detection of EspB-bearing bacteria, or as an antigen that could be used in vaccine formulation to generate antibodies against different EspB variants, thereby increasing immunization potential. In addition, the recombinant protein allowed us to analyze its secondary structure, to propose the immunogenic regions of EspB variants, and also to characterize anti-EspB antibodies. Our results suggest that this hybrid protein or a protein composed of the conserved immunogenic regions could be used for a variety of clinical applications.
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INTRODUCTION

Gram-negative pathogenic bacteria, such as enteropathogenic Escherichia coli (EPEC), enterohemorrhagic Escherichia coli (EHEC), and Citrobacter rodentium are able to induce attaching and effacing (A/E) lesion (1–3). The A/E lesion is characterized by intimate intestinal epithelium adhesion, microvillus effacing, pedestal formation for effector protein translocation and the aggregation of actin and other cytoskeletal elements at the bacterial binding sites, caused by effector proteins, which are secreted into the enterocyte by a type III secretion system (T3SS) (4). The genes encoding the T3SS are located in pathogenicity islands and have many conserved structural components. The system structure consists of a syringe-like conformation, with a protein complex anchored on the bacterial membrane and a needle-shaped protein crossing the extracellular space to the host membrane, where a pore for the translocation of effector proteins is assembled (5, 6).

Enteropathogenic Escherichia coli and EHEC are the main bacterial agents associated with diarrhea among children under 5 years old, and both pathogens are able to induce the A/E lesion (7). Among the virulence factors comprising the T3SS of these bacteria are the secreted proteins (Esps). The Esp responsible for the syringe-like structure of T3SS is secreted protein A (EspA), which is the needle-shaped protein of approximately 25 kDa, while secreted proteins B [Escherichia coli-secreted protein B (EspB)] and D [Escherichia coli-secreted protein D (EspD)] are responsible for the pore structure assembled in the eukaryotic membrane (8).

Escherichia coli-secreted protein B is approximately 37 kDa in size and forms the pore assembled “needle tip” in the host cell membrane together with EspD. Also, EspB participates in phagocytosis evasion and binding to eukaryotic cell myosin, inhibition of actin interaction, and damage to the microvilli (9). There are three variants of EspB, i.e., α, β, and γ, where the α variant is subdivided into 1, 2, and 3. Allele frequency studies have shown α EspB to be the most prevalent, followed by β EspB (5, 10–13). The EspB genetic sequence varies between all variants, as demonstrated by the necessity of different primer sets for DNA amplification in gene detection studies. However, there is no clear correlation between an EspB protein subtype and a specific serogroup of EPEC and EHEC (11–13).

Several studies have used EspB protein as an antigen for the recognition of EPEC and EHEC strains (14–17), but they employed an EspB obtained by espB gene amplification from specific EPEC strains—mainly the prototype (E2348/69; O127:H6). Thus, the antibodies generated are against the specific EspB variant present in these strains. Therefore, the detection coverage in these methods is limited by the variant strain, which may result in other variants not being effectively recognized, thereby reducing bacterial recognition.

Nevertheless, eliciting antibodies against bacterial colonization factors have been proposed as a vaccination strategy to prevent pathogenic E. coli infection (18). Antibodies against the T3SS proteins, such as EspA, EspB, and EspD, have been detected in the serum from patients with diarrheagenic E. coli infections, demonstrating their immunogenic potential (19–22). Previous studies have shown EspB as a target for vaccine formulations in the veterinary field, ranging from transferred maternal colostral antibodies and intramuscular immunization in cattle (18, 23), to oral and intranasal immunization in mice (24, 25). Vaccine development against enteric pathogens that are able to induce strong mucosal immune responses capable of preventing intestinal colonization are of great importance to protect humans and animals from pathologies (21, 23).

Herein, we synthetically constructed a hybrid recombinant EspB (rEspB), representative of all known variants to date, and characterized its secondary structure, which allowed us to propose an immunogenic domain.

MATERIALS AND METHODS

Bacterial Strains, Plasmid, and Supplies

The E. coli strains used were DH5α [F−Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 [image: image1] phoA supE44 thi-1 gyrA96 relA1 λ−] and BL21 (DE3) [F−ompT hsdSB [image: image1] gal dcm (DE3)] from Invitrogen (CA, USA). The plasmid used was pET28a(+) containing a 6-histidine tag (His-tag) at both the N- and C-terminal from Novagen (Darmstadt, Germany). T4 ligase and T4 buffer DNA ligase (2×) were purchased from Promega Corporation (WI, USA). The enzymes used (BamHI and HindIII) and the induction agent isopropyl β-D-1-thiogalactopyranoside (IPTG) were obtained from Thermo Scientific (MA, USA). The monoclonal anti-polyHistidine antibody produced in mouse, anti-mouse IgG (whole molecule) peroxidase antibody and 3′3′-diaminobenzidine (DAB) were purchased from Sigma-Aldrich (MO, USA). Luria–Bertani (LB) medium was from BD (NJ, USA), and kanamycin from Gibco (MA, USA).

Synthetic Gene Design

The EspB synthetic gene was developed considering common regions of all known EspB variants to date, by alignment of α1, α2, α3, β, and γ EspB sequences (GenBank number: AAC38396.1, AEW69664.1, AEW69663.1, CAA74174.1, and CAA65654.1) using the Basic Local Alignment Search Tool (BLAST). The synthetic gene for the hybrid rEspB protein was assembled on the basis of the most prevalent amino acids among the variants for each position of the protein sequence (Figure 1). The restriction enzymes were selected with the support program BioEdit version 7.2.0, and the restriction sites for the enzymes BamHI and HindIII were inserted into the conserved sequence upstream and downstream, respectively (Figure S1 in Supplementary Material), while no stop codon was added in the sequence. The predicted recombinant protein had a molecular weight of 24.6 kDa. The EspB gene was manufactured by GenScript (NJ, USA) and cloned into pUC57 vector.
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FIGURE 1 | Recombinant Escherichia coli-secreted protein B (rEspB) conserved domain. Alignment of all EspB variants known to date. Shown in black are the conserved regions and in colors the divergent amino acids along the whole protein sequence, in which we used the most prevalent amino acids among the variants.



Cloning

Chemically competent E. coli BL21 (DE3) were obtained using the Chung and Miller protocol, with modifications (26). The gene of interest was excised from pUC57 by restriction enzyme digestion and then cloned into the pET28a expression vector. The reaction mixture consisting of 2 µL of deionized water, 5 µL of the gene, 1 µL of the pET28a vector, 1 µL of T4 DNA ligase (3 IU), and 2 µL of T4 buffer DNA ligase (2×) was incubated at 24°C for 1 h, followed by a 4°C incubation for 18 h.

For E. coli BL21 (DE3) transformation, 1 µL of plasmid was incubated with 2 µL of 5× KCM buffer (0.5 M KCl, 0.15 M CaCl2, and 0.25 M MgCl2) and 7 µL of deionized water on ice for 5 min, followed by the addition of 10 µL of chemically competent cells; after 20 min, the solution was transferred to 24°C for 10 min. Subsequently, 200 µL of LB culture medium were added and the sample was incubated at 37°C for 1 h. The cells were then streaked on a LB agar plate containing 50 µg/mL of kanamycin and incubated at 37°C for 18 h.

Expression and Purification

BL21 His-EspB transformant was cultivated in 10 mL of LB medium containing 50 µg/mL kanamycin at 37°C for 18 h with stirring at 250 rpm. The culture was then added to 500 mL of LB medium supplemented with 0.2% glucose and 50 µg/mL of kanamycin, and further grown at 37°C for 2 h at 250 rpm. After reaching an optical density of 0.6–0.8 (OD600), IPTG was added to a final concentration of 1 mM, and the culture was then incubated at 37°C for 4 h at 250 rpm. The cells were separated in a 5804 R centrifuge (Eppendorf, Hamburg, Germany) at 10,000 × g for 10 min, and the supernatant discarded. The pellet was resuspended in 60 mL of ligation buffer (20 mM Tris–HCl, pH 7.9, containing 0.5 M NaCl) with 1% 100× protease inhibitor cocktail and 50 µg/mL lysozyme, and allowed to stand in an ice bath for 30 min. The cells were lysed by three cycles of sonication for 10 min, with the amplitude set at 30% (Sonopuls Bandelin, Berlin, Germany). The lysate was centrifuged at 10,000 × g for 10 min and the resulting pellet was solubilized with 30 mL of buffer with 8 M urea, with stirring at 4°C for 18 h.

Purification was performed by metal affinity chromatography by gravity flow. Following urea treatment, 2 mL of Ni-NTA Agarose (Qiagen, NW, Germany) were added to the solubilized pellet and the suspension incubated at 4°C for 18 h with gentle shaking. The suspension was centrifuged at 30 × g for 1 min and pellet-containing agarose was gently transferred to a polypropylene column (Qiagen, NW, Germany). rEspB protein was eluted with buffer containing different concentrations of imidazole: 10, 20, 50, 100, 150, 200, 300, 400, and 500 mM. The eluted protein was refolded by long-term dialysis and subsequently concentrated by osmosis with PEG 4000. SDS-PAGE (12%) and immunoblotting were used to confirm the purification. The recombinant protein was quantified with a NanoDrop Lite Spectrophotometer (Thermo Scientific, MA, USA) and stored at 4°C. Identification of rEspB protein was performed by liquid chromatography coupled to mass spectrometry (LC–MS/MS). After SDS-PAGE analysis, protein bands were subjected to in gel trypsin digestion (27) and the resulting peptide mixture was analyzed by LC–MS/MS as described elsewhere (28). LTQ-Orbitrap Velos raw data were searched against a target database (UniProt restricted to E. coli; 22,940 sequences) using Mascot search engine (Matrix Science, UK).

Structure Analysis

Protein secondary structure was confirmed after refolding by circular dichroism (CD). The CD spectra were recorded between 190 and 260 nm using a quartz cuvette (0.1-mm path length) in a JASCO J-810 Spectropolarimeter (Jasco Corporation, Japan). After buffer-background subtraction (10 mM sodium phosphate buffer, pH 8.0), the CD data were converted to mean residue ellipticity [θ] units (degree × cm2 dmol−1). CD spectra were obtained at three different pH (7.0, 8.0, and 9.0) and at temperatures ranging from 5 to 95°C. The results were analyzed on the online server DICHROWEB (29–31), using the analysis program CDSSTR (32–34).

Epitope Mapping

Antibody-binding epitopes were determined by designing a CelluSpots® peptide array (INTAVIS Bioanalytical Instruments AG, NW, Germany), with 384 dots containing the full protein sequence divided in peptides with 11 amino acids/dots, having 8 overlapping amino acids. The sequences in the array were derived from the rEspB protein, which represents the α variants, as well as the full β and γ sequences (Table S1 in Supplementary Material) (5, 10, 11, 13). The assay was performed following the manufacturer’s recommendations: briefly, the slides were blocked by immersion in 1% BSA at 4°C for 18 h with shaking. Anti-EspB monoclonal antibody (mAb) (10 µg/mL) and polyclonal antibody (pAb) (30 µg/mL) were incubated at 24°C for 4 h with stirring. The slides were washed three times with 0.05% Tween in PBS (0.01 M, pH 7.2) for 5 min. The slides were then incubated with peroxidase-conjugated anti-mouse IgG antibody (1:5,000) at 24°C for 2 h with stirring. Detection was performed with DAB and hydrogen peroxide and the reaction stopped with distilled water.

Antibodies

Polyclonal serum was obtained from a New Zealand White female rabbit (60 days old) after immunizing intramuscularly, three times with 2-week intervals, using a dose of 100 µg of rEspB protein adsorbed to 2.5 mg alum (Al3+) as adjuvant. Serum was obtained 45 days after the first immunization. Immune serum reactivity was tested by indirect ELISA (35). Serum samples were obtained just before immunization from the auricular vein, which were used as the negative control in specific antibody evaluation. The anti-EspB mAb A5 was raised in the present study as in previous work by our group where mAb 4D9 was obtained (17).

RESULTS

rEspB Protein

The hybrid rEspB protein was obtained from the E. coli BL21 transformed with a plasmid harboring the hybrid espB gene. Restriction analysis confirmed that all clones had the same plasmid profile, and synthetic gene cloning was confirmed by sequencing. The protein was expressed in inclusion bodies; thus, urea treatment was necessary before the purification process. Since there was no stop codon in the cloned gene and since pET28a was the expression vector, the recombinant protein was expressed with two His-tag tails, one at each end of it. The protein was eluted using different imidazole concentrations, with effective elution occurring between 100 and 200 mM imidazole (Figure 2).
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FIGURE 2 | Escherichia coli-secreted protein B (EspB) protein SDS-PAGE and immunoblotting purification profile. (A) 12% SDS-PAGE; (B) immunoblotting; (1) flow through; (2–4) wash with 20 mM Tris–HCl, pH 7.9, containing 0.5 M NaCl; (5–13) elution fractions with increasing imidazole concentration, respectively, 10, 20, 50, 100, 150, 200, 250, 300, and 400 mM. The steps where EspB was effectively eluted are highlighted.



EspB Protein Characterization

To confirm the identity of rEspB, protein bands indicated in Figure 2A were subjected to mass spectrometric analysis, which resulted in the identification of nine tryptic peptides (95AGATAALIGGAISSVLGILGSFAAINSATK124, 216AGLLSR221, 222FTAAAGR228, 229ISGSTPFIVVTSLAEGTK246, 247TLPTTISESVK257, 258SNHDINEQR266, 288AQDDISSR295, 298DMTTTAR304, and 305DLTDLINR312), confirming the expression and isolation of protein EaeB (UniProt entry EAEB_ECO27).

Secondary Structure Prediction under Different Conditions

The EspB CD spectra showed a negative ellipticity band at 222 nm, which corresponds to α-helix structure (36). This secondary structure was observed at all pH tested; however, ellipticity was closer to 0 at pH 7.0, indicating less α-helix content under this condition when compared to pH 8.0 and 9.0. Indeed, deconvolution analysis showed a higher level of unordered content at pH 7.0 and, on the other hand, an increase in α-helix content at pH 8.0 and 9.0 (Figure 3; Table S2 in Supplementary Material). Effects on protein secondary structures were observed at a higher temperature, indicating protein denaturation by heat (Figure 4; Table S3 in Supplementary Material).
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FIGURE 3 | pH circular dichroism spectra profile of Escherichia coli-secreted protein B (EspB) protein. EspB profile at pH 7.0, 8.0 and 9.0, showing maintenance of structure at pH 8.0 and 9.0. Inset shows the percentage of secondary structure for each pH tested.
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FIGURE 4 | Temperature circular dichroism spectra of Escherichia coli-secreted protein B (EspB) protein. Secondary structure of EspB at different temperatures ranging from 5 to 95°C, showing the loss of structure when approaching 0 mean residue ellipticity [θ]. Inset shows the variation in the percentage of secondary structure for each temperature tested.



Treatment with temperatures over 60°C resulted in altered secondary structure stability, showing this to be the necessary temperature to denature the rEspB protein. There was a slight reversible loss of secondary structure after heating to 95°C and gradual cooling to 5°C. Close to the storage temperature, at 5°C, EspB protein secondary structure exhibited approximately 18% α-helix, 20% β-sheet and 20% turns, and 42% irregular structures. As the temperature increased, the proportion of turns and irregular structures tended to be the same, while the α-helix content decreased and β-sheet content increased. Above 60°C, there were no more alterations in secondary structure, with α-helix around 5% and β-sheet 31%.

Antibody-Binding Epitopes and Probable Immunogenic Domain of EspB

The anti-EspB pAb generated against the hybrid rEspB was able to recognize several dots on the peptide array, suggesting that those epitopes are involved in antibody binding. The pAb reacted with 11 points on α EspB, 4 on β EspB, and 5 on γ EspB (Table 1). Several spots were adjacent to each other, which resulted in three sequences for the α variant (198ASQVAEEAADA208, 231GSTPFIVVTSLAEG244, and 264EQRAKSVENLQASNLDTYKQDVRRAQDDISSR295) and the same two sequences for the β and γ variants (232STPFIVVTSLAEGT245 and 271ENLQASNLDTYKQDVRRAQDDISS294). The common domain between all sequences could be defined as 232STPFIVVTSLAEG244 and 271ENLQASNLDTYKQDVRRAQDDISS294.

TABLE 1 | Binding epitopes of individual antibodies recognized by peptide array.
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The mAbs 4D9 and A5 were used for comparison with the pAb, since they were obtained against the α EspB variant. Individually, mAb 4D9 reacted with 2 points on α EspB, 3 on β EspB, and 2 on γ EspB, and mAb A5 reacted with 5 points on α EspB, 6 on β EspB, and 1 on γ EspB (Table 1). The common region between the mAbs was two dots on α EspB (127DAAQELAEKAG137 and 223ARDLTDLINRM233), one dot on β EspB (295AARDLTDLQNR305), and one dot on γ EspB (139AAGAASEVANK149) (Figure S2 in Supplementary Material).

Another BLAST alignment of the two major sequences recognized by the pAb was performed against non-redundant protein sequences (nr) within bacteria (taxid:2) to evaluate if the sequences actually correlated with EspB and had 100% identity to the enterobacterial EspB protein from E. coli (data not shown).

DISCUSSION

Escherichia coli-secreted protein B protein is translocated into the host cell through a T3SS and together with EspD is responsible for assembling a multimeric pore in the eukaryotic membrane, contributing to the hallmarks of the A/E lesion. Due to this characteristic, EspB has a major importance in bacterial virulence and its detection can be used as a diagnostic tool for diarrheagenic E. coli infections. However, the allele diversity of EspB in immune response leads to specific antibodies that may not be able to recognize different variant bacterial strains.

Considering that EspB can be found in EPEC and EHEC, both related to severe diarrhea cases in human, its diagnosis and prevention are of great value for public health. Besides, since cattle are a natural reservoir of EHEC and a source for human infection, veterinary diagnosis and prevention are of major importance as well (37, 38). Vaccine strategies to prevent EPEC and EHEC infections employing EspB as an antigen have been proposed in mice and cattle, contemplating the veterinary field (18, 23–25). We obtained a hyperimmune serum from rabbits recognizing EspB, demonstrating the protein antigenic ability. Furthermore, it is known that in cases of infection, antibodies against EspB can be found in human serum (19–21), thus making EspB a target protein for the development of diagnostic tests and vaccine formulations.

In addition, EPEC and EHEC EspB protein showed less than 50% identity when compared to the homologs from Salmonella enterica, Yersinia enterocolitica, and Pseudomonas aeruginosa, suggesting that a diagnostic test for EspB can be specific for EPEC and EHEC. Based on EspB detection, previous studies proposed diagnostic methods for human infection by EPEC and EHEC, such as an immunochromatographic test (16) and latex agglutination test (15, 17), while ELISA was proposed for herd diagnosis (37). All of those methods rely on antibody recognition ability, and they used heterologous EspB protein obtained from the espB gene amplified from specific strains, which can result in ineffective antigen recognition, since other EspB variants may not be effectively recognized by the antibody. It is worth mentioning that mAb 4D9, described by our group, reacted with 2 points on α EspB, 3 on β EspB, and 2 on γ EspB, thus supporting our previous results, which were 97% sensitivity, 98% specificity, and 97% efficiency for a rapid agglutination latex test. All EspB variants were detected by the mAb in the peptide array assay; however, when used for strain recognition, the mAb did not recognize the different variants (17). One hypothesis is that in the peptide array the epitopes are linearized; thus, the antibody identifies small parts of an epitope that is recognized when the protein presents quaternary structure.

Therefore, the use of an EspB protein that comprises and represents all known variants as an antigen and for antibody development continues to be necessary. Thus, herein, a hybrid recombinant protein EspB was developed and characterized in terms of secondary structure, thermostability, and immunogenic region.

For that purpose, a rEspB protein comprising all known variants was designed and expressed. The His-tag tails did not affect secondary structure. The percentage of unordered structures decreased as pH increased from 7.0 to 8.0 and then remained stable when pH increased from 8.0 to 9.0. This finding suggests that the secondary structure of EspB has greater proportions of α-helix and β-sheet and turns at pH 8.0 and 9.0 when compared to pH 7.0 (Figure 3; Table S2 in Supplementary Material). Moreover, our data suggest that this increase in the percentage of ordered secondary structures was due to an increase in α-helix content; on the other hand, the percentage of β-sheets and turns was slightly reduced when pH increased. This increase in the proportion of ordered secondary structures at pH 8.0 and 9.0 may produce a change in the biological activity (in efficacy or even specificity) of this protein at this basic pH. EspB is mostly composed of irregular structures, followed by almost equal proportions of α-helix and β-sheet and turns. In regard to temperature stability, the α-helix content tended to decrease with temperature increase, while the β-sheet proportion increased with temperature (Figure 4; Table S3 in Supplementary Material). Either way, at temperatures above 60°C, the change in secondary structure halts, leading us to believe that, in this range, EspB is heat denatured, showing a heat-sensitivity characteristic.

Furthermore, the epitope mapping assay analyses allowed not only the characterization of antibody/epitope binding described here but also the proposal of an EspB immunogenic consensus domain. pAb is generated by humoral immune response, and their recognizing domain shows the EspB protein sites capable of activating the immune system. We identified two common epitopes between all known EspB subtypes (232STPFIVVTSLAEG244 and 271ENLQASNLDTYKQDVRRAQDDISS294). The peptides were aligned with the EspB protein of the prototype EPEC strain E2348/69 and showed 100% identity with two regions at the C-terminus, indicating the antibody molecule binding site to EspB. These regions were also present among the binding sites of all antibodies tested, even the mAb obtained against only α EspB, indicating that they are, indeed, conserved immunogenic domains for this protein.

This recombinant protein can be used in clinical applications, such as antigen for antibody production, enabling not only the diagnosis of A/E-producing pathotypes by EspB protein recognition but also as an alternative therapy for the disease by eliciting neutralizing antibodies against different EspB variants. Moreover, rEspB itself can serve as an antigen in a vaccine formulation to generate host antibodies able to prevent disease occurrence. In conclusion, we developed and obtained a hybrid rEspB protein capable of inducing antibody response against all known EspB subtypes, which can be a promising tool to be used as antigen for antibody development for the diagnosis and prevention of A/E lesion-producing pathogens.
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FIGURE S1 | Sequence coding for Escherichia coli-secreted protein B (EspB) protein. The sequence has 245 amino acids, and 241 encoding for EspB protein. The underlined sequences represent the cleavage sites of the restriction enzymes BamHI, upstream, and HindIII, downstream.

FIGURE S2 | Antibodies binding epitope by peptide array. The dots indicate the linear sequence of 11 peptides that the monoclonal antibody (mAb) 4D9, mAb A5, and polyclonal antibody (pAb) bind, respectively. From top to bottom, the array was designed containing the recombinant Escherichia coli-secreted protein B (rEspB) sequence, which represents the α variants and β and γ sequences, highlighted in bars. The two sides of the slide are duplicate of the sequence.
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The Leishmania donovani nucleoside hydrolase (NH36) and NH A34480 of Leishmania amazonensis share 93% of sequence identity. In mice, the NH36 induced protection against visceral leishmaniasis is mediated by a CD4+ T cell response against its C-terminal domain (F3). Besides this CD4+ Th1 response, prevention and cure of L. amazonensis infection require also additional CD8+ and regulatory T-cell responses to the NH36 N-terminal (F1 domain). We investigated if mice vaccination with F1 and F3 domains cloned in tandem, in a recombinant chimera, with saponin, optimizes the vaccine efficacy against L. amazonensis infection above the levels promoted by the two admixed domains or by each domain independently. The chimera induced the highest IgA, IgG, and IgG2a anti-NH36 antibody, IDR, IFN-γ, and IL-10 responses, while TNF-α was more secreted by mice vaccinated with F3 or all F3-contaning vaccines. Additionally, the chimera and the F1 vaccine also induced the highest proportions of CD4+ and CD8+ T cells secreting IL-2, TNF-α, or IFN-γ alone, TNF-α in combination with IL-2 or IFN-γ, and of CD4+ multifunctional cells secreting IL-2, TNF-α, and IFN-γ. Correlating with the immunological results, the strongest reductions of skin lesions sizes were determined by the admixed domains (80%) and by the chimera (84%), which also promoted the most pronounced and significant reduction of the parasite load (99.8%). Thus, the epitope presentation in a recombinant chimera optimizes immunogenicity and efficacy above the levels induced by the independent or admixed F1 and F3 domains. The multiparameter analysis disclosed that the Th1-CD4+ T helper response induced by the chimera is mainly directed against its FRYPRPKHCHTQVA epitope. Additionally, the YPPEFKTKL epitope of F1 induced the second most important CD4+ T cell response, and, followed by the DVAGIVGVPVAAGCT, FMLQILDFYTKVYE, and ELLAITTVVGNQ sequences, also the most potent CD8+ T cell responses and IL-10 secretion. Remarkably, the YPPEFKTKL epitope shows high amino acid identity with a multipotent PADRE sequence and stimulates simultaneously the CD4+, CD8+ T cell, and a probable T regulatory response. With this approach, we advanced in the design of a NH36 polytope vaccine capable of inducing cross-protection to cutaneous leishmaniasis.

Keywords: nucleoside hydrolases, T-cell epitope vaccines, visceral and cutaneous leishmaniasis, Leishmania amazonensis, PADRE epitopes

INTRODUCTION

Leishmaniasis is a complex of protozoan vector-borne diseases of recent increased worldwide incidence (1). Clinical manifestations of the disease range from visceral leishmaniasis (VL), the most severe and fatal syndrome with 400,000 new cases/year, characterized by a strong suppression of the CD4+ T-cell response, to tegumentary leishmaniasis, with 7 to 1.2 million new annual cases and variable degrees of T-cell immunity (2). Clinical cases of cutaneous leishmaniasis (CL), the most benign form of tegumentary leishmaniasis, show skin ulcers and a T cell-mediated active immune response, which is often responsible of self-healing or worsening of the disease (2). Mucocutaneous leishmaniasis (MCL), on the other hand, involves an exacerbated immune inflammatory response and lesions of cutaneous and mucosal tissues, while diffuse cutaneous leishmaniasis (DCL), the anergic form of disease, is associated to high Leishmania-specific inhibition of the T-cell responses (3). A few patients also develop the borderline disseminated leishmaniasis (4).

Afghanistan, Algeria, Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa Rica, and Peru are the 10 countries with higher incidence of CL, and together they account for 70–75% of the estimated global occurrence (2). Regarding the ethyological agents of tegumentary leishmaniasis, Leishmania amazonensis is a causative agent of CL, MCL, and DCL in Northern, South America, and Brazil (3–7).

Chemotherapy of leishmaniasis is highly toxic, and many cases of resistance or recurrent disease were reported (8–10). Alternatively, vaccine-mediated prevention or cure of CL was assayed with first generation formulations since the 80s, achieving, however, no more than 50% efficacy (8, 11). Only one vaccine based on L. amazonensis lysate is licensed at present for immunochemotherapy in Brazil (8).

Since three licensed vaccines against canine VL are available at present (12–14), one feasible approach to induce cross-protection against CL would be to use the vaccine antigens that are conserved in the Leishmania genus (15, 16) and already demonstrated to confer protection against VL (12, 17–19), the most immunosuppressive and severe form of the disease.

The Leishmania donovani nucleoside hydrolase (NH36) (17) is the main antigen of the Leishmune® vaccine, the first licensed veterinary vaccine against canine VL (12, 18). Leishmune® shows 76–80% vaccine efficacy (18, 19), and its use in endemic areas already promoted the decrease of the canine and the human incidence of VL (12).

Nucleoside hydrolases are enzymes of the DNA metabolism of bacteria, fungi, and protozoa which release exogenous purines or pyrimidines from nucleosides, in microorganisms that are not able to synthetize them, enabling in this way an efficient pathogen replication. They are absent in mammals (20, 21).

Vaccination with the NH of L. donovani, NH36, in its native form, protected mice against L. donovani infection (22), and in its DNA or recombinant protein forms induced efficacy against mice (17, 23, 24) and dog infections by Leishmania chagasi (25), and against mice challenged with Leishmania mexicana (23), Leishmania major (26), and L. amazonensis (27–29), the respective agents of cutaneous and diffuse leishmaniasis. NHs are considered strong phylogenetic markers of the genus Leishmania (15, 16), and their amino acid sequences are strongly conserved (29, 30). In fact, the sequence of L. donovani NH36 is homologous to the NH sequences of all the studied species of Leishmania: L. major (95%) (31), L. chagasi (99%), Leishmania infantum (99%), L. amazonensis (93%) (28), L. mexicana (93%), Leishmania braziliensis (84%), and Leishmania tropica (97%) (32).

Therefore, NH36 becomes a good candidate for the development of a cross-protective and universal vaccine against leishmaniasis. Using recombinant generated proteins covering the whole sequence of NH36, and saponin, in previous work, we demonstrated that protection against mice VL is mediated by a CD4+ T cell response against epitopes of the NH36 C-terminal domain (F3) (17). On the other hand, prevention (28) and cure of mice CL (29) caused by L. amazonensis are determined by a CD4+-Th1 cell-mediated response toward the F3 protein and a CD8+ and regulatory T-cell responses directed to the N-terminal (F1) domain of NH36, which promoted simultaneous increased secretions of IFN-γ, TNF-α, and IL-10 (29).

Additionally, the F3 vaccine promoted in mice a 36 and 40% respective higher average protection than those generated by the NH36-vaccine against VL, induced by L. chagasi (17), and CL, caused by L. amazonensis (28). These results confirmed that the use of the domain containing the relevant epitopes enhances the efficacy over that induced by the cognate whole protein (33).

Multisubunit vaccines against leishmanial infection have been shown to be more promising (34). Additionally, the most efficient protection is considered to be determined by diverse T cells that respond to a group of the pathogen-derived epitopes (35). Recent research in immunity to leishmaniasis disclosed the importance of multifunctional CD4+ and CD8+ T cells in the generation of a Th1 response to control infection (34, 36, 37). According to that, it has been suggested that the in silico tools should be used to search in the Leishmania genome for potential candidates with both CD4+ and CD8+ T cell-stimulating competences. Epitope mapping could then be used to design a polyepitope vaccine that could carry conserved epitopes, which bind to many HLA or MHC allotypes, or which are present in many species of a Leishmania genus (34).

Although the whole NH36 protein would be easier to work with, it would be also much less potent. In fact, according to the philosophy of the development of T-epitope vaccines, the whole cognate protein is less potent than the domains that contain the important epitopes. The domains are also more immunogenic than the isolated epitopes. Our aim, in this investigation, was to increase potency and optimize the vaccine. In agreement to that, we were able to show that a combination of these domains in a chimera even enhances the protective efficacy demonstrated for each domain independently. Our results support that the use of the domain containing the relevant epitopes enhances the vaccine efficacy over that induced by the cognate whole protein (33).

In fact, we evaluated if the administration of F1 and F3 domains of NH36 expressed in tandem, as a recombinant chimera, optimizes the immunogenicity and vaccine efficacy against mice infection by L. amazonensis, above the levels promoted by the two admixed domains and by each protein administered alone. We additionally identified the most important epitopes of F1 and F3 responsible for the generation of the cellular immune response. In this investigation, we aimed to progress in the development of a universal NH36 T-cell epitope vaccine capable of protecting against the infection by L. amazonensis.

MATERIALS AND METHODS

Ethical Statement

This study was carried out in accordance with the recommendations of National Institutes of Health, USA. The protocol was approved by the Comissão de Avaliação da Utilização de Animais em Pesquisa do Centro de Ciência da Saúde (CEUA), Universidad Federal do Rio de Janeiro (CONCEA, Brazil, 01200.001568/2013-87, IMPPG-016).

Recombinant Antigens Expression and Purification and Epitopes

NH36 is composed of 314 amino acids (Genbank access number AY007193, SwissProt-UniProt access number Q8WQX2-LEIDO). The N-terminal (F1, amino acid sequences 1–103), the central (F2, amino acids 104–198), and the C-terminal (F3, amino acids 199–314) domains were cloned in the pET28 plasmid system, between the restriction sites of NcoI and XhoI (17). Furthermore, the F1F3 recombinant chimera containing the sequence of the F1 followed by the F3 protein, cloned between the restriction sites of NcoI and XhoI was obtained with optimized codons in the PET28b expression vector by GenScript (NJ, USA). All the recombinant proteins used in this investigation were expressed with a six His-Tag at their C-terminals.

For protein expression, pET28bNH36, pET28bF1, pET28bF3, or pET28bF1F3-transformed E. coli BI21DE3 bacteria were amplified into 2 l of LB culture medium with kanamycin. Expression was induced with 1 mM IPTG (isopropyl-beta-D-thiogalactopyranoside—Fermentas) for 4 h at 37°C, and cultures were centrifuged. The pellets were sonicated and further centrifuged for 20 min under 14,000 rpm at 4°C. The recombinant proteins were more concentrated in the pellets, which were purified by affinity column chromatography with Ni-NTA resin according to the manufacturer’s instructions (Qiagen). Briefly, each pellet was incubated with 10–15 ml urea buffer (8 M urea, 1 M Na2HPO4, 1 M NaH2PO4, and 1 M Tris–HCl) pH 8.0, for 2 h, on ice. Then, the suspension was homogenized by successive passages through 20 ml syringes with 1.2 mm × 40 mm needles, until complete dissolution and centrifuged for 15 min at 14,000 rpm at 4°C. The supernatants containing the solubilized proteins were loaded on the Ni-NTA column previously equilibrated with urea buffer. Then, the column was washed with 5 volumes of urea buffer, pH 8.0, for removal of non-specifically bound proteins and with additional 5 volumes of urea buffer, pH 6.4–6.5, for removal of bacterial proteins containing His residues. The recombinant antigens were recovered in 10 volumes of urea buffer pH 4.5, dialyzed overnight against PBS at 4°C, and preserved with 1 mM PMSF and 5% glycerol at −80°C (17). The absence of LPS was confirmed using the LAL QCL-1000 kit (Lonza).

Furthermore, CD4+ T cell epitopes predicted by the Protean Pad program based on the A. Sette algorithm for the H2d haplotype of Balb/c mice (IAd and IEd alleles) (17) and the CD8+ T cell epitopes (H2 Ld haplotype), identified by the HLA peptide motif search1 and the SYFPEITHI2 programs (17) were synthetized by GenScript (NJ, USA). A model of the structure of the NH36 monomer and of the spatial distribution of the predicted epitopes in F1 and F3 is represented in Figure S1 in Supplementary Material.

Vaccine Efficacy Assay

Groups of BALB/c females (2-month old) were randomized by corporal weight and immunized with three subcutaneous doses of each respective vaccine: F1 (100 μg), F3 (100 μg), F1 (50 μg), and F3 (50 μg) administered as a simple mixture (F1 + F3), and F1F3 chimera (100 or 200 μg). All antigens were formulated with 100 μg of Riedel de Haen saponin (Sigma, St. Louis, MO, USA) in 0.2 ml of 0.9% NaCl saline solution and injected subcutaneously in the back, at weekly intervals (17, 28, 29). Control animals received only saline. Mice were infected subcutaneously in the right hind footpads with 106 stationary phase infective promastigotes of L. amazonensis IFLA/BR/67/PH8, 10 days after the last vaccine dose. Briefly, infective parasites were obtained from hamsters footpads in 10% fetal calf serum, 50 U penicillin, and 50 μg streptomycin/ml (Cultilab, Brazil) supplemented Schneider’s Drosophila medium (Sigma). Parasites where then cultured using a 1/5 serial dilution, in 24-well plates, at 26°C, during 3 days. On day 4, 400 μl of promastigote suspensions was amplified through three successive passages in Schneider’s supplemented medium and finally, the stationary-phase parasites were centrifuged, washed twice, suspended in saline solution, counted in a hemocytometer, and used for infection.

The evolution of lesion sizes in footpads was monitored weekly, with a Mitutoyo® pachymeter. Measures of the infected footpads were subtracted from the contra-lateral controls injected only with saline.

At week 12, mice were euthanized with CO2 and their parasite load determined by a limiting dilution assay. Briefly, the infected paws were removed under aseptic conditions and washed with Schneider’s medium. Fragments of bones, nails, and skin were chirurgically removed. The remaining tissue was chopped into small pieces and suspended into 1 ml supplemented Schneider’s medium. A 1/5 serial dilution of this suspension was obtained in a 24-well plate that was further incubated at 26°C for 4 days, with daily observation in an inverted microscope. The number of promastigotes present at the last well containing visible parasites was quantified in a hemocytometer.

The anti-NH36 antibody response was assessed in sera, and the intradermal response to leishmanial antigen, and the secretion and intracellular expression of cytokines by antigen-stimulated CD4 and CD8 lymphocytes were studied 1 week after complete vaccination and on week 12 after infection.

Antibody Assay in Sera

Anti-NH36 antibodies were assayed in the sera of mice, using a standard ELISA assay. Plates were treated with 2 μg NH36 per well in carbonate–bicarbonate buffer pH 9.6, washed with 0.018 M PBS, pH 7.2, 1% non-fat milk, and 0.05% Tween-20 buffer (PBS*), and further incubated with diluted sera samples in PBS* for 1 h at 37°C. Then, plates were washed and treated with peroxidase-conjugated goat anti-mouse-IgA, IgM, IgG1, or IgG2a antibodies (1:4,000) (Southern Biotechnology Associates, Birmingham, AL, USA) or with protein-A-peroxidase (Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA, EEUU) at 1:1,000 dilution in PBS*. Reaction was developed with ortho-phenylenediamine buffer (Sigma), interrupted with 1 N sulfuric acid, and monitored at 492 nm. Results were expressed as the mean of absorbance values of 1/100 diluted sera of each animal, in triplicates, in double-blind tests.

Intradermal Skin Test (IDR)

Mice were injected in their right front footpad with 0.1 ml 0.9% NaCl saline solution containing the lysate of 107 freeze-thawed stationary-phase L. amazonensis infective promastigotes obtained as described in Section “Vaccine Efficacy Assay.” The footpad swallow was monitored with a Mitutoyo apparatus, both before and at 0, 24, and 48 h after lysate injection. Each measure was subtracted from the values of the left front footpads injected with only saline (28).

Secreted Cytokines Assay

Spleens were excised, and single-cell suspensions were prepared in 1 ml RPMI medium (Sigma, Co) supplemented with 10% fetal calf serum (Nutricell, Campinas, São Paulo, Brazil), 1% L-glutamine, and 5 mM 2-β-mercaptoethanol. Then, cells were counted in a hemocytometer, distributed into a 96-well plate (106/well), and incubated with 5 μg/well NH36, or with no addition, for 72 h in vitro, at 37°C with 5% of CO2. Culture supernatants were collected and assayed for IFN-γ, TNF-α, and IL-10 using the OptEIA mouse ELISA Set II kits (Becton and Dickinson, BD-Biosciences, USA) according to the manufacturer’s instructions. The sensitivity of the assay was established with a range of 0–1,000 pg/ml for TNF-α and IL-10 and of 0–200 pg/ml for IFN-γ. Reactions were developed using biotinylated anti-cytokine antibodies, streptavidin (SAv-HRP) enzymatic reagent, and TMB (Zymed, USA). Absorbances were monitored at 655 nm.

Intracellular Cytokine Staining (ICS) and Flow Cytometry

Splenocytes suspended in RPMI medium were distributed into 96-well Costar plates (106/well) and stimulated with 25 μg/ml recombinant NH36 or with no addition, for 24 h at 37°C with 5% CO2 according to the results of previous experiments. The intracellular expression of IL-2, TNF-α, and IFN-γ by CD4+ and CD8+ T cells was determined by multiparameter analysis (36, 37) after incubation with 10 μg/ml brefeldin (Sigma) for 4 h at 37°C, 5% CO2. After washing with FACS buffer (PBS containing 2% bovine fetal calf, 0.1% sodium azide), splenocytes were labeled for 20 min at 4°C, in the dark with rat anti-mouse-CD4FITC (clone GK1.5) and -CD8FITC (clone 53-6.7) monoclonal antibodies (R&D systems, Inc.). Cells were then fixed with 4% para-formaldehyde, washed and treated with FACS buffer containing 0.5% saponin (Sigma), and further stained with IFN-γAPC, IL-2-PerCP-Cy5.5, and TNF-αPE monoclonal antibodies (BD-Pharmingen). For ICS, gating for CD4+ ad CD8+ T cells was performed, and 100,000 events were acquired in a Becton Dickinson FACScalibur. Data were analyzed using the FlowJo program (Tree Star, USA).

Epitope Assays

Splenocytes of mice vaccinated with the chimera (100 μg/dose) or saline solution and further challenged with 106 promastigotes of L. amazonensis were incubated in vitro with 25 μg/ml of NH36, F1F3 chimera, each one of the CD4 predicted epitopes of F1 (ELLAITTVVGNQ and DVAGIVGVPVAAGCT) and F3 domains (FMLQILDFYTKVYE, FRYPRPKHCCHTQVA, and KFWCLVIDALKRIG), with the highest scored CD8 predicted epitope of the F1 protein (YPPEKTKL), or with the mixture of all the epitopes, at week 11 after infection. The epitope-specific cellular immune response was studied through the analysis of the cytokine secretion to supernatants and by multiparameter cytometry, as described above.

Statistical Methods

Means were compared by the Kruskal–Wallis and Mann–Whitney methods. Spearman’s two-tailed correlation test was used for correlation analysis. Furthermore, the slope of the curves of variation of lesion sizes along the time was calculated as the best-fit values (GraphPad Prism6 software). All experiments were performed at least twice, and the indicated error bars are based on the SE.

RESULTS

The F1F3 Chimera Optimizes the Antibody Response

We investigated, for all variables, if the vaccine containing the mixture of the F1 and F3 domains (F1 + F3) was more potent than the F1 and F3 vaccines independently. Our strategy also involved the use of the chimera at the dosage of 100 μg, in order to make a fair comparison with the simple addition of the two domains (F1 + F3), since both vaccines are composed of approximately 50 μg of each F1 and F3 proteins. Additionally, we also used the chimera at the dosage of 200 μg, to disclose any potential dose–response effect of increased efficacy determined by a higher dose of the antigen.

Initially, we compared the antibody response generated by the vaccines, both after complete immunization and after challenge by L. amazonensis (Figures 1 and 2). In contrast to what observed for the IgM antibodies (Figures 1C,D), the F1 protein alone did not induce any anti-NH36 antibodies of the IgG class or subclasses. The F3 vaccine on the other hand enhanced the IgM and all IgG antibodies against NH36 above the saline controls (p < 0.0001 for all comparisons) (Figures 1C,D and 2A–F). The IgM antibodies were equally enhanced by the F3 and the chimera vaccines before challenge and by the F3 vaccine after challenge (Figure 1).
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FIGURE 1 | Chimera enhances the IgA and, together with F3, the IgM anti-NH36 antibody response. BALB/c mice were immunized with three subcutaneous doses of each respective vaccine: F1 (100 μg), F3 (100 μg), F1 (50 μg), and F3 (50 μg) administered as a simple mixture (F1 + F3), and F1F3 chimera (100 or 200 μg), all formulated in 100 μg of saponin. Anti-NH36 antibodies were measured by an ELISA assay in the sera of mice after vaccination (A,C) and on week 12 after infection with Leishmania amazonensis (B,D). Data are means and individual results of two independent experiments, each one with 8–10 animals per treatment. The chimera vaccine induced the highest IgA response (A,B). The IgM antibodies were equally enhanced by the F3 and the chimera vaccines before challenge and by the F3 vaccine after challenge (C,D).
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FIGURE 2 | Chimera increased the IgG, IgG1, and IgG2a antibody levels. Anti-NH36 antibodies were measured by an ELISA assay in the sera of mice vaccinated with F1, F3, the addition of F1 and F3, or the F1F3 chimera in formulation with saponin and after infection with Leishmania amazonensis. Data are means and individual results of two independent experiments, each one with 8–10 animals per treatment. The F1 protein alone did not induce any increase in IgG, IgG1, or IgG2a antibodies while the F3 did (A–F). The mixture of domains enhanced the IgG, IgG1, and IgG2a antibody responses above the F3 and F1 proteins (A–D,F). The chimera, however, induced the strongest IgG and IgG2a anti-NH36 responses (A–C,E,F) being, at the dosage of 100 μg, more potent that the domain mixture (E,F), and at the dosage of 200 μg, stronger than at the dosage of 100 μg (A,B,E).



Furthermore, the admixed domains induced more IgG, IgG1, and IgG2a antibodies than the F3 or the F1 vaccines did independently (p < 0.007 for both) indicating that the administration of both proteins simultaneously potentiates the effect (Figures 1A,B and 2).

Remarkably, the chimera vaccine optimized the antibody response by inducing the highest IgA, IgG, and IgG2a anti-NH36 responses (Figures 1A,B and 2A–C,E,F). In fact, the dose of 200 μg determined additional increases of 19%, in the absorbency values, above those of the F1 + F3 and chimera (100 μg) vaccines (p < 0.0001 for both) revealing maximal optimization of the IgG response (Figure 2A). The 200 μg F1F3 chimera was also the strongest formulation for the IgG class after challenge (p < 0.0148 for all comparisons) (Figure 2B) while the admixed proteins (F1 + F3) were no longer superior to the F3 vaccine.

Noteworthy and in agreement with what described for the IgG response, after immunization, the chimeras induced the most potent and optimized IgG2a response (Figure 2E). The dosage of 100 μg exhibited an increase of 20% (p < 0.0001) in the IgG2a antibody titers, above the F1 + F3 vaccine, indicating that the presentation of the epitopes in tandem increases the efficacy. Additionally, and similar to what described for IgG (Figure 1A), the maximal IgG2a antibody response was induced by the 200 μg chimera vaccine, which promoted a 19% higher IgG2a response than the same vaccine at 100 μg dosage (p < 0.0001), indicating a dose–response effect (Figure 2E). Optimization of the IgG2a antibody response was also detected as a result of the impact of L. amazonensis infection when the two chimera-vaccine dosages showed a 28% increased potency above the F1 + F3 vaccine (p < 0.007 for the two comparisons) (Figure 2F).

For the IgG1 subtype, the admixed domains were as potent as the chimera (100 μg) (Figures 2C,D).

We concluded that the presentation of the F1 and F3 proteins in a recombinant chimera determined a stronger effect than the simultaneous delivery of both independent domains, for the induction of IgA, IgG, and IgG2a anti-NH36 antibodies. An increasing dose–response was additionally detected for the chimera in the IgG (before and after challenge) and IgG2a (before challenge) antibodies. In contrast, the chimera at the dosage of 100 μg was even more potent than at 200 μg, for the IgA and IgM (before and after challenge) and IgG1 (after immunization) antibodies, and was as strong as at 200 μg dosage, for the IgG1 and IgG2a (after challenge) response. These results suggest that the optimization effect is more related to the concomitant presentation of the F1 and F3 epitopes in tandem, rather than to an increased antigen concentration.

The F1F3 Chimera Optimizes the Intradermal Response to L. amazonensis Antigen

The induction a cellular immune response was initially assessed by IDR. At all times, all formulations developed more potent IDR reactions that the saline controls and the F1 vaccine (p < 0.0001 for all comparisons) (Figures 3A–D). Maximal skin tests were achieved in mice vaccinated with the chimera (Figure 3).
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FIGURE 3 | Chimera optimizes the intradermal response against Leishmania amazonensis antigen. The IDR to the lysate of L. amazonensis infective promastigotes was measured in mice vaccinated with F1, F3, the addition of F1 and F3 proteins, or the F1F3 chimera, in formulation with saponin, after vaccination (A,C) and on week 12 after challenge with L. amazonensis (B,D), at 24 and 48 h after antigen injection. Data are means and individual results of two independent experiments, each one with 8–10 animals per treatment. All formulations were more potent than the saline controls and the F1 vaccine (A–D). The chimera, at 100 μg dosage, was more potent than the addition of domains (A,B,D), and the F3 vaccine (D), but the dosage of 200 μg was the strongest formulation (A–D). After challenge (B,D) and 48 h after antigen injection (C,D), all vaccines enhanced the skin tests.



Although the chimera at 100 μg dosage was more potent than the admixed proteins (Figures 3A,B,D), and the F3 vaccine (Figure 3D), the dosage of 200 μg was the strongest formulation, which induced the largest skin tests (Figures 3A–D). In fact, at the dosage of 100 μg, the chimera was already 13% more potent than the addition of F1 + F3 proteins (p < 0.0232) disclosing the optimization effect that was due to the presentation of the epitopes in tandem. The additional 13% (p < 0.0263) enhancement generated by the 200 μg dosage disclosed a dose–response effect (Figure 3A).

After challenge, and in contrast to what described for antibodies, all the vaccines induced significant increases of skin tests (p < 0.0001). Actually, after infection, the skin tests of mice vaccinated with the F3, F1 + F3, 100, and 200 μg chimera vaccines were 47, 52, 53, and 51% larger than before challenge, respectively (p < 0.0001, for all comparisons) (Figures 3A,B). At 48 h after antigen injection also, respective IDR increases of 44, 38, 44, and 38% were also observed for the F3, F1 + F3, 100, and 200 μg chimera vaccines (p < 0.0001 for all comparisons) (Figures 3C,D).

Our results disclosed the chimera at the 200 μg dosage as the strongest formulation. However, at the dosage of 100 μg, the chimera was already capable of inducing the most pronounced enhancement of skin tests after infection, being even more efficacious that the admixed domains. These results confirm the chimera capability for optimization of vaccine efficacy and suggest that efficacy could be even enhanced by using increased chimera dosages (Figures 3A–D).

The IDR response after immunization is highly correlated to the IgG (p < 0.0001, R = 0.7552, R2 = 0.5703) and the IgG2a (p < 0.0001, R = 0.8839, R2 = 0.7813) antibody responses. Also, after infection, the IgG (p < 0.0001, R = 0.7009, R2 = 0.4912) and IgG2a antibody levels (p < 0.0001, R = 0.8364, R2 = 0.6995) were correlated to the IDR results.

Secretion of IFN-γ, TNF-α, and IL-10 Increased in Response to the F1F3 Chimera

After immunization, all vaccines increased the IFN-γ secretion to PBMC supernatants above the levels induced by the saline controls (p < 0.0022), indicating the triggering of a Th1-immune response. Mice vaccinated with F3-containing vaccines secreted more IFN-γ than those treated only with the F1 protein (p < 0.0022). The main performance was, however, determined by the chimera at 100 μg dosage, which was 19% stronger than the admixed domains and 20% more potent than the 200 μg dosage (p < 0.0022 for both comparisons) (Figure 4A). After infection, and as observed for skin tests and IgG2a antibodies, the two dosages of the chimera showed codominance of the IFN-γ secretion (Figure 4B) above the F1 and F3 vaccines independently or formulated together (p < 0.0002 for all comparisons). IFN-γ levels induced by the chimeras after challenge were 56–44% lower (Figure 4B).
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FIGURE 4 | Chimera potentiates the secretion of IFN-γ and IL-10 while TNF-α is generated in response to all F3-containing vaccines. Secretions of IFN-γ (A,B), TNF-α (C,D), and IL-10 (E,F), as measured by an ELISA assay in the supernatant of splenocytes, both after immunization with F1, F3, the addition of F1 and F3 proteins, or the F1F3 chimera in formulation with saponin, and after challenge with Leishmania amazonensis, are expressed in picograms per milliliter. Data are means and individual results of two independent experiments, each one with 8–10 animals per treatment. After immunization, the F3-containing vaccines secreted more IFN-γ than the F1 vaccine. The chimera at 100 μg dosage was stronger than the admixed proteins and the 200 μg dosage (A). After infection, the two dosages of the chimera were equally potent (B) above the F1 and F3 vaccines independently or formulated together. However, the IFN-γ levels after challenge were lower (B). TNF-α was initially more secreted by mice vaccinated with F3 than with F1 (C) and by all vaccines containing the F3 domain, after challenge (D). The chimeras or the admixed proteins enhanced IL-10 secretion after immunization, above the F1 or F3 vaccines (E). After challenge, IL-10 secretion was null in F3-vaccinated mice, but it was increased by the other vaccines with maximal performance achieved by the chimera (200 μg) (F). A dose–response increase in IFN-γ (B) and IL-10 (F) secretion was observed with the increment of the chimera dosage.



As observed for IFN-γ and also indicating the rise of a Th1 response, TNF-α was initially more secreted by mice vaccinated with F3 than with F1 (p < 0.0022) (Figure 4C) and by all vaccines containing the F3 domain, including the chimeras, after challenge (Figure 4D).

Additionally and suggesting a potential regulatory immune response, mice vaccinated with the chimeras or with the admixed proteins secreted more IL-10 after immunization than mice vaccinated with F1 or F3 proteins alone (p < 0.015 for all comparisons) (Figure 4E). Noteworthy, IL-10 secretion was higher in mice vaccinated with 100 μg of the chimera than with the F1 + F3 addition, both before and after challenge (Figures 4E,F).

Remarkably, after challenge, however, IL-10 secretion was null only in F3-vaccinated mice while it was increased by all vaccines containing F1 and achieved the maximal values in the 200 μg chimera vaccine (Figure 4F). In fact, after infection, the IL-10 levels were 2.3 times reduced (p < 0.0007) in F3-vaccinated mice, while increases of 2.6 (p < 0.0007), 1.4 (p < 0.0200), 1.5 (p < 0.0023), and 2.3 times (p < 0.0007) were detected in mice vaccinated with the F1, F1 + F3, and the chimera vaccine at 100 and 200 μg dosage, respectively (Figures 4E,F).

Lastly, a dose–response increase in IFN-γ and IL-10 secretion was observed with the increment of the chimera dosage to 200 μg.

The F1F3 Chimera Induces the Highest Proportions of CD4+ and CD8+ T Cells Secreting One, Any Combination of Two and Three Cytokines

The effector function and quality of the T cell immune response were assessed after infection, by multiparameter-flow cytometry analysis.

The chimera vaccine at 100 μg/dose induced the highest proportions of all types of CD4+-cytokine secreting T cells (Figure 5). In fact, the 100 μg/dose chimera was more potent than the F3 (p < 0.0469) and F1 + F3 vaccines (p < 0.0391) inducing elevated proportions of CD4+ T cells secreting IL-2, TNF-α, or IFN-γ alone (Figures 5A–C), TNF-α in combination with IL-2 or IFN-γ (Figures 5D,E) and multifunctional cells secreting IL-2, TNF-α, and IFN-γ simultaneously (Figure 5G). Additionally, the 100 μg dose was stronger than the 200 μg dosage (p < 0.0391) and not significantly different than the F1 vaccine (Figures 5A–C,E,G) for all CD4 T cells subtypes, except for CD4+-TNF-α+-IL-2+ (Figures 5C,D). Our results indicate the presence of important CD4+ epitopes in F1 (Figures 5A–E,G) and suggest that the presentation of the epitopes in tandem by the chimera represents the best approach for optimization of the Th1 response. Only in the case of CD4+-IL-2+-IFN-γ+ T cells, the differences between the vaccines were no significant (Figure 5F).
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FIGURE 5 | Chimera and F1 vaccines promote the highest proportions of CD4+ T cells expressing one cytokine, all combinations of two cytokines, or three cytokines after in vitro incubation with NH36. The multifunctional analysis discloses the magnitude of the CD4+ T-cell response of mice immunized and challenged with Leishmania amazonensis, by describing the contribution of the frequencies of CD4+ lymphocytes expressing IL-2 (A), TNF-α (B), IFN-γ (C), IL-2/TNF-α (D), TNF-α/IFN-γ (E), IL-2/IFN-γ TNF-α/IFN-γ (F), and IL-2/TNF-α/IFN-γ TNF-α/IFN-γ (G) in response to NH36. Bars represent means + SE of two independent experiments, each one with 8–10 animals per treatment. The chimera vaccine at 100 μg/dose induced the highest proportions of all types of CD4+-cytokine secreting T cells (A–E,G). It was stronger than the 200 μg dosage and not significantly different from the F1 vaccine (A–C,E,G) for all CD4 T cells subtypes, except for CD4+-TNF-α+-IL-2+ (C,D). Only in the case of CD4+-IL-2+-IFN-γ+ T cells, the differences between the vaccines were no significant (F).



Regarding the cytotoxic response (Figure 6), the admixed proteins were not capable of inducing higher CD8+ T cell proportions than the F1 or F3 domains independently (Figure 6). Furthermore, as described for CD4+ T cells (Figure 5), the chimera vaccine, at the dosage of 100 μg, also promoted the highest proportions of CD8+ T cell expressing IL-2, TNF-α, or IFN-γ (Figures 6A–C) and TNF-α, in combination with IL-2 or IFN-γ (Figures 6D,E). This did not occur for the CD8+ multifunctional T cells which, in contrast to what observed for CD4+ T cells, showed no significant differences between treatments (Figures 6F,G).
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FIGURE 6 | Chimera and F1 vaccines generate the highest proportions of CD8+ T cells expressing one cytokine, all combinations of two cytokines, or three cytokines after in vitro incubation with NH36. The magnitude of the cytotoxic T-cell response is revealed by the cytometry-multifunctional analysis, which disclosed the frequencies of CD8+ lymphocytes expressing IL-2 (A), TNF-α (B), IFN-γ (C), IL-2/TNF-α (D), TNF-α/IFN-γ (E), IL-2/IFN-γ TNF-α/IFN-γ (F), and IL-2/TNF-α/IFN-γ TNF-α/IFN-γ (G) in response to NH36, of mice vaccinated with F1, F3, the addition of F1 and F3, or the F1F3 chimera and challenged with Leishmania amazonensis. Bars represent means + SE of two independent experiments, each one with 8–10 animals per treatment. The admixed proteins were not capable of inducing higher CD8+ T cell proportions than the F1 or F3 vaccines. The chimera vaccine (100 μg) promoted the highest proportions of CD8+ T cell expressing all combination of cytokines (A–E) except for the CD8+ multifunctional T cells (G) and was more potent than at 200 μg for the increase of the proportions of CD8+-TNF-α+ (B) and CD8+-IFN-γ+ secreting T cells (C). The 100 μg chimera vaccine was also stronger than the F3 vaccine in CD8+-TNF-α+-IFN-γ T cells and as potent as the F1 vaccine in induction of most types of CD8+-cytokine secreting T cells (A,B,D,E).



At 100 μg dosage, the chimera was more potent than at 200 μg for the increase of the proportions of CD8+-TNF-α+ (p < 0.0078) and CD8+-IFN-γ+ secreting T cells (p < 0.0078). Additionally, and similar to what described for CD4+ T cells (Figure 5), the 100 μg chimera vaccine was stronger than the F3 vaccine in CD8+-TNF-α+-IFN-γ T cells and as potent as the F1 vaccine in induction of most types of CD8+-cytokine secreting T cells (Figures 6A,B,D,E), except for cells secreting only IFN-γ (Figure 6C). Our results also indicate that important epitopes for CD8+ T cells are located in the F1 domain.

The multifunctional flow cytometry confirmed that in order to optimize the antigen presentation to T cells, the exposure of the F1 and F3 domains cloned in tandem is needed. The simple addition of the two domains was not effective in triggering the cellular immune response. We conclude that the chimera at the dosage of 100 μg generated the strongest protection against the parasite challenge but was not significantly different from the F1 vaccine.

Vaccine Efficacy Is Optimized by the F1F3 Chimera Formulation

The evolution of the infection was monitored by the increase of the skin lesion sizes up to week 12 after infection. The linear regression analysis revealed significantly different degrees of vaccine-induced protection disclosed by the decreased slopes of their respective curves: 0.3033 ± 0.016 for the F1, 0.2257 ± 0.012 for the F3, 0.1973 ± 0.009 for the F1 + F3, 0.1793 ± 0.008 for the F1F3 100 μg, and 0.1640 ± 0.007 for the F1F3 200 μg vaccines. Except for the F1 vaccine, all formulations induced protection and decreased the lesion sizes in comparison to saline controls (p < 0.0351 for all comparisons) (Figure 7A). Furthermore, the F1 + F3 vaccine and the chimeras were more efficacious than the F1 vaccine (p < 0.0500) (Figure 7A) and equally potent until week 8 after infection. By the end of the experiment, on week 12, however, the strongest reduction in lesion sizes was determined by the combination of F1 + F3 domains and by the chimera, at the 100 and 200 μg dosages, which induced 80, 82, and 84% of protection, respectively (Figure 7A).
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FIGURE 7 | Chimera optimized the vaccine efficacy by inducing the strongest reductions in sizes and parasite load of the skin lesions. BALB/c mice were immunized with three subcutaneous doses of F1, F3, F1 and F3 (F1 + F3), or F1F3 chimera (100 or 200 μg) formulated in saponin and were challenged with Leishmania amazonensis. The evolution of footpad lesion sizes was weekly monitored with a pachymeter (A). The values of the infected right hind-footpads were discounted from those of the contra-lateral left hind-footpads injected with saline. The parasite load in the skin lesion was measured after euthanasia by a limiting dilution assay on day 4 after in vitro culture (B). Data represent means (A) and means + SE (B) of two independent experiments, each one of them with 8–10 animals per treatment. Except for the F1 vaccine, all formulations induced protection and decreased the lesion sizes in comparison to saline controls (linear regression analysis) (A). The F1 + F3 vaccine and the chimeras were stronger than the F1 vaccine but, on week 12, however, the strongest reductions in lesion sizes were determined by the combination of F1 + F3 domains (80%) and by chimera at the 100 μg (82%) and 200 μg (84%) dosages (A). The parasite load, on the other hand, revealed efficacies of 99.8 and 99.9% developed by the chimeras at 100 and 200 μg/dose, respectively (B).



Additionally, the parasite load was evaluated after euthanasia by a limiting dilution assay on week 12 after infection (Figure 7B). While the saline controls exhibited 1,259,770 promastigotes, the chimera vaccines at 100 μg/dose decreased the parasite load to 2,423 (p < 0.0040) and at 200 μg/dose, to 1,424 (p < 0.0062). Our results indicate that the presentation of epitopes in tandem in a recombinant chimera exceeds the protection generated by the mixture of the recombinant domains F1 and F3. In fact, efficacies of 99.8 and 99.9% were achieved using the chimera at 100 and 200 μg/dose, respectively. The measures of footpad lesions at week 12 after infection and the log10 number of parasites in lesions were highly correlated (p < 0.001, R = 0.5640, R2 = 0.3181).

The increases in the antibody response were good surrogates for protection. In fact, we detected significant negative correlations between the increase of all antibody subtypes and the decrease of footpad lesion sizes and of the number of parasites. The IgG2a increase for instance was negatively correlated to the size of footpad lesions (p < 0.0001, R = −0.6026 before and p = 0.0029, R = −0.4246 after infection) and to the number of parasites in lesions (p = 0.0293, R = −0.3147 before and p = 0.0031, R = −0.4177 after infection).

Additionally, the IDR (p < 0.0001, R = −0.7815) and the frequencies of multifunctional CD4+ (p < 0.0500, R = −0.2803) and CD8+ T cells (p < 0.0001, R = −0.7837) expressing IL-2, TNF-α, and IFN-γ, after infection, were strong correlates of prophylactic efficacy. In agreement to that, the number of parasites in lesions was also negatively correlated with the IDR (p = 0.0012, R = −0.4531) and the CD8 T cells expressing IL-2, TNF-α, and IFN-γ (p = 0.0012, R = −0.4531).

We conclude that vaccination with the F1F3 chimera optimizes the cross-species vaccine efficacy against L. amazonensis infection above the levels reached by the admixed domains.

CD4+ and CD8+ T-Cell Epitopes of the F1 and F3 Domains Exceed the Cellular Immune Response Generated by the Chimera

Toward the design of a potential synthetic vaccine, we further investigated which of the predicted F1 and F3 domains’ T-cell epitopes target the optimized cellular immune response and induce in vitro T cell responses even stronger than the chimera.

The in silico prediction for CD4+ T cell epitopes performed before (17) mapped two sequences of CD4+ T cell epitopes of BALB/c mice in F1 (ELLAITTVVGNQ and DVAGIVGVPVAAGCT) and three more sequences in the F3 domain (FMLQILDFYTKVYE, FRYPRPKHCHTQVA, and KFWCLVIDALKRIG) (Table 1). Additionally, the highest scored CD8+ epitope (YPPEFKTKL) of the NH36 protein was identified in the F1 domain (17) (Table 1). We here compared the secretion of cytokines induced by each one of these epitopes alone or mixed together, using the NH36 and F1F3 chimera antigens as controls, in mice vaccinated with the chimera, on week 11 after L. amazonensis challenge.

TABLE 1 | IFN-γ/IL-10 and TNF-α/IL-10 ratios secreted in response to the predicted synthetic epitopes of NH36.
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Actually, several epitopes induced higher cytokine secretion than the NH36 and their chimera cognate proteins in vaccinated mice and that their controls in saline treated mice. Among them, remarkably, the YPPEFKTKL epitope of F1 and the FMLQILDFYTKVYE epitope of the F3 domain promoted the highest levels of IFN-γ (Figure 8A), and together with ELLAITTVVGNQ and DVAGIVGVPVAAGCT epitopes, also the strongest secretion of TNF-α (Figure 8B) and IL-10 (Figure 8C).
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FIGURE 8 | The YPPEFKTKL and FMLQILDFYTKVYYE epitopes promote the highest IFN-γ and IL-10 levels, and together with DVAGIVGVPVAAGCT and ELLAITTVVGNQ, the strongest TNF-α secretion of splenocytes of chimera-vaccinated mice. Splenocytes of mice vaccinated with 100 μg of the chimera were incubated in vitro with 10 μg/ml of NH36, F1F3 chimera, each one of the CD4 predicted epitopes of F1 (ELLAITTVVGNQ and DVAGIVGVPVAAGCT) and F3 domains (FMLQILDFYTKVYE, FRYPRPKHCCHTQVA, and KFWCLVIDALKRIG) and with the highest scored CD8 predicted epitope of the F1 protein (YPPEKTKL), or with the mixture of all the epitopes, at week 11 after infection. Secretions of IFN-γ (A), TNF-α (B), and IL-10 (C) were measured by an ELISA assay in the supernatants of splenocytes and expressed in picograms per milliliter. Data are means + SE of two independent experiments, each one with 8–10 animals per treatment. The YPPEFKTKL epitope of F1 and the FMLQILDFYTKVYE epitope of the F3 domain promoted the highest levels of IFN-γ (A), and together with ELLAITTVVGNQ and DVAGIVGVPVAAGCT epitopes, also the strongest secretion of TNF-α (B) and IL-10 (C). In contrast, the FRYPRPKHCHTQVA and KFWCLVIDALKRIG of F3 induced a moderate but significant secretion of TNF-α (B) and no secretion or poor levels of IL-10 (C).



In contrast, the two other CD4+ predicted epitopes of F3, FRYPRPKHCHTQVA and KFWCLVIDALKRIG, induced a moderate but significant secretion of TNF-α (Figure 8B) and no secretion or poor levels of IL-10 (Figure 8C), respectively, when compared to the untreated saline controls.

These results suggested the induction of a mixed Th1/Th2 immunity in response to the FMLQILDFYTKVYE of F3, and the YPPEFKTKL, ELLAITTVVGNQ, and DVAGIVGVPVAAGCT predicted epitopes of the F1 domain. In contrast, the two final CD4 predicted epitopes of F3, FRYPRPKHCHTQVA and KFWCLVIDALKRIG generated a main Th1 response, with a predominant TNF-α production and low IL-10 secretion (Figure 8).

Calculation of the IFN-γ/IL-10 and TNF-α/IL-10 secreted ratios confirmed the generation of the Th1 response (Table 1). In fact, the FRYPRPKHCHTQVA sequence of F3 induced an elevated IFN-γ/IL-10 and the highest TNF-α/IL-10 ratio. The KFWCLVIDALKRIG epitope also generated a high TNF-α/IL-10 ratio, which was followed by the ELLAITTVVGNQ sequence. Interestingly, the YPPEFKTKL epitope also promoted a high IFN-γ/IL-10 ratio (Table 1).

The multiparameter cytometry analysis disclosed that the FRYPRPKHCHTQVA epitope as the most potent enhancer of the CD4+-TNF-α, -IFN-γ, -TNF-α-IL-2, -TNF-α-IFN-γ and -IFN-γ-IL-2 T cell proportions (Figure 9), confirming its capability of raising a specific Th1 response (Figures 8B,C). The YPPEFKTKL epitope was the second most important sequence which, although predicted as a CD8 epitope, also stimulated the increase of the proportions of CD4+ T cells producing TNF-α, IFN-γ, IL-2-IFN-γ and TNF-α-IFN-γ, as much as the chimera did (Figure 9). Additionally, the multifunctional IL-2-TNF-α-IFN-γ-secreting CD4+ T-cells were only raised in response to the FRYPRPKHCHTQVA, FMLQILDFYTKVYE, and the admixed epitopes. In contrast, no epitope increased the percent of CD4+ T cells secreting only IL-2 above the levels promoted by the chimera (Figure 9).
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FIGURE 9 | Multiparameter cytometry analysis disclosed that the FRYPRPKHCHTQVA followed by the YPPEFKTKL epitopes induced the most potent CD4+ T cell response. Splenocytes of chimera-vaccinated mice were incubated with NH36, the chimera, the ELLAITTVVGNQ, DVAGIVGVPVAAGCT, YPPEKTKL, FMLQILDFYTKVYE, FRYPRPKHCCHTQVA, and KFWCLVIDALKRIG sequences, or with the mixture of all the epitopes, at week 11 after infection. The magnitude of the CD4+ T cell response was disclosed by the frequencies of the CD4+ lymphocytes expressing IL-2 (A), TNF-α (B), IFN-γ (C), IL-2/TNF-α (D), TNF-α/IFN-γ (E), IL-2/IFN-γ TNF-α/IFN-γ (F), and IL-2/TNF-α/IFN-γ TNF-α/IFN-γ (G) in response to each antigen. Bars represent means + SE of two independent experiments, each one with 8–10 animals per treatment. The FRYPRPKHCHTQVA epitope induced maximal CD4+-TNF-α, -IFN-γ, -TNF-α-IL-2, -TNF-α-IFN-γ, and -IFN-γ-IL-2 T cell proportions, confirming its capability of raising a specific Th1 response. The YPPEFKTKL epitope was the second most important sequence to enhance the proportions of CD4+ T cells producing TNF-α, IFN-γ, IL-2-IFN-γ, and TNF-α-IFN-γ. The IL-2-TNF-α-IFN-γ-secreting CD4+ T-cells were only raised in response to the FRYPRPKHCHTQVA, FMLQILDFYTKVYE, and the admixed epitopes. In contrast, the chimera promoted the strongest CD4+-IL-2 T cell response.



Regarding the cytotoxic response, YPPEFKTKL was the most potent epitope. Alone, it induced higher proportions of CD8+ T cells secreting IFN-γ and IFN-γ in combination with IL-2 than the chimera; together with DVAGIVGVPAAGCT and KFWCLVIDALKRIG, the highest frequencies of CD8+-IL-2+ T cells and combined only with DVAGIVGVPAAGCT, the highest proportions of CD8+-TNF-α+-IFN-γ+ T cells. Furthermore, DVAGIVGVPAAGCT was the only epitope to increase the frequencies of CD8+-TNF-α+-IL-2+ T cells (Figure 10). In contrast, the cytotoxic T cells secreting only TNF-α were increased in response to the ELLAITTVVGNQ and the FMLQILDFYTKVYE epitopes (Figure 10).
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FIGURE 10 | Multiparameter cytometry analysis disclosed that the YPPEFKTKL followed by the DVAGIVGVPVAAGCT, FMLQILDFYTKVYE, and ELLAITTVVGNQ epitopes induced the most potent CD8+ T cell response. Splenocytes of chimera-vaccinated mice were incubated with NH36, the chimera, the ELLAITTVVGNQ, DVAGIVGVPVAAGCT, YPPEKTKL, FMLQILDFYTKVYE, FRYPRPKHCCHTQVA, and KFWCLVIDALKRIG sequences, or with the mixture of all the epitopes, at week 11 after infection. The magnitude of the CD4+ T cell response was disclosed by the frequencies of the CD4+ lymphocytes expressing IL-2 (A), TNF-α (B), IFN-γ (C), IL-2/TNF-α (D), TNF-α/IFN-γ (E), IL-2/IFN-γ TNF-α/IFN-γ (F), and IL-2/TNF-α/IFN-γ TNF-α/IFN-γ (G) in response to each antigen. Bars represent means + SE of two independent experiments, each one with 8–10 animals per treatment. YPPEFKTKL was the most potent epitope. Alone, it induced higher proportions of CD8+ T cells secreting IFN-γ and IFN-γ in combination with IL-2 than the chimera; together with DVAGIVGVPAAGCT and KFWCLVIDALKRIG, the highest frequencies of CD8+-IL-2 T cells and combined only with DVAGIVGVPAAGCT, the highest proportions of CD8+-TNF-α-IFN-γ T cells. In addition, DVAGIVGVPAAGCT increased the frequencies of CD8+-TNF-α-IL-2 T cells. In contrast, ELLAITTVVGNQ and the FMLQILDFYTKVYE epitopes increased the frequencies of T cells secreting only TNF-α.



DISCUSSION

NH36 is an important phylogenetic marker, highly conserved among the species of the Leishmania genus. Thus, it became a strong candidate antigen for the development of a bivalent cross-protective vaccine against both visceral and CL (17, 28, 29, 38). We previously demonstrated that the F3 protein of NH36 hosts the immunodominant CD4+ epitopes necessary for protection against L. chagasi (17) and L. amazonensis (17, 28) infections. Instead, the F1 protein codominance with F3, in protection against L. amazonensis infection, is mediated mostly by CD8+ epitopes (28). Accordingly, the highest scored epitope for CD8+ T cells, YPPEFKTKL, was identified in the sequence of the F1 protein (17). The finding of 93% sequence homology between the NH36 of L. donovani and the A34480 NH of L. amazonensis encouraged even more the idea of a NH-based bivalent vaccine against both leishmaniasis (28).

According to the philosophy of the T cell polytope vaccine development, efficacy increases using antigens that contain enriched proportions of the relevant epitopes (34, 35). Searching for the optimization of the vaccine efficacy against L. amazonensis infection, in this investigation, we used the F1 and F3 domains of NH36 through several approaches. First, we investigated if the simple mixture of F1 and F3 vaccines increased the efficacy above the levels induced by the F1 and F3 vaccines independently. Second, we asked if the presentation of F1 and F3 domains cloned in tandem, as a chimera, was more efficacious than the presentation of the admixed proteins. Third, we assayed if the chimera-induced protection could be enhanced in a dose–response manner by doubling the vaccine concentration. Finally, we identified the most important epitopes for CD4+ and CD8+ T cells included in the chimera that could be combined in a future synthetic polytope vaccine capable to induce cross-protection to CL.

Confirming that the F3 and F1 domains contain the epitopes responsible for the NH36-induced immune protection, higher efficacy was obtained by vaccination with each one of these proteins rather than with the whole NH36 cognate protein (17, 28, 29, 33). Additionally, the cross-protective capabilities of the NH36 vaccines can be explained by the high identity of the sequences of predicted epitopes of the two Leishmania NHs (28). In fact, the CD4+ epitope ELLAITTVVGNQ and the CD8+ epitope YPPEFKTKL of the F1 domain of NH36 (17) are completely conserved in the sequence of NH A34480 of L. amazonensis (28). Likewise, the DVAGIVGVPVAAGCT epitope for CD4+ T cells of F1, and the three epitopes for CD4+ T cells of F3, FMLQILDFYTKVYE, FRYPRPKHCHTQVA, and KFWCLVIDALKRIG differ in only one amino acid (28).

Strong IgG1, IgG2a, and/or IgG2b anti-NH36 antibody responses were described after mice vaccination with the gene of NH36 (23, 24, 27), with the NH36 recombinant protein in combination with saponin (17, 28, 29), CPG and polylactil glycolide particles (39), and the GLA-SE adjuvant (40), or with the NH36 cloned with a sterol 24-C-methyl transferase (NS), and used with GLA-SE adjuvant (30). Furthermore, higher IgG2/IgG1 antibody ratios were also found after immunotherapy of Leishmania infantum chagasi-infected dogs with NH36-DNA (25). Additionally, human vaccination with NS determined a preferential increase in IgG1 and IgG3 subclasses, which are dependent of Th1-like cytokines (30).

Vaccination with F3, but not with F1, induced higher IgG2a antibody levels than NH36, in mice challenged with L. chagasi (17). In contrast, IgG2a, IgG1 antibody levels were similar in mice challenged with L. amazonensis (28, 29). Although protection against leishmaniasis depends more, on the cellular than on the humoral immune response, it is worth to note that these increased antibody subtypes are strong surrogates predictive of protection (41), which indicate the decrease of parasite load (17, 28, 29) and that could also be the basis of the development of a transmission blocking vaccine (38, 42).

We previously identified in the F3 domain, the epitopes AVQKRVKEVGTKPAAFML (202–219), VYEKERNTYATV (228–239), and FRYPRPKHCHTQVA (278–291), as the most relevant targets of the anti-NH36 antibody response in mice (17). Supporting our results, two B cell epitopes for dog and human antibodies were confirmed in the sequence of NH36 by other group (43). These epitopes, called peptide 17 and 18 (43), overlap with the sequences AVQKRVKEVGTKPAAFML and NQTLEKVTRNARLVADVAG that we previously described in the F3 and F1 domains, respectively (17). Interestingly, the peptide17 diagnosed with 100% sensitivity canine and human VL (43). These results disclose the universal nature of the B cell epitopes of NH36.

We further demonstrated that the admixed F1 + F3 vaccine induced more IgG, IgG1, and IgG2a antibodies than the F3 or the F1 vaccines did independently, suggesting a potentiated immunogenicity. However, the presentation of the domains cloned in tandem as the chimera was superior and exceeded the IgG and IgG2a response above the admixed domains showing an additional dose–response effect.

Our results demonstrate that the delivery of the F1 and F3 domains cloned in tandem, rather than as a simple mixture, increases the probabilities of a single antigen presenting cell to exhibit simultaneously both the CD8+ and CD4+ epitopes to lymphocytes, optimizing the immunogenicity. This might occur through cross-priming when MHC class II molecules can present both, exogenous molecules acquired by antigen presenting cells and endogenous degraded antigens (44, 45). Therefore, our results suggest that not only the composition of the epitopes and subunits is critical but also how the epitopes are exposed in the tridimensional structure of the vaccine antigen (46). In fact, only the tandem arrangement, but not the independent subunits containing an HIV epitope represented the most efficient immunogenic conformation (46). Another advantage of the presentation of the epitopes in a recombinant chimera is that it facilitates the scaling-up of the antigen, reducing the production yield time and cost, when large amounts of antigen for clinical phase III and IV assays are needed.

Regarding the generation of the cellular immune response, the F3 domain induced stronger IDR than the F1 protein in mice vaccinated against L. chagasi (17) and L. amazonensis (28, 29). In this investigation, we showed that the admixed antigens were even better than F3, but also, that the chimera induced the strongest IDR after infection and an increased a dose–response effect. Supporting our previous descriptions (17, 28, 29), the IDR was an important correlate of protection that increased along with the decrease of parasite load, indicating the generation of a robust cellular immune response against L. amazonensis optimized by vaccination with the chimera.

We confirmed here our previous results showing that mice vaccinated with F3 and challenged with L. amazonensis increase the IFN-γ and TNF-α secretion but have a null IL-10 response (28, 29). Mice vaccinated with the F1 domain, on the other hand, secreted IFN-γ, TNF-α, and IL-10, suggesting the simultaneous stimulation of T reg subsets and the presence of epitopes for T regs along its sequence (28, 29). In this investigation, vaccination with the chimera induced a concomitant higher expression of IFN-γ and IL-10 than the admixed domains, and a dose–response effect. This is remarkable considering that IL-10 has been shown to be related both to the pathology and the control of CL (47) and that IFN-γ has also a dual role, as inducer of effector mechanisms and, conversely, as a mediator of inflammation and pathogenesis (48). Increased CD4+ T cell proportions secreting IFN-γ with low proportions of CD4+-IL-4 T cells were also described in mice vaccinated with NH36 and challenged with L. mexicana (40).

We additionally demonstrated that the chimera vaccine at 100 μg/dose induced the highest proportions of all types of CD4+ and CD8+ T cells secreting IL-2, TNF-α, or IFN-γ alone, TNF-α in combination with IL-2 or IFN-γ, and the highest percentage of CD4+ multifunctional cells secreting IL-2, TNF-α, and IFN-γ simultaneously. In fact, the chimera optimized the induction of a CD4+ Th1 immune response by promoting the highest proportions of CD4+ effector and long-term memory potential T cells, being the strongest vaccine at all the steps of the CD4 T cell differentiation (36). Thus, and confirming the in silico prediction (17) important epitopes for CD4+ T cells are present both in the F1 and F3 domains and their presentation in tandem, in the chimera, improve significantly their immunogenicity. This very desirable performance was observed also for the cytotoxic immune response. The highest proportions of all subtypes of CD8+-cytokine secreting T cells were observed in response to the chimera, except for the multifunctional cells. As detected for the CD4+ T cells, F1 was the second most important vaccine for the induction of the cytotoxic response while no enhancement was induced by the admixed antigens.

The immunotherapeutic effect induced by the F1 or F3 domains against L. amazonensis infection was predicted by the frequencies of the CD4+ and CD8+ T cells producing IL-2 or TNF-α or both (29). Total frequencies and frequencies of double-cytokine CD4 T cell producers were enhanced by F1 and F3 vaccines. In contrast to what described for prophylactic vaccination with the chimera, no increases in CD4+ multifunctional T cells were observed after immunotherapy with the independent domains (29). On the other, the F1 vaccine was codominant in prophylaxis with the chimera, for both CD4+ and CD8+ T cells (this investigation) and promoted the highest proportions of CD8+ multifunctional T cells when used for immunotherapy (29).

The reduction of parasite load and sizes of lesions confirmed the predictions of the immunological assays. Cross-protection to L. amazonensis infection was maximal (99.8–99.9%) in mice vaccinated with the chimera. As described before, and in spite of raising a strong CD4+ and CD8+ T cell immunogenic response, the F1 vaccine was less protective (17, 28).

We concluded that the chimera optimized the immune cross-protection against L. amazonensis, above the levels induced by the F1 and F3 domains either admixed or independently. Our results indicated the development of a Th1-immune response mediated by CD4+ T cell epitopes of the F3 and F1 domains, a cytotoxic response induced by F1 and the potential presence of T reg epitopes in the F1 domain determining also a potential regulatory response. The three arms of immunity increased by the presentation of the F1 and F3 epitopes in tandem in the F1F3 chimera.

Progressing toward the definition of a polytope vaccine, we were further able to identify the epitopes of NH36 responsible for the cross-protection against L. amazonensis infection. Confirming that they are the target of the immune response, some epitopes exceeded the levels of cytokine secretion induced by the chimera (33). The FMLQILDFYTKVYE and YPPEFKTKL sequences promoted, respectively, a 3.2- and 3.8-fold enhance in IFN-γ, a 3.2- and 2.9-fold increase in IL-10, and a 2.3- and 1.5-fold augment of TNF-α secretion above the levels generated by the chimera.

Additionally, we further elucidated that the main Th1 response induced by the NH36 and the chimera was due to the FRYPRPKHCHTQVA epitope of F3, which generated elevated IFN-γ/IL-10 and TNF-α/IL-10 ratios and the highest proportions of CD4+-TNF-α, -TNF-α-IL-2, -TNF-α-IFN-γ, -IFN-γ-IL-2, and multifunctional IL-2-TNF-α-IFN-γ T cells. The FRYPRPKHCHTQVA epitope might be the reason for the CD4+ Th1 TNF-α-mediated protection induced by F3 and previously detected against both visceral (17) and CL in mice [(this investigation) (28, 29)]. In fact, only the FRYPRPKHCHTQVA sequence determined a high CD4+ response with strong IFN-γ, TNF-α secretion, and null IL-10 response, as already described for the F3 vaccine (17, 29).

Although first predicted as a CD8 epitope (17, 28), the YPPEFKTKL sequence of F1 also contributed to the CD4+ T cell response. In fact, it was the second most important CD4+-epitope, which stimulated a high IFN-γ/IL-10 ratio and increased proportions of CD4+ T cells producing TNF-α, IFN-γ, IL-2-IFN-γ, and TNF-α-IFN-γ. Additionally, the YPPEFKTKL and DVAGIVGVPAAGCT epitopes were the most important sequences inducing the CD8+ T cell response. Likewise, the ELLAITTVVGNQ and the FMLQILDFYTKVYE epitopes also induced elevated frequencies of CD8−TNF-α T cells, although they were predicted as CD4+ T cell epitopes of mice (17, 28). In agreement with that, the AFMLQILDF sequence was also predicted as a human epitope of CD8+ T cells binding the HLA-A*2402 and HLA-B*4402, HLA-A*01 molecules (49).

We demonstrated that the YPPEFKTKL epitope capabilities of stimulating both the CD4+ and CD8+ T cell response, with intense production of pro-inflammatory cytokines, indicating its potential PAN epitope nature (50). YPPEFKTKL was the only predicted epitope for CD8+ T cells identified in the F1 domain (17) and because of that, it is probably the responsible for the CD8−T cell mediate vaccine protection against L. amazonensis infection, attributed to the F1 vaccine (28). The enhancement of the IL-10 secretion induced by the F1 vaccine [(this investigation) (28, 29)] and YPPEFKTKL indicate that this sequence might also be a T regulatory epitope, which deserves better characterization. Supporting its universality and biological relevance, the YPPEFKTKL sequence was also predicted with high scores for the binding of the human Class I HLA-A*2402 and HLA-B*0702 molecules, induced the IFN-γ secretion by PBMC of asymptomatic, IDR positive human individuals infected with L. infantum and was found to be highly conserved in the NH sequence of all the studied Leishmania species (49).

For its multiple capabilities, the YPPEFKTKL epitope might be considered as a Pan epitope candidate (51–53). In fact, the sequence MDEPTLLYV was described as a PANDR epitope of the A15 hexon protein of adenovirus (52) while the synthetic more preferably PADRE peptide composition is aKXVAAWTLKAAa (54). In order to constitute a PADRE epitope, the peptide should contain defined amino acids in R1, R2, R3, R4, and R5 (54). Remarkably, and as expected for a PADRE sequence (54), the YPPEFKTKL contains Y as the R2 residue, four residues in R3, where three to five amino acids are needed, and the sequences KT followed by TKL in R4, while the expected combinations for R4 are KT, TLK, or WTLK (54). The adenovirus epitope contains TLL instead of TLK in the place of R4 (52).

YPPEFKTKL of L. donovani maintains identical sequence in the NHs of L. infantum chagasi, L. infantum, L. amazonensis, L. major, and L. mexicana (49). TKL is substituted with TNL in L. tropica while the second residue of R2, P, is substituted by S in the NHs of L. braziliensis and Leishmania panamensis, both of the subgenus Vianna (49).

Another common feature of the NH36 epitopes to PADRE sequences is found in the KFWCLVIDALKRIG CD4+ predicted epitope of F3, which shares with the aKFVAAWTLKAAa of the PADRE sequence the first KF residues (54). This epitope induced a mild secretion of IFN-γ, TNF-α, and IL-10 and increased frequencies of CD4+ multifunctional T cells.

In spite the intense research on development of anti-Leishmania vaccines in animals models (11, 55) only a few of them are the basis of potential synthetic or epitope vaccines. The kmp-11 (56), the amastigote A2 (57), and the polytope vaccine containing LPG-3, LmSTI-1, CPB, and CPC (58) present epitopes for the CD8+ T cells. On the other hand, the LACK158–173 peptide (59), the amastigote A2 antigen (57), and the MML-triple fusion L. major vaccine expressed in adenovirus (37) determined a Th1-biased CD4 T cell response.

In this investigation, we demonstrated that arrangement of the epitopes of the NH of L. donovani NH36 in tandem, in a chimera, improved the cross-protection to CL caused by L. amazonensis. We found that the chimera optimized the vaccine efficacy, probably by increasing the probabilities of cross-presentation as a strategy to enhance immunity (44, 45). We further advanced in the identification of the most relevant epitopes responsible for the immune responses generated by the subunit vaccines (17, 28, 29). We found potent epitopes for the generation of the CD4+-Th1, cytotoxic and potential T regulatory response and recognized among them at least one with PADRE capabilities (54). The data gathered in our work will help in the development of a polytope vaccine against visceral and CL, which will allow to fight the disease with enhanced efficacy.
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FIGURE S1 | Monomer of Leishmania donovani nucleoside hydrolase (NH36). (A) Illustration of the tridimensional structure of the NH36 monomer was obtained by homology modeling to the sequence of the NH of Leishmania major template (RCSB PDB code: 1EZR; crystal structure of NH of L. major) with the sequences of the N-terminal (F1, amino acids 1–103 in lime green), central (F2, amino acids 104–198 in gray), and C-terminal (F3, amino acids 199–314 in cyan) moieties, using the Modeller 9.10 software. (B) MHC class II-IAd and IEd, haplotype H2d CD4+ T cell epitopes (dark blue) and of MHC class I Ld-CD8+ T cell predicted epitopes (red) of the C-terminal and N-terminal moieties. This illustration was modified from Nico et al. (29) and reproduced with authorization of the authors.
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Development of immunoprotection against visceral leishmaniasis (VL) focused on the identification of antigens capable of inducing a Th1 immune response. Alternatively, antigens targeting the CD8 and T-regulatory responses are also relevant in VL pathogenesis and worthy of being included in a preventive human vaccine. We assessed in active and cured patients and VL asymptomatic subjects the clinical signs and cytokine responses to the Leishmania donovani nucleoside hydrolase NH36 antigen and its N-(F1), central (F2) and C-terminal (F3) domains. As markers of VL resistance, the F2 induced the highest levels of IFN-γ, IL-1β, and TNF-α and, together with F1, the strongest secretion of IL-17, IL-6, and IL-10 in DTH+ and cured subjects. F2 also promoted the highest frequencies of CD3+CD4+IL-2+TNF-α−IFN-γ−, CD3+CD4+IL-2+TNF-α+IFN-γ−, CD3+CD4+IL-2+TNF-α−IFN-γ+, and CD3+CD4+IL-2+TNF-α+IFN-γ+ T cells in cured and asymptomatic subjects. Consistent with this, the IFN-γ increase was correlated with decreased spleen (R = −0.428, P = 0.05) and liver sizes (R = −0.428, P = 0.05) and with increased hematocrit counts (R = 0.532, P = 0.015) in response to F1 domain, and with increased hematocrit (R = 0.512, P 0.02) and hemoglobin counts (R = 0.434, P = 0.05) in response to F2. Additionally, IL-17 increases were associated with decreased spleen and liver sizes in response to F1 (R = −0.595, P = 0.005) and F2 (R = −0.462, P = 0.04). Conversely, F1 and F3 increased the CD3+CD8+IL-2+TNF-α−IFN-γ−, CD3+CD8+IL-2+TNF-α+IFN-γ−, and CD3+CD8+IL-2+TNF-α+IFN-γ+ T cell frequencies of VL patients correlated with increased spleen and liver sizes and decreased hemoglobin and hematocrit values. Therefore, cure and acquired resistance to VL correlate with the CD4+-Th1 and Th-17 T-cell responses to F2 and F1 domains. Clinical VL outcomes, by contrast, correlate with CD8+ T-cell responses against F3 and F1, potentially involved in control of the early infection. The in silico-predicted NH36 epitopes are conserved and bind to many HL-DR and HLA and B allotypes. No human vaccine against Leishmania is available thus far. In this investigation, we identified the NH36 domains and epitopes that induce CD4+ and CD8+ T cell responses, which could be used to potentiate a human universal T-epitope vaccine against leishmaniasis.

Keywords: human visceral leishmaniasis, nucleoside hydrolase, recombinant domains, T cell epitopes, epitope vaccine design, Leishmania donovani, Leishmania infantum chagasi

INTRODUCTION

Visceral leishmaniasis (VL) is a severe chronic vector-borne protozoan disease. Approximately 400,000 new cases of VL and 30,000 deaths are reported annually (1), and the worldwide incidence is increasing due to co-infection with HIV and the expanded geographical range of the insect vector subsequent to global warming (2). The disease is caused by Leishmania donovani in India, Asia, and East Africa; by Leishmania infantum chagasi in America; and by Leishmania infantum in the Middle East, Central Asia, China, and the Mediterranean (2). Bangladesh, India, Nepal, Sudan, Ethiopia, and Brazil concentrate 90% of the VL worldwide incidence (2). Clinical findings of VL range from asymptomatic cases with self-resolving infection and an anti-Leishmania integral immune response to severe cases characterized by intermittent fever, malaise, weight loss, cachexia, hepatomegaly, splenomegaly, hypergammaglobulinemia, anemia, leukopenia, thrombocytopenia, strong suppression of the CD4+ T-cell immune response, and death, if untreated (3). Chemotherapy is highly toxic, and the long-term use of this treatment can select for resistant parasites (4).

Asymptomatic subjects and cured individuals from endemic areas have an effective CD4+-Th1 immune response against Leishmania and are resistant to the disease on the basis of a positive Leishmania-specific delayed-type hypersensitivity (DTH+) skin test response (4–6). Delayed-type of hypersensitivity response (DTH) is mediated by the Th1 subset of CD4+ cells (7) and lost during sever VL (4–6). Identification of the antigens and HLA-restricted epitopes correlating with the natural resistance and cure of VL, and of the epitopes recognized during the severe disease is necessary to guide the development of a rational vaccine and to understand the precise immune mechanisms required for controlling parasite growth (4, 5).

Visceral leishmaniasis is associated with polarization to a Th2 immune response with increased production of IL-10 and TGF-β (8) and depletion of the Th1 cytokines IFN-γ, TNF-α, IL-2, and IL-12 produced by PBMCs in response to leishmanial lysates (4, 8, 9). The development of successful protection or resistance to VL requires, the generation of potent and durable Th1 parasite-specific memory responses, characterized by the production of IFN-γ, IL-2, and TNF-α by multifunctional CD4+ T cells (4, 10–13). Additionally, the assessment of the balance between immunoregulatory mechanisms, including pro-inflammatory IFN-γ and TNF-α, and the secretion of IL-17 and the regulatory cytokine IL-10 (4, 8) is required. Furthermore, CD8 T cells were also recently described, as contributing to the cure or pathology of VL (8, 14).

Many Leishmania antigens have been tried as potential vaccine candidates with varied immune responses and diverse species-specific protection (14–16). Leishmune® is the first licensed second-generation vaccine against VL. It is composed of the FML glycoproteic antigen of L. donovani and saponin (17–19). Its recent use has already resulted in the reduction of the incidence of dog and human VL in Brazil (20). The nucleoside hydrolase of L. donovani (NH36) is the Leishmune® main antigen and one of the promising candidates for vaccination against VL (17). Notably, NH36 is a vital enzyme of Leishmania that releases purines or pyrimidines from foreign DNA to be used in the synthesis of parasite DNA. Because it is absent from mammalian cells, it is a good target for differential chemotherapy (21, 22).

Vaccination with recombinant NH36 protein or DNA, protected mice from L. donovani (23), Leishmania major (24), L. infantum chagasi (25, 26), L. mexicana (25), and Leishmania amazonensis (12, 13) infections and also protected dogs infected with L. infantum chagasi through a Th1 immune response mediated by IFN-γ-producing CD4+ T cells (27). After vaccination with the recombinant NH36 in the mouse model, we described the achievement of 88% prophylactic protection (26) and 91% cure of VL (28), and 65–81% cure of cutaneous leishmaniasis (CL) (13).

NH36 is a strong phylogenetic marker of the Leishmania genus (11, 13, 29) that mediates high levels of vaccine cross-protection. In fact, the amino acid sequence of L. donovani NH36 shows high identity with the NH sequences of L. major (95–96%) (11, 30), L. mexicana (93%), L. infantum chagasi (99%), L. infantum (99%), Leishmania tropica (97%), Leishmania braziliensis (84%) (31), and L. amazonensis (93%) (12).

Our objective was to determine the major epitopes that contribute to protective responses, and this was done directly from the whole NH36 molecule. In fact, the in silico prediction disclosed the epitopes of NH36 for mice (12, 26) and human histocompatibility complex molecules (this investigation). However, although this information would allow the direct design of a synthetic epitope vaccine, the results of the immunological assays in vivo not always confirm the in silico predictions (32), and the synthetic epitopes alone are not enough immunogenic to be used as vaccine candidate antigens (14). Our strategy then was to identify through immunological assays the presence of the important epitopes in shorter sequences of the NH36 antigen that would be, therefore, more potent than the whole cognate protein and more immunogenic than the isolated epitopes.

Knowing that NH36 was a vital parasite enzyme (33, 34), a conserved molecule of the Leishmania genus (29), and an important antigen (35), we designed three subunit vaccines that would cover the whole sequence of NH36. Since NH36 has 314 amino acids, we subcloned and obtained its N-terminal (F1) domain (amino acids 1–103), the central (F2) domain (amino acids 104–198), and the C-terminal (F3) domain (amino acids 199–314) (26). We first vaccinated mice with NH36 and used these domains to stimulate the splenocyte secretion of IFN-γ and TNF-α (36). Furthermore, we vaccinated mice with each one of the three domains and studied the cytokine secretion and intracellular staining in response to NH36, the DTH, and the reduction of parasite load after infection with L. infantum chagasi (26). In both studies, F1 and F3 domains induced the strongest immune response (26, 36). However, mouse protection against L. infantum chagasi challenge was mediated by a CD4+ Th1 response directed only against F3 and was higher (88%) than that generated by the NH36 protein (68%) (26). The increases in DTH and in ratios of TNF-α/IL-10 CD4+-producing cells were the strong correlates of this protection, which was confirmed by in vivo depletion with monoclonal antibodies (26). In agreement, the in silico prediction identified three MHC class II-restricted epitopes in the F3 domain (26). On the other hand, prevention (12) and cure (13) of L. amazonensis infection in mice were determined also by a CD4+ T-cell-driven response to F3 but with an additional CD8+ T-cell response directed to the F1 domain. Coincidentally, one highly scored epitope for MHC class I-restricted molecules was detected in the sequence of F1 (12, 26). In the meantime, the predictions of one MHC class II- and two MHC class I-restricted epitopes in the F2 domain were not confirmed by any immunologic or parasitological assay developed in the mice models of VL or CL (12, 13, 26). Our results then confirmed that both, the in silico predictions and the in vivo immunological assays, are needed to improve the definition of a T-cell epitope vaccine (32).

To this point, however, the NH36 epitopes recognized by the human major histocompatibility class I and II complexes (HLAs) were not yet described. In this investigation, we aimed to identify the main domains and epitopes of NH36 to be included in a future vaccine against human VL. For that purpose, we evaluated the clinical outcomes of VL patients, cured subjects, and asymptomatic individuals of a Brazilian endemic area and assessed their correlations with cytokine expression, and with the induction of CD3+CD4+ and CD3+CD8+ multifunctional T cells, in response to the defined domains of NH36. We used these correlations as tools for identification of the domains of NH36 responsible for the cellular immune responses generated during resistance and progression of the disease. We were able to demonstrate the generation of Th1 and Th17 cells and regulatory cytokines, as well as a CD3+CD4+ Th1 multifunctional T-cell response, in cured and asymptomatic subjects. We additionally disclosed the generation of a CD3+CD8+ multifunctional T-cell response in VL patients. Finally, we identified the most immunodominant epitopes of L. donovani NH36 for the generation of CD4 and CD8 T cell immune responses in individuals infected with L. infantum chagasi. A rationale combination of the domains or epitopes that enhance both arms of T-cell immunity will contribute to the development of a universal protective or therapeutic vaccine against human VL and to the understanding of VL pathology.

MATERIALS AND METHODS

Ethics

The protocols were performed according to the guidelines and regulations of the Brazilian National Council of Health resolution 196/96 (CAAE 0162.0.107.000-09). The protocols were performed according to the guidelines and regulations of the Brazilian National Council of Health resolution 196/96 (CAAE 0162.0.107.000-09) and were approved by the Research Ethics Committee of the Universidade Federal de Sergipe. The objectives of the study were explained to all invited participants who gave written informed consent in accordance to the Declaration of Helsinki. Participants were explained about the low risks of the procedures. Only small samples of venous blood were collected from them, and no invasive procedure was performed.

Patients

This study was performed with patients who were admitted to the UFS University Hospital, SE, Brazil, between March 2013 and March 2015. They were clinically diagnosed with VL based on fever, weight loss, anemia, spleen and liver enlargement, pancytopenia, hypergammaglobulinemy, positive culture in NNN media (Sigma-Aldrich), and positive serum reactivity to the rK39 antigen (KalazarDetect® Rapid Test, INBIOS International Inc., Seattle, WA, USA). Pregnant women, patients receiving immunosuppressive treatments, and those with diabetes or HIV or HTLV-1 co-infections were excluded. Cure was monitored 180 days after therapy with Glucantime®. Household contacts or patient relatives with no signs of disease were recruited and skin-tested for DTH with Leishmania promastigote lysate kindly provided by Centro de Produção e Pesquisa de Imunobiológicos (CPPI, Paraná, Brazil). Indurations of diameters ≥5 mm, detectable at 48 h after antigen injection, were considered positive. Hematological, hematocrit, and hemoglobin evaluation of patients and DTH+ subjects was performed. Increases in the spleen and liver sizes were measured in centimeters, below the ribs’ lower edge. Healthy subjects from the endemic area were included as negative controls. A total of 67 individuals were included in this study: 16 healthy controls, 14 patients with active VL, 17 cured patients, and 20 asymptomatic DTH+ subjects. The group of untreated patients was increased to 41 individuals in order to establish the correlations between the increases of spleen and liver sizes.

Recombinant Antigens and Epitopes

NH36 [EMBL, Genbank, and DDJB databases, access number AY007193 GENBANK (AY007193 and AAG02281.1 access codes) and in SWISS-PROT (Q8WQX2 UNi-Prot access code)] and its N-terminal (F1, amino acids 1–103), central (F2, amino acids 104–198), and C-terminal (F3, amino acids 199–314) domains were cloned in E. coli (26), expressed, and purified as modified from the methods of Rodrigues et al. (37) and Saini et al. (38). Briefly, protein expression was induced in bacterial suspensions with 1 mM IPTG, for 4 h at 37°C. The cells were sonicated, and the insoluble pellets were washed twice with 10 mM Tris–HCl pH 8.0 and 0.5% CHAPS and further treated for 2 h at 37°C, under agitation, with a solubilization buffer composed of 20 mM Tris–HCl pH 8.0, 500 mM NaCl, 10% glycerol, and 8 M urea. Then, the suspension was homogenized by successive passages through 20-ml syringes with 1.2 mm × 40 mm needles followed by centrifugation, for 30 min at 14,000 rpm. The supernatant was loaded on a Ni-NTA chromatography column previously equilibrated with solubilization buffer. After sample application, the column was washed with three volumes of solubilization buffer containing 20 mM imidazole. Next, the column was washed with three volumes of the same buffer containing 5 mM reduced glutathione, 0.1% Triton X-100, and each one of the decreasing concentrations of a urea gradient (6–1 M), and buffer with no urea added for refolding. Elution of the proteins was achieved using 250 mM imidazole in refolding buffer without urea and confirmed by protein assay and 15% SDS-PAGE. The proteins were finally dialyzed against 50 mM Tris–HCl, pH 8, 50 mM NaCl, 50% glycerol, and 0.1 mM DTT and the absence of LPS was confirmed using the LAL QCL-1000 kit (Lonza). The purification process yielded 1 mg protein antigen per liter of bacterial culture. The homology between the sequence of L. donovani NH36 (GenBank: AAG02281.1) and Leishmania infantum chagasi NH (Lch-NH) (GenBank: AAS48353.1) was determined using NIH-NCBI Standard Protein BLAST software. A molecular model was obtained by homology modeling using the Modeller 9.10 software and data for the nucleoside hydrolase from a L. major template (RCSB PDB code: 1EZR; crystal structure of nucleoside hydrolase of L. major) (39).

For control purposes, in order to further demonstrate that NH36 is a component of SLA, we also assayed if sera of mice vaccinated with three doses of 100 μg of either NH36, F1, F2, or F3 recombinant antigens formulated with 100 μg saponin, with a weekly interval, recognized the SLA of L. infantum chagasi (2 μg/well) in a standard ELISA assay using peroxidase-conjugated protein A (26).

HLA-DR-binding CD4 epitopes were mapped with the TEPITOPE program. CD8 epitopes were identified using SYFPEITHI software. The predicted epitopes were synthetized by GenScript (NJ, USA). The analysis of the identity of the epitopes in the different leishmanial species was performed using the sequences of nucleoside hydrolase of Leishmania species of PubMed Protein Databank and the sequence of L. amazonensis NH A34480 (12).

Cytokine Secretion

PBMCs were obtained from heparinized vein blood using a standard Ficoll-Hypaque procedure, washed twice with RPMI 1640 and counted microscopically with Trypan Blue. The cells were plated (2 × 105/well) and stimulated with 10 μg/ml of NH36, F1, F2, and F3, stationary phase L. donovani promastigote lysate or with no addition for 72 h at 30°C and 5% CO2. The secretion of IFN-γ, TNF-α, IL-1β, IL-4, IL-6, IL-12p70, IL-10, and IL-17 into the supernatants was evaluated with a Multiplex® MAP-Luminex MAP® kit and analyzed using Milliplex Analist 5.1 software (Merck Millipore, Billerica, MA, USA), according to the manufacturer’s instructions. The sensitivity of the assay was established with a range of 8–15,000 pg/ml recombinant cytokines. We further assessed the IFN-γ secretion by PBMC of asymptomatic subjects in response to the synthetic predicted epitopes using the Invitrogen™ NOVEX™ IFN-γ Human Ultrasensitive Magnetic Bead kit (USA).

Intracellular Cytokine Staining

PBMCs (2 × 106/well) were in vitro cultured in 96-well/plates with 10 μg/ml of NH36, F1, F2, and F3, stationary phase L. donovani promastigote lysate or with no addition, for 6 h, followed by the addition of Brefeldin A (GolgiPlus, BD Biosciences, Franklin Lakes, NJ, USA), and further incubation for 12 h. The plates were centrifuged at 1,430 rpm for 5 min at 4°C, washed with PBS, and blocked with 2% fetal goat and 2% fetal bovine calf sera. The cells were further stained for surface markers with V500 mouse anti-human CD3 clone UCHT1 (RUO), FITC mouse anti-human CD4 clone RPA-T4 (RUO), and PE-Cy5 mouse anti-human CD8 clone RPA-T8 (RUO) monoclonal antibodies (BD Biosciences Pharmingen, San Diego, CA, USA), washed with PBS, and fixed and permeabilized with the Cytofix/Cytoperm mixture (BD Biosciences, Pharmingen, San Diego, CA, USA) for 20 min. The cells were then stained for the intracellular expression of cytokines with anti-IL-2-BV421 (clone 5344.111), anti-TNF-α-PE (clone Mab 11), and anti-IFN-γ-PE-Cy7 (clone B27) antibodies (BD Biosciences Pharmingen), washed with Perm Wash buffer (BD Biosciences Pharmingen), and resuspended in PBS. A minimum of 30,000 events were acquired on a BD FACSCanto II™ flow cytometer and analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA). All T cell frequencies were recorded after background subtraction of cells incubated without antigen.

For multiparameter cytometry analysis, the gated single-cell lymphocyte population was additionally gated for CD3 expression and subsequently for CD4 or CD8 expression. Production of each cytokine (IL-2, TNF-α, and IFN-γ) were analyzed individually inside CD3+CD4+ or CD3+CD8+ T cells gate. Boolean gating was used to generate combinations of cytokine expression and types of lymphocytes in order to identify lymphocytes expressing one cytokine or any combination of two cytokines or three cytokines (Figure S5 in Supplementary Material).

Statistical Analysis

Kruskal–Wallis and Mann–Whitney tests were used for means comparison, and Spearman’s two-tailed correlation test was used for correlation analysis using GraphPad Prism 6.03 software. All experiments were performed at least twice, and the indicated error bars are based on the SEM.

RESULTS

Clinical Outcomes of VL Patients

Clinical examination and laboratory exams of patients before treatment revealed the typical sign of VL: hepatomegaly, splenomegaly, leukopenia, neutropenia, eosinopenia, lymphopenia, monocytopenia, thrombocytopenia, and decreased hematocrit and hemoglobin levels (Table 1). Conversely and as expected for their natural resistance status to infection, all outcomes remained at normal levels in DTH+ asymptomatic subjects and in cured subjects, except for eosinophils, monocytes, and platelets.

TABLE 1 | Comparison of clinical outcomes.
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Expression and Purification of NH36 and Its Domains

Each bacterial clone codifying for the sequences of the recombinant NH36 and its F1, F2, and F3 domains was cultured into 2 l of bacterial culture media and induced for expression with IPTG. Conditions of expression and purification of the antigens are summarized in Figure S1A in Supplementary Material. The yield of each expression batch was 4.62 mg for NH36, 5.00 mg for F1, 3.5 mg for F2, and 3.75 mg for F3. The antigens were maintained at −80°C until use. A standardization study proved that the protein concentration was preserved at −80°C until at least 24 months after purification. SDS-PAGE analysis disclosed that the expressed proteins showed their expected molecular weights: 34,238.6 Da for NH36, 10,845.5 Da for F1, 10,327.9 Da for F2, and 13,101.1 Da for F3 (Figure S1B in Supplementary Material).

Cytokine Secretion in Response to NH36 Domains

We investigated which NH36 domains target the cellular immune response. The secretion of most cytokines was enhanced in cured and DTH+ subjects above the levels detected in patients before treatment, except for IL12p70 (Figure 1). Additionally, the secretion of IFN-γ, IL-17, and IL-10 was lower in patients before treatment than in healthy controls of endemic areas.
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FIGURE 1 | Cytokine release in the supernatants of PBMCs after in vitro incubation with NH36, F1, F2, or F3. PBMCs were isolated from venous blood and incubated in vitro with 10 μg/ml recombinant NH36, F1, F2, and F3 antigens, with Leishmania donovani stationary phase lysate, or with no addition, for 72 h. Cytokine secretion in supernatants was measured with a Multiplex® MAP-Luminex assay. Asterisks and horizontal lines indicate significant differences between groups. • indicates differences in the same group of patients induced by other antigens. The means + SE are shown. N = 6 in the normal healthy control group; N = 7 in the active VL group; N = 9 in the cured group; and N = 10 in the asymptomatic DTH+ group.



We observed discrete, but significant, differences between the immunogenicity of NH36 domains. The F2 peptide alone induced the highest levels of IFN-γ, IL-1β, and TNF-α. Furthermore, F1 and F2 domains together promoted the strongest secretion of IL-17, IL-6, and IL-10 in DTH+ and cured subjects (Figure 1). Noteworthy, SLA induced lower levels of IL-1β and IL-10 than F1 and F2 domains (Figure 1). F2 was also the predominant domain that secreted higher levels of IL12p70 than SLA, but in patients before treatment. Conversely, IL-4 secretion was promoted only by SLA in cured and DTH+ individuals (Figure 1). We also show that serum antibodies of mice vaccinated with NH36, F1, F2, or F3 domains and saponin recognize the SLA antigen of L. infantum chagasi in an ELISA assay, indicating that NH36 is an antigenic component of SLA (Figure S2 in Supplementary Material).

We further investigated if this Th1 response correlates with the natural resistance to VL. In fact, the IFN-γ increase in response to F1, and the secretion of IL-17 in response to F1 and F2, strongly correlates with the decreases of spleen and liver sizes, which are signals of resistance to Leishmania infection (Table 2; Figure S3 in Supplementary Material). The increases in liver and spleen sizes are highly correlated (R = 0.796, P < 0.0001) (Figure S4 in Supplementary Material).

TABLE 2 | Correlation between clinical status, cytokine secretion and frequencies of CD4+ and CD8+ lymphocytes secreting one, two, or three cytokines, in response to NH36 domains.
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Furthermore, the increase of IFN-γ secretion in response to F1 and F2 domains correlates with the increase of hematocrit and, in response to the F2 peptide, also correlates with the increment in Hg concentration (Table 2; Figure S4 in Supplementary Material). Likewise, IL-17 secretion in response to F1 correlated with the increase in monocyte counts and Hg concentration (Table 2; Figure S4 in Supplementary Material). Increases in hematocrit, hemoglobin concentration and monocyte counts are markers of resistance and cure of VL.

We found also significant correlations between the IL-17 and IL-6 secretions promoted by NH36 and the decreases in spleen and liver weights (Table 2). Also, the increases in monocyte counts and IL-6 secretion in response to NH36 were correlated.

Intracellular Expression of Cytokines in Response to NH36 Domains

We further investigated the cellular immune response to NH36 domains by multiparameter cytometry analysis. The strategy that we used for the analysis of multifunctional T cell response using multiparameter flow cytometry is summarized in Figure S5 in Supplementary Material. The total frequencies of CD3+CD4+ T cells were reduced in patients with active VL (P < 0.031), compared to DTH+ subjects (Figure 2A). This is in agreement to the lower IFN-γ secretion found in VL patients (Figure 1).
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FIGURE 2 | Distinct quality of CD4 T cell response induced by NH36 or its domains. PBMCs were incubated in vitro with 10 μg/ml recombinant NH36, F1, F2, and F3 antigens or with no antigenic stimulation for 6 h and further treated with brefeldin A for additional 12 h. Then, the cells were stained for surface CD3 and CD4 markers, fixed, permeabilized, and stained for the intracellular expression of IL-2, TNF-α, and IFN-γ. Multiparametric flow cytometry was used to determine (A) the frequencies of CD3+CD4+ lymphocytes and of CD3+CD4+ lymphocytes single producers of each one of the three cytokines (CD3+CD4+IL-2+TNF-α–IFN-γ–, CD3+CD4+IL-2–TNF-α+IFN-γ–, and CD3+CD4+IL-2–TNF-α–IFN-γ+), double producers (CD3+CD4+IL-2+TNF-α+IFN-γ–, CD3+CD4+IL-2–TNF-α+IFN-γ+, and CD3+CD4+IL-2+TNF-α–IFN-γ+), and multifunctional CD3+CD4+ T cells (CD3+CD4+IL-2+TNF-α+IFN-γ+); as well as the total frequencies of CD3+CD4+ cells producing IL-2 (CD3+CD4+IL2+) and (B) the fraction of the total CD3+CD4+ T cell response comprising cells expressing all three cytokines, any two cytokines, or any one cytokine in healthy individuals (control N = 10), active visceral leishmaniasis (VL) patients before therapy (BT N = 7), cured VL patients after therapy (AT N = 9), and in asymptomatic DTH+ individuals (DTH+ N = 10). The frequencies of each cytokine expressing phenotype were recorded after background subtraction of cells incubated without antigen. Results in panel (A) are expressed as means + SE. Asterisks and horizontal lines indicate significant differences from all other groups.



In DTH+ subjects, the NH36 domains induced higher frequencies of CD4 T cells secreting one, two (except for CD3+CD4+IL-2−TNF-α+IFN-γ+), and three cytokines compared to those in cured individuals (P < 0.031) or controls (P < 0.031), suggesting the involvement of CD4 epitopes in natural resistance to VL (Figure 2A). Confirming the results of cytokine expression, F2 was the predominant inducer of the CD4+ Th1 response and alone induced the highest frequencies of CD3+CD4+IL-2+TNF-α+IFN-γ− and CD3+CD4+IL-2+TNF-α−IFN-γ+ T cells. Furthermore, together with NH36, F2 induced the highest single (CD3+CD4+IL-2+TNF-α−IFN-γ−) and total (CD3+CD4+IL-2+) frequencies of IL-2+ and of multifunctional CD4 T cells (CD3+CD4+IL-2+TNF-α+IFN-γ+) (Figure 2A), and the lowest proportions of CD3+CD4+IL-2−TNF-α−IFN-γ+ T cells, in DTH+ and cured subjects.

Additionally, single producers of IL-2 (CD3+CD4+IL-2+TNF-α−IFN-γ−) represented the predominant fraction of the CD4 response in cured patients, while single producers of TNF-α (CD3+CD4+IL-2−TNF-α+IFN-γ−) were the major fraction in DTH+ subjects (Figure 2B). The F2 domain generated the most potent response, and this was confirmed by the finding that it stimulated the highest percentages of CD3+CD4+IL-2+TNF-α−IFN-γ− single producers (55 and 50%), CD3+CD4+IL-2+TNF-α+IFN-γ− (23 and 5%), CD3+CD4+IL-2+TNF-α−IFN-γ+ (3 and 3%), and CD3+CD4+IL-2+TNF-α+IFN-γ+ multifunctional T cells (0.89 and 47%) in cured and DTH+ individuals, respectively. These results confirm that this domain generates the most advanced stage of differentiation of the CD4 response (Figures 2A,B). F1 and F3, on the other hand, induced the highest frequencies of CD3+CD4+IL-2−TNF-α+IFN-γ− and CD3+CD4+IL-2−TNF-α−IFN-γ+ single producers (Figure 2B).

We found interesting correlations between the clinical outcomes of VL and T cell immunity to NH36 antigens. As correlates of VL resistance or cure, the increases of frequencies of CD3+CD4+IL-2−TNF-α+IFN-γ−, CD3+CD4+IL-2−TNF-α−IFN-γ+, and multifunctional CD3+CD4+IL-2+TNF-α+IFN-γ+ T cells induced by F1 were significantly associated with the increases in neutrophil, monocyte, and leukocyte counts, respectively (Table 2). Additionally, the increases in CD3+CD4+IL-2−TNF-α−IFN-γ+ frequencies generated by F2 correlated with the neutrophil counts, and the increase in CD3+CD4+IL-2+TNF-α−IFN-γ+ correlated with the platelets counts. In contrast and as a marker of susceptibility to VL, the F3 induced CD3+CD4+IL-2−TNF-α−IFN-γ+ T cell frequency was inversely correlated with the hematocrit values (Table 2).

Additionally, the analysis of the cytotoxic response disclosed that the total frequency of CD3+CD8+ T cells (Figure 3A) was lower in patients and higher in DTH+ and cured subjects. However, unlike the predominant enhancement of CD3+CD4+ T-cell frequencies, observed in DTH+ individuals (Figure 2A), the frequencies of CD3+CD8+ T cells producing cytokines, except for the single producers of TNF-α (CD3+CD8+IL-2−TNF-α+IFN-γ−) and IFN-γ (CD3+CD8+IL-2−TNF-α−IFN-γ+), were higher in patients with active VL (P < 0.028–0.050) (Figure 3A), suggesting the importance of CD8 epitopes in the development of the disease.
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FIGURE 3 | Distinct quality of CD8 T cell response induced by NH36 or its domains. PBMCs were incubated in vitro with 10 μg/ml recombinant NH36, F1, F2, and F3 antigens or with no antigenic stimulation for 6 h and further treated with brefeldin A for additional 12 h. Then the cells were stained for surface CD3 and CD8 markers, fixed, permeabilized and stained for the intracellular expression of IL-2, TNF-α, and IFN-γ. Multiparametric flow cytometry was used to determine (A) the frequencies of CD3+CD8+ lymphocytes, and of CD3+CD8+ lymphocytes single producers of each one of the three cytokines (CD3+CD8+IL-2+TNF-α–IFN-γ–, CD3+CD8+IL-2–TNF-α+IFN-γ–, and CD3+CD8+IL-2–TNF-α–IFN-γ+), double producers (CD3+CD8+IL-2+TNF-α+IFN-γ–, CD3+CD8+IL-2–TNF-α+IFN-γ+, and CD3+CD8+IL-2+TNF-α–IFN-γ+), and multifunctional CD8 T cells (CD3+CD8+IL-2+TNF-α+IFN-γ+); as well as the total frequencies of CD8 T cells producing IL-2 (CD3+CD8+IL2+) and (B) the fraction of the total CD3+CD8+ T cell response comprising cells expressing all three cytokines, any two cytokines, or any one cytokine in healthy individuals (control N = 10), active visceral leishmaniasis (VL) patients before therapy (BT N = 7), cured VL patients after therapy (AT N = 9), and in asymptomatic DTH+ individuals (DTH+ N = 10). The frequencies of each cytokine expressing phenotype were recorded after background subtraction of cells incubated without antigen. Results in panel (A) are expressed as means + SE. Asterisks and horizontal lines indicate significant differences from all other groups.



F1 and F3 induced the highest single and total frequencies of CD8 T cells secreting IL-2 (CD3+CD8+IL-2+TNF-α−IFN-γ− and CD3+CD8+IL-2+) and of multifunctional CD8 T cells (CD3+CD8+IL-2+TNF-α+IFN-γ+), and F3 alone induced the highest proportions of CD3+CD8+IL-2+TNF-α+IFN-γ− and CD3+CD8+IL-2+TNF-α−IFN-γ+ T cells (Figure 3A). F2 promoted low frequencies of CD3+CD8+IL-2+TNF-α−IFN-γ− cells in DTH+ subjects, NH36 induced higher frequencies of CD3+CD8+IL-2−TNF-α+IFN-γ− T cells in cured patients, while the CD3+CD8+IL-2−TNF-α−IFN-γ+ T-cell frequencies were enhanced in DTH+ individuals (P < 0.0286), regardless of the antigen used (Figure 3A).

Furthermore, in patients before treatment, F1 and F3 induced the highest percentages of CD3+CD8+IL-2+TNF-α+IFN-γ+ multifunctional cells (3.17 and 0.84%, respectively), while F1 promoted the highest fraction of the CD3+CD8+IL-2+TNF-α−IFN-γ− T cells (68%) and F3, the highest contribution of CD3+CD8+IL-2+TNF-α+IFN-γ− T cells (74%) (Figure 3B). Cured and DTH+ subjects showed an enhanced fraction of CD3+CD8+IL-2−TNF-α+IFN-γ− secreting lymphocytes. A multifunctional CD3+CD8+ T cell contribution was also found in cured patients, in response to F2 and in DTH+ subjects in response to F2 and F3. Interestingly, F1 and F3 promoted the highest frequencies of CD8 T cells secreting only IFN-γ (CD3+CD8+IL-2−TNF-α−IFN-γ+), in DTH+ subjects (Figure 3B).

In addition, we analyzed if the cytotoxic response was correlated with the clinical outcomes (Table 2). As a marker of the advancement of the disease, F1 induced increased frequencies of CD3+CD8+IL-2+TNF-α−IFN-γ− T cells, which were correlated with increased spleen sizes and decreased hemoglobin and hematocrit values. Additionally, F1, together with F3, increased the frequencies of multifunctional CD3+CD8+ T cells, which were correlated with the increased spleen and liver sizes (Table 2). As an additional marker of the progression of the disease, F3 also induced an increase in the frequencies of CD3+CD8+IL-2+TNF-α−IFN-γ+ T cells, which correlated with an increase in liver size. Conversely, as a marker of resistance, F2 increased the frequency of multifunctional cells, which was correlated with increased leukocyte and neutrophil counts. Furthermore, F2, together with NH36, enhanced proportions of CD3+CD8+IL-2−TNF-α+IFN-γ+ T cells which were correlated with the monocyte counts (Table 2).

Additionally, the cytokine responses of the CD4+ (Figure 2A) and CD8+ T cells (Figure 3A) induced by the SLA antigen were inferior, or did not differ from those promoted by NH36 and its domains.

Mapping of the CD4+ and CD8+ T Cell Epitopes

Aiming to map the epitopes responsible for the described T cell response against NH36 domains, we first compared the sequence of the gene of L. donovani NH36 to the sequence of the NH gene of the close related species L. infantum chagasi, which is the etiological agent of VL in Brazil (Figure 4A). While NH36 of L. donovani is composed of 314 amino acids, the NH of L. infantum chagasi was described as containing 297 amino acids. The Blast analysis comparing the two sequences indicated 99% homology (Figure 4A). The difference between the two proteins is based on only one amino acid at position 192. The aspartate (D) residue of L. donovani NH36 is substituted with asparagine (N) in the Lch-NH sequence (Figure 4A). This result suggests that the recombinant domains of L. donovani NH36 could generate a successful cross-protection against infection by L. infantum chagasi.
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FIGURE 4 | Spatial distribution of epitopes in the monomer of the Leishmania donovani nucleoside hydrolase NH36 (Ld-NH36) and homology to the sequence of Leishmania infantum chagasi NH (Lch-NH). (A) Blast of the sequences of Ld-NH36 and Lch-NH with the sequences of the predicted epitopes for HLA class II molecules identified with a 3% threshold by the TEPITOPE program shown in blue boxes and the epitopes for HLA class I molecules identified by the SYFPEITHI software shown in red boxes. (B) The NH36 monomer model obtained by homology modeling to the sequence of the nucleoside hydrolase of Leishmania major. The model shows the N-terminus (F1, amino acids 1–103) in lime green, the central domain (F2, amino acids 104–198) in gray, and the C-terminus (F3, amino acids 199–314) in cyan. The CD4+ T-cell epitopes are plotted in dark blue, and (C) the sequences of the CD8+ T-cell epitopes are labeled in red.



Additionally, confirming our experimental results, the TEPITOPE program, with a 3% threshold, identified one epitope for CD4 T cells in the F1 domain and two epitopes in the F2 domain of NH36 (Table 3). These three CD4 epitopes showed high percent of predicted binding to HLA-DR molecules (Table 3) and are highly promiscuous. In fact, the epitope “AAGCTKPLVRGVRNASQIHG” of F1 (64–93) binds to 20 among the 25 most frequent human HLA DR molecules (DRB1*0301, DRB1*0401, DRB1*0402, DRB1*0404, DRB1*0405, DRB1*0410, DRB1*0801, DRB1*0802, DRB1*0804, DRB1*0806, DRB1*1101, DRB1*1104, DRB1*1106, DRB1*1107, DRB1*1305, DRB1*1307, DRB1*1311, DRB1*1321, DRB1*1501, and DRB1*1502). The epitope “GRHAVQLIIDLIMSHEPKTI” of F2 (102–121) binds to 21 of the 25 most frequent human HLA DR molecules (DRB1*0102, DRB1*0301, DRB1*0401, DRB1*0402, DRB1*0404, DRB1*0405, DRB1* 410, DRB1*0421, DRB1*0801, DRB1*0802, DRB1*0804, DRB1*0806, DRB1*1101, DRB1*1104, DRB1*1106, DRB1*1107, DRB1*1305, DRB1*1311, DRB1*1321, DRB1*1501, and DRB1*1502). Additionally, the epitope “DRVKEVVLMGGGYHTGNASP” of F2 (144–163) binds to 19 of the 25 most frequent human HLA DR molecules (DRB1*0101, DRB1*0102, DRB1*0404, DRB1*0405, DRB1*0410, DRB1*0801, DRB1*0802, DRB1*0804, DRB1*0806, DRB1*1101, DRB1*1104, DRB1*1106, DRB1*1107, DRB1*1307, DRB1*1311, DRB1*1321, DRB1*1501, DRB1*1502, and DRB5*0101) (Figures 4A,B).

TABLE 3 | Peptide sequences of the NH36 antigen selected by the TEPITOPE and SYFPEITHI algorithms.
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Also supporting our experimental results, two and three CD8 epitopes for the HLA class I molecules were predicted in the sequences of F1 and F3 domains, respectively (Table 3), by the SYFPEITHI software (Figures 4A,C), while no epitope for CD8 was predicted in the sequence of F2.

The CD4 and CD8 epitopes (Figure 4A) are completely conserved and have identical composition in the sequences of NH of L. donovani, L. infantum chagasi, and L. infantum (Tables 4 and 5), which are the three species causing VL. Minor variations in 1–3 or 1 amino acids were detected in the CD4+ and CD8+ epitopes, respectively, of all other species, which also belong to the subgenus Leishmania. Additionally, variations in 3–5 and 1–4 amino acids were observed in the sequences of CD4+ and CD8+ epitopes of Leishmania panamensis and L. braziliensis, which are species that belong to the genus Viannia (Tables 4 and 5). The presence of these highly conserved epitopes explain the high degree of cross-species recognition displayed by lymphocytes of patients infected with L. infantum chagasi against the L. donovani NH36 recombinant domains.

TABLE 4 | Conserved epitopes for CD4+ T cells within the genus Leishmania.
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TABLE 5 | Conserved epitopes for CD8+ T cells of the genus Leishmania.
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In order to confirm the accuracy of the in silico predictions, the CD4 predicted epitopes of F2 and F1 and the CD8 predicted epitopes of F1 and F3 domains were chemically synthetized and incubated in vitro with PBMC of asymptomatic DTH+ subjects. The secretion of IFN-γ to PBMC supernatants in response to those epitopes was assessed by an ELISA assay (Figure 5). The three predicted epitopes for CD4+ T cells promoted IFN-γ secretion. The IFN-γ response generated by the epitope F2 (102–121) was 85% higher (mean = 5.35 pg/ml; P = 0.006) than that induced by the F2 epitope (144–163) (mean + 0.79 pg/ml), and 60% stronger (P = 0.050) than that induced by the F1 (64–93) epitope (mean = 2.14 pg/ml) (Figure 5). Levels of IFN-γ secreted after incubation with the F2 (102–121) epitope were not different from those obtained in response to the SLA complex antigen indicating that this is the major epitope responsible for the immunodominance of the F2 domain detected in all previous immunological assays. IFN-γ secretion was also directed against two predicted epitopes for the CD8 T cells of the F1 domain (sequences 20–28 and 92–100), which were no different from SLA antigen, but not for the epitopes of the F3 domain (Figure 5).
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FIGURE 5 | IFN-γ secretion induced by the synthetic predicted epitopes of NH36. PBMCs of asymptomatic subjects (N = 6) were incubated in vitro with 10 μg/ml of the synthetic predicted epitopes of NH36 or with Leishmania donovani stationary phase lysate, or with no addition, for 72 h. IFN-γ secretion in supernatants was measured with Invitrogen NOVAK Magnetic Beads Assay. Asterisks and horizontal lines indicate significant differences between groups. The means + SE are shown.



DISCUSSION

Patients of this study showed the typical clinical outcomes of VL (3, 4, 8, 40). On the other hand, no alterations were detected in cured or DTH+ individuals, whose PBMCs secreted the most pro-inflammatory cytokines, mainly in response to F2 and F1, and also secreted higher levels of TNF-α and IL-1β than those induced by the L. donovani lysate. The antigenic predominance of F2 is related to the finding of two predicted CD4 T cell epitopes in its sequence, while only one epitope is located in F1, and none is located in F3. Confirming these results, the additional increases in the secretion of IFN-γ and IL-17, in response to F2 and F1 were highly correlated with the reduction of VL clinical signs, suggesting that F2 and F1 are indeed the NH36 markers of the Th1-mediated cure or resistance to VL (9). In agreement to those results, the epitopes (102–121 and 144–163) of F2 and the sequence (64–93) of F1 induced the highest IFN-γ responses in DTH+ individuals. Therefore, our immunological results supported the in silico predictions of epitopes for CD4+ T cells.

Epidemiological studies performed in Brazil (6, 41, 42) and Kenya (43) have shown that a positive DTH response is a marker for developing acquired resistance to human VL (5, 41, 43). In the north east of Brazil, where the present study was also developed, the DTH+ response was proved to be under genetic control (6, 42, 43) with some genotypes associated to DTH+ subjects and other to DTH− subjects (42). A DTH positive phenotype is considered not only a measure of acquired resistance to natural infection (41, 43), but also, the only correlate with date of protection in human vaccine trials (44–46). Our results are thus relevant considering that we described the conserved domains and epitopes of L. donovani, L. infantum, and Lch-NHs that promote Th1 responses in DTH+ subjects and, because of that, which correlate with the resistance to L. infantum chagasi infection.

While the hallmark of VL is associated with an impairment of Th1 responses and a depressed cell-mediated immune response characterized by the failure of PBMCs of untreated patients to produce IFN-γ in response to leishmanial antigens (47–49), in our study, the F2 peptide alone promoted the highest secretion of IFN-γ, IL-1β, and TNF-α in cured and DTH+ subjects. In fact, the IFN-γ and TNF-α levels produced by DTH+ subjects in response to F2 are two or three orders of magnitude higher, respectively, than those detected in cured patients from India in response to SLA, and one order of magnitude higher than those obtained in response to the antigens LACK and TRYP (4). Also, similar to our results, cured patients of India produce IFN-γ and TNF-α in response to antigens (48, 49) providing correlates of resistance (4). Additionally, Th1 responses including a robust TNF-α response directed against NH36 were also recently described in human healthy subjects vaccinated with an NH36-fusion protein (11). The pro-inflammatory enhanced cytokine secretion in response to F2 and F1 domains indicated that they are the targets of the anti-NH36 immune response related to VL resistance.

We therefore revealed in our study the main domains and epitopes of NH36 which can be considered as potential candidates for a T-epitope vaccine for humans. Indeed, while prediction programs and pre-clinical studies in mice indicated the importance of three CD4 epitopes of F3, and two of F1 (26) in the generation of protection against visceral and CL, our study conversely describes two CD4 epitopes for humans in the F2 and one in F1. Therefore, the F2 domain, which is not relevant for mouse immunity (12, 13, 26), is however responsible for the generation of the strongest Th1 responses in humans.

IL-1β, which is highly induced by F2, is a pro-inflammatory cytokine secreted by monocytes and macrophages, which promotes inflammatory responses that activate protective immunity. In agreement to that, the increase in IL-1β secretion of cured and DTH+ subjects of the same endemic area, was associated with the decrease of the parasite load of infected macrophages (50). Furthermore, host resistance to infections by L. major (24), L. amazonensis, L. braziliensis, and L. infantum chagasi, which share a high degree of identity in their NH sequences (13, 31), has also been described to be mediated by IL-1β (51). Thus, the IL-1β secretion induced by the F2 domain could contribute to the basis of this cross-species resistance induced by NH36.

IL-12 secretion by VL untreated patients was higher in response to F2 than to SLA. As in our study, similar or higher levels of IL-12 were detected in the sera of infected untreated patients and subclinical DTH+ subjects from Bangladesh (52) and Brazil (53). IL-12 is associated with macrophage activation, parasite phagocytosis, and a protective host response that upregulates IFN-γ synthesis, cytolytic activity, and Th1 cell differentiation (3). Therefore, the finding of increased levels of IL-12p70 in untreated patients in response to F2 might indicate its involvement in the generation of an early inflammatory response as an attempt to control infection (53, 54).

Enlarged spleen and livers and decreased hemoglobin, albumin, and hematocrit counts correlate with the clinical variables (55–58) and the increased blood parasite load found in VL (55). By contrast, in our study, the increase of both IL-17 and IL-6 secretion in response to F1 and F2 correlated with decreases in spleen and liver sizes, which are parameters of cure and asymptomatic VL (56, 58).

The increased secretion of IL-17 in response to F1 also correlated with an increase in monocytes as well as with an increase hemoglobin counts. IL-17 is a classical effector of innate immunity that induces the expression of many inflammatory mediators, including IL-6 (8). Our results then indicate the efficient induction of a Th17 response by the F2 and F1 domains that contributes in the cure and control of the infection.

Besides inducing Th1 and Th17 responses, the F2 and F1 domains also promoted the secretion of IL-10, a cytokine which was correlated with immunosuppression defects (8, 59) and, together with IL-6, with the severity of human VL (60). This kind of mixed Th1/Th2 response was also previously described for VL (49). In fact, in our study, IFN-γ, IL-17, and IL-10 were co-expressed by PBMCs of healthy, cured, and DTH+ subjects and their secretion was lower in untreated patients. Since DTH+ is a marker of acquired resistance to VL (5, 42, 43), the increased IL-10 secretion in response to NH36 domains, in cured and DTH+ subjects is more associated with resistance and cure of VL than with a Th2 response. As we described here for the NH36 domains, another Leishmania vaccine candidate, the LaPSA-38S antigen induced specific Th1 responses and protection in mice and promoted significant levels of IFN-γ, granzyme B, and IL-10 in patients cured from cutaneous L. major infection and in high responders asymptomatic subjects infected with L. major or L. infantum (61). A higher secretion of TNF-α in response to LaPSA-38S was also found in the L. infantum high responders (61). As described for LaPSA-38S protein, the NH36 domains were able to induce a mixed Th1 and Th2/Treg cytokine response in individuals with immunity to L. infantum chagasi indicating that it may be exploited as a vaccine candidate. The IL-10 elevated secretion in response to NH36 domains might be determined by the increased secretion of TNF-α (60, 62) and might serve as a tool for control of tissue damage caused by the enhanced inflammatory response. The increased secretion of IL-10 in response to NH36 also suggests the presence of Treg epitopes in its domains. Confirming that, it was described that the parasite-induced IFN-γ and IL-1β act on DCs and macrophages to promote the production of IL-27, which blocks the generation of Th17 cells and facilitates the generation of IL-10-producing T cells (8). Remarkably, this ability of modulating the immune response, and promoting similar levels of IFN-γ, TNF-α, and IL-10 associated to resistance was also found after human vaccination with an NH36-fusion protein (11), in DTH+ asymptomatic CL patients (63), in L. infantum-infected asymptomatic dogs (64), and in mice vaccinated with F1 (26). Therefore, our results suggest that a combination of CD4 Th1 and/or potential regulatory epitopes of F2 and F1 modulate the human immune response against the parasite. This seems to be also the case for IL-6, which is produced by APCs and involved in the control of Th1/Th2 differentiation during CD4 T cell activation and is found in the plasma of VL patients and asymptomatic subjects in Brazil (65). The F2 and F1 domains could be therefore the basis of tools for prevention, control, or new methods of immunotherapy of this severe potentially lethal disease.

Optimal vaccine protection is achieved by developing a population of multifunctional IL-2+TNF-α+IFN-γ+ producing CD4 T cells that can mediate effector functions quickly, and by having a memory T-cell reservoir that secretes IL-2, TNF-α, or both and shows effector potential (66). Consistent with this, F2 induced the most robust cytokine responses and the highest frequencies of CD3+CD4+IL-2+TNF-α+IFN-γ+ effector T cells, CD3+CD4+IL-2+TNF-α−IFN-γ−, and CD3+CD4+IL-2+TNF-α+IFN-γ− T cells in asymptomatic individuals. F2 also most efficiently promoted the expression of IL-2 and TNF-α by CD4+ T cells and promoted the development of multifunctional T cells in cured patients, followed by F1 in DTH+ subjects. The correlations observed between the increases in proportions of multifunctional, CD3+CD4+IL-2-TNF-α+IFN-γ−, and CD3+CD4+IL-2−TNF-α−IFN-γ+ T cells and leukocytes, neutrophils, and monocytes induced by F1 also confirm that, for some variables, F1 is co-dominant with F2. The increased IFN-γ secretion of PBMC of asymptomatic subjects in response to the predicted CD4+ epitopes of F2 (102–121 and 144–163) and F1 (69–93) explains those results. Confirming the relevance of NH36 in cross-species protection, enhanced frequencies of anti-NH36 IL-2, TNF-α, or IFN-γ-producing CD4+ T cells, indicating the generation of a memory-response, have also been reported, in asymptomatic patients of Bangladesh (11) and in mice vaccinated after L. amazonensis infection (12, 13, 25, 26).

Unlike CD4 lymphocytes, following antigenic stimulation, naïve CD8 T cells differentiate into activated effector cells that can transform into CD8+IL2−TNF-α+IFN-γ+ effector cells or into multifunctional CD8+IL2+TNF-α+IFN-γ+ memory cells (66). We described that the CD8+ T cells response against F1 and F3 is related to the advancement of the disease as most of the CD8+ phenotypes are increased in untreated patients. However, positive correlations were found between the increases in CD3+CD8+IL2+TNF-α−IFN-γ−, CD3+CD8+IL2+TNF-α+IFN-γ+, and CD3+CD8+IL2+TNF-α−IFN-γ+ T cell frequencies and the increases in spleen and liver sizes. These positive correlations indicate that, in these untreated patients, the CD8+ T cells could be involved in an early attempt to control the parasite loads of liver and spleens. Supporting the multiparameter analysis two synthetic predicted CD8+ epitopes of the F1 domain induced the IFN-γ secretion by PBMC of DTH+ subjects.

In agreement to our results, in CL models, CD8 T cells producing IFN-γ were considered as very important for directing Th2-type responses toward Th1 (67) and for establishing long-term memory that protects against re-infections (68). Memory CD8 T cells have been shown to be responsible for resistance against re-infection (69) and for promoting long-lasting protection, which is lost in their absence (70, 71). This evidence could also explain our finding of high percentages of CD3+CD8+IL-2−TNF-α−IFN-γ+ single positive cells observed in the DTH+ group, which represent the immune resistance to VL, after stimulation with F1 and F3 domains.

We further described the prediction of two promiscuous epitopes for CD4+ lymphocytes in the F2, and one in the F1 domain, which are all capable of binding to at least 19 of the 25 most frequent human HLA-DR molecules. These predictions were confirmed by the ability of F2 and F1 domains to induce CD4 Th1 responses, and the competence of the respective synthetic predicted epitopes, mainly the F2 (102–121) followed by the F1 (64–93), to promote the IFN-γ secretion by PBMC of DTH+ subjects. These results are very impressive considering that HLA class II prediction is more difficult and less reliable (14).

In this investigation, we demonstrated that F2 and F1 domains induce a strong CD4+-Th1 response in cured and DTH+ subjects, whereas the F1 and F3 domains promote a higher CD8+ T cell pro-inflammatory response in untreated patients and an increase in the CD3+CD8+IL-2−TNF-α−IFN-γ+ T cell proportions in DTH+ subjects. Both CD4 and CD8 responses can be related to the control and resistance to L. infantum chagasi infection.

Our objective in this study was to determine which are the more immunogenic domains of NH36. This would allow us to confirm the relevance of the epitopes disclosed by the in silico prediction programs and to define a rationale combination of the domains and/or epitopes to be used in a future universal vaccine against leishmaniasis, capable of enhancing both arms of T-cell immunity.

The epitopes were indeed identified by the prediction programs directly, on the sequence of the whole NH36 molecule, both for mice (26, 28) and human histocompatibility complex molecules (this manuscript). However, although the identification of the epitopes would allow the direct design of a synthetic epitope vaccine, it has been reported that the results of the immunological assays in vivo not always confirm the in silico predictions (32), and that the synthetic epitopes alone are not enough immunogenic to be used as vaccine candidate antigens (14). Our strategy then was to identify through immunological assays the presence of the important epitopes in the domains of the NH36 antigen that would therefore be more immunogenic than the whole cognate NH36 protein and more potent than the isolated epitopes, when used in vaccination.

The reason for evaluating the individual domains of the same antigen in order to identify the epitopes is that the domains, which contain potent epitopes, will be more potent than the whole antigen. This will indeed allow the selection of the truly relevant epitopes among all epitopes disclosed by the in silico software. The immunogenic domains in fact concentrate the immunogenic power of the whole antigen. Hence, for instance, if we use for incubation with PBMC one molecule of NH36, among its 314 amino acids, 40 of them compose the sequences of the three epitopes for CD4 located in F3. This means that one molecule of NH36 has 12.7% (40/314) of its sequence constituted by epitopes for CD4 T cells. If by contrast, we vaccinate only with a molecule of F3, which is composed by 115 amino acids, the 40 amino acids of the CD4 epitopes would represent now 34.8% (40/115) of the antigen, and this is what induce a threefold increase in the immunogenic effect. We are, in this way, exposing PBMC to a higher molar concentration of the relevant epitopes. That is why more protection is expected to be generated by the domain that contains the epitopes than by the whole NH36. A higher molar concentration of the epitopes is expected to be found in it than in the whole cognate protein.

In agreement with this idea, the F3 vaccine promoted in mice a 36% higher average protection than the NH36 vaccine. This average increased protection induced by the F3 vaccine above the level promoted by the NH36 vaccine included: a 32.06% higher IDR, 24 h after immunization, a 34.1% higher IDR 48 h after immunization, a 21.4% higher IDR 48 h after challenge, a 37.39% enhanced IFN-γ/IL-10 CD4+ T cell ratios, a 27. 18% stronger reduction of parasite load by in vivo depletion with anti-CD4 monoclonal antibody, a 57.99% increment in reduction of the parasite load of L. chagasi, and a 47% reduction in parasite load by L. amazonensis (26). That means that while the NH36 vaccine reduces the L. chagasi parasite load in 37%, the F3 reduces it in 88% (26).

Additionally, the F3 vaccine was 40% average more protective than the NH36 vaccine against L. amazonensis infection (28). This included a 27.58% stronger IDR, 48 h after challenge, a 20.04 and 11.64% enhanced secretion of IFN-γ and TNF-α to supernatants, respectively, and a 93.03% reduced L. amazonensis parasite load (28). The calculation was performed according the following equation = (F3 − NH36/F3) values × 100 and allowed us to obtain the protective effect increment (26).

Noteworthy, for mice, the prediction software had disclosed two epitopes for CD4 in F1, one in F2, and three in F3. On the other hand, one epitope for CD8 T cells was disclosed in F1 and two in F2 (26). The immunological in vivo assays, on the other hand, only confirmed the relevance of the three epitopes for CD4 of F3 and of the single epitope for CD8 T cells of F1 (26, 28, 29). Therefore, the immunological assays only partially confirmed the in silico prediction for the mice model (32). No response against the F2 domain was observed in vaccinated mice. In fact, the F3 domain induced the strongest CD4-mediated protection against VL infection (26) and, besides F3, the F1 domain induced an additional CD8-mediated response against L. amazonensis infection (26, 28).

Therefore, if the domains, which contain the important epitopes, are more potent than the whole protein, the need of evaluation the individual domains in order to confirm the epitopes is justified. In order to increase potency and optimize a vaccine, for instance, the domains could be even combined in a chimera that would be expected to be even more potent than the single domains. Our results support those of Kao et al. for the Pseudomonas aeruginosa Type IV pilus vaccine (72). The authors compared antisera raised against the PAK strain monomeric pilin protein (29−144) and a synthetic peptide containing the main receptor-binding domains (RBDs) of the pylus (128−144). They showed that not only does the synthetic peptide generated higher titers of RBD-specific antibodies but that the anti-peptide antibodies have a higher affinity for the native protein than the anti-pilin (72). The strategy of using the domains that concentrate the most relevant epitopes was the basis of the development of the development of the vaccines against human malaria (central and C-terminal domain) (73), HIV (CD4 and co-receptor binding domains) (74), and influenza [extracellular domain of matrix protein 2 (M2e)] (75).

In this investigation, we are not analyzing vaccinated individuals that have a strong response to the correct epitopes. We are studying instead human VL cured and DTH+ subjects, trying to detect to what portion of the NH36 molecule the acquired resistance and immunity of these patients is directed. These individuals, although representing the Th1 pole of the immune response to VL, and being expected to have the strongest naturally acquired immune resistance to VL (41–43), display milder immune responses, in in vitro assays, if compared to vaccinated subjects. Therefore, the search for immunogenicity is more difficult, and small signals of increase of the immune reactivity should be considered in order to map the best immunogenic domain.

It is worth to note that the predicted epitopes are different in mice and in human histocompatibility complexes. For humans the in silico programs disclosed two epitopes for CD3+CD4+ T cells in F2 and one in F1, and further three epitopes for CD3+CD8+ T cells in F1 and additional three in F3. In agreement to that, we were able to show that the most pronounced CD4-Th1 response was directed against F2 and F1 domains, and the strongest CD8+ response target the F1 and F3 proteins.

In fact, the F2 induced 76% higher frequencies of CD3+CD4+IL-2+TNF-α+IFN-γ− than F1, in DTH+ subjects, and 100% higher proportions of multifunctional IL-2+TNF-α+IFN-γ+ T cells than F1 and F3, respectively, in cured patients. Additionally, in DTH+ individuals, F2 increased the CD3+CD4+IL-2+TNF-α−IFN-γ− T cell frequencies 67% more than F1 and 69% more than F3. F2 also enhanced the CD3+CD4+IL-2+ T cell proportions 72% more than F1 and 70% more than F3. Furthermore, F2 was 59 and 87% stronger than F1 and F3 domains, respectively, but most important, it was 96% more potent than NH36, in the enhancement of the frequencies of CD3+CD4+IL-2+TNF-α−IFN-γ+ T cells of the DTH+ subjects.

Accordingly, F2 was the only domain that retained the capabilities of NH36 to enhance the IFN-γ secretion. Additionally, F2 increased the TNF-α secretion 10% more than NH36, and 28% more than the very potent SLA, in cured subjects.

Similar to our results of multiparameter analysis, the increased IFN-γ secretion by PBMC of DTH+ subjects, in response to the synthetic epitopes predicted for CD4+ T cells disclosed, the F2 (102–121) epitope which promoted a 86 and 60% higher secretion of IFN-γ than the sequences F2 (144–163) and F1 (64–94), respectively.

Regarding the induction of the CD8+ T cell response, the reactivity was higher in untreated patients. F1 and F3 increased the frequencies of CD3+CD8+IL-2+TNF-α−IFN-γ− T cells above the levels of NH36, by 90 and 89%, respectively. Also, F1 was 59% and F3, 78% more potent than NH36 in the enhancement of the frequencies of CD3+CD8+IL-2+ T cells. F3 was additionally 77% stronger than NH36, in the increase of the CD3+CD8+IL-2+TNF-α−IFN-γ+ T cell frequencies. Finally, F1 was 99% and F3, 100% stronger than NH36, in the enhancement of the multifunctional CD3+CD8+IL-2+TNF-α+IFN-γ+ T cell proportions.

Accordingly, the two synthetic predicted epitopes for CD8 T cells of the F1 domain, F1 (20–28) and F1 (92–100), promoted the secretion of IFN-γ of PBMC of DTH+ subjects. The F3 epitopes however did not. This is possible due to the fact that the PBMC incubated with the synthetic epitopes belonged to DTH+ subjects and not to untreated patients. The analysis should be extended to untreated patients in order to give more information.

We conclude that, in this investigation, the information disclosed by the immunological assays with the domains was mostly supported by the in silico predictions. The use of the single immunogenic domains also induced protective effect increments above those promoted by NH36 and/or the other domains. These results will allow us to guide the initiation of the development of a synthetic vaccine against leishmaniasis.

The importance of our findings is enhanced considering three rare achievements (76): (1) we found CD4 Th1-cell epitopes of a CD4 T cell mediated immunosupressive disease; (2) they are highly promiscuous and bind to many HL-DR allotypes; and (3) they are extremely conserved and present in Leishmania of two subgenera that cause visceral, cutaneous, diffuse, and mucocutanoeus leishmaniasis.

Previously, all of the vaccine approaches against leishmaniasis have focused on the stimulation of the CD4 T cell response and have neglected the important contribution of CD8 T cells (14). However defined epitopes for both CD4 (LACK) (77) and CD8 (KMP11; GP63, CPB, CPA, Lpg2, histone 3 variant, histone H4)-mediated protective responses against Leishmania (78, 79) were described. Recently, it has been proposed that vaccine design will improve through the search for potential candidates that share both CD4- and CD8 T-cell-stimulating capabilities (NH36, A2, P4) (8, 12–14, 26, 80) and through their expression as polytope or poly-epitope vaccines (14, 81). Recently published data indicate that CD8 T cells are very important in protection against L. major infection induced by a polytope DNA construct expressing individual MHC-I-restricted peptides in BALB/c mice (82). In that study, the vaccine stimulation of CD8 T-cells resulted in partial protection which was abolished by CD8 T-cell depletion resulting in a predominant Th2 response. This directly confirmed the role of CD8 T-cells in early-stage Th1 response polarization (82). We also previously described that the protection of mice against L. amazonensis infection induced by F1 was mediated by CD8 T cells and was abolished by CD8 T cell depletion (12). The present investigation represents a step forward in the definition of the epitopes for CD8 T cells involved in IFN-γ secretion by human PBMC.

Our results confirm the relevance of NH36 in immune regulation in human VL and identified its immunodominant domains and epitopes that could guide the design of a rational and cross-protective T-cell vaccine against human leishmaniasis.
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FIGURE S1 | Schematic of NH36 and domains fermentation and purification process. Expression and purification protocol (A). SDS-PAGE (15 %) with Coomassie Blue staining. The slot of the gel showing the run of the NH36 protein is a part of the same gel that has been lined up to be next to the F3 protein. The original gel contained two other proteins between the F3 and the NH36 antigen that were irrelevant to this investigation (B).

FIGURE S2 | NH36 is a component of SLA. Serum antibodies of mice vaccinated with NH36, F1, F2, or F3 domains and saponin recognize the SLA antigen of L. infantum chagasi in an ELISA assay.

FIGURE S3 | Correlation between the secretion of IFN-γ and IL-17 secretion in response to F1 and F2 and the increases in spleen and liver sizes. The levels of IFN-γ (pg/ml) in response to F1 (A,B) and of IL-17 (pg/ml) in response to F1 (C,D) and F2 (E,F) were assessed in the supernatants of PBMC of patients before treatment (n = 4), cured (n = 7), and DTH+ subjects (n = 9) by the Multiplex® MAP-Luminex assay and were correlated to their increases in spleen and liver sizes. Correlation was calculated using the Spearman two-tailed correlation test. R and p values are summarized in Table 2. Diagonal lines represent linear regression.

FIGURE S4 | Correlation between cytokines secretion in culture supernatants and clinical and hematological variables. The levels of IFN-γ and IL-17 (pg/ml) in response to F1 (A–C) and F2 (D,E) were assessed in the supernatants of PBMC of patients before treatment (n = 4), cured (n = 7), and DTH+ subjects (n = 9) by the Multiplex® MAP-Luminex assay were correlated to the hematological parameters. Additionally, we show the correlation between the increases in spleen and liver increased sizes of 41 untreated VL patients (F). Correlation was calculated using the Spearman two-tailed correlation test. R and p values are summarized in Table 2. Diagonal lines represent linear regression.

FIGURE S5 | Strategy for the analysis of multifunctional T cell response using a seven-color flow cytometry panel to simultaneously analyze multiple cytokines at the single-cell level in PBMC cultures. After single cells selection (FSC-A × FSC-H), lymphocytes were selected according to a FSC-A versus SSC-A dot plot, followed by CD3+ gating. Afterwards, CD3+CD4+ and CD3+CD8+ lymphocytes were evaluated inside the CD3+ gate. CD3+CD4+ and CD3+CD8+ T-cell phenotypes were plotted against each cytokine individually: tumor necrosis factor-α (TNF-α), interleukin (IL)-2, and interferon-γ (IFN-γ). Boolean gating was performed to generate the frequencies of the possible seven combinations of cytokine producing CD4+ and CD8+ cells using FlowJo software.

REFERENCES

1. Alvar J, Vélez ID, Bern C, Herrero M, Desjeux P, Cano J, et al. Leishmaniasis worldwide and global estimates of its incidence. PLoS One (2012) 7:e35671. doi:10.1371/journal.pone.0035671

2. Palatnik-de-Sousa CB, Day MJ. One Health: the global challenge of epidemic and endemic leishmaniasis. Parasit Vectors (2011) 4:197. doi:10.1186/1756-3305-4-197

3. Khadem F, Uzonna JE. Immunity to visceral leishmaniasis: implications for immunotherapy. Future Microbiol (2014) 9:901–15. doi:10.2217/fmb.14.43

4. Singh OP, Stober CB, Singh AK, Blackwell JM, Sundar S. Cytokine responses to novel antigens in an Indian population living in an area endemic for visceral leishmaniasis. PLoS Negl Trop Dis (2012) 6:e1874. doi:10.1371/journal.pntd.0001874

5. Stober CB, Jeronimo SM, Pontes NN, Miller EN, Blackwell JM. Cytokine responses to novel antigens in a peri-urban population in Brazil exposed to Leishmania infantum chagasi. Am J Trop Med Hyg (2012) 87:663–70. doi:10.4269/ajtmh.2012.12-0180

6. Jeronimo SM, Duggal P, Ettinger NA, Nascimento ET, Monteiro GR, Cabral AP, et al. Genetic predisposition to self-curing infection with the protozoan Leishmania chagasi: a genomewide scan. J Infect Dis (2007) 196:1261–9. doi:10.1086/521682

7. Cher DJ, Mosmann TR. Two types of murine helper T cell clone. II. Delayed-type hypersensitivity is mediated by TH1 clones. J Immunol (1987) 138:3688–94.

8. Kumar R, Nylén S. Immunobiology of visceral leishmaniasis. Front Immunol (2012) 3:251. doi:10.3389/fimmu.2012.00251

9. Carvalho EM, Barral A, Pedral-Sampaio D, Barral-Netto M, Badaró R, Rocha H, et al. Immunologic markers of clinical evolution in children recently infected with Leishmania donovani chagasi. J Infect Dis (1992) 165:535–40. doi:10.1093/infdis/165.3.535

10. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, et al. Multifunctional TH1 cells define a correlate of vaccine-mediated protection against Leishmania major. Nat Med (2007) 13:843–50. doi:10.1038/nm1592

11. Coler RN, Duthie MS, Hofmeyer KA, Guderian J, Jayashankar L, Vergara J, et al. From mouse to man: safety, immunogenicity and efficacy of a candidate leishmaniasis vaccine LEISH-F3+GLA-SE. Clin Transl Immunol (2015) 4:e35. doi:10.1038/cti.2015.6

12. Nico D, Gomes DC, Alves-Silva MV, Freitas EO, Morrot A, Bahia D, et al. Cross-protective immunity to Leishmania amazonensis is mediated by CD4+ and CD8+ epitopes of Leishmania donovani nucleoside hydrolase terminal domains. Front Immunol (2014) 5:189. doi:10.3389/fimmu.2014.00189

13. Nico D, Gomes DC, Palatnik-de-Sousa I, Morrot A, Palatnik M, Palatnik-de-Sousa CB. Leishmania donovani nucleoside hydrolase terminal domains in cross-protective immunotherapy against Leishmania amazonensis murine infection. Front Immunol (2014) 5:273. doi:10.3389/fimmu.2014.00273

14. Seyed N, Taheri T, Rafati S. Post-genomics and vaccine improvement for Leishmania. Front Microbiol (2016) 7:467. doi:10.3389/fmicb.2016.00467

15. Kaye PM, Aebischer T. Visceral leishmaniasis: immunology and prospects for a vaccine. Clin Microbiol Infect (2011) 17:1462–70. doi:10.1111/j.1469-0691.2011.03610.x

16. Singh B, Sundar S. Leishmaniasis: vaccine candidates and perspectives. Vaccine (2012) 30:3834–42. doi:10.1016/j.vaccine.2012.03.068

17. Palatnik-de-Sousa CB, Barbosa Ade F, Oliveira SM, Nico D, Bernardo RR, Santos WR, et al. The FML-vaccine against canine visceral leishmaniasis: from the second generation to the synthetic vaccine. Exp Rev Vaccines (2008) 7:833–51. doi:10.1586/14760584.7.6.833

18. Saraiva EM, de Figueiredo Barbosa A, Santos FN, Borja-Cabrera GP, Nico D, Souza LO, et al. The FML-vaccine (Leishmune®) against canine visceral leishmaniasis: a transmission blocking vaccine. Vaccine (2006) 24:2423–31. doi:10.1016/j.vaccine.2005.11.061

19. Nogueira FS, Moreira MA, Borja-Cabrera GP, Santos FN, Menz I, Parra LE, et al. Leishmune vaccine blocks the transmission of canine visceral leishmaniasis: absence of Leishmania parasites in blood, skin and lymph nodes of vaccinated exposed dogs. Vaccine (2005) 23:4805–10. doi:10.1016/j.vaccine.2005.05.011

20. Palatnik-de-Sousa CB, Silva-Antunes I, Morgado Ade A, Menz I, Palatnik M, Lavor C. Decrease of the incidence of human and canine visceral leishmaniasis after dog vaccination with Leishmune in Brazilian endemic areas. Vaccine (2009) 27:3505–12. doi:10.1016/j.vaccine.2009.03.045

21. Freitas EO, Nico D, Guan R, Meyer-Fernandes JR, Clinch K, Evans GB, et al. Immucillins impair Leishmania (L.) infantum chagasi and Leishmania (L.) amazonensis multiplication in vitro. PLoS One (2015) 10:e0124183. doi:10.1371/journal.pone.0124183

22. Freitas EO, Nico D, Alves-Silva MV, Morrot A, Clinch K, Evans GB, et al. Immucillins ImmA and ImmH are effective and non-toxic in the treatment of experimental visceral leishmaniasis. PLoS Negl Trop Dis (2015) 9:e0004297. doi:10.1371/journal.pntd.0004297

23. Paraguai de Souza E, Bernardo RR, Palatnik M, Palatnik de Sousa CB. Vaccination of Balb/c mice against experimental visceral leishmaniasis with the GP36 glycoprotein antigen of Leishmania donovani. Vaccine (2001) 19:3104–15. doi:10.1016/S0264-410X(01)00031-7

24. Al-Wabel MA, Tonui WK, Cui L, Martin SK, Titus RG. Protection of susceptible BALB/c mice from challenge with Leishmania major by nucleoside hydrolase, a soluble exo-antigen of Leishmania. Am J Trop Med Hyg (2007) 77:1060–5.

25. Aguilar-Be I, da Silva Zardo R, Paraguai de Souza E, Borja-Cabrera GP, Rosado-Vallado M, Mut-Martin M, et al. Cross-protective efficacy of a prophylactic Leishmania donovani DNA vaccine against visceral and cutaneous murine leishmaniasis. Infect Immun (2005) 73:812–9. doi:10.1128/IAI.73.2.812-819.2005

26. Nico D, Claser C, Borja-Cabrera GP, Travassos LR, Palatnik M, Soares IS, et al. Adaptive immunity against Leishmania nucleoside hydrolase maps its c-terminal domain as the target of the CD4+ T cell-driven protective response. PLoS Negl Trop Dis (2010) 4:e866. doi:10.1371/journal.pntd.0000866

27. Borja-Cabrera GP, Santos FB, Picillo E, Gravino E, Manna L, Palatnik-de-Sousa CB. Nucleoside hydrolase DNA vaccine against visceral leishmaniasis. Procedia Vaccinol (2009) 1:104–9. doi:10.1016/j.provac.2009.07.019

28. Gamboa-León R, Paraguai de Souza E, Borja-Cabrera GP, Santos FN, Myashiro LM, Pinheiro RO, et al. Immunotherapy against visceral leishmaniasis with the nucleoside hydrolase-DNA vaccine of Leishmania donovani. Vaccine (2006) 24:4863–73. doi:10.1016/j.vaccine.2006.03.005

29. Mauricio IL, Yeo M, Baghaei M, Doto D, Pratlong F, Zemanova E, et al. Towards multilocus sequence typing of the Leishmania donovani complex: resolving genotypes and haplotypes for five polymorphic metabolic enzymes (ASAT, GPI, NH1, NH2, PGD). Int J Parasitol (2006) 36:757–69. doi:10.1016/j.ijpara.2006.03.006

30. Cui L, Rajasekariah GR, Martin SK. A nonspecific nucleoside hydrolase from Leishmania donovani: implications for purine salvage by the parasite. Gene (2001) 280:153–62. doi:10.1016/S0378-1119(01)00768-5

31. Blast-Basic Local Alignment Search Tool. National Institute of Heath (NIH) (2014). Available from: http://blast.ncbi.nlm.nih.gov/Blast.cgi

32. De Groot AS, McMurry J, Moise L. Prediction of immunogenicity: in silico paradigms, ex vivo and in vivo correlates. Curr Opin Pharmacol (2008) 8:620–6. doi:10.1016/j.coph.2008.08.002

33. Versées W, Goeminne A, Berg M, Vandemeulebroucke A, Haemers A, Augustyns K, et al. Crystal structures of T. vivax nucleoside hydrolase in complex with new potent and specific inhibitors. Biochim Biophys Acta (2009) 1794:953–60. doi:10.1016/j.bbapap.2009.02.011

34. Iovane E, Giabbai B, Muzzolini L, Matafora V, Fornili A, Minici C, et al. Structural basis for substrate specificity in group I nucleoside hydrolases. Biochemistry (2008) 47:4418–26. doi:10.1021/bi702448s

35. Palatnik de Sousa CB, Gomes EM, Paraguai de Souza E, Santos WR, Macedo SR, Medeiros LV, et al. The FML (Fucose Mannose Ligand) of Leishmania donovani. A new tool in diagnosis, prognosis, transfusional control and vaccination against human Kala-azar. Rev Soc Bras Med Trop (1996) 29:153–63. doi:10.1590/S0037-86821996000200008

36. Nico D, Claser C, Rodrigues MM, Soares IS, Palatnik-de-Sousa CB. Cloning of the Nucleoside hydrolase of Leishmania donovani aiming at the development of a synthetic vaccine against visceral leishmaniasis. Procedia Vaccinol (2009) 1:115–9. doi:10.1016/j.provac.2009.07.021

37. Rodrigues MHC, Rodrigues KM, Oliveira TR, Cômodo AN, Rodrigues MM, Kocken CH, et al. Antibody response of naturally infected individuals to recombinant Plasmodium vivax apical membrane antigen. Int J Parasitol (2005) 35:185–92. doi:10.1016/j.ijpara.2004.11.003

38. Saini DK, Pant N, Das TK, Tyagi JS. Cloning, overexpression, purification and matrix-assisted refolding of DevS (Rv 3132c) histidine protein kinase of Mycobacterium tuberculosis. Protein Expr Purif (2002) 25:203–8. doi:10.1006/prep.2002.1628

39. Shi W, Schramm VL, Almo SC. Nucleoside hydrolase from Leishmania major. Cloning, expression, catalytic properties, transition state inhibitors, and the 2.5-å crystal structure. J Biol Chem (1999) 274:21114–20. doi:10.1074/jbc.274.30.21114

40. Potestio M, D’Agostino P, Romano GC, Milano S, Ferlazzo V, Aquino A, et al. CD4+ CCR5+ and CD4+ CCR3+ lymphocyte subset and monocyte apoptosis in patients with acute visceral leishmaniasis. Immunology (2004) 113:260–8. doi:10.1046/j.1365-2567.2004.01948.x

41. Jeronimo SM, Duggal P, Braz RF, Cheng C, Monteiro GR, Nascimento ET, et al. An emerging peri-urban pattern of infection with Leishmania chagasi, the protozoan causing visceral leishmaniasis in northeast Brazil. Scand J Infect Dis (2004) 36:443–9. doi:10.1080/00365540410020451

42. Jeronimo SM, Holst AK, Jamieson SE, Francis R, Martins DR, Bezerra FL, et al. Genes at human chromosome 5q31.1 regulate delayed-type hypersensitivity responses associated with Leishmania chagasi infection. Genes Immun (2007) 8:539–51. doi:10.1038/sj.gene.6364422

43. Ho M, Siongok TK, Lyerly WH, Smith DH. Prevalence and disease spectrum in a new focus of visceral leishmaniasis in Kenya. Trans R Soc Trop Med Hyg (1982) 76:741–6. doi:10.1016/0035-9203(82)90095-5

44. Mayrink W, da Costa CA, Magalhaes PA, Melo MN, Dias M, Lima AO, et al. A field trial of a vaccine against American dermal leishmaniasis. Trans R Soc Trop Med Hyg (1979) 73:385–7. doi:10.1016/0035-9203(79)90159-7

45. Antunes CM, Mayrink W, Magalhaes PA, Costa CA, Melo MN, Dias M, et al. Controlled field trials of a vaccine against new world cutaneous leishmaniasis. Int J Epidemiol (1986) 15:572–80. doi:10.1093/ije/15.4.572

46. Khalil EA, El Hassan AM, Zijlstra EE, Mukhtar MM, Ghalib HW, Musa B, et al. Autoclaved Leishmania major vaccine for prevention of visceral leishmaniasis: a randomised, doubleblind, BCG-controlled trial in Sudan. Lancet (2000) 356:1565–9. doi:10.1016/S0140-6736(00)03128-7

47. Carvalho EM, Badaró R, Reed SG, Jones TC, Johnson WD Jr. Absence of gamma interferon and interleukin 2 production during active visceral leishmaniasis. J Clin Invest (1985) 76:2066–9. doi:10.1172/JCI112209

48. Sacks DL, Lal SL, Shrivastava SN, Blackwell J, Neva FA. An analysis of T cell responsiveness in Indian kala-azar. J Immunol (1987) 138:908–13.

49. Saha S, Mondal S, Ravindran R, Bhowmick S, Modak D, Mallick S, et al. IL-10 and TGF-beta-mediated susceptibility in kala-azar and post-kala-azar dermal leishmaniasis: the significance of amphotericin B in the control of Leishmania donovani infection in India. J Immunol (2007) 179:5592–603. doi:10.4049/jimmunol.179.8.5592

50. de Oliveira FA, Barreto AS, Bomfim LG, Leite TR, Dos Santos PL, de Almeida RP, et al. Soluble CD40 ligand in sera of subjects exposed to Leishmania infantum infection reduces the parasite load in macrophages. PLoS One (2015) 10(10):e0141265. doi:10.1371/journal.pone.0141265

51. Lima-Junior DS, Costa DL, Carregaro V, Cunha LD, Silva AL, Mineo TW, et al. Inflammasome-derived IL-1β production induces nitric oxide-mediated resistance to Leishmania. Nat Med (2013) 19:909–15. doi:10.1038/nm.3221

52. Kurkjian KM, Mahmutovic AJ, Kellar KL, Haque R, Bern C, Secor WE. Multiplex analysis of circulating cytokines in the sera of patients with different clinical forms of visceral leishmaniasis. Cytometry A (2006) 69:353–8. doi:10.1002/cyto.a.20256

53. Costa DL, Rocha RL, Carvalho RM, Lima-Neto AS, Harhay MO, Costa CH, et al. Serum cytokines associated with severity and complications of kala-azar. Pathog Glob Health (2013) 107:78–87. doi:10.1179/2047773213Y.0000000078

54. Costa AS, Costa GC, Aquino DM, Mendonça VR, Barral A, Barral-Netto M, et al. Cytokines and visceral leishmaniasis: a comparison of plasma cytokine profiles between the clinical forms of visceral leishmaniasis. Mem Inst Oswaldo Cruz (2012) 107:735–9. doi:10.1590/S0074-02762012000600005

55. Bhattacharya P, Ghosh S, Ejazi SA, Rahaman M, Pandey K, Ravi Das VN, et al. Induction of IL-10 and TGFβ from CD4+CD25+FoxP3+ T cells correlates with parasite load in Indian kala-azar patients infected with Leishmania donovani. PLoS Negl Trop Dis (2016) 10(2):e0004422. doi:10.1371/journal.pntd.0004422

56. Mondal D, Alvar J, Hasnain MG, Hossain MS, Ghosh D, Huda MM, et al. Efficacy and safety of single-dose liposomal amphotericin B for visceral leishmaniasis in a rural public hospital in Bangladesh: a feasibility study. Lancet Glob Health (2014) 2:e51–7. doi:10.1016/S2214-109X(13)70118-9

57. Sundar S, Goyal AK, Mandal AK, Makharia MK, Singh VP, Murray HW. Amphotericin B lipid complex in the management of antimony unresponsive Indian visceral leishmaniasis. Spleen size regression in cure. J Assoc Physicians India (1999) 47:186–8.

58. Lucero E, Collin SM, Gomes S, Akter F, Asad A, Kumar Das A, et al. Effectiveness and safety of short course liposomal amphotericin B (AmBisome) as first line treatment for visceral leishmaniasis in Bangladesh. PLoS Negl Trop Dis (2015) 9(4):e0003699. doi:10.1371/journal.pntd.0003699

59. Nylén S, Sacks D. Interleukin-10 and the pathogenesis of human visceral leishmaniasis. Trends Immunol (2007) 28:378–84. doi:10.1016/j.it.2007.07.004

60. Ato M, Stäger S, Engwerda CR, Kaye PM. Defective CCR7 expression on dendritic cells contributes to the development of visceral leishmaniasis. Nat Immunol (2002) 3:1185–91. doi:10.1038/ni861

61. Chamakh-Ayari R, Bras-Gonçalves R, Bahi-Jaber N, Petitdidier E, Markikou-Ouni W, Aoun K, et al. In vitro evaluation of a soluble Leishmania promastigote surface antigen as a potential vaccine candidate against human leishmaniasis. PLoS One (2014) 9:e92708. doi:10.1371/journal.pone.0092708

62. Kaye PM, Svensson M, Ato M, Maroof A, Polley R, Stager S, et al. The immunopathology of experimental visceral leishmaniasis. Immunol Rev (2004) 201:239–53. doi:10.1111/j.0105-2896.2004.00188.x

63. Follador I, Araújo C, Bacellar O, Araújo CB, Carvalho LP, Almeida RP, et al. Epidemiologic and immunologic findings for the subclinical form of Leishmania braziliensis infection. Clin Infect Dis (2002) 34:E54–8. doi:10.1086/340261

64. Chamizo C, Moreno J, Alvar J. Semi-quantitative analysis of cytokine expression in asymptomatic canine leishmaniasis. Vet Immunol Immunopathol (2005) 103:67–75. doi:10.1016/j.vetimm.2004.08.010

65. Ramos PK, Carvalho KI, Rosa DS, Rodrigues AP, Lima LV, Campos MB, et al. Serum cytokine responses over the entire clinical-immunological spectrum of human Leishmania (L.) infantum chagasi infection. Biomed Res Int (2016) 2016:6937980. doi:10.1155/2016/6937980

66. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection: implications for vaccine design. Nat Rev Immunol (2008) 8:247–58. doi:10.1038/nri2274

67. Uzonna JE, Joyce KL, Scott P. Low dose Leishmania major promotes a transient T helper cell type 2 response that is down-regulated by interferon g-producing CD8+ T cells. J Exp Med (2004) 199:1559–66. doi:10.1084/jem.20040172

68. Okwor IB, Jia P, Mou Z, Onyilagha C, Uzonna JE. CD8+ T cells are preferentially activated during primary low dose Leishmania major infection but are completely dispensable during secondary anti-Leishmania immunity. PLoS Negl Trop Dis (2014) 8:e3300. doi:10.1371/journal.pntd.0003300

69. Müller I. Role of T cell subsets during the recall of immunologic memory to Leishmania major. Eur J Immunol (1992) 22:3063–9. doi:10.1002/eji.1830221206

70. Gurunathan S, Stobie L, Prussin C, Sacks DL, Glaichenhaus N, Iwasaki A, et al. Requirements for the maintenance of Th1 immunity in vivo following DNA vaccination: a potential immunoregulatory role for CD8+ T cells. J Immunol (2000) 165:915–24. doi:10.4049/jimmunol.165.2.915

71. Mendez S, Gurunathan S, Kamhawi S, Belkaid Y, Moga MA, Skeiky YA, et al. The potency and durability of DNA- and protein-based vaccines against Leishmania major evaluated using low-dose intradermal challenge. J Immunol (2001) 166:5122–8. doi:10.4049/jimmunol.166.8.5122

72. Kao DJ, Hodges RS. Advantages of a synthetic peptide immunogen over a protein immunogen in the development of an anti-pilus vaccine for Pseudomonas aeruginosa. Chem Biol Drug Des (2009) 74:33–42. doi:10.1111/j.1747-0285.2009.00825.x

73. Plassmeyer ML, Reiter K, Shimp RL Jr, Kotova S, Smith PD, Hurt DE, et al. Structure of the Plasmodium falciparum circumsporozoite protein, a leading malaria vaccine candidate. J Biol Chem (2009) 284:26951–63. doi:10.1074/jbc.M109.013706

74. Liu H, Bi W, Wang Q, Lu L, Jiang S. Receptor binding domain based HIV vaccines. Biomed Res Int (2015) 2015:594109. doi:10.1155/2015/594109

75. Kolpe A, Schepens B, Fiers W, Saelens X. M2-based influenza vaccines: recent advances and clinical potential. Expert Rev Vaccines (2017) 16:123–36. doi:10.1080/14760584.2017.1240041

76. Parra-López C, Calvo-Calle JM, Cameron TO, Vargas LE, Salazar LM, Patarroyo ME, et al. Major histocompatibility complex and T cell interactions of a universal T-cell epitope from Plasmodium falciparum circumsporozoite protein. J Biol Chem (2006) 281:14907–17. doi:10.1074/jbc.M511571200

77. Launois P, Pingel S, Himmelrich H, Locksley R, Louis J. Different epitopes of the LACK protein are recognized by V beta 4 V alpha 8 CD4+ T cells in H-2b and H-2d mice susceptible to Leishmania major. Microbes Infect (2007) 9:1260–6. doi:10.1016/j.micinf.2007.05.017

78. Basu R, Roy S, Walden P. HLA class I-restricted T cell epitopes of the kinetoplastid membrane protein-11 presented by Leishmania donovani-infected human macrophages. J Infect Dis (2007) 195:1373–80. doi:10.1086/513439

79. Duarte A, Queiroz AT, Tosta R, Carvalho AM, Barbosa CH, Bellio M, et al. Prediction of CD8+ epitopes in Leishmania braziliensis proteins using EPIBOT: in silico search and in vivo validation. PLoS One (2015) 10:e0124786. doi:10.1371/journal.pone.0124786

80. Fernandes AP, Coelho EA, Machado-Coelho GL, Grimaldi G Jr, Gazzinelli RT. Making an anti-amastigote vaccine for visceral leishmaniasis: rational, update and perspectives. Curr Opin Microbiol (2012) 15:476–85. doi:10.1016/j.mib.2012.05.002

81. De Groot AS, Sbai H, Aubin CS, Mcmurry J, Martin W. Immuno-informatics: mining genomes for vaccine components. Immunol Cell Biol (2002) 80:255–69. doi:10.1046/j.1440-1711.2002.01092.x

82. Zandieh M, Kashi T, Taheri T, Zahedifard F, Taslimi Y. Assessment of protection induced by DNA and live vaccine encoding Leishmania MHC class I restricted epitopes against L. major challenge in Balb/c mice model. J Microb Biochem Technol (2015) 7:427–38. doi:10.4172/1948-5948.1000250

Conflict of Interest Statement: DN, MP, and CP-d-S are inventors of the patent file PI1015788-3 (INPI, Brazil). MS, IP-d-S, EC, JM, PL, CB-C, AM, DR, and RA declare no conflict of interest.

Copyright © 2017 Barbosa Santos, Nico, de Oliveira, Barreto, Palatnik-de-Sousa, Carrillo, Moreno, de Luca, Morrot, Rosa, Palatnik, Bani-Corrêa, de Almeida and Palatnik-de-Sousa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	 
	ORIGINAL RESEARCH
published: 12 July 2017
doi: 10.3389/fimmu.2017.00750





[image: image1]

F1 Domain of the Leishmania (Leishmania) donovani Nucleoside Hydrolase Promotes a Th1 Response in Leishmania (Leishmania) infantum Cured Patients and in Asymptomatic Individuals Living in an Endemic Area of Leishmaniasis

Eugenia Carrillo1†, Laura Fernandez1†, Ana Victoria Ibarra-Meneses1, Micheli L. B. Santos2, Dirlei Nico3, Paula M. de Luca4, Cristiane Bani Correa5, Roque Pacheco de Almeida2,6, Javier Moreno1 and Clarisa B. Palatnik-de-Sousa3,6*

1 WHO Collaborating Centre for Leishmaniasis, Centro Nacional de Microbiologia, Instituto de Salud Carlos III, Madrid, Spain

2 Departamento de Medicina, Hospital Universitário, Universidade Federal de Sergipe, Aracaju, Brazil

3 Instituto de Microbiologia Paulo de Góes, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

4 Laboratório de Imunoparasitologia, Instituto Oswaldo Cruz, Rio de Janeiro, Brazil

5 Departamento de Morfologia, Universidade Federal de Sergipe, Aracaju, Brazil

6 Instituto Nacional de Ciência e Tecnologia de Investigação em Imunologia, São Paulo, Brazil

OPEN ACCESS

Edited by:

Rashika El Ridi, Cairo University, Egypt

Reviewed by:

Rajiv Kumar, Banaras Hindu University, India
Clara Lúcia Barbiéri, Universidade Federal de São Paulo, Brazil

*Correspondence:

Clarisa B. Palatnik-de-Sousa
immgcpa@micro.ufrj.br

†These authors have contributed equally to this work.

Specialty section:

This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology

Received: 07 April 2017
Accepted: 13 June 2017
Published: 12 July 2017

Citation:

Carrillo E, Fernandez L, Ibarra-Meneses AV, Santos MLB, Nico D, de Luca PM, Correa CB, de Almeida RP, Moreno J and Palatnik-de-Sousa CB (2017) F1 Domain of the Leishmania (Leishmania) donovani Nucleoside Hydrolase Promotes a Th1 Response in Leishmania (Leishmania) infantum Cured Patients and in Asymptomatic Individuals Living in an Endemic Area of Leishmaniasis. Front. Immunol. 8:750. doi: 10.3389/fimmu.2017.00750

The Leishmania (Leishmania) donovani nucleoside hydrolase NH36 is the main antigen of the Leishmune® vaccine and one of the promising candidates for vaccination against visceral leishmaniasis. The antigenicity of the N-terminal (F1), the central (F2), or the C-terminal recombinant domain (F3) of NH36 was evaluated using peripheral blood mononuclear cells (PBMC) from individuals infected with L. (L.) infantum from an endemic area of visceral leishmaniasis of Spain. Both NH36 and F1 domains significantly increased the PBMC proliferation stimulation index of cured patients and infected asymptomatic individuals compared to healthy controls. Moreover, F1 induced a 19% higher proliferative response than NH36 in asymptomatic exposed subjects. In addition, in patients cured from visceral leishmaniasis, proliferation in response to NH36 and F1 was accompanied by a significant increase of IFN-γ and TNF-α secretion, which was 42–43% higher, in response to F1 than to NH36. The interleukin 17 (IL-17) secretion was stronger in asymptomatic subjects, in response to F1, as well as in cured cutaneous leishmaniasis after NH36 stimulation. While no IL-10 secretion was determined by F1, a granzyme B increase was detected in supernatants from cured patients after stimulation with either NH36 or F1. These data demonstrate that F1 is the domain of NH36 that induces a recall cellular response in individuals with acquired resistance to the infection by L. (L.) infantum. In addition, F1 and NH36 discriminated the IgG3 humoral response in patients with active visceral leishmaniasis due to L. (L.) donovani (Ethiopia) and L. (L.) infantum (Spain) from that of endemic and non-endemic area controls. NH36 showed higher reactivity with sera from L. (L.) donovani-infected individuals, indicating species specificity. We conclude that the F1 domain, previously characterized as an inducer of the Th1 and Th17 responses in cured/exposed patients infected with L. (L.) infantum chagasi, may also be involved in the generation of a protective response against L. (L.) infantum and represents a potential vaccine candidate for the control of human leishmaniasis alone, or in combination with other HLA epitopes/antigens.

Keywords: human visceral leishmaniasis, cutaneous leishmaniasis, nucleoside hydrolase, B cell epitopes, T cell epitopes, adaptive immunity

INTRODUCTION

Leishmaniasis is a vector-born infectious disease caused by a group of protozoan parasites of the genus Leishmania. Leishmania (L.) infantum infection is endemic in parts of the Mediterranean basin, Asia, and Central and South America, where it is widespread and represents a serious public health problem. In Spain, the infection can be either asymptomatic or manifest in both cutaneous (CL) and visceral (VL) forms (1, 2), the last one being fatal if untreated (3).

While vaccination has been considered as a very effective tool for the eradication of canine visceral leishmaniasis (canine VL) (4, 5) and four veterinary vaccines were already licensed (6–9), there is still no vaccine available for use in humans. In Europe, there are two veterinary vaccines, one composed of the 54 kDa native excreted/secreted protein (Canileish) (6) and the other a chimera recombinant multiprotein protein Q, which contains the acidic ribosomal proteins Lip2a, Lip2b, P0, and histone H2A (7) (Latifend). In Brazil, the FML glycoprotein extract of L. (L.) donovani (Leishmune®) (8–11) was the first commercial vaccine in the world licensed in 2003. After that, the A2 recombinant protein of L. (L.) infantum chagasi (Leish-Tec®) (12) was also licensed in Brazil, in 2007 (13).

While untreated VL patients showed a failure in the T-cell proliferative response to leishmanial antigens, recovery from disease and resolution of infection correlate with the induction of a memory Th1 response in cured/exposed asymptomatic Leishmania-infected individuals (14, 15). The ability of vaccine candidates to elicit a Th1 response in infected hosts is indicative of the respective antigen presentation during infection and its potential to generate protection, if used as a component in a vaccine formulation. Many Leishmania antigens have been assayed as vaccine candidates in animal models with variable success (16–18). The main antigen of Leishmune® is the L. (L.) donovani nucleoside hydrolase (NH36) (8). Vaccination with NH36 DNA has proven to induce protection against murine cutaneous and visceral leishmaniasis (19–25) as well as against canine VL (26, 27) mediated by a CD4+ T-cell-dependent interferon (IFN)-γ response (21). Furthermore, the N-terminal domain (F1, amino acids 1–103), the central domain (F2, amino acids 104–198), or the C-terminal recombinant domain (F3, amino acids 199–314) of NH36 have been tested as vaccine candidates against L. (L.) infantum chagasi challenge, and F1- and F3-vaccinated mice induced increased levels of IFN-γ and tumor necrosis factor (TNF) (22). Protection in mice against L. (L.) infantum chagasi infection was mediated by a CD4+ T-cell response to the F3 domain. The intradermal response to leishmanial antigen (IDR) and an increased tumor necrosis factor alpha (TNF-α) secretion were the strong correlates of this F3 domain-induced protection (22).

In contrast, prevention and cure of cutaneous leishmaniasis caused by L. (L.) amazonensis involved a CD8+ T-cell response to the F1 domain, besides the CD4+ T-cell response to the F3 domain (23, 24). We recently described that the in silico-predicted epitopes of L. (L.) donovani-NH36 are highly conserved in the nucleoside hydrolase of L. amazonensis (24). This justifies the high cross-protection obtained against L. (L.) amazonensis infection of mice, after vaccination with F1 and F3 (23–25). Furthermore, a recombinant chimera composed of the F1 and F3 domains cloned in tandem optimized that vaccine efficacy (25).

The in silico analysis revealed that the predicted epitopes of NH36 for HLA-DR and HLA-A and B histocompatibility molecules of humans (28) slightly differ from those described for MHC molecules of mice (22, 24). In spite of that difference, the F1 domain, which induced a CD8+ T-cell-mediated protection against cutaneous leishmaniasis of mice (22, 24, 25), shares important epitopes for the generation of a Th1 and CD8+ T-cell responses of human VL patients infected with L. (L.) infantum chagasi from Sergipe, Brazil (28). However, while L. (L.) infantum chagasi is the etiological agent of VL in America, the disease is caused by L. (L.) infantum in Europe. We recently showed that the epitopes of NH36 recognized by the histocompatibility molecules of humans are highly conserved among species of the Leishmania genus that cause both the visceral and the cutaneous forms of leishmaniasis in all continents (28). In addition, we identified the NH36 domains, which are the markers of VL resistance, in asymptomatic and cured subjects and of clinical VL outcomes, in a Brazilian endemic area of L. (L.) infantum chagasi infection (28).

As a further step in the development of a universal vaccine, able to protect against human VL in Europe and America, the identification of the main immunogenic domains of L. (L.) donovani-NH36 recognized by human asymptomatic and cured patients, infected by L. (L.) infantum, in Europe is necessary. In addition, it is important to identify if the domains of NH36 are recognized differently by patients infected by L. (L.) infantum, which develop the visceral, or the cutaneous form of leishmaniasis (1, 2).

In this investigation, we report the recognition of NH36 and its domains by peripheral blood mononuclear cells (PBMC) of Leishmania-exposed and cured individuals from an L. (L.) infantum endemic area of Spain. The proliferation to NH36 and F1 domains was accompanied by a statistical increase in IFN-γ, TNF-α, interleukin (IL)-17, and granzyme secretion. Our data demonstrate that F1 is a potential candidate for the development of a synthetic human vaccine formulation against VL in Europe and America.

MATERIALS AND METHODS

Ethical Statement

This study was approved by the Hospital de Fuenlabrada (Madrid) Ethics and Research Committee (APR 12–65 and APR 14–64). In addition, the protocols for the collection of sera samples of healthy blood donors of the Hospital Universitário Clementino Fraga Filho (HUCFFo)-Blood Transfusion service of the Universidade Federal do Rio de Janeiro (Rio de Janeiro, Brazil) were approved by the Comité de Ética em Pesquisa of the HUCFFo-Faculdade de Medicina according to the GM-MS 158-2016 regulation of the Brazilian Ministry of Health. All participants gave their written informed consent.

Blood and Sera Samples

Subjects included in this study were residents of Fuenlabrada, an L. (L.) infantum postoutbreak area of Madrid, Spain. Blood samples were obtained from the patients of the Hospital de Fuenlabrada, from 2013 to 2015, and forwarded to the Instituto de Salud Carlos III, where the immunological assays were performed. Patients clinically diagnosed with either visceral (VL) or cutaneous leishmaniasis (CL) were treated with liposomal amphotericin B or with intralesional meglumine antimoniate, respectively. Three months after the end of the treatment, cure was confirmed in 16 patients. Their PBMC were used for a preliminary screening of antigenicity in a cell lymphoproliferation assay. Further lymphoproliferation analysis and quantification of cytokines secreted to the supernatants were performed in antigen-stimulated PBMC from additional 10 patients cured from visceral leishmaniasis (CVL) and eight individuals cured from cutaneous leishmaniasis (CCL).

In addition, healthy blood donors of the Hospital de Fuenlabrada-Blood Bank (n = 41) were screened according to their response to the soluble Leishmania antigen (SLA) in an in vitro PBMC proliferation assay. Among them, 11 donors reacted positively and were considered as Leishmania-infected asymptomatic subjects. Moreover, 30 subjects with negative reaction in the SLA proliferation assay were considered as endemic area normal healthy controls and were randomly distributed for lymphoproliferative assays (n = 17) and cytokine analyses (n = 13).

For ELISA, we analyzed sera samples of 33 L. (L.) infantum-VL cases from Spain. Their clinical status was confirmed by positive results in the direct agglutination test results (DAT) and rK39 serological assays. Furthermore, 24 cases of L. (L.) donovani-VL infection from Amhara, Ethiopia, were confirmed by their positive DAT results and negative delayed type of hypersensitivity (DTH) reactions to leishmanial antigen (29). Asymptomatic subjects, in contrast, showed DAT-negative and DTH-positive responses. All the sera samples of L. (L.) infantum- and L. (L.) donovani-infected individuals belong to the Instituto de Salud Carlos III-WHO Collaborating Center for Leishmaniasis-Biobank. This biobank is registered in the National Registry of Biobanks with reference C.000898 (in accordance with the regulation established by RD1716/2011 Spain).

We also included, as controls, 25 sera samples of healthy blood donors from the Hospital de Fuenlabrada-Blood Bank and 23 sera of healthy blood donors from Rio de Janeiro, a VL non-endemic area of Brazil (NEC), collected at the HUCFFo-Blood Transfusion service, who tested negatively for hepatitis B and C, HIV, shiphylis, HTV, and Chagas disease.

Antigens

Soluble Leishmania antigen (SLA) was obtained from a stationary phase-promastigote culture of L. (L.) infantum (JPC strain, MCAN/ES/98/LLM-722). Briefly, promastigotes were washed in PBS and centrifuged at 1,000 g for 20 min at 4°C. The Leishmania pellet was suspended in lysis buffer (50 mM Tris/5 mM EDTA/HCl, pH 7), submitted to a freeze and thaw procedure, and sonicated and centrifuged at 27,000 g for 4 h at 4°C. The supernatant was aliquoted in sterile conditions and stored at −20°C. Protein concentration in the extract was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, USA) following the manufacturer’s instructions.

Nucleotide and amino acid sequence data of NH36 are available in the EMBL, GenBank™, and DDJB databases under the accession codes AY007193 and AAG02281.1, respectively, and in the SWISS-PROT database under the accession code Q8WQX2. The recombinant NH36 antigen, composed of a sequence of 314 amino acids, i.e., N-terminal (F1, amino acids 1–103), central (F2, amino acids 104–198), and C-terminal (F3, amino acids 199–314) domains, was cloned in E. coli (22) and expressed and purified as modified from the methods of Rodrigues et al. (30) and Saini et al. (31).

Briefly, the protein expression was induced in bacterial suspensions with 1 mM IPTG for 4 h and disrupted by sonication. Pellets were washed with 0.5% CHAPS in 10 mM Tris HCl, pH 8.0, and solubilized in a 20 mM Tris HCl, pH 8.0, 500 mM NaCl, 10% glycerol, 8 M urea-containing buffer. After centrifugation, the proteins in supernatants were purified in a Ni-NTA column using imidazol, refolded with urea and reduced gluthation, and dialyzed. Absence of LPS was confirmed using the “Limulus Amebocyte Lysate” QCL-1000, Lonza kit. The fractions containing the NH36, F1, F2, and F3 recombinant antigens were recovered, dialyzed, and preserved at −80°C. The yield of each expression batch was 4.62 mg for NH36, 5.00 mg for F1, 3.5 mg for F2, and 3.75 mg for F3.

The NH sequences of L. (L.) infantum (PubMed databank code: AMP43260.1 and CA F05930.1) were compared with those of NH36 of L. (L.) donovani using the PubMed NIH-Blast protein tool.

PBMC Culture and Cell Proliferation Assay

Peripheral blood mononuclear cells were isolated from heparinized blood by Ficoll-Hypaque gradient (Lymphocytes Isolation Solution, Rafer, UK). PBMC were washed with PBS and suspended in RPMI 1640 (Lonza, Sweden) supplemented with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin (Lonza, Sweden). Aliquots containing 2 × 105 cells/well were distributed in 96-well plates and cultured with supplemented RPMI 1640 medium alone or with the addition of 10 µg/ml of SLA, NH36, F1, F2, or F3 at 37°C in a 5% CO2 incubator. Bromodeoxyuridine (BrDU) was added 16 h before the end of the 5-day incubation period, and the cell proliferation was measured by BrDU incorporation using the Cell Proliferation Biotrak ELISA System Kit (GE Healthcare life Science, UK). Absorbance values were read at 450 nm in a microplate photometer (Multiskan FC, Thermo Scientific, USA), and results were expressed as stimulation indexes (SI), which represent the ratio between the absorbance mean of stimulated cells and the absorbance mean of unstimulated cells. Supernatants were collected and stored at −20°C until analyzed for cytokine secretion.

Multiplex Analysis of Cytokines

The levels of the secreted IFN-γ, TNF-α, IL-10, IL-17A, and granzyme B were measured in 50 µl of the supernatants from SLA, NH36, and F1 (10 µg/ml) stimulated PBMC by flow cytometry analysis using the BD Cytometric Bead Array Human Flex set (Becton & Dickinson Bioscience, USA), as previously described (32). Data were acquired in an FACSCalibur cytometer and analyzed using the FCAP Array software Version 3.0 (Becton & Dickinson Bioscience, USA).

ELISA

MaxiSorp 96-well plates were coated with 100 µl/well of 20 µg/ml of NH36 and F1 recombinant proteins diluted in carbonate buffer (15 mM Na2CO3, 28 mM NaHCO3, pH 9.6). After blocking with 1% BSA supplemented with PBS for 1 h at 37°C, plates were incubated with 100 µl of 1:200 diluted sera samples in PBS −0.05% Tween 20, for 1 h at 37°C. Plates were subsequently incubated with 1/2,000 diluted mouse antihuman IgG3 HRP conjugate (Invitrogen, USA) for 30 min at 37°C, and immune complexes were revealed with SIGMAFAST OPD peroxidase substrate (Sigma-Aldrich, USA). The absorbance was measured at 492 nm using a microplate photometer (Multiskan FC, Thermo Scientific, USA). The cutoff values were calculated using the receiver operating characteristic (ROC) analysis (33, 34) using the Graphpad Prism6 program and the three categories of accuracy based on AUC–ROC analysis, as described by Solano Gallego et al. (33). We additionally calculated the cutoff values using the Youden index (35–37).

Statistical Analysis

Data were analyzed using the Mann–Whitney U test of the GraphPad Prism version 5.0 software (GraphPad Software, La Jolla, CA, USA). Significance was set at p ≤ 0.05.

RESULTS

F1 Is the Main Domain of NH36 Recognized by the Lymphoproliferative Response of VL Cured and Asymptomatic Individuals

In VL, the cellular immune response to leishmanial antigens is lost during the active disease but is maintained in the infected asymptomatic subjects and cured individuals. We, therefore, decided to study the lymphoproliferative response of these three populations to the NH36 and its domains, using samples of L. (L.) infantum-infected subjects obtained from the endemic area of Spain.

An initial screening with NH36, F1, F2, and F3 disclosed that only the NH36 (p = 0.042) and F1 (p = 0.019) domains induced significant differences between cured leishmaniasis patients and negative controls (Figure 1A). Both NH36 and F1 promoted 1.4-fold increases of their respective SI, which were 30–31% higher in cured patients than in negative controls (Figure 1A).
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FIGURE 1 | F1 significantly enhances the lymphoproliferative response of cured and asymptomatic visceral leishmaniasis (VL) patients. (A) A preliminary screening of the specific proliferation to F1, F2, F3, and NH36 antigens was performed using peripheral blood mononuclear cells from cured VL patients and negative endemic controls (EC) (n = 14–16). (B) Anti-NH36 and anti-F1 proliferative responses were assessed in EC (n = 13), asymptomatic subjects (Asympt) (n = 11), cured cutaneous leishmaniasis (CCL) (n = 8), and cured VL patients (CVL) (n = 10). (C) Soluble Leishmania antigen (SLA) proliferative responses was assessed in EC (n = 10), asymptomatic subjects (Asympt) (n = 10), CCL (n = 8), and cured VL patients (CVL) (n = 10). Each symbol represents one individual; bars represent the mean of the experimental groups. Mann–Whitney test was used to compare clinical groups (*p ≤ 0.05).



Based on the cellular immune response results, we decided to focus this study in testing the antigenicity of NH36 and F1 in asymptomatic individuals and patients cured of VL and CL, from the same VL endemic area of Spain. Incubation with either NH36 or F1 induced higher lymphoproliferative responses in PBMC of asymptomatic subjects and cured VL and CL patients than in endemic area controls (Figure 1B). The responses of asymptomatic individuals to NH36 or F1 antigens were not different from those of the cured VL or CL patients. However, it is worth to note that, in the asymptomatic subjects, the F1 domain induced a 19% higher stimulation index than NH36, equivalent to 1.2-fold increase. This result confirmed the antigenic predominance of F1 in acquired resistance to the disease (Figure 1B). We, therefore, concluded that the lymphoproliferative response of cured and asymptomatic subjects against the NH36 antigen is mainly directed toward its F1 immunodominant domain.

Similar to what detected for NH36 and F1 (Figure 1B), we also observed SLA-mediated stimulation in asymptomatic and cured patients (Figure 1C), but with higher SI, as expected for being composed of multiple antigens. In contrast to NH36 and F1, which stimulated PBMC of cured CL, VL, and asymptomatic patients to a similar extent, the SLA complex was preferably recognized by the asymptomatic subjects and cured VL patients (Figure 1C).

F1 Enhances the Th1 and Th17 Cytokine and Cytotoxic Responses

Regarding the Th1-cytokine response, both NH36 and F1 promoted higher IFN-γ secretion in asymptomatic subjects and cured CL and VL patients than in their respective endemic area controls (p < 0.0001) (Figure 2A). The highest IFN-γ secretion was observed in cured VL patients against the F1 domain. In fact, the F1 peptide induced 42% more IFN-γ secretion than NH36 (1.7-fold increase) (Figure 2A). Stimulation with SLA, in contrast, also promoted higher IFN-γ secretion in all groups of patients than in controls (p < 0.0001). The highest response to SLA was observed in asymptomatic individuals and, to a lower extent, in cured VL patients (Figure 2B).
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FIGURE 2 | F1 and NH36 enhance the peripheral blood mononuclear cells (PBMC) secretion of interferon (IFN)-γ, tumor necrosis factor alpha (TNF-α), and interleukin (IL)-17A. The secretion of IFN-γ (A), TNF-α (C), and IL-17A (E) was assessed in supernatants of NH36- and F1-stimulated PBMC of endemic negative controls (EC, n = 13), asymptomatic subjects (Asympt, n = 11), cured cutaneous leishmaniasis (CCL, n = 8) and cured visceral leishmaniasis (CVL, n = 10) patients from visceral leishmaniasis endemic area. Supernatants of PBMC stimulated by the soluble Leishmania antigen (SLA) control were also assayed for IFN-γ (B), TNF-α (D), and IL-17A (F) secretions. Each symbol represents one individual; bars represent the mean of the experimental groups. Mann–Whitney test was used to compare clinical groups (*p ≤ 0.05).



As observed for IFN-γ (Figure 2A), a similar performance was observed for TNF-α secretion, which was also more pronounced in cured VL patients, in this case against both the NH36 antigen and the F1 domains (Figure 2C), and was 43% higher in response to F1 than to NH36 (1.8-fold increase). SLA stimulation, in contrast, promoted less TNF-α secretion than the F1 domain (Figure 2C) and a main response observed in asymptomatic subjects (p ≤ 0.0001) (Figure 2D).

In addition, IL-17A was secreted by all groups of patients, in response to NH36 (Figure 2E), and by asymptomatic and cured CL patients, in response to F1 (Figure 2F). The highest NH36-specific IL-17A was observed in cured CL patients, while asymptomatic developed the most pronounced response to F1 (Figure 2E). As observed for IFN-γ (Figure 2B) and TNF-α secretion (Figure 2D), SLA stimulation induced a specific increase in IL-17A in asymptomatic individuals. The potency of the NH36 and F1 antigens is remarkable when compared with that of SLA control, which in spite of being composed of many Leishmania proteins and PAMPS and being expected to potentiate the cytokine response, promoted a much lower secretion of TNF-α and IL-17A (Figures 2D,F).

Regarding the Th2-cytokine response to the antigens, the global antigen-specific IL-10 response was very low. In fact, while no increase in IL-10 secretion was observed against F1, only PBMC of cured VL patients, incubated with NH36, secreted IL-10 (Figure 3A). SLA, in contrast, stimulated IL-10 secretion in all groups of patients (p ≤ 0.05) and was predominant in asymptomatic subjects (Figure 3B), as detected for IFN-γ, TNF-α, and IL-17A secretions (Figures 2B,D,F).
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FIGURE 3 | Granzyme B secretion is increased in response to NH36 and F1, while only NH36 induces the increased secretion of interleukin (IL)-10. IL-10 (A) and granzyme B (C) secretions in response to NH36, and F1, was assessed in stimulated supernatants from endemic negative controls (EC, n = 13), asymptomatic subjects (Asympt, n = 11), cured cutaneous leishmaniasis (CCL, n = 8) and cured visceral leishmaniasis (CVL, n = 10) patients from a visceral leishmaniasis area. The control IL-10 (B) and granzyme B (D) responses induced by soluble Leishmania antigen (SLA) were also assayed. Mann–Whitney test was used to compare clinical groups (*p ≤ 0.05).



Suggesting that NH36 and F1 are capable of triggering a potential Th1 response, the IFN-γ/IL-10 and TNF-α/IL-10 ratios induced by both antigens were higher in asymptomatic individuals and cured CL and VL patients than in the endemic area controls (Table 1). In addition, in response to both antigens, the TNF-α/IL-10 ratios were higher than the IFN-γ/IL-10 ratios (Table 1).

TABLE 1 | Superiority of the F1 over the NH36 antigen in interferon (IFN)-γ and tumor necrosis factor alpha (TNF-α)/interleukin (IL)-10 ratios.
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Moreover, F1 was more potent than NH36 in the development of the IFN-γ/IL-10 and TNF-α/IL-10 ratios, in all groups of patients (Table 1). This means that the capability of inducing an enhancement of IFN-γ/IL-10 and TNF-α/IL-10 ratios is enriched in F1 (Table 1). Calculation of this enrichment increment disclosed that F1 is 38% more potent than NH36 in the induction of IFN-γ/IL-10 by cured VL patients. In addition, F1 is 39 and 42% stronger than NH36 in an increase in the TNF-α/IL-10 ratios in asymptomatic subjects and cured VL patients, respectively (Table 1).

Furthermore, as an indicator of the activity of CD8+ T and cytotoxic cells, we measured the secretion of granzyme B. PBMC of cured VL and CL patients stimulated with either NH36 or F1 secreted more granzyme B than negative controls (Figure 3C), indicating the induction of cytotoxic activity by both antigens. SLA stimulation, in contrast, increased the granzyme B secretion from PBMC of the asymptomatic subjects (p ≤ 0.0001) and the cured VL (p = 0.0075) and CL patients (p ≤ 0.0001) (Figure 3D).

Our results disclosed that the F1 domain was more potent than the cognate NH36 protein in the induction of IFN-γ and TNF-α secretions in cured VL patients, did not enhance the secretion of IL-10, and promoted, together with NH36, an increased cytotoxic activity in patients cured from CL and VL. In addition, F1 together with NH36 stimulated the IL-17A secretion by PBMC of asymptomatic individuals.

NH36 and F1 Are Recognized by IgG3 Antibodies of Patients Infected by L. (L.) donovani and L. (L.) infantum with Active VL

We followed our analysis aiming to elucidate the cross-species capabilities of the NH36 antigen and extended the analysis of the humoral response to the antigens, using sera samples of patients from Ethiopia infected with L. (L.) donovani and patients from Spain infected with L. (L.) infantum (Figure 4).
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FIGURE 4 | Increased anti-NH36 and anti-F1 IgG3 antibody levels are present in visceral leishmaniasis (VL) infection caused by L. (L.) donovani and L. (L.) infantum. IgG3 levels in the plasma was assessed by ELISA in European patients with active VL caused by L. (L.) infantum (n = 33), African patients with active VL caused by L. (L.) donovani (n = 24), negative controls of endemic area (EC, n = 25), and negative controls of a non-endemic area (NEC, n = 25). Each symbol represents one individual. Horizontal lines represent the mean of each experimental group. Mann–Whitney test was used to compare clinical groups (*p ≤ 0.05).



The IgG3 antibody subtype has been described as a serological marker of VL, and its decrease after successful treatment suggests that it may be a useful tool for diagnosis. The anti-NH36 IgG3 antibodies were 55% higher in patients with active VL from Ethiopia, caused by L. (L.) donovani, than in patients infected in Spain with L. (L.) infantum (p = 0.004) and also higher than in uninfected controls of both non-endemic and endemic areas (p ≤ 0.0001 for both) (Figure 4). The IgG3 reactivity to NH36 was also higher in patients infected with L. (L.) infantum than in non-endemic and endemic area controls. In contrast, there was no significant difference between the anti-F1 IgG3 reactivity of LV patients infected either by L. (L.) donovani (p ≤ 0.01) or by L. (L.) infantum (p ≤ 0.0001), although both were respectively higher than those observed in the non-endemic and endemic control subjects (Figure 4).

Noteworthy, the response of patients infected with L. (L.) donovani from Ethiopia was 35% higher against NH36 than against F1 (p ≤ 0.01) (Figure 4).

The accuracy of these results was confirmed by calculation of the cutoff values by the Receiver operating characteristic (ROC) analysis and the Youden test (Table 2). In both methods, the maximal accuracy values are equal to 1. In fact, NH36 discriminated the sera of L. (L.) donovani infection from controls with the highest accuracy values (0.9 < AUC–ROC ≤ 1) (Table 2). Sera of L. (L.) infantum infection, In contrast, were separated from sera of non-endemic area with moderate accuracy values (0.7 < AUC–ROC ≤ 0.89) and from sera of endemic area controls with low accuracy values (0.5 < AUC–ROC ≤ 0.69) (Table 2). As illustrated in Figure 5, the sensitivities and specificities obtained in the NH36 ELISA against samples of L. (L.) donovani-infected patients were maximal and gave the best receiver operating characteristic (ROC) curves. Calculation of cutoff values by Youden test also confirmed that NH36 displays the best performance against sera of VL patients infected with L. (L.) donovani (0.8030 and 0.8510) (Table 2).

TABLE 2 | Cross-species IgG3 reactivity of the NH36 antigen.
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FIGURE 5 | Sensitivities and specificities of NH36 ELISA for IgG3 antibodies. Receiver operating characteristics (ROC) curve for NH36-based ELISAs applied on Leishmania (Leishmania) donovani visceral leishmaniasis cases versus (A) NEC and (B) endemic controls (EC).



In contrast, and different from what observed for NH36, F1 recognized the sera of individuals infected with either L. (L.) donovani or L. (L.) infantum, with similar moderate ROC–AUC values (0.8087–0.8661) (Table 2) and with lower and similar Youden indexes than NH36.

We investigated further the possible reason for the higher antigenicity of NH36 against the sera of patients infected with L. (L.) donovani. Figure 6 summarizes the sequence homology and alignment found between the NH36 of L. (L.) donovani, and two reported sequences of NH of L. (L.) infantum. The analysis revealed 99% of homology with differences in only one amino acid: aspartic acid in NH36 of L. (L.) donovani was substituted by asparagine in NHs of L. (L.) infantum.
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FIGURE 6 | Sequence analysis of nucleoside hydrolases of Leishmania (Leishmania) donovani and Leishmania (Leishmania) infantum. The sequences of the nucleoside hydrolases NH36 of L. (L.) donovani AAG02281.1 (Ld-NH36) and L. (L.) infantum AMP43260.1 and CA F05930.1 (Li-NH) were aligned using the BLASTP GenBank program. The line in the middle of the two sequences shows the amino acids shared by the two NHs. The peptide sequence of the strongest B-cell epitope of F3 (position 202–219) (22) and the substitution of aspartic acid in Ld-NH36 for asparagine in Ld-NHs are marked by empty black squares.



DISCUSSION

F1 is the main domain of NH36 recognized by the lymphoproliferative response of L. (L.) infantum-cured and asymptomatic individuals. In the asymptomatic subjects, the F1 domain induced a 19% higher stimulation index than NH36 domain. This result confirmed its antigenic predominance in acquired resistance to the disease. Coincidentally and supporting its cross-protective capabilities, we recently described that the F2 together with F1 was the strongest immunogenic domains of NH36 that were recognized by asymptomatic and cured VL patients infected with L. (L.) infantum chagasi in North East Brazil (28). In fact, F1 promoted a higher secretion of IFN-γ, IL-1β, IL-17, IL-12p70, and TNF-α in these patients than in endemic area controls (28).

In this investigation, we show that the lymphoproliferative responses to F1 and NH36 of cured/exposed L. (L.) infantum-infected subjects were accompanied by a specific IFN-γ secretion. Furthermore, the levels of IFN-γ and TNF-α and the IFN-γ/IL-10 and TNF-α/IL-10 ratios were higher in response to F1 than to NH36 in cured VL patients, suggesting the triggering of a Th1 response probably due to the F1 domain epitopes. Noteworthy, the SLA complex antigen induced levels of TNF-α not different from NH36 and F1, in asymptomatic subjects, and lower than NH36, in cured patients. In addition, IL-17A was secreted by asymptomatic and cured CL patients, in response to F1. The SLA control promoted a much lower secretion of TNF-α and IL-17A. These findings correlate with our previous observations showing that NH36 and F1 domains are strong inducers of the Th1 response. Both vaccines indeed promote increased frequencies of CD4+ T cells secreting IL-2, TNF-α, and both TNF-α and IL-2 together (22–24), which are, according to the CD4+ T-cell differentiation model proposed by Seder et al. (38), the reservoirs of memory CD4+ T cells that also exhibit effector potential.

Our results support the recent report of Santos et al. (28) who described a predicted epitope for CD4+ T cells in F1, which is highly conserved in the Leishmania genus and is highly promiscuous (amino acids 64–93, AAGCTKPLVRGVRNASQIHG). This epitope shows 80% probabilities of molecular binding to 18/25 HLA-DR most common molecules (28). The composition of this epitope is identical in the species that cause visceral leishmaniasis [L. (L.) donovani, L. (L.) infantum, and L. (L.) infantum chagasi] (28). Therefore, our data support the evidence raised by Mauricio et al. (39, 40) that consider L. (L.) infantum and L. (L.) infantum chagasi as the same species.

In addition, as markers of VL resistance, the F2 together with F1 induced the strongest secretion of IL-17, IL-6, and IL-10 in asymptomatic DTH+ and cured human subjects infected with L. (L.) infantum chagasi in Brazil (28). Consistent with this, the IFN-γ increase was correlated with decreased spleen and liver sizes and with increased hematocrit counts, in response to F1 domain (28). Furthermore, IL-17 increases were associated with decreased spleen and liver sizes in response to F1 (28).

Vaccination with NH36 has proven to protect against murine cutaneous and visceral leishmaniasis (19–24) and canine visceral leishmaniasis (26, 27), through an IFN-γ-CD4 response (21, 24). Preclinical assays with F1sap vaccine have demonstrated the induction of a cellular protective Th1 immune response characterized by the secretion of IFN-γ by CD4+ triple-cytokine producers and the secretion of IFN-γ and TNF-α into the splenocyte supernatants (24). Some antigens have been previously proposed as potential synthetic vaccines against leishmaniasis, like KMP-11 recognized by human CD8+ lymphocytes and by many different HLA receptors (41), or Leish110f fusion protein (42). Our results suggest that F1 domain of L. (L.) donovani-NH36 may be consequently involved in the generation of a protective response against L. (L.) infantum human infection and represents a potential vaccine candidate for human leishmaniasis by itself, or in combination with other HLA epitopes/antigens.

Furthermore, an increment in IL-17A secretion was observed in response to NH36 in PBMC from cured/exposed Leishmania-infected subjects and to F1 in cured CL and asymptomatic subjects. During the leishmaniasis epidemics in Fuenlabrada, all the infections were caused by L. (L.) infantum, as confirmed by PCR analysis, but the main reservoirs were hares and not dogs (1). Two-third of the cases corresponded to cutaneous leishmaniasis, and only one-third of the cases corresponded to visceral leishmaniasis. A total of 15.2% of the patients were foreigners, born in Sub-Saharan Africa. Among them, visceral leishmaniasis was predominant, while in patients from Spain, cutaneous leishmaniasis was the most frequent outcome (1, 43). In addition, near Madrid, in the past, the number of human cases has never been so high and the infection was more prevalent in children and in immunocompromised adults. In this outbreak, in contrast, only 14.1% of the affected were children and 15% were immunocompromised individuals (43). The probable genetic background basis of the different outcomes should be further investigated. An increase in IL-17 secretion has been previously reported in exposed but healthy, resistant subjects who did not develop VL (44). An increase in IL-17A after PBMC stimulation has been also described in cutaneous leishmaniasis caused by L. (L.) braziliensis (45). The mechanisms by which IL-17 mediates protection are not understood, but it has been recently described that IL-17A and IFN-γ synergistically promote L. (L.) infantum killing (46). An increase in IL-17A and IFN-γ after SLA incubation in asymptomatic and cured VL solid organ transplant patients has been previously reported (32). Here, we also described that PBMC from cured/exposed L. (L.) infantum-infected subjects after NH36 and F1 stimulations produced both IL-17A and IFN-γ and there are no changes in the secretion of IL-10. The IL-17A response against F1 was higher in asymptomatic subjects, disclosing its relationship with the resistance to the disease.

Furthermore, the protection elicited by IL-17 against infection is associated with the downregulation of regulatory T cells and IL-10 production, while benefiting the Th1 response and improving the leishmanicidal activity of macrophages in an NO-dependent manner (46). As widely reported for IFN-γ, a protective role of IL-17 has been described to induce in vaccine-induced immunity (44). These results reinforce the potential of F1 as a vaccine to protect against L. (L.) infantum human infection.

Our results also showed that supernatants stimulated with F1 or NH36 from L. (L.) donovani increased the levels of granzyme B in cured individuals from L. (L.) infantum cutaneous and visceral infection. It has been previously described the ability of some peptides from L. major to elicit the production of granzyme B (47). Granzyme B is secreted mainly from CD8+ cytotoxic lymphocytes and natural killer cells and is one of the primary molecules in effector cell-mediated killing. Our results support the description of the FLAHGNPEV- (amino acids 20–28 HLA-A and B score 28 A*02:01) and YPPEFKTKL (score 21 B*0702)-predicted epitopes for CD8+ T cells in the F1 sequence (28). Both epitopes show identical sequence in L. (L.) donovani and L. (L.) infantum species (28) and induced the secretion of IFN-γ by PBMC of asymptomatic, L. (L.) infantum chagasi-infected subjects (28). In agreement with our results, F1 increased the CD8+IL-2+, CD8+IL-2+TNF-α+, and CD8+IL-2+TNF-α+IFN-γ+ T-cell frequencies of L. (L.) infantum chagasi VL patients that correlated with increased spleen and liver sizes and decreased hemoglobin and hematocrit values (28). Therefore, while cure and acquired resistance to VL correlated to the CD4+ Th1 and Th17 T-cell responses to F1, clinical VL outcomes, in L. (L.) infantum chagasi-infected individuals in contrast, correlated to CD8+ T-cell responses against F1, potentially involved in control of the early infection (28).

In addition, we recently observed that the predicted epitopes for CD8+ T cells of F1 induced in vitro stimulating activity on both the CD4+ and the CD8+ T-cell populations in mice vaccinated against cutaneous leishmaniasis. The F1 epitope (92–100, YPPEFKTKL) promoted simultaneously the highest frequencies of CD4+IFN-γ+TNF-α+, CD8+TNF-α+, and CD8+IFN-γ+ T cells (25). This sequence could also be a PADRE epitope since the synthetic more preferably PADRE peptide composition is aKXVAAWTLKAAa (48). In fact, YPPEFKTKL contains Y as the R2 residue, four residues in R3, where 3–5 amino acids are needed, and the sequences KT followed by TKL in R4, while the expected combinations for R4 are KT, TLK, or WTLK (40). This evidence strengthens the relevance of the YPPEFKTKL epitope and partially explains the immunogenic potency of the F1 domain.

Recently, the involvement of CD4+ T cells producing granzyme B was described in the immune response against Leishmania antigens (47). F1 has also two epitopes for CD4+, and this could be related with the high amount of granzyme B produced after stimulation, with similar levels to those induced by SLA. Furthermore, a strong correlation has been observed between IFN-γ and granzyme B productions in response to L. (L.) major-excreted/secreted proteins and SLA (32, 47). While we found similar figures after SLA stimulation, F1 and NH36 produced an increase in both IFN-γ and granzyme B in cured patients and IFN-γ in asymptomatic individuals. Granzyme B has recently suggested as a new marker for cured/exposed Leishmania-infected subjects (49), and stimulation with F1 and NH36 could also help to potentially discriminate between cured and asymptomatic individuals exposed to L. (L.) infantum (49).

Regarding the humoral response, the IgG3 antigen-specific humoral response is decreased after successful VL treatment and has diagnostic value in L. (L.) donovani-infected patients from India (50). In our investigation, increased levels of IgG3 human antibodies directed against NH36 and F1 allowed the differentiation of clinical status. Although with relatively low absorbance values, both antigens were able to significantly discriminate sera of active disease from controls. NH36 was 55% more potent in the recognition of sera from patients infected with L. (L.) donovani than those infected with L. (L.) infantum, indicating a species specificity of this antigen for humoral immune responses. In addition, in patients infected with L. (L.) donovani, the absorbance values directed against NH36 were higher than those directed against F1, indicating that the most potent B epitopes are not located in F1 but probably in other NH36 domains. In agreement with that, we described, in 2010, the sequences of the NH36 epitopes for antibodies predicted by the Protean Pad program (22). Two predicted epitopes belong to the F1 domain (amino acids 40–57, NQTLEKVTRNARLVADVAG and 94–108, PEFKTKLDGRHAVQLDGRHAVQL), one was located in F2 domain (114–126, MSHEPKTITLVPT), and three epitopes correspond to the F3 domain (202–219, AVQKRVKEVGTKPAAFML, IEDB 139695; 228–239, VYEKERNTYATV, IEDB 139948; 278–291, FRYPRPKHCHTQVA, IEDB 139752) (22). In the same work, we demonstrated that the three epitopes of F3 developed the strongest reactivity against the sera of healthy dogs vaccinated with Leishmune® (22).

Confirming our previous results, in 2012, two linear B-cell-predicted epitopes for dog and human antibodies were identified along the sequence of NH36 (51). One of them, called peptide 18 (TTVVGNQTLEKVT), is located in the F1 domain, overlaps with the single antibody epitope identified by our group before (NQTLEKVTRNARLVADVAG) (22), and displayed high sensitivities and specificities in the diagnosis of canine and human cases of VL caused by L. (L.) infantum chagasi in Brazil (51). F1 was also the domain mostly recognized by sera of L. (L.) infantum chagasi-infected dogs, after immunotherapy with the NH36 DNA vaccine (26). The second epitope called peptide 17 (TPAVQKRVKEVGTKP) (51) belongs to the F3 domain and overlaps with the epitope AVQKRVKEVGTKPAAFML described by our group before, which induced the strongest inhibition of binding of anti-NH36 antibodies (31.4%) of dogs vaccinated with Leishmune® (22). Peptide 17 showed 100% sensitivity and 94% specificity in the diagnosis of human cases of VL due to L. (L.) infantum chagasi infection (51).

The finding of the most antigenic B-cell epitopes in the F3 domains of NH36 (22) explain why, in this investigation, NH36 was a more potent antigen than the F1 domain alone, mainly in the detection of antibodies raised by L.(L.) donovani infection.

In addition, in our investigation, a species specificity was noted in the reactivity of NH36 with IgG3 of human sera. In fact, we demonstrated that the sera of patients infected with L. (L.) donovani reacted more with the NH36 antigen of L. (L.) donovani than the sera of patients infected with L. (L.) infantum. This species specificity was, however, not detected against the F1 domain, which was equally recognized by the sera of patients from Ethiopia and Spain; therefore, its basis would be related to the epitopes of other NH36 domains. To investigate this possibility, the sequences of NHs of the two parasites were aligned. They share 99% of identity, the only difference being one amino acid located at position 192. Indeed, aspartic acid in NH36 of L. (L.) donovani is substituted by asparagine in NH of L. (L.) infantum. Aspartic acid is a charged amino acid residue, while asparagine is a non-charged but polar amino acid. Conformational B epitopes are enriched in charged and polar amino acids (51, 52). The importance of the substitution of aspartic acid for asparagine in position 192 might be enhanced by the fact that only nine residues separate it from the most immunogenic epitope of F3, which is responsible for 31% of the inhibition of binding of NH36 to antibodies of Leishmune®-vaccinated dogs (202–219, AVQKRVKEVGTKPAAFML) (22). Therefore, the substitution of one charged amino acid in the vicinity of the most important epitope of F3 might explain the higher antigenicity found in NH36 of L. (L.) donovani. Our assumption of the importance of this area is supported by the description of the predicted epitope 17, also in this region, but which starts at amino acid 200 (51), instead of 202 (22).

In contrast, the similar AUC and Youden index values determined by F1 in the assay of sera of patients infected with L. (L.) donovani and L. (L.) infantum might indicate the importance of the predicted epitopes for antibodies in the sequence of F1 (amino acids 40–57, NQTLEKVTRNARLVADVAG and 94–108, PEFKTKLDGRHAVQLDGRHAVQL) (22), which are completely conserved in the NHs of the two Leishmania species.

It is worth to note that the presence of anti-NH36 antibodies in sera of human and dog patients infected with L.(L.) infantum chagasi was previously demonstrated (51, 53, 54). In this article, we described for the first time the recognition of NH36 by antibodies generated by human infections with L. (L.) infantum and L. (L.) donovani.

Our data demonstrates that F1 peptide induces a recall cellular response similar or higher to the one induced by NH36, a recombinant antigen that has protected mice from infection by several Leishmania species and dogs from L. (L.) infantum chagasi infection. No human vaccine against Leishmania is available thus far. The F1 domain of L. (L.) donovani-NH36, which contributes to protection against human infection by L. (L.) infantum chagasi (28), may also be involved in the generation of a protective response against L. (L.) infantum infection and represents a potential universal vaccine candidate for the control of human visceral leishmaniasis alone, or in combination with other HLA epitopes/antigens.
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Visceral leishmaniasis, caused by Leishmania (L.) donovani and L. infantum protozoan parasites, can provoke overwhelming and protracted epidemics, with high case-fatality rates. An effective vaccine against the disease must rely on the generation of a strong and long-lasting T cell immunity, mediated by CD4+ TH1 and CD8+ T cells. Multi-epitope peptide-based vaccine development is manifesting as the new era of vaccination strategies against Leishmania infection. In this study, we designed chimeric peptides containing HLA-restricted epitopes from three immunogenic L. infantum proteins (cysteine peptidase A, histone H1, and kinetoplastid membrane protein 11), in order to be encapsulated in poly(lactic-co-glycolic) acid nanoparticles with or without the adjuvant monophosphoryl lipid A (MPLA) or surface modification with an octapeptide targeting the tumor necrosis factor receptor II. We aimed to construct differentially functionalized peptide-based nanovaccine candidates and investigate their capacity to stimulate the immunomodulatory properties of dendritic cells (DCs), which are critical regulators of adaptive immunity generated upon vaccination. According to our results, DCs stimulation with the peptide-based nanovaccine candidates with MPLA incorporation or surface modification induced an enhanced maturation profile with prominent IL-12 production, promoting allogeneic T cell proliferation and intracellular production of IFNγ by CD4+ and CD8+ T cell subsets. In addition, DCs stimulated with the peptide-based nanovaccine candidate with MPLA incorporation exhibited a robust transcriptional activation, characterized by upregulated genes indicative of vaccine-driven DCs differentiation toward type 1 phenotype. Immunization of HLA A2.1 transgenic mice with this peptide-based nanovaccine candidate induced peptide-specific IFNγ-producing CD8+ T cells and conferred significant protection against L. infantum infection. Concluding, our findings supported that encapsulation of more than one chimeric multi-epitope peptides from different immunogenic L. infantum proteins in a proper biocompatible delivery system with the right adjuvant is considered as an improved promising approach for the development of a vaccine against VL.

Keywords: Leishmania, chimeric peptides, peptide-based vaccine, poly(lactic-co-glycolic) acid nanoparticles, dendritic cell transcriptome

INTRODUCTION

Leishmaniasis, a group of vector-borne parasitic diseases caused by dimorphic protozoan flagellates of the genus Leishmania, is highly diverse and complex with a wide spectrum of clinical forms in humans, ranging from the self-healing cutaneous leishmaniasis (CL) to the potentially fatal visceral leishmaniasis (VL). With an estimated incidence of 0.3 million cases and over than 30,000 deaths per year, VL has emerged as a serious global problem and important public health concern with major clinical and socioeconomic impacts (1, 2). In South Europe, Central, and South America, VL is caused by Leishmania (L.) infantum (synonym L. chagasi) and is transmitted as a zoonosis with the domestic dog serving as the main reservoir of the parasite, especially in the urban and suburban areas (3).

Current control tactics for VL rely on chemotherapy to alleviate the disease and on vector control to reduce transmission. Since the arsenal of drugs available is limited and chemotherapy gathers many disadvantages with most prominent the toxicity and the emergence of resistance, the development of a prophylactic, safe, and cost affordable vaccine is considered high priority. The success of vaccine development depends on understanding the immunology of host–pathogen interactions, choosing appropriate antigenic candidates, and selecting the right adjuvant and/or delivery vehicle.

It is well established that CD4+ T helper type 1 (TH1) cells are critical for the control of L. infantum infection owing to their ability to produce IFNγ, which activates macrophages to kill parasites via nitric oxide (NO) production leading to reduction in parasitic burden (4, 5). However, nowadays, it is clear that CD8+ T cells also play an important role in the mechanisms involved in cure of and resistance to VL, either by production of IFNγ and macrophage activation or by direct killing of parasitized macrophages, or via a combination of both effects (6, 7). Thus, an effective vaccine against the disease must rely on the generation of a strong and long-lasting T cell immunity (7).

Almost a decade ago, T cell epitope prediction via bioinformatics analysis of protein sequences has been proposed as an alternative for rational vaccine development (8). Recent immunoinformatics approaches utilize multiple algorithms for predicting epitopes, HLA-binding, transporter of antigen processing (TAP) affinity, proteasomal cleavage, etc., in order to explore the use of peptide epitopes with the highest probability of inducing protective immune responses (9). Such bioinformatics tools predict promiscuous epitopes presented by different HLA supertypes, providing a way to surmount the obstacle of HLA heterogeneity in human populations through the design of “polytope vaccines” against several pathogens. Although an ideal “polytope vaccine” for human population seems to be still difficult to achieve, several research groups have studied the protective potential of epitope vaccines against Leishmania infectious challenges in experimental models (10, 11). Peptide-based vaccines offer considerable advantages over other vaccine types, such as cost-effective production, safety, stability under different conditions, high specificity due to defined epitopes, and decreased chance of stimulating a response against self-antigens. On the other hand, they have drawbacks including low immunogenicity and rapid degradation by endopeptidase or exopeptidase activity in the injection site or in circulation. Thus, peptides need to be combined with delivery systems and/or adjuvants such as immune modulators in order to properly activate the innate and adaptive arms of the immune system (12).

Several studies have indicated that peptide-based vaccines may benefit from particulate delivery systems that mimic the size and structure of a pathogen, facilitating uptake by dendritic cells (DCs) and increasing the probability of peptide cross-presentation (13–15). DCs are the most proficient antigen-presenting cells in capturing, processing, and presenting antigens, as well as triggering T cell responses. Further, they exclusively own the capacity of primary activating naïve T lymphocytes. Classically, extracellular antigens are taken up by DCs, processed into short peptides, and presented on major histocompatibility complex (MHC) class II molecules to activate CD4+ T cells. However, intracellular phagocytosis of exogenous antigens mediated by nanoparticles (NPs) can dramatically enhance cross-presentation, where the antigen is processed in the cytoplasm for presentation on MHC class I molecules activating CD8+ T cell responses (16, 17). Among particulate delivery systems, poly(lactic-co-glycolic) acid (PLGA) polymers have received considerable interests in recent years for potent use in antigen delivery, due to the numerous advantages they provide. Commercially available at different molecular weights (MW) and co-polymer compositions, PLGA polymers are biodegradable and biocompatible, protect the encapsulated molecules from degradation, allow co-encapsulation of antigens and immune modulators in the same particle, offer the possibility of sustained release, can undergo surface modification, and be targeted to antigen-presenting cells, while their particulate nature can increase uptake and cross-presentation (18, 19). PLGA NPs have already been tested as antigen-delivery systems in different experimental models toward the development of an effective vaccine against leishmaniasis with encouraging results (20–22).

In the process of vaccine development against infectious diseases, there is often a strong need to monitor a great number of compounds for their immunogenicity. A functional high-throughput screen of candidate vaccines can be carried out to test their ability to activate innate immune cells in vitro, since such assays could be predictive of in vivo immunogenicity. DCs play pivotal role in the induction of adaptive immunity priming naïve T cells, and, consequently, in orchestration of immune responses upon vaccination. Thus, in vitro assays monitoring DCs activation after stimulation represent a robust biological platform to predict the immunological potential of novel vaccine compounds and, therefore, could be considered as a tool for the preclinical assessment of their immunogenicity (23, 24). Moreover, recently, the scientific community has focused its interest on the definition of transcriptional signatures to study immune responses induced by already existing and candidate vaccines (25, 26). Data obtained from the gene-expression profile of DCs stimulated with different antigens, adjuvants, antigen-delivery systems, or candidate vaccines may guide the development of an improved vaccination strategy (24, 27, 28).

In this study, we designed synthetic long peptides (chimeric peptides) using proper amino acid (aa) linkers and multi-epitope peptides containing HLA class I-restricted epitopes of the L. infantum proteins cysteine peptidase A (CPA), histone H1, and kinetoplastid membrane protein 11 (KMP-11). Each chimeric peptide was encapsulated in PLGA NPs alone or in combination with the adjuvant monophosphoryl lipid A (MPLA), or in PLGA NPs surface modified with an octapeptide (p8) mimicking the TNFα-docking region with tumor necrosis factor receptor II (TNFRII), with the view of constructing experimental peptide-based nanovaccines. In the context of a cell-based preclinical system, we aimed to compare the capacity of the differentially functionalized nanovaccine candidates to stimulate the immunomodulatory properties of DCs, which are critical regulators of vaccine-induced immunity, in order to select the most promising for in vivo evaluation. To that end, the expression of activation markers, the production of cytokines, the ability to stimulate allogeneic T cells, and the gene-expression profile of bone marrow-derived DCs from HLA A2.1 transgenic mice were examined. From the in vitro screening, the mix of PLGA nanoformulations with MPLA incorporation emerged as a promising peptide-based nanovaccine and thus, its ability to promote antigen-specific CD8+ T cell responses and to confer protection against L. infantum infection was evaluated in HLA A2.1 transgenic mice, a strain that enables the modeling of human T cell immune responses to HLA A*0201-restricted epitopes.

MATERIALS AND METHODS

Chimeric Peptide Design and Synthesis

Two multi-epitope peptides of CPA (CPA_p2: 160-189 aa and CPA_p3: 273-302 aa), two multi-epitope peptides of histone H1 (H1_p1: 1-20 aa and H1_p3: 43-61 aa), and one multi-epitope peptide of KMP-11 (KMP-11_p1: 4-23 aa), derived from a previously described in silico analysis of the three L. infantum proteins (29) and designed in a way to contain HLA-restricted epitopes (Table 1), formed the basis for the design of chimeric peptides (one for each protein) with the use of proper linkers. HLA A*0201-restricted epitopes derived from the L. infantum proteins and included in the chimeric peptides were predicted using the online available algorithms SYFPEITHI (30) and EpiJen (31) with a cutoff score adjusted to ≥18 and <50 nM, respectively (Table 2). SYFPEITHI was also used for the in silico prediction of potent H2-Kb- or H2-Db-restricted epitopes (Table 2). The chimeric peptides (chCPAp, chH1p, and chKMP-11p) were synthesized by GeneCust (Labbx, Dudelange, Luxembourg) with ≥95% purity. Synthetic chimeric peptides were dissolved in DMSO or dH2O, according to their hydrophobicity, by vigorous pipetting and stored at −80°C in aliquots until use.

TABLE 1 | Chimeric peptides containing multi-epitope peptides of the Leishmania infantum immunogenic proteins cysteine peptidase A (CPA), histone H1, and kinetoplastid membrane protein 11 (KMP-11).
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TABLE 2 | HLA A*0201, H2-Db, and H2-Kb restricted epitopes included in the chimeric peptides from the Leishmania infantum immunogenic proteins cysteine peptidase A (CPA), histone H1, and kinetoplastid membrane protein 11 (KMP-11).
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Construction and Characterization of Nanoformulations Based on PLGA NPs

Poly(lactic-co-glycolic) acid 75:25 (Resomer RG752H, MW: 4–15 kDa), polyvinyl alcohol (PVA; MW: 30–70 kDa, 87–90% hydrolyzed), MPLA from Salmonella minnesota, phosphate-buffered saline (PBS; 10×, pH 7.4), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), and N-hydroxysuccinimide 98% (NHS) were purchased from Sigma-Aldrich (Vienna, Austria). All the other reagents were of analytical grade and commercially available. PLGA NPs containing the chimeric peptide (chCPAp, chH1p, or chKMP-11p) and the adjuvant MPLA were prepared by the double emulsion method, as previously described (32). Briefly, 2.9 ml of a PLGA chloroform solution (31 mg/ml) were mixed with 0.1 ml of an MPLA solution (10 mg/ml) in methanol:chloroform (1:4 v/v). Water-in-oil (w/o) emulsion was then formed by adding 0.3 ml of the chimeric peptide solution in PBS at a final concentration of 6.6 mg/ml into the PLGA/MPLA solution. The emulsification was performed in an ice bath with the aid of a microtip sonicator (Vibra Cell VC-505; Sonics, Newtown, CO, USA) at 40% amplitude for 45 s. Subsequently, the primary emulsion (w/o) was added into 12 ml of 1% (w/v) PVA aqueous solution. The mixture was then emulsified via sonication at 40% amplitude for 2 min. The resulting double (w/o/w) emulsion was stirred overnight to allow the evaporation of chloroform. The PLGA NPs were then purified by means of four successive centrifugation–redispersion cycles in sterilized water, at 13,860 × g for 10 min at 4°C and were subsequently lyophilized (ScanVac Freezedryers CoolSafe 55-9; LaboGene ApS, Lynge, Denmark). For the preparation of the PLGA NPs loaded with each of the chimeric peptides, the same volume of peptide solution as previously was added into 3 ml of a PLGA chloroform solution at a final concentration of 30 mg/ml. Lyophilized PLGA NPs were stored at 4°C.

For specific purposes, PLGA NPs were surface modified with a synthetic octapeptide (p8: CYTYQGKL; JPT, Berlin, Germany) that mimics the TNFα-docking region with the TNFRII. The peptide was conjugated to NPs via a two-step carbodiimide method (33, 34). Accordingly, 1.5 ml of a 7 wt% EDC solution and 1.5 ml of a 0.3 wt% NHS solution both prepared in 20 mM HEPES/NaOH buffer containing 1% (v/v) Pluronic F-68 at pH 7 were added into 1 ml of PLGA NPs (empty or loaded with each of the chimeric peptides) dispersion in the same buffer at a final concentration of 20 mg/ml, in order to activate the PLGA carboxyl groups (35). The mixture was then stirred end-over-end for 2 h at room temperature. The residual reagents were removed by centrifugation at 13,860 × g for 10 min at 25°C. Subsequently, 0.3 ml of 0.1% (w/v) p8 solution in 20 mM HEPES/NaOH buffer containing 1% (v/v) Pluronic F-68 at pH 7 were added to the PLGA NPs dispersion, and the mixture was incubated for 18 h at room temperature. To saturate free-coupling sites, 500 µL of 20% (w/v) glycine in 20 mM HEPES/NaOH buffer containing 1% (v/v) Pluronic F-68 at pH 7.0 was added and incubated end-over-end for 1 h at 25°C. The PLGA NPs were subsequently purified by means of two successive centrifugation–redispersion cycles at 13,860 × g for 10 min at 25°C in the same buffer. The finally collected NPs were subsequently lyophilized and stored at 4°C.

The surface morphology of the PLGA NPs was observed by scanning electron microscopy (SEM) (JEOL JSM 6300). Accordingly, the lyophilized NPs were first double coated with a gold layer under vacuum and then examined by SEM. The average particle diameter of the PLGA NPs was determined by photon correlation spectroscopy and their zeta potential by aqueous electrophoresis measurements (Nano ZS90; Malvern Instruments Ltd., Malvern, UK). The measurements were performed with aqueous dispersions of NPs prior to their lyophilization.

Quantification of Antigen, Adjuvant, and Targeting Ligand and In Vitro Release Studies

The MicroBCA Protein assay kit (Thermo Scientific, Rockford, IL, USA) was employed to determine the chimeric peptide load (wt%) in the PLGA NPs according to the manufacturer’s instructions. Briefly, 2.5 mg of lyophilized PLGA NPs was dissolved in 0.25 ml DMSO for 1 h following a further dissolution in 1.25 ml of 0.05 N NaOH/0.5% (v/v) SDS for 3 h at 25°C. PLGA NPs without encapsulated chimeric peptide were used as controls. The absorbance of the samples was measured at 562 nm using a microplate reader (EL808IU-PC, BioTek Instruments Inc., Winooski, VT, USA). Peptide encapsulation efficiency (%) was calculated by the ratio of the peptide mass in the PLGA NPs over the total mass of peptide used. Peptide load (wt%) was calculated by the ratio of the encapsulated mass of peptide over the total mass of PLGA NPs.

A Limulus Amebocyte Lysate (LAL) kit (Lonza, Walkersville, MD, USA) was used for the determination of the MPLA load (wt%) in the PLGA NPs according to the manufacturer’s instructions. Briefly, a standard curve was established using different concentrations of aqueous MPLA solutions ranging from 0.01 to 10 ng/ml, which was found to be linear for the MPLA concentration range used with a correlation coefficient of R2 = 0.9994. The encapsulation efficiency (%) of MPLA was calculated by the ratio of the measured MPLA mass in the PLGA NPs over the total mass of MPLA in the recipe. Similarly, the MPLA load (wt%) was calculated by the ratio of encapsulated MPLA mass over the total mass of the PLGA NPs.

A UV–Vis spectrophotometer (Lambda 35; PerkinElmer, Waltham, MA, USA) was used for the determination of p8 amount (wt%) conjugated on the PLGA NPs surface. Accordingly, 2.5 mg of lyophilized p8-conjugated PLGA NPs was dissolved in 0.25 ml DMSO for 1 h following a further dissolution in 1.25 ml 0.05 N NaOH/0.5% (v/v) SDS for 3 h. The absorbance of the samples was measured at 492 nm. The calibration curve was found to be linear over the p8 concentration range of 0.3125–70 µg/ml with a correlation coefficient of R2 = 0.9982. Conjugation efficiency (%) of p8 was calculated by the ratio of the measured p8 mass on the PLGA NPs over the total mass of p8 used. Similarly, p8 load (wt%) was calculated by the ratio of conjugated p8 mass over the total mass of the PLGA NPs.

For the assessment of the in vitro release of the chimeric peptides and MPLA, PLGA NPs were dispersed in PBS at a final concentration of 1 mg/ml and incubated at 37°C in a thermomixer (Eppendorf) under constant stirring at 120.7 × g. At predetermined time points (0, 1, 2, 4, 6, 12, 24, 48 h, and 1, 2 weeks), 1 ml of the dispersion was centrifuged at 13,860 × g for 10 min at 4°C. The supernatants were collected, and the amount of the chimeric peptide or MPLA was determined using the MicroBCA or the LAL kit, respectively.

Experimental Animals and Ethics Statement

B6.Cg-Tg(HLA-A/H2-D)2Enge/J humanized transgenic mice, provided by the Jackson Laboratory (Bar Harbor, ME, USA), were used in this study. These transgenic mice express an interspecies hybrid class I MHC gene, aad, which contains the alpha-1 and alpha-2 domains of the human HLA-A2.1 gene and the alpha-3 transmembrane and cytoplasmic domains of the mouse H-2Dd gene, under the direction of the human HLA-A2.1 promoter, while they are created on a C57BL/6 background. BALB/c mice, also used in this study, were obtained from the breeding unit of the Hellenic Pasteur Institute (Athens, Greece). Both strains were reared in institutional facilities under specific pathogen-free conditions at ambient temperature of 25°C, receiving a diet of commercial food pellets and water ad libitum; female mice 6–8 weeks old were used. Animal protocols had been approved by the institutional Animal Bioethics Committee regulating according to the National Law 2013/56 and the EU Directive 2010/63/EU for animal experiments and complied with the ARRIVE guidelines. All efforts were made to minimize animal suffering.

Generation and Characterization of DCs

Dendritic cells were generated from pluripotent bone marrow stem cells obtained from HLA A2.1 transgenic mice in the presence of recombinant mouse granulocyte macrophage colony-stimulating factor (rmGM-CSF) as previously described (36). Briefly, 3.5 × 106 bone marrow cells obtained from the tibias and femurs of mice were seeded in a 100 mm Petri dish in 10 ml of RPMI-1640 medium (Biochrom AG, Berlin, Germany) supplemented with 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 µg/ml streptomycin (complete RPMI-1640 medium), 10% (v/v) heat-inactivated fetal bovine serum (FBS; Gibco, Paisley, UK), and 20 ng/ml rmGM-CSF (Peprotech, London, UK) and cultured for 7 days at 37°C and 5% CO2. On days 3 and 6, loosely adherent cells were harvested and resuspended in fresh culture medium supplemented with the same dose of rmGM-CSF. On day 7, non-adherent cells were collected and characterized; cell viability was >95% as determined by trypan blue exclusion, and the percentage of CD11c+CD8α− cells was >85% as assessed by R-phycoerythrin (R-PE)-conjugated hamster anti-mouse CD11c (clone HL3; BD Biosciences, Erembodegem, Belgium) and FITC-conjugated rat anti-mouse CD8α (clone Lyt2; BD Biosciences) monoclonal antibodies (mAbs) and flow cytometry. For each sample, 10,000 cells were analyzed on a FACS Calibur (Becton-Dickinson, San Jose, CA, USA), and the data were processed using FlowJo V10 software (Tree Star Inc., Ashland, OR, USA).

Stimulation of DCs and Analysis of Their Maturation and Functional Differentiation Profile by Flow Cytometry

To analyze the effect of differentially functionalized PLGA nanoformulations on DCs maturation and functional differentiation, DCs were harvested on day 7, seeded in 24-well plates at a density of 1 × 106 cells/ml, and cultured for 24 h at 37°C and 5% CO2 in the presence of (i) PLGA, (ii) PLGA-MPLA, (iii) p8-PLGA, (iv) PLGA-chCPAp, (v) PLGA-chH1p, (vi) PLGA-chKMP-11p, (vii) a mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p (mix A), (viii) PLGA-chCPAp-MPLA, (ix) PLGA-chH1p-MPLA, (x) PLGA-chKMP-11p-MPLA, (xi) a mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA (mix B), (xii) p8-PLGA-chCPAp, (xiii) p8-PLGA-chH1p, (xiv) p8-PLGA-chKMP-11p, and (xv) a mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p (mix C). In parallel, DCs were cultured under the same conditions in the presence of each soluble chimeric peptide or a mix of soluble chimeric peptides with or without the adjuvant MPLA (mix D or mix E, respectively). Unstimulated DCs or DCs stimulated with 1 µg/ml LPS (Sigma-Aldrich) were used as negative and positive control, respectively. The optimal dose for each chimeric peptide encapsulated in PLGA NPs was determined at 2 µg according to preliminary experiments (data not shown). At the end of incubation, cells were washed with FACS buffer [3% (v/v) FBS in PBS] and then labeled with R-PE-conjugated 1:100 diluted rat anti-mouse CD40 (clone 3/23; BD Biosciences), hamster anti-mouse CD80 (clone 16-10A1; BD Biosciences), rat anti-mouse CD86 (clone GL-1; BD Biosciences), mouse anti-mouse MHCI H-2 Kb/H-2 Db (clone 5041.16.1; Acris, Herford, Germany), or 1:200 diluted rat anti-mouse MHCII I-Ab chain, H2-Eb1 (clone NIMR; Acris), or 1:10 diluted mouse anti-human HLA-ABC (clone G46-2.6; BD Biosciences) mAbs for 30 min at 4°C in the dark. For intracellular staining, cells were subjected to 2.5 µg/ml brefeldin A (Applichem, Darmstadt, Germany) during the last 4 h of culture and then they were fixed with 2% (w/v) paraformaldeyde (PFA; Sigma-Aldrich) in PBS and stained with PE-conjugated 1:100 diluted anti-mouse IL-12p40/p70 (clone C15.6; BD Biosciences) mAb in permeabilization buffer [0.1% (v/v) saponin in FACS buffer] for 30 min at 4°C in the dark. After a washing step with FACS buffer, cells were analyzed by flow cytometry, and data were processed as previously described.

Mixed Leukocyte Reaction (MLR) Induced by Stimulated DCs

Spleens from BALB/c mice were aseptically excised and teased into single-cell suspension in complete RPMI-1640 medium supplemented with 10% (v/v) FBS. Red blood cells were removed by treating spleen cells with ammonium chloride lysis solution, pH 7.2 (ACK; 0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA). Lysis reaction was stopped by adding ice-cold complete RPMI-1640 medium, and spleen cells were washed twice. DCs that have been stimulated as described above for 24 h were washed and co-cultured with 2 × 105 naive spleen cells at different ratios (1:5, 1:10, or 1:20) in 96-well round-bottom plates for 96 h at 37°C and 5% CO2. Spleen cells cultured in medium alone or in the presence of 6 µg/ml concanavalin A (Con A; Sigma-Aldrich) served as negative and positive control of T cell proliferation, respectively. Cells were pulsed with 1 μCi/ml of 3[H]-thymidine (3[H]-TdR; PerkinElmer, MA, USA) for the last 18 h of the culture period and then were harvested. The 3[H]-TdR incorporation was determined on a microplate scintillation counter (Microbeta Trilux, Wallac, Turku, Finland). All samples were run in triplicate.

In parallel, DCs stimulated for 24 h with (i) the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations (mix A), (ii) the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B), (iii) the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C), (iv) the mix of soluble chimeric peptides (mix D), and (v) the mix of the soluble chimeric peptides with the adjuvant MPLA (mix E) were co-cultured with 1 × 106 naïve spleen cells from BALB/c mice at a ratio of 1:5 in 24-well plates for 48 h at 37°C and 5% CO2. Cells were exposed to 2.5 µg/ml brefeldin A during the last 4 h of culture and then washed with FACS buffer and fixed with 2% (w/v) PFA in PBS. Fixed cells were stained with APC-conjugated hamster anti-mouse CD3e (clone 145-2C11), FITC-conjugated rat anti-mouse CD4 (clone RM4-5) or CD8α (clone 53-6.7) mAbs, and R-PE-conjugated rat anti-mouse IFNγ (clone XMG1.2) or IL-4 (clone BVD4-1D11) mAbs in permeabilization buffer for 30 min at 4°C in the dark. All mAbs used in the protocol were purchased from BD Biosciences. After a washing step with FACS buffer, 20,000 cells from each sample were analyzed by flow cytometry, and data were processed as previously described.

RNA Extraction and Microarray Assay

To analyze the effect of differentially functionalized PLGA nanoformulations on DCs gene expression, DCs were stimulated with (i) the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations (mix A), (ii) the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B), (iii) the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C), and (iv) the mix of soluble chimeric peptides (mix D) at 37°C and 5% CO2, for 18 h. DCs cultured in medium alone were used as a reference group. Total RNA was isolated with Trizol Reagent (Invitrogen, Karlruhe, Germany) and purified on a Qiagen RNeasy column (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA was quantified with ND-1000 Nanodrop (Thermo Fisher Scientific, Wilmington, DE, USA), and RNA integrity was assessed using the RNA 6000 NanoLabChip kit on Agilent Bioanalyzer 2100 (Agilent Technologies, Inc., Palo Alto, CA, USA). Only samples with intact total RNA profiles (retention of both ribosomal bands and the broad central peak of mRNA) and RIN > 7.0 were utilized in microarray analysis. Approximately 300 ng of total RNA were used to generate biotinylated complementary RNA (cRNA) for each group using the GeneChip® WT PLUS Reagent Kit protocol for whole transcript (WT) expression array, Rev3. Poly-A RNA control added to the RNA test samples as exogenous positive control, and the RNA was reverse transcribed to double-stranded cDNA, and biotinylated cRNA was synthesized and purified according to the protocol. A second cycle of cDNA synthesis followed along with a second purification step. Then, 6 µg of the single-stranded DNA was fragmented, labeled with the appropriate labeling reagent, and hybridized to GeneChip® Mouse Gene 2.0 ST arrays (Affymetrix, UK). Hybridization took place for 16 h in an Affymetrix GeneChip® Hybridization Oven 640. Affymetrix GeneChip® Fluidics Station 450 was used to wash and stain the arrays with streptavidin–phycoerythrin according to the standard antibody amplification protocol for eukaryotic targets. Arrays were scanned on Affymetrix GeneChip® Scanner 3000 at 570 nm. The Affymetrix eukaryotic hybridization control and Poly-A RNA control were used to ensure efficiency of hybridization and cRNA amplification. Images and data were acquired and analyzed using the Affymetrix® GeneChip® Command Console® Software (AGCC), where initial quality control of the experiment was performed. AGCC was also used to perform robust multi-array average (RMA) normalization and probe set summarization steps on the raw signal intensity files. Principal component analysis (PCA) and heatmap representation of individual values were conducted utilizing appropriate open-source software. Differential expression analysis was performed for stimulated vs. unstimulated DCs utilizing one-way ANOVA (p < 0.05) and a ±0.585log2 (fold change) threshold on mean gene-expression levels. Probe sets that were unannotated or that mapped to the same gene in a many-to-one fashion were removed from the subsequent analysis. Microarray raw files and RMA-summarized data have been deposited in Gene Expression Omnibus under accession number GSE92869.

Functional Analysis of Gene-Expression Profiling

Mapping of array-specific probe sets to Entrez Gene IDs was conducted using up-to-date annotation package mogene20sttranscriptcluster.db in R. Significantly deregulated genes [p < 0.05, ±0.585log2 (fold change) threshold] from each comparison (mix A–D vs. reference) were subjected to functional enrichment analysis with the R package clusterProfiler (37), setting parameters “pvalueCutoff” = 0.05 and “pAdjustMethod” = “fdr” for multiple comparisons. Terms from Gene Ontology (Biological Process) database slice (38) were tested for enrichment. Mappings between GO terms and Entrez Gene IDs relied on regularly updated R package org.Mm.eg.db. R package Pathview (39) was utilized to superimpose differentially expressed genes upon KEGG pathways. Red and green colors signify upregulation and downregulation on stimulated DCs, respectively.

Immunization and Analysis of Antigen-Specific T Cell Responses

HLA A2.1 transgenic mice (n = 5) were immunized subcutaneously in the upper and dorsal region with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B) in a total volume of 100 µl sterile PBS. Taking into account the chimeric peptide and MPLA loads of the above nanoformulations, each mouse received in total 6 µg of chimeric peptides (2 µg of each chimeric peptide) with 3 µg MPLA. Two booster doses—also subcutaneously injected—followed at a 2-week interval. Control groups (n = 5 mice/group) received PLGA-MPLA nanoformulations in PBS or only PBS.

Two weeks after the last immunization, mice were euthanized, and spleens were removed aseptically. To analyze antigen-specific T cell proliferation, single-cell suspensions were prepared in complete RPMI-1640 medium supplemented with 10% (v/v) FBS, as previously described. Spleen cells were cultured in 96-well round bottom plates at a density of 2 × 105 cells/200 μl/well in the presence of 5 µg/ml soluble chCPAp or chH1p or chKMP-11p for 96 h at 37°C and 5% CO2. Spleen cells cultured in medium alone or in the presence of 6 µg/ml Con A served as negative and positive control of T cell proliferation, respectively. Cells were pulsed with 1 μCi/ml of 3[H]-TdR for the last 18 h of the culture period and then were harvested. The 3[H]-TdR incorporation was determined on a microplate scintillation counter. All samples were run in triplicate, and the results were expressed as Δcpm (cpm of stimulated spleen cells − cpm of unstimulated spleen cells).

In parallel, intracellular cytokine staining and flow cytometry were performed in the spleen cell suspensions from immunized mice in order to identify antigen-specific IFNγ-producing CD8+ T cells. In brief, 1 × 106 spleen cells were cultured in 24-well plates in the presence of 5 µg/ml soluble chCPAp or chH1p or chKMP-11p for 48 h, according to previously described protocols (29, 40), at 37°C and 5% CO2. Spleen cells cultured in medium alone served as negative control. Spleen cells were exposed to 2.5 µg/ml brefeldin A during the last 4 h of culture and then washed with FACS buffer and fixed with 2% (w/v) PFA in PBS. After fixation, spleen cells were stained with APC-conjugated anti-CD3, PE-conjugated anti-IFNγ, and FITC-conjugated anti-CD8 mAbs in permeabilization buffer and analyzed with flow cytometry, as previously described.

Parasites, Infection Protocol, and Evaluation of Parasite Burden by a Limiting Dilution Assay

A strain of L. infantum (MHOM/GR/2001/GH8) originally isolated from a Greek patient suffering from VL (41) was cultured in vitro and maintained infective through serial passage in BALB/c mice, as previously described (36). Immunized with the mix B and non-immunized (received only PBS) HLA A2.1 transgenic mice (n = 5/group) were infected by injecting intravenously 2 × 107 stationary phase L. infantum promastigotes in 100 µl PBS, 2 weeks after the final booster dose. Mice immunized with PLGA-MPLA nanoformulations and then infected were used as a control group. The protective effect of immunization with the mix B was assessed in liver and spleen of the infected mice at 1 and 2 months post-infection. The protective effect was determined in comparison with the non-immunized control group according to the formula: percentage of reduction in parasite burden = (number of parasites from the non-immunized infected control group − number of parasites from the immunized infected group)/(number of parasites from the non-immunized infected control group) × 100.

The parasite burden was assessed by a limiting dilution assay following well-established protocols (42) with minor modifications. Briefly, livers and spleens were removed aseptically from the euthanized mice and weighed. Suspensions of liver or spleen tissue were prepared in Schneider’s Drosophila medium (Biosera, Boussens, France) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 20% (v/v) FBS to 1 mg/ml final concentration. Serial twofold dilutions of the tissue suspensions were plated in 96-well culture plates and incubated at 26°C for 7 days. After the incubation period, the presence or absence of viable and motile promastigotes was recorded in each well. The reciprocal of the highest dilution that was positive for parasites was considered to be the number of parasites per milligram of tissue. The total parasite burden was calculated by reference to the whole organ weight.

Statistical Analysis

Results are derived from at least two independent experiments and are expressed as the mean value ± SD. One-way ANOVA and Tukey’s multiple comparisons test or two-way ANOVA and Bonferroni multiple comparisons test were performed, when required, to assess statistical differences using the GraphPad Prism software (version 5.0; San Diego, CA, USA). The probability (p) of <0.05 was considered to indicate statistical significance.

RESULTS

Design and Construction of Experimental Peptide-Based Nanovaccines

Design of Chimeric Peptides from the Immunogenic L. infantum Proteins CPA, Histone H1, and KMP-11

In a previous study based on an in silico analysis of the L. infantum proteins CPA, histone H1, and KMP-11, multi-epitope peptides were designed in a way that each peptide contained at least one HLA class I-restricted epitope scored very high, as well as adjacent or overlapping HLA class II-restricted epitopes scored also high (29). All the multi-epitope peptides also contained more than one epitopes with high-binding affinity to HLA A*0201 (Table 2), the most prevalent among HLA A2 allelic variants (43) with 72.2% coverage in Caucasians (44). The multi-epitope peptide sequences were also checked for the presence of H2-Db- or H2-Kb-restricted epitopes. No epitopes were predicted with binding affinity to H2-Kb allele, whereas a small number of epitopes were predicted with binding affinity to H2-Db allele with great overlap with the HLA A*0201 epitopes. Selected multi-epitope peptides were linked together with proper aa linkers in order to design longer chimeric peptides (Table 1). More specifically, the tripeptide AAY was used as a linker between the multi-epitope peptides of CPA (CPA_p2 and CPA_p3) and histone H1 (H1_p1 and H1_p3), while the motif HEYGAEALERAG was used as a linker between the multi-epitope peptide of KMP-11 (KMP-11_p1) and PADRE, a synthetic pan HLA DR-binding epitope of 13 residues (AKFVAAWTLKAAA) that binds to a wide spectrum of human and mouse MHC class II alleles and induce TH cell responses.

Physicochemical Characterization of PLGA-Based Antigen-Delivery Systems

Chimeric peptides were synthesized and each of them was encapsulated in PLGA NPs alone or in combination with the MPLA adjuvant, or in PLGA NPs surface modified with the octapeptide p8. The different nanoformulations and their characteristics are summarized in Table 3. Both chimeric peptide-loaded and chimeric peptide/MPLA-loaded PLGA NPs had an average diameter in the range of 291.4–413.5 nm and a negative zeta potential value, varying from −31.6 to −10.6 mV. The negative zeta potential values of the blank PLGA NPs are due to the carboxyl groups residing on the surface of NPs that are negatively charged at physiological pH (45). The observed slight decrease in the absolute zeta potential value of the chimeric peptide loaded PLGA NPs can be attributed to the presence of antigen that partially neutralizes the free anionic surface carboxyl groups. On the other hand, the negative zeta potential values observed for the chimeric peptide/MPLA-loaded PLGA NPs are due to the combined negative charges of the PLGA carboxyl groups and MPLA molecules that have a zeta potential value of approximately −50 mV in water. Further, PLGA was successfully conjugated with p8 resulting in partial neutralization of the free anionic carboxyl groups residing on the PLGA NPs surface and thus explaining the decrease of the absolute values of zeta potential of the functionalized NPs (−4.0 to −5.5 mV) (46).

TABLE 3 | Properties of synthesized nanoformulations based on poly(lactic-co-glycolic) acid (PLGA) nanoparticles.
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The in vitro release profiles of each chimeric peptide and MPLA from the PLGA NPs in PBS at 37°C are shown in Figure 1. About 45% of the total amount of chCPAp (Figure 1A) and chKMP-11p (Figure 1C) and 25% of the total amount of chH1p (Figure 1B) are released from the PLGA NPs during the first hour, possibly reflecting the release of antigen located near the NPs external surface and/or in the pores connected to the surface. This initial burst release of antigen was followed by a phase of slight sustained release. Thus, approximately 45% of chCPAp, 30% of chH1p, and 60% of chKMP-11p were released after 2 weeks since the polymer matrix was not completely hydrolyzed during this period. Regarding MPLA, it is apparent that it exhibits a similar release profile to that of the chimeric peptides. However, only 10–20% of the total MPLA amount was released after 2 weeks of incubation in PBS at 37°C.
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FIGURE 1 | In vitro release profile of the chimeric peptides from peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations. Time-dependent release of chCPAp and monophosphoryl lipid A (MPLA) adjuvant from PLGA-chCPAp-MPLA nanoformulations (A), chH1p and MPLA adjuvant from PLGA-chH1p-MPLA nanoformulations (B), and chKMP-11p and MPLA adjuvant from PLGA-chKMP-11p-MPLA nanoformulations (C) into PBS at 37°C. Data represent the mean ± SD of three independent experiments.



The MPLA Incorporation in PLGA Nanoformulations or the Surface Modification with p8 Induced a Strong DCs Maturation Profile

The capacity of the synthesized PLGA-based nanoformulations to directly activate and induce maturation of CD11c+ bone marrow-derived DCs after 24 h stimulation was assessed by flow cytometry, measuring the surface expression of the hallmark DCs maturation and T-cell co-stimulation markers MHC class I, MHC class II, CD40, CD80, and CD86. According to preliminary experiments, the optimum dose of each chimeric peptide encapsulated in PLGA NPs for efficient DCs maturation was determined at 2 µg (data not shown). As depicted in Figures 2A,B, the encapsulation of chimeric peptides in PLGA NPs resulted in a significant increase in the number of DCs expressing CD40, CD80, CD86, MHC class I, and MHC class II molecules, in comparison to DCs stimulated with soluble peptides (CD40: 72.40 ± 1.27 vs. 35.53 ± 3.41%, p < 0.001; CD80: 81.20 ± 1.56 vs. 56.20 ± 2.78%, p < 0.001; CD86: 74.33 ± 3.99 vs. 43.20 ± 1.13%, p < 0.001; murine MHC class I: 82.15 ± 4.31 vs. 71.60 ± 2.26%, p < 0.05; murine MHC class II: 82.35 ± 0.35 vs. 62.03 ± 2.97%, p < 0.001; hybrid HLA class I: 39.50 ± 0.30 vs. 22.55 ± 3.82%, p < 0.001). Regarding the mean fluorescence index (MFI) values (Figure 2C), significant increase was observed only for CD80, murine MHC class I, and MHC class II molecules in comparison to DCs stimulated with soluble peptides (CD80: 754 ± 26.87 vs. 503 ± 70.29, p < 0.05; murine MHC class I: 432 ± 50.91 vs. 237 ± 27.58, p < 0.01; MHC class II: 3,990 ± 718.74 vs. 2,370 ± 15.56, p < 0.01). It must be noted that DCs stimulated with each of the PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations exhibited a similar maturation profile to that of the DCs stimulated with the mix of these nanoformulations (mix A), in comparison to DCs stimulated with the relevant soluble chimeric peptide (Figure S1 in Supplementary Material). The above results confirm that PLGA NPs are promising delivery systems of immunogenic peptides in the development of peptide-based vaccines.
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FIGURE 2 | Encapsulation of chimeric peptides in poly(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) induced a strong maturation profile in dendritic cells (DCs) from HLA A2.1 transgenic mice. DCs were cultured for 24 h upon stimulation with the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-KMP-11p nanoformulations (mix A), the mix of soluble chimeric peptides (mix D), or empty PLGA NPs (control group). DCs cultured in medium alone or in the presence of 1 µg/ml LPS were used as negative and positive control, respectively. (A) Representative histogram plots of CD40, CD80, CD86, major histocompatibility complex (MHC) class I, and class II molecules levels. (B) Diagram demonstrating the percentage (%) of DCs expressing the co-stimulatory and MHC class I and class II molecules. (C) Diagram demonstrating the mean fluorescence index (MFI) of DCs expressing the co-stimulatory and MHC class I and class II molecules. Results are expressed as the mean ± SD of three independent experiments. Significant differences are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001.



The MPLA incorporation as well as the surface modification of PLGA NPs with p8 further increased DCs maturation. More specifically, as shown in Figures 3A,B, stimulation of DCs with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B) led to a significant increase in the number of DCs expressing the co-stimulatory molecules CD40 (80.73 ± 3.46 vs. 72.40 ± 1.27%, p < 0.05) and CD86 (86.75 ± 2.33 vs. 74.33 ± 3.99%, p < 0.01), as well as the MHC class I molecules (murine MHC class I: 93.05 ± 0.78 vs. 82.15 ± 4.31%, p < 0.01; hybrid HLA class I: 71.65 ± 4.17 vs. 39.50 ± 0.30%, p < 0.001), in comparison to DCs stimulated with the mix A. This was also accompanied by a significant increase in the MFI values for CD40 (1,338 ± 81.32 vs. 618 ± 72.75, p < 0.0001) and CD80 (1,338 ± 81.32 vs. 618 ± 72.75, p < 0.0001) molecules (Figure 3C). Regarding the surface modification with p8, as depicted in Figures 4A,B, stimulation of DCs with the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C) significantly also enhanced the presence of DCs expressing the co-stimulatory molecules CD40 (84.80 ± 1.57 vs. 72.40 ± 1.27%, p < 0.001) and CD86 (83.60 ± 4.95 vs. 74.33 ± 3.99%, p < 0.01), as well as the MHC class I molecules (murine MHC class I: 90.25 ± 5.02 vs. 82.15 ± 4.31%, p < 0.05; hybrid HLA class I: 73.50 ± 0.05 vs. 39.50 ± 0.30%, p < 0.001), in comparison to DCs stimulated with the mix A. In addition, a significant increase was observed in the MFI values of DCs stimulated with the mix C in comparison to DCs stimulated with the mix A for all the co-stimulatory and MHC class I molecules except from the MHC class II molecule (CD40: 1,084 ± 28.93 vs. 618 ± 72.75, p < 0.0001; CD80: 1,715 ± 223.45 vs. 754 ± 26.87, p < 0.001; CD86: 2,529 ± 201.52 vs. 1,680 ± 347.19, p < 0.01; murine MHC class I: 537 ± 31.82 vs. 432 ± 50.91, p < 0.05; HLA class I: 122 ± 4.24 vs. 96 ± 2.26, p < 0.05). The above results concerning DCs stimulated with the mix B or the mix C were comparable to that observed in the case of DCs cultured in the presence of LPS (positive control of maturation; CD40: 82.80 ± 2.86%; CD80: 89.10 ± 5.61%; CD86: 81.63 ± 3.84%; murine MHC class I: 96.53 ± 1.34%; murine MHC class II: 86.63 ± 2.73%; hybrid HLA class I: 73.30 ± 3.36%) (Figures 2A,B). Moreover, similar results were obtained from DCs stimulated with each of the PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (Figure S2 in Supplementary Material) or each of the p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (Figure S3 in Supplementary Material), in comparison to DCs stimulated with each of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations, respectively. It is noteworthy that the significant (p < 0.001) increase observed in the number of DCs expressing the hybrid HLA-A2.1 molecule confirmed the successful design of the chimeric peptides to harbor T cell epitopes with high-binding affinity to HLA class I molecules.
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FIGURE 3 | Monophosphoryl lipid A (MPLA) incorporation in peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations further enhanced the maturation of dendritic cells (DCs) from HLA A2.1 transgenic mice. DCs were cultured for 24 h upon stimulation with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-KMP-11p-MPLA nanoformulations (mix B), the mix of soluble chimeric peptides with MPLA adjuvant (mix E), or PLGA nanoparticles with MPLA encapsulated. (A) Representative histogram plots of CD40, CD80, CD86, major histocompatibility complex (MHC) class I, and class II molecules levels. (B) Diagram demonstrating the percentage (%) of DCs expressing the co-stimulatory and MHC class I and class II molecules. (C) Diagram demonstrating the mean fluorescence index (MFI) of DCs expressing the co-stimulatory and MHC class I and class II molecules. Results are expressed as the mean ± SD of three independent experiments. Significant differences are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001.
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FIGURE 4 | Surface modification of peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations with p8 also enhanced the maturation of dendritic cells (DCs) from HLA A2.1 transgenic mice. DCs were cultured for 24 h upon stimulation with the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-KMP-11p nanoformulations (mix C) or PLGA nanoparticles surface modified with p8. (A) Representative histogram plots of CD40, CD80, CD86, major histocompatibility complex (MHC) class I, and class II molecules levels. (B) Diagram demonstrating the percentage (%) of DCs expressing the co-stimulatory and MHC class I and class II molecules. (C) Diagram demonstrating the mean fluorescence index (MFI) of DCs expressing the co-stimulatory and MHC class I and class II molecules. Results are expressed as the mean ± SD of three independent experiments. Significant differences are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001.



Furthermore, as demonstrated in Figure 5, stimulation of DCs with the mix B (Figure 5A) or the mix C (Figure 5B) resulted in a significant increase of DCs that intracellularly produced IL-12 (26.94 ± 2.74 and 37.60 ± 1.43, respectively, vs. 12.16 ± 2.20%, p < 0.001), compared to DCs stimulated with the mix A. This observation supports the functional differentiation of DCs toward DC1 type. The high percentage of DCs that produced IL-12 (22.11 ± 0.53%) in response to p8-PLGA NPs indicated a role of the synthetic octapeptide in this biological process.
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FIGURE 5 | Functional differentiation of dendritic cells (DCs) stimulated with the differentially functionalized peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations in terms of IL-12 production. DCs were cultured for 24 h upon stimulation with the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations (mix A), the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B), the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C), the mix of soluble chimeric peptides (mix D), and the mix of soluble chimeric peptides plus MPLA (mix E). DCs cultured in medium alone were used as negative control. DCs were also stimulated with empty PLGA nanoparticles (NPs), PLGA NPs with MPLA encapsulated, and PLGA NPs surface modified with p8 as control groups. The diagrams indicate the effect of MPLA incorporation (A) or the effect of surface modification with p8 (B) in the percentage of DCs producing IL-12. Results are expressed as the mean ± SD of three independent experiments. Significant differences between DCs stimulated with the mix B or the mix C and DCs stimulated with the mix A are indicated by ***p < 0.001.



DCs Stimulated with the Mix of PLGA Nanoformulations with MPLA Incorporation or Surface Modification Promoted Allogeneic T Cell Proliferation and IFNγ Production by CD4+ and CD8+ T Cells

Since the peptide-based PLGA nanoformulations and especially those with MPLA incorporation or surface modification proved capable to induce DCs maturation and IL-12 production, mixed leukocyte cultures were performed in order to investigate the capacity of these DCs to promote in vitro T cell proliferation. For this purpose, DCs stimulated with the peptide-based PLGA nanoformulations were co-cultured with allogeneic spleen cells at different stimulator/responder ratios and their proliferative potential was determined by 3[H]-TdR incorporation. The results obtained indicated that the optimum stimulator/responder ratio was that of 1:5. As shown in Figure 6, DCs stimulated with the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations (mix A) proved able to promote T cell proliferation (cpm: 10,895 ± 953) compared to unstimulated DCs stimulated (cpm: 8,330 ± 1,167). However, the incorporation of the MPLA adjuvant, as well as the surface modification with p8, remarkably enhanced the competency of stimulated DCs to efficiently present the processed antigenic peptides to T cells. In more details, DCs stimulated with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B) or the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C) triggered significantly increased lymphoproliferative responses in comparison to unstimulated DCs (cpm mix B: 26,014 ± 1,828 vs. 8,330 ± 1,167, p < 0.001; cpm mix C: 23,626 ± 776 vs. 8,330 ± 1,167, p < 0.001). It is noteworthy that DCs stimulated with PLGA-MPLA or p8-PLGA also induced T cell proliferation at significant levels compared to unstimulated DCs (p < 0.001) at the ratio 1:5. This difference was not observed at ratio 1:20 in contrast to DCs stimulated with mix B or mix C. Spleen cells cultured in medium alone and in vitro stimulated with the mitogen ConA were used as positive control of proliferation (cpm: 40,118 ± 1,936, data not shown).
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FIGURE 6 | T cell priming induced by dendritic cells (DCs) stimulated with the differentially functionalized peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations. Spleen cells from naïve BALB/c mice were primed in vitro by DCs stimulated for 24 h with the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-KMP-11p nanoformulations (mix A), the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-KMP-11p-MPLA nanoformulations (mix B), the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-KMP-11p nanoformulations (mix C), the mix of soluble chimeric peptides (mix D), and the mix of soluble chimeric peptides plus MPLA (mix E). Cultures were pulsed for the last 18 h with 1 μCi of 3[H]-TdR, and the proliferative potential was measured by 3[H]-TdR incorporation. The diagrams indicate the effect of MPLA incorporation (A) or the effect of surface modification with p8 (B) in the capacity of DCs stimulated with the mix B or the mix C to induce T cell priming. Samples were run in triplicates. Results are depicted as cpm ± SD from three independent experiments. Significant differences are indicated by ***p < 0.001.



Flow cytometry analysis was conducted to unveil the presence of CD4+ T cells producing IL-4 (indicative of TH2 polarization) or IFNγ (indicative of TH1 polarization), as well as IFNγ-producing CD8+ T cells. Flow cytometry results revealed no increase in the population of IL-4-producing CD4+ T cells in comparison to T cells co-cultured with unstimulated DCs (Figures 7A,D,G). On the contrary, a significant increase was observed in the populations of IFNγ-producing CD4+ T cells (Figures 7B,E,H) and CD8+ T cells (Figures 7C,F,I) upon activation by DCs stimulated with the mix of PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p (Mix A; CD4+ T cells: 12.0 ± 0.14%, p < 0.01 and CD8+ T cells: 5.4 ± 0.05%, p < 0.01) compared to unstimulated DCs. A further increase in IFNγ-producing CD4+ and CD8+ T cells was observed upon activation with DCs stimulated with PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B; CD4+ T cells: 13.0 ± 0.28%, p < 0.001 and CD8+ T cells: 5.88 ± 0.14%, p < 0.001) or the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C; CD4+ T cells: 14.85 ± 0.49%, p < 0.001 and CD8+ T cells: 7.16 ± 0.86%, p < 0.01).
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FIGURE 7 | IFNγ-producing CD4+ and CD8+ T cells among the spleen cell populations primed by dendritic cells (DCs) stimulated with the mix B or C. Spleen cells from naïve BALB/c mice were primed in vitro by DCs stimulated for 24 h with the different mixes of differentially functionalized nanoformulations (mix A, mix B, and mix C), the mix of soluble chimeric peptides (mix D), and the mix of soluble chimeric peptides plus monophosphoryl lipid A (MPLA) (mix E). Then, spleen cells were stained and analyzed by flow cytometry. The representative contour plots depict IL-4-producing CD4+ T cells (A), and IFNγ-producing CD4+(B), and CD8+ (C) T cells. Diagram showing the percentage of (D,G) IL-4-producing CD4+ T cells, (E,H) IFNγ-producing CD4+, and (F,I) IFNγ-producing CD8+ T cells. Results are expressed as the mean ± SD and significant differences between T cells activated by DCs stimulated with mix A, mix B or mix C and T cells activated by unstimulated DCs are indicated by **p < 0.01, or ***p < 0.001.



Transcriptome Analysis of DCs Stimulated with the Differentially Functionalized PLGA Nanoformulations Revealed that MPLA Incorporation Induced the Most Robust Transcriptional Activation

In an attempt to unveil changes in the gene-expression profile of DCs stimulated with the differentially functionalized PLGA nanoformulations for 18 h, transcriptome analysis was performed using microarrays. PCA and Pearson correlation analysis of samples displayed satisfactory replicate resemblance (Figures 8A,B). Microarray data analysis revealed considerable differences in the gene-expression profiles of DCs stimulated with the different mixes of peptide-based PLGA nanoformulations or the mix of soluble chimeric peptides (Figures 8C,D). The highest number of differentially expressed genes was observed in DCs stimulated with the PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B, 2,104 differentially expressed genes; 1,027 up- and 1,077 downregulated), followed by DCs stimulated with the p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C, 1,273 differentially expressed genes; 527 up- and 746 downregulated), and then DCs stimulated with the PLGA-chCPAp, PLGA-chH1p, and PLGA-chKMP-11p nanoformulations (mix A, 847 differentially expressed genes; 278 up- and 569 downregulated). Importantly, much milder differences were observed for DCs stimulated with the mix of soluble chimeric peptides (mix D, 191 differentially expressed genes; 69 up- and 122 downregulated) compared to unstimulated DCs. Therefore, the hierarchy of potency in inducing gene-expression changes was mix B > mix C > mix A > mix D, stressing that the overall magnitude of activation was much higher in DCs stimulated with the mix B.
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FIGURE 8 | Microarray sample quality control and differential expression analysis. (A) Principal component analysis clustering of microarray samples and (B) sample-sample correlation heat map depicting relationship between replicates and/or samples. (C) Barplot of differentially up- and downregulated genes of dendritic cells (DCs) stimulated with the mix of poly(lactic-co-glycolic) acid (PLGA)-chCPAp, PLGA-chH1p, and PLGA-KMP-11p nanoformulations (mix A), the mix of PLGA-chCPAp-monophosphoryl lipid A (MPLA), PLGA-chH1p-MPLA, and PLGA-KMP-11p-MPLA nanoformulations (mix B), the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-KMP-11p nanoformulations (mix C), or the mix of soluble chimeric peptides (mix D) vs. unstimulated DCs. (D) Heatmap representations of differentially expressed genes included in GO terms GO:0001819—positive regulation of cytokine production, GO:0050727—regulation of inflammatory response, GO:0007159—leukocyte cell–cell adhesion and GO:0071345—cellular response to cytokine stimulus. Instances with −0.585 < log2(fold change) < 0.585 and/or p-value >0.05 significance threshold are not colored. A p-value threshold of 0.05 and a log2 (fold change) threshold of ±0.585 (at least1.5-fold change) was used to determine differentially expressed genes of samples Mix A–D vs. unstimulated DCs.



Enrichment analysis of differentially expressed genes for GO terms (Biological Processes) revealed that DCs stimulated with the mix B or the mix C exhibited a higher number of significantly enriched terms compared to DCs stimulated with the mix A, while no significant enrichment was observed in the case of DCs stimulated with the mix D. More specifically, DCs stimulated with the mix B or the mix C shared common genes involved in cytokine production (GO:0001819), inflammatory response (GO:0050727), leukocyte cell–cell adhesion (GO:0007159), and cellular response to cytokine stimulus (GO:0071345), as well as in other biological processes related to antigen processing and presentation or adaptive immunity (Data Sheet S1 in Supplementary Material). Focusing on a number of the most significantly enriched GO terms (Figure 8D; Table 4), genes encoding pro-inflammatory cytokines, such as Il12b, Il6, type-I, and II IFN-response elements (Irf7, Stat5a, Irf8, Gbp5, Ido1, Stat1, Ifi205, etc.) and DCs maturation markers (Cd40) were upregulated in both groups. However, a much higher number of upregulated genes involved in the above biological processes were found to be specifically expressed in DCs stimulated with the mix B. Between these specifically upregulated genes, they were identified IFN-response genes (Ifih1, Ifit1, Ifit2, Iigp1, Irg1, Gbp2, and Gbp4), inflammation-related genes (Il10, Il23a, Il15, and Saa3), and genes encoding chemokines that act to recruit leukocytes (Ccl3, Cx3cl1, Mif, and Cxcl1). Moreover, a remarkable number of genes was identified characteristic for the type 1 DCs phenotype that could induce a subsequent CD8+ T cell activation (Psmb10, Hsp90aa1, Hsp90ab1, Igtp, Ccl3, Dhx58, Tnfsf8, Il15, Olr, etc.) and CD4+ TH1 polarization (Cd86, Cish, Dll4, Cxcl9, Cx3cl1, Osm, Il1f6, Tnfsf15, Kit, Clec4e, etc.) (Table 4; Figure 9). Overall, the above findings suggested that DCs exposed to mix B could probably be in a more advanced state of maturity and functional differentiation and might be able to induce specific T cell responses.

TABLE 4 | Unique or common upregulated genes in dendritic cells stimulated with mix B or mix C that enriched GO terms related to immune response.
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FIGURE 9 | Cytokine–cytokine receptor interaction pathway. Genes found to be differentially up- (red) and downregulated (green) in dendritic cells (DCs) stimulated with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-KMP-11p-MPLA nanoformulations (mix B) compared to unstimulated DCs. “Cytokine-cytokine receptor interaction” (mmu04060) KEGG pathway was adapted in order to place emphasis specifically on the deregulated genes (p < 0.05, 1.5-fold upregulation or downregulation), as dictated by the microarray experiments. Pathview package was utilized to color nodes of differentially expressed genes.



Immunization of HLA A2.1 Transgenic Mice with the Mix of Peptide-Based PLGA Nanoformulations with MPLA Incorporation Promoted Peptide-Specific IFNγ-Producing CD8+ T Cell Populations

The in vitro screening of the differentially functionalized PLGA nanoformulations in DCs gave precedence to the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B) to be evaluated in vivo in terms of immunogenicity, as a promising peptide-based nanovaccine. For this purpose, HLA A2.1 transgenic mice were subcutaneously injected with the mix B and boosted twice in a 2-week interval (Figure 10A). The specific T cell expansion induced by each of the chimeric peptides was initially assessed by 3[H]-TdR incorporation. As shown in Figure 10B, chCPAp, chH1p, and chKMP-11p induced proliferation of spleen cells from mice immunized with mix B compared to spleen cells from non-immunized mice (received only PBS), upon in vitro stimulation. More specifically, chKMP-11p induced the strongest proliferation (Δcpm: 7,908 ± 1,886 vs. 65 ± 20, p < 0.01), followed by chH1p (Δcpm: 3,764 ± 643 vs. 42 ± 6, p < 0.01) and chCPAp (Δcpm: 2,232 ± 112 vs. 66 ± 5, p < 0.05). Mice immunized with PLGA-MPLA nanoformulations did not show specific T cell expansion. Spleen cells cultured in medium alone and in vitro stimulated with the mitogen ConA were used as positive control of proliferation (Δcpm: 39,726 ± 3,061, data not shown).
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FIGURE 10 | Immunization with the mix of peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations with monophosphoryl lipid A (MPLA) incorporation induced peptide-specific T cell responses in HLA A2.1 transgenic mice. (A) Immunization scheme. Mice were subcutaneously immunized with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-KMP-11p-MPLA nanoformulations (mix B), PLGA-MPLA nanoformulations or only PBS. Two weeks after the last boosting dose, the spleen of each mouse was aseptically removed and spleen cells were stimulated in vitro with each of the chimeric peptides (chCPAp, chH1p, and chKMP-11p) in order to assess induced peptide-specific T cell responses. (B) Peptide-specific T cell expansion was measured by 3[H]-TdR incorporation. Samples were run in triplicates. Results are represented as Δcpm ± SD (cpm of stimulated spleen cells—cpm of unstimulated spleen cells), and significant differences are indicated by **p < 0.01. (C,D) In vitro-stimulated spleen cells were stained with fluorochrome-labeled anti-CD3, anti-CD8, and anti-IFNγ monoclonal antibodies and analyzed with flow cytometry. (C) The representative contour plots depict the peptide-specific IFNγ-producing CD8+ T cells. (D) The diagrams show the percentage of peptide-specific IFNγ-producing CD8+ T cells. Results are expressed as the mean ± SD and significant differences between spleen cells from mice immunized with mix B and spleen cells from mice immunized with PLGA-MPLA or PBS are indicated by *p < 0.05 or **p < 0.01.



Flow cytometry analysis was then performed to detect peptide-specific IFNγ-producing CD8+ T cell populations (Figures 10C,D). The highest number of peptide-specific IFNγ-producing CD8+ T cells was observed upon in vitro stimulation with chKMP-11p of spleen cells from mice immunized with mix B compared to spleen cells from non-immunized mice (1.34 ± 0.35 vs. 0.22 ± 0.03%, p < 0.05). Chimeric peptides chH1p and chCPAp were also able to stimulate specific IFNγ-producing CD8+ T cells to a lower level (0.53 ± 0.05 vs. 0.21 ± 0.02%, p < 0.01 and 0.41 ± 0.06 vs. 0.20 ± 0.02%, p < 0.05, respectively). It must be also noted that spleen cells from mice immunized with PLGA-MPLA nanoformulations did not exhibit IFNγ-producing CD8+ T cell populations, similar to spleen cells from non-immunized mice.

Immunization of HLA A2.1 Transgenic Mice with the Mix of Peptide-Based PLGA Nanoformulations with MPLA Incorporation Conferred Protection against L. infantum Infection

In order to investigate whether the peptide-specific T cell responses observed in HLA A2.1 transgenic mice immunized with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B) could confer protection against L. infantum infection, immunized and non-immunized mice were infected intravenously with L. infantum promastigotes and the parasite burden was assessed in liver and spleen by a limiting dilution assay 1 and 2 months post-infection (Figure 11A). According to the infection kinetics in HLA A2.1 transgenic mice, the parasite burden reached a peak at 1 month post-infection in the liver (Figure 11B) and at 2 months post-infection in the spleen (Figure 11D), followed by a decrease in both organs. The results obtained indicated that immunization with the mix B reduced significantly hepatic and splenic parasite burden 1 month post-infection by 72.81% (p < 0.01, Figure 11C) and 61.98% (p < 0.05, Figure 11E), respectively, compared to the non-immunized control group. Assessment of the parasite burden 2 months post-infection revealed a maintenance of the protective effect with 64.4% reduction of parasite burden in the liver (p < 0.01, Figure 11C) and 73.64% reduction of parasite burden in the spleen (p < 0.05, Figure 11E). It also must be noted that immunization with PLGA-MPLA nanoformulations did not confer protection against L. infantum infection, indicating that the protective effect observed in liver and spleen of immunized with the mix B HLA A2.1 transgenic mice was peptide specific.
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FIGURE 11 | Immunization with the mix of peptide-based poly(lactic-co-glycolic) acid (PLGA) nanoformulations with monophosphoryl lipid A (MPLA) incorporation conferred significant protection against Leishmania infantum infection in HLA A2.1 transgenic mice. (A) Immunization and infection scheme. Mice were subcutaneously immunized with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-KMP-11p-MPLA nanoformulations (mix B), PLGA-MPLA nanoformulations or only PBS. Two weeks after the last boosting dose, immunized and non-immunized mice were infected intravenously with 2 × 107 L. infantum promastigotes and parasite burden was evaluated 1 and 2 months post-infection with a limiting dilution assay. (B,D) Time course of infection in liver (B) and spleen (D) of HLA A2.1 transgenic mice infected with L. infantum promastigotes. Red arrows indicate the time points selected for the evaluation of immunization’s protective effect. (C,E) Parasite burden in the liver (C) and the spleen (E) of immunized and non-immunized mice 1 and 2 months post-infection with L. infantum. Results are presented as the mean ± SD of five individual mice per group and significant differences between the parasite burden of immunized with mix B mice and the parasite burden of non-immunized mice are indicated by *p < 0.05 or **p < 0.01.



DISCUSSION

Immunoinformatics analyses based on algorithms that predict with high accuracy immunodominant epitopes on protein antigens could greatly enhance “polytope vaccine” design and development against infectious diseases, such as VL, since the most efficient immune response to pathogens is derived from different T cells that respond to an ensemble of pathogen-derived specific epitopes (47). Different research groups have focused on MHC class I- and/or MHC class II-restricted epitope prediction from Leishmania spp. vaccine candidates such as A2, GP63, KMP-11, CPs, LmsTI-1, TSA, LeIF, and LPG-3 with the view of a peptide-based vaccine generation against CL or VL (36, 48–51). Following this promising approach, in a previous study, we performed an in silico analysis of the L. infantum proteins CPA, histone H1, and KMP-11 in order to identify T cell epitopes presented on mouse and human MHC class I and II molecules and design multi-epitope peptides that were validated in terms of immunogenicity in BALB/c mice (29). Among these multi-epitope peptides, CPA_p2, CPA_p3, H1_p1, and H1_p3 proved capable to induce a T cell response characterized by CD8+ and CD4+ T cell priming with IFNγ production in immunized mice, whereas KMP-11_p1 abrogated the secretion of IL-10.

The in silico analysis of the three L. infantum proteins also revealed a remarkable number of binding epitopes to HLA A*0201 allele. Among HLA A2 allelic variants, HLA A*0201 is the most prevalent and common in all ethnic groups, hence its peptide-binding motif is commonly used for epitope prediction of proteins from viruses such as hepatitis B and C viruses, human immunodeficiency virus, Epstein–Barr virus, human papillomavirus (43), as well as Leishmania parasites (51, 52). All the multi-epitope peptides contained more than one HLA A*0201-restricted epitopes and were used for the design of longer chimeric peptides, with the use of appropriate linkers. Such an approach can help to overcome the fact that peptides shorter than 30 amino acids long may bind directly to MHC class I or II molecules of non-professional antigen-presenting cells, thereby potentially stimulating tolerance or anergy (53, 54).

Linkers have a pivotal role in functional and structural features of a peptide-based vaccine, since tandem fusion of peptides may result in generation of a new “protein” with novel characteristics and potent loss of the predicted MHC class I- or II-restricted epitopes. Linkers starting with alanine are more frequently used when targeting CD8+ T cell responses, as the chance of proteasomal cleavage increases once the first amino acid next to the C-terminal peptide is alanine (55). Thus, the multi-epitope peptides of CPA (CPA_p2 and CPA_p3) and histone H1 (H1_p1 and H1_p3) were linked together by AAY, a short amino acid motif that is documented to support epitope generation and has been used in several studies on epitope vaccine design against cancer or infectious diseases (56–59). The two alanine residues flanking the C-terminal support C-terminal cleavage of the epitope without negatively influencing the N-terminal cleavage of the adjacent epitope (60), and further the generation of the C-terminal provides a suitable site for binding to TAP transporter or other chaperons (61).

KMP-11 derived multi-epitope peptide (KMP-11_p1) was used in conjunction with the pan DR epitope (PADRE), a universal synthetic 13 aa peptide with high-binding affinity to 15 of the 16 most common HLA-DR molecules that is specifically engineered to be immunogenic in humans (62). CD4+ T cells are well documented to play a central role in priming and maintenance of CD8+ T cell effector functions, and thus PADRE could be considered a crucial component of prophylactic or immunotherapeutic vaccines against tumors and intracellular pathogens. Indeed, PADRE has been shown to augment the potency of vaccines designed to stimulate a cellular immune response (62). Multi-epitope peptides targeting CD8+ T cell responses in conjunction with PADRE and a signaling peptide proved capable to increase memory CD8+ T cells producing IFNγ and elicit protective immunity in transgenic mice challenged with Toxoplasma gondii (63). In another study, the use of PADRE in combination with a synthetic multi-epitope peptide derived from the tumor-associated antigen Her2/neu improved vaccine potency in terms of IFNγ producing CD4+ and CD8+ T cells expansion in mice (64). PADRE and KMP-11_p1 were fused together via the linker HEYGAEALERAG that provides the specific cleavage target for both proteasomal and lysosomal degradation system enhancing epitope presentation (57). This 12 aa peptide consists of five appropriate cleavage sites Y3-G4, A5-E6, A7-L8, L8-E9, and R10-A11 specified for eukaryotic proteasome complexes in which A5-E6 is superior cleavage site (65) and has been used in a number of studies on multi-epitope peptide-based vaccine strategy combating cancer and intracellular infectious agents (57, 66, 67).

Antigen presentation is a crucial step in the initiation of an effective immune response and DCs own the unique ability to efficiently present processed antigenic peptides to T cells in the context of MHC class I or II molecules, playing a pivotal role in the orchestration of the adaptive immune response. Peptides are weak immune stimulators, and proper particulate delivery systems and/or adjuvants are needed to enhance their immunogenicity providing efficacious targeting of DCs. Thus, each chimeric peptide was synthesized and encapsulated in PLGA NPs (~300 nm) alone or in combination with MPLA adjuvant, or in PLGA NPs surface modified with the octapeptide p8 aiming their effective delivery to DCs. PLGA NPs are well suited for vaccine delivery due to the numerous advantages they offer including safety and endocytosis by DCs. A previous study has demonstrated that PLGA NPs 300 nm in average size exhibited low toxicity and were efficiently internalized by antigen-presenting cells—macrophages, B cells, and DCs—in vitro and in vivo (68). In the same study, PLGA NPs surface modified with p8 were proved to be internalized more efficiently by DCs in vitro.

This is the first report, to the best of our knowledge, describing the design and construction of an experimental nanovaccine against L. infantum infection based on a mix of PLGA NPs loaded with different synthetic long peptides from CPA, histone H1, and KMP-11 proteins, alone or in combination with the adjuvant MPLA, or a mix of PLGA NPs surface modified with the octapeptide p8 and loaded with the different synthetic long peptides. Since each chimeric peptide contained more than one HLA A2*0201-restricted epitopes, the effect of these peptide-based PLGA nanoformulations was examined in bone marrow-derived DCs isolated from transgenic mice expressing an interspecies hybrid MHC class I gene with the alpha-1 and alpha-2 domains of the human HLA-A2.1 gene, with the view of selecting the most promising nanovaccine candidate for in vivo evaluation. This transgenic strain enables the modeling of human T cell immune responses to HLA-A2.1 presented antigens and may be precious tool in hand to study the immunogenicity of in silico selected peptides for vaccination purposes. Many vaccine trials primarily reported as protective in wild-type animals exhibit a moderate efficacy in humans, partially due to the fact that human and animal MHC molecules may have different influence on the outcome of an immune response (69). Humanized transgenic mice expressing human HLA molecules have shown promising results despite subtle differences in the antigen-processing machinery including proteasome cleavage and TAP molecules affinity for peptides (70), since the immunological hierarchy is approximately the same in both models and about 80% of peptides immunogenic in one are also immunogenic in the other (71).

Apart from enhancing antigen uptake, the main rationale behind DCs targeting remains the efficient antigen presentation to CD4+ and CD8+ T cells that requires beforehand the development of a strong maturation profile. In this study, the encapsulation of chimeric peptides in PLGA NPs resulted in a significant increase in the number of DCs expressing the co-stimulatory molecules CD40, CD80, CD86, as well as the murine MHC class I and II molecules and the hybrid HLA-A2.1 molecule compared to DCs stimulated with the mix of soluble chimeric peptides. Previous studies have demonstrated that PLGA NPs loaded with soluble antigen or peptides strengthened DCs maturation in comparison to antigens in a soluble form or empty PLGA NPs (68, 72). Microarray data analysis strongly supported these findings, since DCs stimulated with the mix of soluble chimeric peptides exhibited a gene-expression profile similar to that of unstimulated DCs without enriched GO terms relevant to immune response. Both flow cytometry and microarray results demonstrated that MPLA incorporation in the peptide-based PLGA nanoformulations, as well as surface modification with p8 further enhanced DCs maturation. Particulate delivery of TLR ligands, such as MPLA adjuvant, offers several advantages over their administration in a soluble form. Delivery of TLR ligands in PLGA NPs would permit the use of very small doses and limit the non-specific immune activation and/or toxicity that may result upon systemic administration, as well as it may facilitate a sustained TLR signaling in DCs (73). A list of earlier studies have shown superior DCs and/or T cells activation when antigens were co-delivered in PLGA NPs with MPLA adjuvant (32, 68, 74–76). On the other hand, the attachment of targeting moieties on PLGA NPs surface cannot only facilitate the uptake by DCs, but can also enhance DCs maturation and ultimately lead to improving the effectiveness of vaccine formulation (73).

It is noteworthy that the significant increase in the number of DCs expressing the hybrid HLA-A2.1 confirms the achievement of antigen cross-presentation and the successful design of chimeric peptides to harbor epitopes that target mainly CD8+ T cell responses (Figures 2–4). PLGA NPs can escape from endosomes and extrude though endosomal membrane into the cytoplasm, where encapsulated antigens can be released, processed by the proteasome, and cross-presented by MHC class I molecules (73). In complement with the above findings, T cell proliferation assay and flow cytometry results demonstrated that both DCs stimulated with the mix of PLGA-chCPAp-MPLA, PLGA-chH1p-MPLA, and PLGA-chKMP-11p-MPLA nanoformulations (mix B) and DCs stimulated with the mix of p8-PLGA-chCPAp, p8-PLGA-chH1p, and p8-PLGA-chKMP-11p nanoformulations (mix C) were proved capable to activate CD8+ T cell populations with IFNγ production (Figure 7). Microarray data analysis provided robust evidence for the accuracy of the results obtained from flow cytometry, since it revealed upregulated genes (Tap1, Tap2, Psme2, Tapbp, etc.) related to antigen processing and presentation in the context of MHC class I molecules in both DCs stimulated with mix B or mix C (Data Sheet S1 in Supplementary Material). However, a number of genes exclusively upregulated in DCs stimulated with mix B indicated a greater potency of these peptide-based PLGA nanoformulations to promote CD8+ T cell responses (Data Sheet S1 in Supplementary Material; Table 4). Among them, Psmb10 encodes the proteasome subunit beta type-10, a protein with major role in the immune system as part of an immunoproteasome formed by replacing constitutive beta subunits with inducible beta subunits that possess specific cleavage properties aiding in the release of peptides directed to MHC class I antigen presentation (77). Hsp90aa1 and Hsp90ab1 encode the two forms—inducible and constitutive, respectively—of the cytosolic heat shock protein 90 alpha, an endogenous chaperon that associates with the N-terminally extended peptides after proteasomal degradation (78) and is essential for cross-presentation of both soluble and cell-associated antigens by DCs (79). Interferon gamma induced protein 3 (IRGM3), encoded by Igtp, is a p47 GTPase that also controls cross-presentation in DCs. IRGM3-deficient DCs were proved to exhibit a major impairment in their ability to cross-present phagocytozed antigens to CD8+ T cells (80). Chemokine (C–C motif) ligand 3 and 4, encoded by Ccl3 and Ccl4, respectively, are produced at the immunological synapse between DCs and T cells and increase the chance for migrating CCR5-expressing CD8+ T cells to contact DCs by a factor of 2–4 (81). Furthermore, upregulation of Dhx58 suggested the presence of LPG2, a RIG-I-like receptor that is required for controlling antigen-specific CD8+ T cell survival and fitness during peripheral T cell number expansion in response to virus infection (82), while upregulation of Tnfsf8 indicated the expression of CD135 which is the ligand for CD30 whose signaling plays important role in the generation of long-lived memory CD8+ T cells (83). Il15 and Il15ra were also found exclusively upregulated in DCs stimulated with mix B. Interestingly, previous studies have shown that coordinate expression of IL-15 and IL-15Rα by the same accessory cells such as DCs is required for supporting both NK and CD8+ memory T cell homeostasis (84, 85).

As mentioned earlier, CD8+ T cell responses are crucial mediators of immunity against intracellular pathogens like L. infantum parasites and a protective peptide-based vaccine targeting such immune responses might open a new way toward the battle over VL. Nevertheless, CD4+ TH1 cells also play a central role in Leishmania-specific response and thus they must be taken into account in vaccination strategies against the disease. Both DCs stimulated with the mix B or mix C were characterized by IL-12 production (Figure 5), a pro-inflammatory cytokine with great importance in the activation of TH1 cell responses (86), and promoted allogeneic T cell proliferation and IFNγ production by CD4+ T cells (Figures 6 and 7), required for the immunity against VL. It can be argued that the nature of nanoformulations has a contribution to this fact, since in a previous study PLGA-based NPs loaded with CpG were proved to induce greater cytokine production and T cell proliferation than the oligonucleotide alone (87). Further, the presence of IL-4-producing CD4+ T cells in the same population density as in the case of T cells co-cultured with unstimulated DCs indicated the absence of a TH2 response (Figure 7) that is unwilling in the fight against VL.

Microarray data analysis further supported these findings unveiling up- (Il6, Il12b, Ccl4, Cxcl3, Tnfsf9, etc.) and downregulated genes (Icos-l, etc.) involved in TH cell aggregation and activation (Data Sheet S1 in Supplementary Material; Figures 8 and 9; Table 4). However, the presence of upregulated genes exclusively expressed in DCs stimulated with mix B demonstrated that these specific cells might be in a more advanced state of maturity and functional differentiation in terms of TH polarization than DCs stimulated with mix C (Table 4). For example, a number of upregulated genes involved in the regulation of cytokine production or in the response to cytokine stimulus, such as Cish, Il1f6, Osm, Cxcl9, Tnfsf15, Ddit3, and Dll4, are considered markers of T cell activation and polarization toward TH1 cells. Cish is identified as a STAT5 target gene and encodes a cytokine-inducible SH2-containing protein that plays a crucial role in type 1 DCs development (TH1 polarization), as well as in DC-mediated cytotoxic T cell activation, since Cish knockdown was found to reduce the expression of MHC class I, co-stimulatory molecules and pro-inflammatory cytokines in bone marrow-derived DCs (88). Delta-like 4 (DLL4) is a protein encoded by the Dll4 gene and its expression by DCs is critical for eliciting T cell responses. Activated DLL4+ DCs were more capable to promote TH1 and TH17 differentiation than unstimulated DCs (89). Furthermore, CXCL9 is a well-known TH1 attractant molecule, whereas oncostatin M—encoded by the Osm gene—is a pleiotropic cytokine that was found to induce the allogeneic stimulatory capacity of DCs by promoting the production of IL-12 and increase the production of IFNγ by T cells in MLRs that would be expected to contribute to the TH1 polarization of the immune response (90). Il1f6 encodes the cytokine IL36A whose signaling pathway activates DCs and amplifies TH1 responses by enhancing proliferation and TH1 polarization of naïve CD4+ T cells (91).

The in vitro screening promoted the peptide-based PLGA nanoformulations with MPLA incorporation as a promising nanovaccine candidate and, therefore, immunization of HLA A2.1 transgenic mice was performed to unveil the induction of peptide-specific CD8+ T cell responses. Results obtained confirmed the ability of PLGA nanoformulations with MPLA incorporation to target efficiently DCs, promoting peptide presentation through MHC class I molecules and thus inducing peptide-specific IFNγ-producing CD8+ T cells (Figure 10). This finding provides evidence that the peptide-specific response is attributed to the HLA A*0201 epitopes predicted by the in silico analysis and included in the chimeric peptides. According to the in silico analysis chimeric peptides also contain H2-Db restricted epitopes that might impact the TCR repertoire and further investigation is required. However, a study, focused on the use of this strain of transgenic mice as a model of human immune responses, revealed an extended epitope overlap in human Dryvax vaccines expressing HLA A*0201 and HLA A2.1 transgenic mice (92). In a previous study of our group, a single peptide of CPA (CPA_p2) co-encapsulated with MPLA in PLGA NPs induced CPA_p2-specific cellular and humoral immune responses and conferred acute protection against L. infantum infection in BALB/c mice, mediated by IFNγ-producing CD8+ T cells (93). Encapsulating more than one and longer synthetic peptides derived from three different immunogenic Leishmania proteins, more intense CD8+ T cell responses were achieved, required in the immunity developed against VL. This tactics is in agreement with other studies underlining that vaccines designed to address a broad range of specificities are capable of inducing polyclonal effector T cells promoting protection (51, 94, 95).

Protection assays conducted in HLA A2.1 transgenic mice confirmed that this tactics could be considered as an improved strategy in terms of prophylactic efficacy against L. infantum infection (Figure 11). HLA A2.1 transgenic mice are created on a C57BL/6 background characterized by susceptibility to L. infantum infection with a cure profile on the infection outcome (96). The selection of the specific time points for the estimation of immunization’s protective effect was based on the infection kinetics in these mice. According to the time course of infection, the parasite burden reached a peak at 1 month post-infection in the liver and at 2 months post-infection in the spleen, followed by a decrease in both visceral organs. The results obtained from the limiting dilution assay revealed a significant reduction in hepatic and splenic parasite burden at 1 month post-infection by 72.81 and 61.98%, respectively, compared to the non-immunized control group. It is of particular interest that this protective effect was preserved at 2 months post-infection in both visceral organs (64.4 and 73.64% reduction in liver and spleen, respectively) indicating that immunization could accelerate the self-curing profile. The above findings combined with the fact that mice immunized with PLGA-MPLA nanoformulations exhibited comparable levels of parasite burden with the non-immunized mice provide evidence that the peptide-based PLGA nanoformulations with MPLA incorporation conferred a significant peptide-specific protection against L. infantum infection that was maintained 2 months post-infection before starting the self-curing phase on the infection outcome.

Conclusively, our findings supported that the encapsulation of more than one chimeric multi-epitope peptides from different immunogenic L. infantum proteins in a proper biocompatible delivery system with the right adjuvant is considered as an improved promising approach for the development of a vaccine against VL, since it induced a strong maturation profile in DCs and enabled them to present efficiently the pathogen-derived peptides to T cells inducing peptide-specific CD8+ T cells with IFNγ production and conferring significant protection against L. infantum infection.
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LFA-1 Mediates Cytotoxicity and Tissue Migration of Specific CD8+ T Cells after Heterologous Prime-Boost Vaccination against Trypanosoma cruzi Infection
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Integrins mediate the lymphocyte migration into an infected tissue, and these cells are essential for controlling the multiplication of many intracellular parasites such as Trypanosoma cruzi, the causative agent of Chagas disease. Here, we explore LFA-1 and VLA-4 roles in the migration of specific CD8+ T cells generated by heterologous prime-boost immunization during experimental infection with T. cruzi. To this end, vaccinated mice were treated with monoclonal anti-LFA-1 and/or anti-VLA-4 to block these molecules. After anti-LFA-1, but not anti-VLA-4 treatment, all vaccinated mice displayed increased blood and tissue parasitemia, and quickly succumbed to infection. In addition, there was an accumulation of specific CD8+ T cells in the spleen and lymph nodes and a decrease in the number of those cells, especially in the heart, suggesting that LFA-1 is important for the output of specific CD8+ T cells from secondary lymphoid organs into infected organs such as the heart. The treatment did not alter CD8+ T cell effector functions such as the production of pro-inflammatory cytokines and granzyme B, and maintained the proliferative capacity after treatment. However, the specific CD8+ T cell direct cytotoxicity was impaired after LFA-1 blockade. Also, these cells expressed higher levels of Fas/CD95 on the surface, suggesting that they are susceptible to programmed cell death by the extrinsic pathway. We conclude that LFA-1 plays an important role in the migration of specific CD8+ T cells and in the direct cytotoxicity of these cells.
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INTRODUCTION

Chagas disease, caused by the intracellular parasite Trypanosoma cruzi, is a major public health problem, with about seven million people infected worldwide (1). CD8+ T cells are crucial for controlling the multiplication of intracellular pathogens such as T. cruzi. These cells control the infection by secreting cytokines such as IFN-γ and TNF-α, or by direct cytotoxicity against infected target cells (2). The heterologous prime-boost vaccination strategy has shown significant results in the induction of specific CD8+ T cells and the generation of an optimal protective immune response. Among several possible combinations of vectors for this type of immunization, we used a plasmid vector for priming and an adenovirus-Ad5 vector (replication-defective human Ad type 5) for boosting, both containing an insertion of the ASP-2 gene (T. cruzi’s amastigote surface protein 2 gene). This type of immunization was capable of protecting A/Sn mice that are highly susceptible to experimental infection with T. cruzi (3, 4).

The results obtained in preclinical experimental models with heterologous prime-boost immunization have boosted recent clinical trials (5–10). In 2013, the first results of a Phase II clinical trial were published. In that study, a number of volunteers, who were vaccinated with plasmid DNA followed by immunization with Ad5, both encoding the genes of the apical membrane antigen 1 and the immunodominant surface protein of the Plasmodium falciparum circumsporozoite protein, developed immunity to malaria (11).

To the CD8+ T cells exert their effector function, these cells must migrate to non-lymphoid peripheral tissues where the infection occurs. Our group recently demonstrated that the protection generated by heterologous prime-boost immunization regimen depends on the recirculation of specific CD8+ T cells, since immunized and protected A/Sn mice became susceptible to the experimental challenge with T. cruzi after FTY720 drug treatment (12). This immunosuppressive drug reduces lymphocyte recirculation by altering T cell signaling via sphingosine-1-phosphate receptor-1 (S1Pr1). This leads in sustained inhibition of S1Pr1 signaling, trapping T cells within the secondary lymphoid with no impairment of T cell activation (12, 13). Based on this knowledge, we hypothesized that other molecules, such as integrins, could be involved in the CD8+ T cell migration. The integrins are heterodimers that composed of an alpha and beta chain; LFA-1 is composed of αLβ2 (CD11a/CD18) chains, and VLA-4, of α4β1 (CD49d/CD29) chains. These molecules play an important role in the formation of immunological synapses and signal transduction, which result, for example, in cell migration, activation, and/or proliferation (14, 15). During transendothelial migration, chemokine-triggered activation of both LFA-1 and VLA-4 leads them to change their conformations and strongly bind to intercellular adhesion molecules (ICAMs and VCAMs, respectively) on endothelial cells and, thus, migrate into the tissues (16). In β2 integrin-deficient mice, LFA-1 shows a significant reduction in the in vitro lymphocyte migration, strengthening the role of this molecule in leukocyte migration (17). The LFA-1 role in lymphocyte migration has also been demonstrated in the experimental autoimmune encephalomyelitis, in which regulatory CD4+ T cells can migrate to the CNS via LFA-1 (18). Its role has also been demonstrated in allografts, and the antagonism of this molecule is a very effective inhibitor of acute rejection, thus prolonging allograft survival in rodents (19). VLA-4 has also been studied in liver allograft rejections, where it seems responsible for the migration of effector CD8+ T cells and transplant rejection along with LFA-1 (20, 21). During infection by intracellular parasites such as T. cruzi, specifically by the Colombian strain, there is a predominance of effector CD8+ T lymphocytes (CTLs) with high expression of LFA-1 and VLA-4 in the myocardium of infected mice (22). In addition, the high expression of LFA-1 on the surface of Pfn+CD8+ T cells during the acute and chronic phases has been demonstrated (23). However, the dominance of these cells in cardiac tissue favors the progression of the inflammatory reaction, culminating in Chronic Chagas heart disease (24).

Herein, we tested whether LFA-1 and VLA-4 integrins were key mediators for T cell-mediated protective immunity against T. cruzi infection. For that purpose, mice were vaccinated with heterologous prime-boost vaccine (recombinant plasmid DNA/AdHu5), challenged and treated with blocking antibodies to LFA-1 and/or VLA-4. Our results demonstrate that LFA-1, but not VLA-4, is essential for protective immune response of highly susceptible mice against T. cruzi infection. Also, the study demonstrated that LFA-1 mediates CD8+ T cells migration into infected tissues, such as the heart, and plays an important role in CD8+ T cells cytotoxicity for parasite clearance.

MATERIALS AND METHODS

Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory mice of the Brazilian National Council of Animal Experimentation (http://www.mctic.gov.br/mctic/opencms/textogeral/concea.html). The protocol was approved by the Ethical Committee for Animal Experimentation at the Federal University of Sao Paulo (Id # CEP 7559051115).

Mice and Parasites

Female 5- to 8-week-old A/Sn or C57BL/6 mice were purchased from the Federal University of São Paulo. ICAM-1-deficient mice were kindly supplied by Dr. João Santana, Ribeirão Preto School of Medicine-FMPR. Parasites of the Y strain of T. cruzi were used in this study (2, 3). Blood trypomastigotes of the Y strain of T. cruzi were maintained by weekly passages in A/Sn mice at the Xenodiagnosis Laboratory of Dante Pazzenese Cardiology Institute. Bloodstream trypomastigotes were obtained from mice infected 7–28 days earlier with parasites of the Y strain. For in vivo experiments, each mouse was inoculated with 150 trypomastigotes (A/Sn) or 104 trypomastigotes (C57BL/6) diluted in 0.2 mL phosphate-buffered saline (PBS) and administrated subcutaneously (s.c.) in the base of the tail. Parasitemia was determined by collecting 5 μL of blood, and parasites were counted on the light microscope (25).

Immunization Protocol

In this study, we used the heterologous prime-boost immunization protocol with plasmid pIgSPCl.9 and the human replication-defective adenovirus type 5 containing the ASP-2 gene, as described previously (3, 26). Briefly, this immunization consists of a dose of plasmid DNA as a prime (pcDNA3 control or pIgSPClone9). The mice were intramuscularly inoculated (i.m.) with 50 µg of plasmid DNA into each tibialis anterioris muscle. Three weeks after the first immunization, mice were boosted with 2 × 108 plaque-forming units of the adenoviral vectors Adβ-gal or AdASP-2. Both injections were performed via intramuscular route (tibialis anterior muscle).

Peptide

TEWETGQI peptide was synthesized by GenScript and obtained at purity higher than 95%. The TEWETGQI epitope expressed on ASP-2 surface is target of CD8+ T cells and was identified previously (27). It was used for specific CD8+ T cell stimulation in vitro and ex vivo. The H2KK-TEWETGQI multimer, labeled with fluorophore APC, was purchased from Immudex (Copenhagen, Denmark) and used for specific CD8+ T cell detection in tissues.

Treatment with Monoclonal Antibodies

Anti-LFA-1 (anti-CD11a, clone M17-4) and anti-VLA-4 (anti-CD49d, clone PS/2) monoclonal antibodies were purchased from BioXcell; in addition, we used Rat IgG2a (clone 2A3) isotype control. The in vivo treatment was performed with 10 i.p. injections of 250 µg of mAb/mouse (every 48 h after infection, until day 20 after infection). The concentration of LFA-1 used for in vivo treatment was the same used by Reisman et al. (28). To evaluate the efficiency of LFA-1 integrin blockade, C57BL/6 mice were infected with 104 trypomastigote forms of Y strain, and 12 days post infection, the splenocytes were harvested and incubated in vitro for 24 h at 30°C with monoclonal 250 µg/mL of 2A3 isotype control or anti-LFA-1 in complete medium [1% NEAA, 1% L-glutamine, 1% vitamins and 1% pyruvate, 0.1% 2-ME, 10% fetal bovine serum (FBS) (HyClone)]. After incubation, splenocytes were washed and labeled with anti-CD8 PerCP (clone 53-6.7, BD) and anti-CD11a FITC (clone 2D7, BD), fixed with 1% paraformaldehyde and analyzed by flow cytometry. Concomitantly, we also evaluated the blockade of the LFA-1 molecule stimulating splenocytes in vitro with 1 µg/mL anti-CD3 (clone 145-2C11, eBioscience) in complete medium for 72 h at 37°C and 5% CO2. On the second day of incubation, 250 µg of 2A3 isotype control or anti-LFA-1 monoclonal antibodies were added to the culture. On the third day of culture, cells were harvested and labeled with anti-CD8 PerCP and anti-CD11a FITC for flow cytometric analysis. LFA-1 expression was performed on gated CD8+ T cells, according to Figures S1A,B in Supplementary Material, treatment with monoclonal anti-LFA-1 blocked most LFA-1 molecule expressed on activated CD8+ T cells and after anti-LFA-1 FITC staining there was a lower CD11a MFI on the surface of these cells, indicating that there is competition between anti-LFA-1 monoclonal antibodies used for in vivo blocking (clone M17-4) and anti-CD11a FITC (clone 2D7, BD) used for flow cytometry labeling.

Real-time PCR

Hearts, livers, and spleens from the T. cruzi-infected, immunized, and/or treated mice with anti-LFA-1 A/Sn were used for extracting DNA. The extraction protocol, the specific primers for a satellite DNA region of the parasite, and the RT-PCR reaction using the TaqMan Universal Master Mix II with UNG were adapted from Piron and colleagues (29). For the race plates, we used StepOnePlus (Applied Biosystems®), and distilled water for negative control reaction.

Enzyme-Linked Immunospot (ELISPOT) Assay

Sterile PBS containing 10 µg/mL of anti-mouse IFN-γ monoclonal antibody (clone R4-6A2, Pharmingen) was added onto nitrocellulose 96-well flat-bottom plates; after 24 h, the plates were washed with RPMI and blocked with RPMI containing 10% FBS for 2 h. Following, 1 × 106 responder cells from spleen, liver, or lymph node were incubated with 3 × 105 antigen-presenting cells in complete medium [1% NEAA, 1% L-glutamine, 1% vitamins and 1% pyruvate, 0.1% 2-ME, 10% FBS (HyClone), and 20 U/mL mouse recombinant IL-2 (SIGMA)]. The plate was incubated in the presence or absence of 10 µM of peptide TEWETGQI. After 24 h, the plates were washed three times with PBS, and five times with PBS–Tween 20 (0.05% Tween). Each well received biotinylated anti-mouse monoclonal antibody (clone XMG1.2, Pharmingen) diluted in PBS-0.05% Tween 20 at a final concentration of 2 µg/mL. The plates were incubated with streptavidin-peroxidase (BD) and developed by adding peroxidase substrate (50 mM Tris–HCl, pH 7.5, containing 1 mg/mL DAB and 1 µL/mL 30% hydrogen peroxide, both from SIGMA). The number of IFN-γ-producing cells was determined using a stereoscope.

Intracellular Cytokine Staining

Two million cells from the spleen, lymph node, or liver were treated with ACK buffer (NH4Cl, 0.15 M; KHCO3, 10 mM; Na2-EDTA 0.1 mM; pH = 7.4). ICS was performed after in vitro culture of splenocytes in presence or absence of 10 µM of peptide TEWETGQI as described previously (25). Cells were washed three times in plain RPMI and resuspended in cell culture medium consisting of RPMI 1640 medium supplemented with 10 mM HEPES, 0.2% sodium bicarbonate, 59 mg/L of penicillin, 133 mg/L of streptomycin, 10% HyClone FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 55 µM 2-mercaptoethanol. The viability of the cells was evaluated using 0.2% trypan blue exclusion dye to discriminate between live and dead cells. Cell concentration was adjusted to 2 × 106 cells/mL in cell culture medium containing CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone 37.51, BD), BD Golgi-Plug (1 µL/mL), and monensin (5 µg/mL) and incubated no longer than 12 h in V-bottom 96-well plates (Corning) in a final volume of 200 µL in duplicate, at 37°C in a humid environment containing 5% CO2. After 12 h incubation, cells were stained for surface markers with anti-CD8 PERCP antibody (clone 53-6.7, BD) on ice for 30 min. To detect IFN-γ, TNF or granzyme B by intracellular staining, cells were then washed twice in buffer containing PBS, 0.5% bovine serum albumin (BSA), and 2 mM EDTA, fixed and permeabilized with BD perm/wash buffer. After being washed twice with BD perm/wash buffer, cells were stained for intracellular markers using APC-labeled anti-IFN-γ (clone XMG1.2, BD), PE-labeled anti-TNF-α (clone MP6-XT22, BD), and anti-granzyme B PE (clone GB11, INVITROGEN) for 20 min on ice. Finally, cells were washed twice with BD perm/wash buffer and fixed in 1% PBS–paraformaldehyde. At least 700,000 cells were acquired on a BD FACS Canto II flow cytometer and then analyzed with FlowJo. Figures S3A,B in Supplementary Material shows the representative ICS gate strategies.

Purification of Liver and Heart Lymphocytes

The perfused liver was lysed with collagenase buffer composed of 0.2 mg/mL collagenase IV (SIGMA), 0.02 mg/mL DNase (SIGMA), and 5% FBS. The leukocytes were separated on a 35% Percoll gradient (GE Healthcare), followed by centrifugation at 600 × g for 20 min and at 4°C. The pellet was suspended in RPMI 1640 (SIGMA) with 10% FBS (30). For the purification of the lymphocytes of the heart, we followed the protocol of Gutierrez et al. (31). Briefly, hearts collected from five mice at day 20 d.p.i. were minced, pooled, and incubated for 1 h at 37°C with RPMI 1640, supplemented with NaHCO3, penicillin–streptomycin gentamicin, and 0.05 g/mL of liberase blendzyme CI (Roche, Basel, Switzerland). The organs were processed in a Medimachine (BD Biosciences) in PBS containing 0.01% BSA. After tissue digestion and washes, cell viability was assessed by trypan blue exclusion, counted in a hemocytometer.

Flow Cytometry Analysis

Splenocytes were treated with ACK buffer for red cell lysis and washed with RPMI with 10% FBS. The spleen, heart, lymph node, and liver cells were stained with H2Kk-TEWETGQI multimer for 10 min at RT. The cell surface was stained for 30 min at 4°C. The following antibodies were used for surface staining: anti-CD3 APCcy7 (clone 145-2C11, BD), anti-CD8 PERCP or anti-CD8 PACIFIC BLUE (clone 53-6.7, BD), anti-CD11a FITC (clone 2D7, BD), anti-CD11c APCcy7 (clone HL3, BD), anti-CD44 FITC (clone IM7, BD), anti-CD62L PE (clone MEL-14, BD), anti-CXCR3 PERCP/Cy5.5 (clone 173, BioLegend), anti-CD27 FITC (clone LG3A10, BD), anti-CD4 PEcy7 (clone RM4-5, BD), anti-KLRG1 FITC (clone 2F1, eBioscience), anti-CD49d PEcy7 (clone R1-2, BD), anti-CD69 PERCP (clone H1.2F3, BD), anti-CD43 PEcy7 (1B11, BioLegend), anti-CD95 PEcy7 (clone JO2, BD), anti-CD25 FITC (clone LG3A10, BD), anti-CD127 PE (clone SB/199, BD), anti-CD122 FITC (clone TM-β1, BD), anti-CD38 PE (clone 90, BD), anti-β7 PERCP (clone FIB27, BioLegend), anti-CD31 FITC (clone MEC 13.3, BD), anti-CD272 PE (clone 8F4, eBioscience), anti-PD-1 FITC (clone J43, eBioscience), anti-CTLA-4 PE (clone UC10-4B9, eBioscience), and anti-CCR7 PE (clone 4B12, BD). At least 500,000 cells were acquired on a BD FACS Canto II flow cytometer and analyzed with FlowJo 8.7.

In Vivo Proliferation Assay

A/Sn were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen and infected with 150 trypomastigotes forms of T. cruzi. At the moment of infection, mice were treated with monoclonal antibodies (LFA-1 or 2A3 isotype control) and 2 mg of BrdU (5-bromo-2′-deoxyuridine, SIGMA) by route i.p., at every 48 h, until the 20th day after challenge. Then, 2 × 106 splenocytes were treated with ACK buffer for red cell lysis, washed with RPMI plus 10% FBS, and stained with H2Kk-TEWETGQI multimer and anti-CD8 antibody. The specific CD8+ T cells were stained according BrdU-FITC Kit protocol (BD Pharmingen) for analysis of BrdU incorporation. A minimum of 700,000 cells were acquired on a BD FACS Canto II flow cytometer and analyzed with FlowJo 8.7.

In Vivo Cytotoxicity Assay

For the in vivo cytotoxicity assays, splenocytes collected from naive A/Sn mice were treated with ACK buffer to lyse the red blood cells, as described by Silverio et al. (23). The cells were divided into two populations and were labeled with the fluorogenic dye carboxyfluorescein diacetate succinimidyl diester (CFSE; Molecular Probes, Eugene, OR, USA) at a final concentration of 10 µM (CFSEhigh) or 1 µM (CFSElow). CFSEhigh cells were coated with 2.5 µM of the TEWETGQI ASP-2 peptide for 40 min at 37°C. CFSElow cells remained uncoated. Subsequently, CFSEhigh cells were washed and mixed with equal numbers of CFSElow cells before intravenous injection (2 × 107 cells per mouse) into T. cruzi-infected, immunized and/or treated mice with anti-LFA-1 A/Sn recipients that were sedated with diazepam (20 mg/kg). Spleen cells from the recipient mice were collected at 20 h after adoptive cell transfer and fixed with 1.0% paraformaldehyde. At least 100,000 cells were acquired on a BD FACS Canto II flow cytometer and analyzed with FlowJo 8.7. The percentage of specific lysis was determined using the following formula:
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Histology and Immunohistochemistry

The mice’s heart, spleen, and liver were fixed in 10% formalin, and then dehydrated, embedded in paraffin blocks, and sectioned on a microtome. Staining was obtained with hematoxylin and eosin, and the number of amastigotes nests was quantified using a light microscope with 40× objective lens. Overall, 50 fields/group were counted. For immunohistochemistry the hearts of the animals were removed and frozen in Tissue-Tek O.C.T. (Sakura Finetek), and the 7 µm thickness cuts were made in the cryostat (Leica) and then fixed in ice-cold acetone for 15 min. The samples were stained with 20 µg of the biotinylated anti-CD8 antibody (clone 53-6.7, RD systems) for 12 h in the wet chamber, and after incubation was labeled with streptavidin Alexa Fluor® 488 (Thermo Fischer) at the concentration of 0.5 mg/mL, diluted 1:100 for 1 h and room temperature. The DAPI (4′,6-diamidino-2-phenylindole, SIGMA) dye was used for labeling the 5 mg/mL cell nucleus, diluted 1:1,000 for 15 min at room temperature. The images were acquired in the Confocal Leica TCS SP8 CARS microscope of the Institute of Pharmacology and Molecular Biology (INFAR) of the Paulista School of Medicine of the Federal University of São Paulo. The images were obtained using the 63× objective and processed by the ImageJ program.

Statistical Analysis

The number of parasites/mL corresponding to the peak of parasitemia, the number of IFN-γ-producing cells (ELISPOT), and the absolute number of CD8+ T cells were compared by analysis of unidirectional variance (ANOVA); subsequently, the Tukey’s HSD test was used. To compare the survival of mice after challenge with T. cruzi, we used the Log-rank test. The receptor expression was compared using MFI (mean fluorescence intensity), and the naive group MFI was taken as the baseline. MFI was determined by the FlowJo software. Differences were considered significant when P value was <0.05.

RESULTS

LFA-1 Is Essential for Survival of A/Sn Mice during the Experimental Challenge with T. cruzi

Previously, we demonstrated that treatment with FTY720, which retains CD8+ T cells in the lymph nodes via blockade of receptor S1Pr1, culminates in death of immunized mice. As LFA-1 and VLA-4 integrins were expressed on those specific CD8+ T cells we investigated the role of these molecules following immunization and T. cruzi infection. To this end, immunized and infected mice were treated with 250 µg of monoclonal antibodies anti-LFA-1 and/or anti-VLA-4 every 48 h to block those molecules. Initially, we analyzed blood parasitemia and, as shown in Figure 1A, mice treated with anti-LFA-1 (green) antibody had increased blood parasitemia when compared with the group only immunized and treated with the control isotype (red), whereas mice treated with anti-VLA-4 (yellow) had a parasite burden similar to the immunized (red). To examine whether these two integrins exhibit synergism, one group was treated with both antibodies simultaneously (Figure 1A, blue group). Simultaneous treatment resulted in increased blood parasitemia, but this increase was not significant when compared with the group treated with anti-LFA-1 only, indicating that LFA-1, but not VLA-4, is important to control blood parasites. With respect to survival (Figure 1B), all mice treated with anti-LFA-1 died after 26 days, whereas all anti-VLA-4-treated mice and isotype control treated mice survived. Therefore, no statistical differences were observed in the survival rate between the mice treated with anti-LFA-1 (green) and the mice treated with both antibodies (blue), but there were differences in survival rate between the mice treated with anti-LFA-1 and mice treated with isotype control. Therefore, during LFA-1 blockade, mice displayed increased blood parasitemia and succumbed after challenge with T. cruzi, while VLA-4 blockade does not interfere with parasitemia and survival of treated mice.
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FIGURE 1 | LFA-1 blockade increases blood parasitemia and culminates in the death of A/Sn and C57BL/6 mice. A/Sn-, C57BL/6-, and intercellular adhesion molecule (ICAM)-deficient mice were immunized with plasmids pcDNA3 and/or pIgSPclone9 and adenoviral vectors Adβgal and AdASP-2. Fifteen days after the last immunization dose, mice were infected with 150 (A/Sn) and/or 104 (C57BL/6 and ICAM mice) blood trypomastigotes of the Y strain of Trypanosoma cruzi. Anti-VLA-4 and/or LFA-1 treatment was performed every 48 h after infection until the 20th days after infection. (A) Blood parasitemia was assessed, and values were log transformed and parasitemia data for each mice group are represented as mean ± SD for each group (n = 4). Values from peak parasitemia (day 12) were compared by one-way ANOVA and Tukey’s HSD tests, and the results were as follows: Significant differences were found between the red in green groups (P < 0.05). There were no significant differences between the blue group and the green group (P > 0.05). (B) Kaplan–Meier curves for survival of the different groups were compared using the log-rank test. The results of the comparisons were as follows: The mice in red group survived longer than the mice in green group. The survival rate of mice in the blue group was similar to the mice in the green group. (C) Log parasitemia data for each mice group (C57BL/6 mice infected and/or treated with anti-LFA-1) are represented as mean ± SD for each group (n = 4). Values from peak parasitemia (day 9) were no significantly different across the groups (P > 0.05). On day 14, significant difference was found between the infected and treated with anti-LFA-1 mice and infected and treated with the anti-2A3 isotype control mice (P < 0.05). (D) Kaplan–Meier curves for survival of the different groups were compared using the log-rank test. The results of the comparisons were as follows: the mice in yellow group survived longer than the mice in blue group. (E) Log parasitemia data for each mice group (ICAM-deficient and C57BL/6 mice) are represented as mean ± SD for each group (n = 4). Peak parasitemia values (day 9) were significantly different across C57BL/6 groups and in ICAM-deficient mice groups (P > 0.05). (F) Kaplan–Meier curves for survival of the different groups were compared, and there were no differences across groups. (G) MFI of CD54 (ICAM-1) on CD8+ T cells from C57BL/6 and ICAM-deficient mice: the red line indicates MFI of naïve C57BL/6 mice, whereas the blue line indicates MFI of naïve ICAM-deficient mice. One out of two individual experiments is shown.



To confirm the role of LFA-1 during T. cruzi infection, C57BL/6 mice naturally resistant to T. cruzi infection were infected and treated. C57BL/6 mice treatment with anti-LFA-1 was able to control blood parasitemia until 12th day after infection, but after that, the blood parasitemia increased and all mice treated with anti-LFA-1 rapidly succumbed to infection (Figures 1C,D) when compare the mice treated with the isotype control.

Since LFA-1 blockade increased mouse susceptibility to infection by T. cruzi, we investigated the importance of the ICAM-1 integrin, a major ligand of LFA-1. To this end, genetically ICAM-1-deficient mouse was used. These mice were immunized and infected for parasitemia and survival analysis. Both C57BL/6 and ICAM-1 knockout mice displayed similar parasitemia, and the two groups immunized with the ASP-2 gene showed a decreased parasitemia when compared with the vector control immunized groups (Figure 1E). In addition, all mice survived the experimental challenge with T. cruzi (Figure 1F). Figure 1G shows the expression of CD54 (ICAM-1) on spleen of CD8+ T cells of WT and deficient mice, and, as expected, the latter ones have lower expression of CD54 compared with WT mice. Altogether, these results indicate that the absence of ICAM-1 does not increase susceptibility to T. cruzi infection and suggest that, even though ICAM-1 is a major ligand of LFA-1, there is another ligand (i.e., ICAM-2) that binds to LFA-1 allowing it to exert its functions.

LFA-1 Blockade Increases Tissue Parasite of Immunized and Infected A/Sn Mice

Since anti-VLA-4 treatment did not interfere in the mice parasitemia and/or survival, all following experiments were performed by blocking LFA-1 integrin only. As the LFA-1 blockade leads to increased blood parasitemia and rapid death of the mice, we investigated whether the parasitic increase also occurs in the tissues of infected, immunized, and/or anti-LFA-1-treated A/Sn mice. The heart, liver, and spleen of these mice were extracted after the 20th day of infection for quantification of the parasite’s DNA by real-time PCR; in addition, the number of amastigote nests in the heart was quantified using hematoxylin–eosin staining. There was a statistical increase in the number of amastigote nests in the hearts of the LFA-1-treated mice compared with the immunized and infected group, and the largest amount of nests was found in the hearts of mice solely infected (Figures 2A,B). In addition, LFA-1 blockade resulted in the increase of parasites in the tissues analyzed compared with immunized, infected mice. The spleen showed higher parasite increase, followed by hearts and livers respectively (Figure 2C). These results demonstrate that treatment with anti-LFA-1 increases blood parasitemia, which will reflect on increased tissue parasite burden.
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FIGURE 2 | Treatment with anti-LFA-1 increases tissue parasitemia. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until the 20th after infection. In this day, spleens, hearts, and livers of this mice were taken for quantification of the parasite DNA and count of amastigote nests in the heart. (A) Histological section of the heart; the arrows indicate the amastigote nests in each group. (B) Quantification of heart amastigote nests performed from 50 fields/group. (C) Quantification of the parasite DNA by real-time PCR in the different groups (Log) obtained from 50 ng of tissue DNA. Results represent mean ± SD for each group (n = 4) and to a single experiment. Asterisks represent statistical differences among the groups. Statistical analysis was performed using one-way ANOVA (*P < 0.001, **P = 0.000331, ***P = 0.006602, and ****P < 0.01).



LFA-1 Blockade Increases the Expression Level of the Fas/CD95 Molecule on the Surface of Effector CD8+ T Cells

We analyzed whether LFA-1 blockade affects effector phenotype and activation of specific CD8+ T cells. To this end, splenocytes were stained with anti-CD8 and H2KK TEWETQGI-multimer, and surface markers. In previous results obtained by our group, we demonstrated that immunization followed by infection induces specific CD8+ T cells with the phenotype of effector cells (TE), which is characterized by the expression of CD11ahigh, CD44high, CD62Llow, and CD127low (25, 26). Anti-LFA-1 treatment increased the frequency and the absolute number of specific CD8+ T cells in the spleen (Figures 3A,B). In addition, as there is competition between the antibodies used for in vivo blockade and flow cytometric labeling, we observed a decrease in CD11a MFI in the anti-LFA-1-treated groups (Figure 3C). In general, the markers whose expression levels increased in the anti-LFA-1-treated group (Gr.3) in comparison with the infected group (Gr.1) or the immunized and infected group (Gr.2) were as follows: CD27, CD43, CD69, and CD95 (Figure 3C). Our group has also demonstrated that the cells generated by immunization followed by infection expressed lower levels of CD95 on the surface compared with infected only group, and these cells were also resistant to death induced by anti-CD95 (12). Moreover, markers CD183, CD38, and PD-1 also displayed increased expression levels on the surface of specific CD8+ T cells after treatment with anti-LFA-1 (Gr.3) compared with Gr.2 (Figure 3C). KLRG1, however, had similar MFI among the three groups, and these groups showed low expression of markers CD122, BTLA, CTLA-4, and CD25. These results suggest that anti-LFA-1 treatment does not impair specific CD8+ T cells in the spleen. Instead, there is a greater frequency and absolute number of these cells. In addition, the treatment did not alter the phenotype of effector CD8+ T cells (TE); however, we found in the spleen of treated mice that those CD8+ T cells expressed high levels of CD95.
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FIGURE 3 | Effector CD8+ T lymphocytes express high levels of CD95 on the surface after anti-LFA-1 treatment. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until the 20th after infection. In this day, the splenic cells were labeled with H2KK-TEWETGQI multimer, anti-CD8 and surface markers. (A) The frequency of specific CD8+ T cells in the spleen. (B) Absolute number of specific CD8+ T cells in the spleen. (C) Histograms with MFI of each marker analyzed in different groups. The red line represents the naive group, whereas the blue line represents groups 1, 2, and 3. Results in panels (A,B) are individual values with the mean ± SD of groups (n = 4), while in panel (C) representative analyses are shown for four mice per experiment. The experiment was performed two or more times with similar results. Statistical analysis was performed using the one-way ANOVA. Asterisks denote statistically significant differences between the groups 2 and 3 (P < 0.05).



Specific CD8+ T Cells Accumulate in Secondary Lymphoid Organs and Decrease Migration into the Heart after LFA-1 Blockade

After demonstrating that anti-LFA-1 treatment increases blood and tissue parasitemia and leads to mice death, our hypothesis was that specific CD8+ T cells cannot migrate into the infected tissues since LFA-1 is associated with leukocyte migration. To test our hypothesis, we measured in the spleen, lymph, blood, liver, and heart the frequency of specific CD8+ T cells. For that propose, the cells were labeled with anti-CD8 and H2KK-TEWETGQI multimer. We found higher frequency and increment in the absolute numbers of specific CD8+ T cells in spleens and lymph nodes, but not in the blood and liver of the anti-LFA-1-treated group when compared with the infected and immunized group (Figures 4A–F). A dramatic influx reduction of specific CD8+ T cells after anti-LFA-1 treatment (Figure 4A) was observed in group 3 hearts. In addition, we found that specific CD8+ T cells in the spleen, blood, and heart of the infected group (Gr.1) and the immunized and infected group (Gr.2) expressed high levels of CD11a, whereas the cells in the immunized, infected, and anti-LFA-1-treated group (Gr.3) showed decreased CD11a MFI due to the competition described earlier (Figure 4G). We also evaluated the frequency of total CD8+ T cells in the spleen, blood, and heart and, as shown in Figure S2 in Supplementary Material, there was a reduction in the frequency of CD8+ T cells in the heart of the anti-LFA-1-treated group (Figures S2A–D in Supplementary Material). Furthermore, by immunohistochemistry, there is a decrease in the number of CD8+ T cells in the heart of animals treated with anti-LFA-1 (Figures S2E,F in Supplementary Material). The number of CD8+ T cells in the heart of the treated group was similar to the infected group, and in relation to the immunized group, treatment with anti-LFA-1 decreased the migration of CD8+ T cells to the heart, observed by the low number of these cells in the cardiac tissue. These results corroborate the decrease in specific CD8+ T cells in those organs. Therefore, during LFA-1 blockade, specific CD8+ T cells accumulate in the secondary lymphoid organs, such as spleen and lymph node, and cannot migrate into the heart, as observed by the lower frequency of these cells in that organ.
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FIGURE 4 | Specific CD8+ T cells accumulate in the spleen and lymph node and do not migrate into the heart after anti-LFA-1 treatment. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until the 20th after infection. In this day, spleen, heart, liver, lymph nodes, and blood cells of the immunized, infected, and treated or not with anti-LFA-1 were labeled with anti-CD8 and H2KK-TEWETGQI multimer. (A) Frequency of specific CD8+ T cells in the spleen, lymph node, blood, heart, and liver, respectively. (B–F) Absolute number of specific CD8+ T cells in the spleen, lymph node, blood, heart, and liver, respectively. The results for the spleen, lymph node, and liver are representative values of an individual in each group (n = 4) with mean ± SD. While the results for the blood and heart were taken from a pool of five individuals per group, values of an individual of each repetition (n = 2) with mean ± SD. Statistical analysis was performed using the one-way ANOVA. (G) Histograms represent MFI of specific CD8+ T cells that express CD11a onto the surface in the spleen, blood, and heart, respectively, and the group naïve the MFI of CD11a was analyzed onto the surface of CD8+ T cells. Asterisks denote statistically significant differences between of groups 2 and 3 (**P < 0.001).



Specific CD8+ T Cells Degranulate and Produce IFN-γ and TNF-α after Anti-LFA-1 Treatment

Having in mind the important role of IFN-γ during infection by T. cruzi (2), we analyzed whether the anti-LFA-1 treatment may alter production of IFN-γ by specific CD8+ T cells. We also analyzed the effector function of specific CD8+ T cells in the spleen, liver, and lymph nodes regarding TNF-α production and indirect cytotoxicity involving cell surface mobilization of CD107a. The gate strategy used to evaluate the production of cytokines and the polyfunctionality of specific CD8+ T cells is illustrated in Figures S3A,B in Supplementary Material. In the spleen of the anti-LFA-1-treated group, compared with the immunized and infected group, there was an increase in the percentage of polyfunctional specific CD8+ T cells, that is, cells that are capable of degranulating and, at the same time, producing IFN-γ and TNF-α. Such increase in polyfunctionality of specific CD8+ T cells after anti-LFA-1 treatment was also observed in lymph nodes and liver (Figures 5A,B). In addition, anti-LFA-1 treatment also culminated in an increase in the amplitude of the immune response, i.e., the percentage of specific CD8+ T cells producing IFN-γ or TNF-α or degranulating, in the spleen, lymph node, and liver (Figure 5C). The number of specific CD8+ T cells producing IFN-γ was higher in the anti-LFA-1-treated group (Gr.3), when compared with Gr.2, and this increase occurred in the spleen, the lymph node, and liver (Figure 5D). Altogether, these results show that LFA-1 blockade does not affect the effector function of specific CD8+ T cells regarding IFN-γ and TNF-α secretion and degranulation. The increase in the effector function is probably due to the accumulation of specific cells in spleen and lymph node after treatment with anti-LFA-1.
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FIGURE 5 | Anti-LFA-1 treatment increases the polyfunctionality of specific CD8+ T cells in the spleen, liver, and lymph node, and the number of IFN-γ-producing cells. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after infection. In this day, splenocytes and cells of inguinal lymph nodes were collected. Furthermore, leukocytes from the liver were isolated by Percoll. These cells were restimulated in vitro in the presence of the peptide TEWETGQI at a final concentration of 10 mM. After 12 h, cells were stained for CD8, IFN-γ, and TNF-α. Frequencies were initially estimated for any CD8+ that expressed surface CD107a, IFN-γ, or TNF-α after stimulation in vitro with peptide TEWETGQI. (A) Percentage of specific CD8+ T cells performing each of the functions shown in the graph combinations; (+) indicates presence, while (−) indicates absence of CD107a/IFN-γ/TNF-α. (B) Pie chart represents the fraction of specific CD8+ T cells that carry each of the combinations shown in the legend. (C) Amplitude of the immune response, i.e., the percentage of CD8+ T cells that are performing at least one of the functions indicated. (D) ELISPOT graph of the IFN-γ-producing cells. Results are representative of two independent experiments with the mean ± SD of each individual shown in the graphs (n = 4). Asterisks show statistical difference between the groups. Statistical analysis was performed using one-way ANOVA (P < 0.05). Boolean analysis was performed using FlowJo software. SFC, spot-forming cell.



Specific CD8+ T Cells Reduce Direct Cytotoxicity against Target Cells after Treatment with Anti-LFA-1

First, we tested whether treatment had impaired the frequency and absolute numbers of specific CD8+ T cells. As we can see, there was an increase in the frequency and absolute numbers of specific CD8+ T cells in the anti-LFA-1-treated group (Figures 6A,B). We concluded that the treatment did not interfere with specific CD8+ T cell expansion. Since specific CD8+ T cells are capable of secreting IFN-γ and TNF-α after LFA-1 blockade in the spleen, we assessed whether the treatment had impaired specific CD8+ T cells proliferative capacity. The proliferation of specific CD8+ T cells in the spleen was analyzed in vivo by thymidine BrdU analog incorporation. We found that a similar proportion of the H2KK-TEWETGQI CD8+ cells incorporated BrdU in vivo in non-treated or treated mice indicating that the proliferative capacity of these cells was not significantly different (Gr. 2 and Gr. 3, Figure 6C). However, the infected mice have a greater proliferation in comparison with groups 2 and 3 (Figures 6C,D).
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FIGURE 6 | Specific CD8+ T cells can proliferate after the treatment with anti-LFA-1. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after infection. Mice received 2 mg of 5-bromo-2′-deoxyuridine (BrdU) every 48 h. In this day, spleen was harvested for the proliferation assay. 2 × 106 splenocytes were labeled with H2KK-TEWETGQI multimer, anti-CD8 and anti-BrdU. (A,B) The frequency and absolute number of specific CD8+ T cells in the spleen, respectively. (C,D) Histograms with MFI of BrdU in the groups and graph of the MFI mean of the specific CD8 T cells expressing BrdU. The graphs represent the mean ± SD for each individual (n = 3). Representative results of two independent experiments. Statistical analysis was performed using one-way ANOVA test (**P < 0.01; ***P < 0.005).



Another effector function triggered by specific CD8+ T cells is the direct cytotoxicity against the target cells. Here, we analyzed whether this function had been affected by the treatment. For that purpose, we used in vivo cytotoxicity assay. Figure 7A shows representative histograms containing two populations P1 (CFSElow) and P2 (CFSEhigh) showing the specific lysis of H2KK-TEWETGQI peptide-labeled CFSEhigh cells from Gr.1, Gr.2, and Gr.3 groups (Figure 7A). Surprisingly, we observed that the immunized mice treated with anti-LFA-1 had significantly decreased cytotoxicity when compared with the immunized group (Figure 7B). The specific CD8+ T cells from the immunized mice have 80% cytotoxicity whereas the anti-LFA-1-treated cells showed a 29% percentage drop. Figure 7C shows that the numbers of CFSElow cells were similar across groups 1, 2, and 3, while the number of cells CFSEhigh decreased in groups 2 (non-treated) and 3 (treated) compared with group 1 (Figure 7D).
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FIGURE 7 | Anti-LFA-1 treatment affects the in vivo cytotoxicity of specific CD8+ T cells. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after infection. After that, the spleen was harvested for the cytotoxicity assay. Splenocytes from naive mice were used for labeling with CFSElow (1 µM) and CFSEhigh (10 µM); the CFSEhigh population was pulsed with the 2.5 µM of peptide TEWETGQI. The mice immunized and anti-LFA-1 treated or untreated received 10 × 106 cells from each population via retro-orbital route. In addition, for analysis of granzyme B expression by the specific CD8+ T cells, 2 × 106 splenocytes were stimulated in vitro with 10 µM TEWETGQI peptide. After 12 h, the splenocytes were collected for intracellular labeling of granzyme B. (A) The histograms represent the evens of CFSElow (P1) and CFSEhigh (P2) cells in each group. (B) Percentage of the cytotoxicity of specific CD8+ lymphocytes with the mean ± SD for each individual (n = 6). (C,D) The graphs with the mean cells CFSElow and CFSEhigh in the spleen of mice. (E,F) Histograms and the graph represent MFI and the percentage of specific CD8+ T cells that express granzyme B, respectively. The graphs represent the mean ± SD for each individual (n = 3). Representative results of two independent experiments. Statistical analysis was performed using one-way ANOVA test (***P < 0.01; ****P = 0.0047).



The reduction of cytotoxicity did not affect the amount of granzyme B produced by specific CD8+ T cells in the anti-LFA-1-treated group. We observed that MFI and the percentage of specific CD8+ T cells that produce granzyme B were similar across the groups (Figures 7E,F). These results demonstrate that treatment with LFA-1 directly affects the cytotoxicity of specific CD8+ T cells and the impairment of this function may be one of the factors responsible for the reversal protection generated by immunization observed after LFA-1 blockade.

DISCUSSION

Our group previously demonstrated that the recirculation of specific CD8+ T cells generated by heterologous prime-boost immunization and T. cruzi infection is of paramount importance to the protection of A/Sn mice, which are highly susceptible to infection by T. cruzi (12, 13). Given that integrins play an important role in cell–cell and cell–extracellular matrix interactions, and that these interactions are responsible for the intracellular signal transduction that culminates in cell migration (14) and formation of the immunological synapse (15), the aim of this study was to analyze the role of LFA-1 and VLA-4 integrins in specific CD8+ T cells migration. During activation of specific CD8+ T cells, there was an increase in the expression level of CD11a (LFA-1) and CD49d (VLA-4) chains (12). In addition, an increase in effector CD8+ T cells that express molecules LFA-1/ICAM-1 and VLA-4/VCAM-1 occurred in the hearts of mice infected with T. cruzi, suggesting the role of these molecules in the migration of specific CD8+ T cells into infected tissues (22, 23, 32). Here, we investigated the hypothesis that these molecules participate in the migration of specific CD8+ T cells generated by immunization and infection. LFA-1 blockade, but not VLA-4, makes vaccinated A/Sn and infected C57BL/6 mice susceptible to infection with T. cruzi. The increased susceptibility of A/Sn mice was accompanied by increased parasitemia and tissue parasite burden, as well as rapid death of these mice. Even though VLA-4 does not play any role in our model, it participates in the migration of specific CTLs into the heart of C3H/He mice when infected with the Colombian strain of T. cruzi (22). Because we did not see any role of VLA-4 in the mice parasitemia and survival our study was conducted toward LFA-1 role.

To analyze the role of ICAM-1, a major ligand for LFA-1, we used ICAM-1 KO mice and challenged them with blood trypomastigotes of the Y strain of T. cruzi, which did not affect the susceptibility of these mice to infection. This may be related to the redundancy of ligands by which a receptor can connect to alternate ligands without complete loss of functions performed by a receptor (33–35).

LFA-1 acts as a co-stimulatory molecule participating in the activation of T lymphocytes (36), and it has been shown that this molecule activates CD4+ T cells and induces secretion of cytokines such as IFN-γ and IL-17 (37). Therefore, we evaluated whether LFA-1 blockade impairs the activation of specific CD8+ T cells or interferes with phenotype of effector CD8+ T cells (TE). Our group has characterized the profile of CD8+ T cells induced by immunization that displays a phenotype of effector CD8+ T cells (TE). TE cells are characterized by expression of CD44high, CD62Llow, and CD127low (26), and we evaluated this profile and other activation markers on the cells from anti-LFA-1-treated mice. The anti-LFA-1 blockade decreased the CD11a MFI on specific CD8+ T cells surface by approximately 50%. In addition, treatment did not affect the phenotype of effector CD8+ T cells as well as the expression of early and late activation markers, such as CD69 and CD44, respectively. Results obtained by Gérard and colleagues also showed that the absence of LFA-1 does not reduce the expression of CD69 on CD8+ T cells (38).

The lower expression of CD95 in the cells induced upon vaccination was the main difference to CD8+ T cells generated by the infection, which had higher levels of CD95 (25). There is an increase in the expression of Fas/CD95 on some specific CD8+ T cells after immunization and treatment with anti-LFA-1. This result suggests that specific CD8+ T cells in mice treated with anti-LFA-1 may be more susceptible to programmed cell death by the extrinsic pathway. Similar results were shown by Borthwick and colleagues, who found that LFA-1 blockade reduces the survival of T lymphocytes, thus suggesting the important role of LFA-1 in survival signals during the process of T cells migration (39). Otherwise, reduction of migration to tissues upon LFA-1 blockade might increase effector CD8 T-cells expressing Fas in the secondary lymphoid organs.

Indeed, there is an impaired migration of specific CD8+ T cells after LFA-1 blockade. The number of these cells was quantified in the spleen, heart, liver, lymph nodes, and blood after anti-LFA-1 treatment. The treatment led to an increase in the frequency and absolute number of specific CD8+ T cells in the spleen and lymph node, and a decreased frequency mainly in the heart. However, despite the apparent decrease in the overall number of CD8 T cells in blood, this decrease was not statistically significant (Figure S2 in Supplementary Material). We have previous described that specific-peptide CD8+ activation occurs in the lymph nodes after subcutaneous infection by T. cruzi and also in vaccinated model (12, 13). We approached this subject by administering the immunosuppressive drug FTY720 (12, 13). In both models, this drug reduced lymphocyte recirculation by interfering with T cell signaling via S1Pr1. This interference resulted in inhibition of S1Pr1 signaling, effectively trapping T cells within the lymph node without inhibiting T cell activation. FTY720 administration significantly impaired protective immunity supporting the hypothesis that T cell recirculation is critical for the protective immunity they mediate (12, 13). Here, we have not addressed how these cells accumulate more in the lymph after treatment with anti-LFA-1. However, our data confirm that recirculation of these cells is necessary to exert their effector function in the peripheral tissues. Thus, blocking the integrin LFA-1, we observed the same accumulation not only in the lymph node but also in the spleen. However, in our immunization, infection, and treatment model, there was no change in the number of specific CD8+ T cells in the peripheral blood (Figure S2 in Supplementary Material), probably because of the increased accumulation of CD8+ T cells in the spleen and lymph node. This phenomenon may be specific to our immunization and infection model but has not yet been explored in details or found in another model. One explanation might be that the blockage of LFA-1 integrin expressed by CD8+ T cells prevents the interactions with its ligand might be required to exit from lymph node. Another explanation might be due the decreased speed or movement of these cells (40). These issues need to be further addressed in our vaccination and infection model. These results confirm that LFA-1 is important to the migration of specific CD8+ T cells into infected tissues such as the heart, and the decline of these cells should be one of the causes for increased parasitemia in that organ. Recent studies have shown that LFA-1 blockade, and not VLA-4, reduces migration speed of T lymphocytes, leading to decreased antigen scanning by T cells (41) and, hence, lower immune response and higher parasitemia.

We also evaluated whether anti-LFA-1 treatment would affect the effector function of specific CD8+ T cells, since these cells accumulated in the spleen are incapable of controlling the number of parasites. We analyzed the production of pro-inflammatory cytokines, crucial for controlling T. cruzi multiplication, such as IFN-γ and TNF-α, and observed that there was accumulation of polyfunctional specific CD8+ T cells capable of degranulating and simultaneously producing TNF-α and IFN-γ in the spleen, lymph node and liver. As the LFA-1 blockade retained CD8+ T cells in the spleen and lymph node, we believe that this accumulation led to increased effector function of these cells. In the liver, in which there was no accumulation of such cells, the increase in intracellular cytokine production can be explained by the fact that LFA-1 blockade does not affect the production of those cytokines. In addition, it has been shown that high doses of anti-LFA-1 were required for impairing the production of those mediators (42). Finally, specific CD8+ T cells proliferated after LFA-1 blockade, and this result was consistent with the data obtained by Gérard et al. (38).

Another important function triggered by specific CD8+ T cells is the direct cytotoxicity against target cells. NK cytotoxic cells and CTLs of chagasic patients express perforin and granzyme B, suggesting the importance of these mediators to the host immune response (43). In addition, specific CD8+ T cells induced by immunization are cytotoxic and can produce perforin (2). Anti-LFA-1 treatment decreased the 80% cytotoxicity of specific CD8+ T cells in the immunized group to 60% after treatment. Similar results were obtained by Petit et al., whereas LFA-1 blockade was responsible for a 50% decrease of direct cytotoxicity triggered by CD8+ T cells (42). In addition, the decrease in cytotoxicity is independent of cytotoxic granule production and degranulation because there was no decrease in the amount of granzyme B and CD107a in specific CD8+ T cells treated with anti-LFA-1. We believe that cytotoxicity is impaired not because of the reduction of cytotoxic granules but because LFA-1 is important to maintain stability between target and cytotoxic cells. The role of LFA-1 in maintaining a stable contact between the cells was demonstrated by blocking β2 chain of LFA-1, since absence of such molecule impaired the formation time of cell protrusions, as well as the stability of the immunological synapse (44–47). Also, it has been shown that LFA-1 blockade impairs close contact between effector T cells and antigen-presenting cells (48).

The reduction of direct cytotoxicity may explain why specific CD8+ T cells cannot control the number of parasites in the spleen even if accumulation of these cells occurs during LFA-1 blockade. In addition, our results suggest that LFA-1 plays an important role in the migration of specific CD8+ T cells into the heart and the survival of these cells. Finally, we believe that impairment of direct cytotoxicity and lower migration of specific CD8+ T cells into the heart are the major causes of lack of protection to T. cruzi infection upon immunization and treatment with anti-LFA-1.
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Plasmodium vivax is the most common species that cause malaria outside of the African continent. The development of an efficacious vaccine would contribute greatly to control malaria. Recently, using bacterial and adenoviral recombinant proteins based on the P. vivax circumsporozoite protein (CSP), we demonstrated the possibility of eliciting strong antibody-mediated immune responses to each of the three allelic forms of P. vivax CSP (PvCSP). In the present study, recombinant proteins representing the PvCSP alleles (VK210, VK247, and P. vivax-like), as well as a hybrid polypeptide, named PvCSP-All epitopes, were generated. This hybrid containing the conserved C-terminal of the PvCSP and the three variant repeat domains in tandem were successfully produced in the yeast Pichia pastoris. After purification and biochemical characterization, they were used for the experimental immunization of C57BL/6 mice in a vaccine formulation containing the adjuvant Poly(I:C). Immunization with a recombinant protein expressing all three different allelic forms in fusion elicited high IgG antibody titers reacting with all three different allelic variants of PvCSP. The antibodies targeted both the C-terminal and repeat domains of PvCSP and recognized the native protein on the surface of P. vivax sporozoites. More importantly, mice that received the vaccine formulation were protected after challenge with chimeric Plasmodium berghei sporozoites expressing CSP repeats of P. vivax sporozoites (Pb/PvVK210). Our results suggest that it is possible to elicit protective immunity against one of the most common PvCSP alleles using soluble recombinant proteins expressed by P. pastoris. These recombinant proteins are promising candidates for clinical trials aiming to develop a multiallele vaccine against P. vivax malaria.
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INTRODUCTION

Morbidity due to malaria is prevalent worldwide and is reflected by millions of cases every year, which are almost entirely attributable to Plasmodium falciparum and Plasmodium vivax parasite species infection (1). P. vivax is the most geographically widespread species of human malaria, predominating in the regions of North and South America, South and Southeast Asia, Western Pacific, and Eastern Mediterranean; according to the WHO 2015 World Malaria Report, this malarial species was responsible for 13.8 million cases worldwide in 2015 (1). Complicated malaria and deaths due to P. vivax malaria have been reported in different endemic regions (2). Despite the studies on P. vivax malaria being neglected in the last few decades (3–5), currently, there is a consensus that studies aiming to control and eliminate this important tropical disease are of high priority (6). In this context, the development of a P. vivax vaccine would represent a great advancement in malaria control strategies. Unfortunately, only four clinical trials based on the P. vivax antigens (PvDBP, ScPvs25, N-R&C peptides and VMP001) have been completed according to the NIH website.1

The circumsporozoite protein (CSP) is the most abundant component of sporozoite surface and is involved in the initial stages of invasion of mammalian host hepatocytes [reviewed in Ref. (7, 8)]. As the first protein associated with an effective protection against malaria (9, 10), the majority of trials in experimental animals and humans are based on the CSP. This protein is an important target for antibodies and CD4+ and CD8+ T cells that can eliminate the preerythrocytic stages of the parasite (11). RTS,S, the most advanced vaccine so far, directed to the P. falciparum CSP, now named as Mosquirix™, is currently scheduled to begin a pilot phase in sub-Saharan Africa in 2018, according to WHO program (12). This formulation uses the hepatitis B surface antigen as a matrix for the conserved C-terminal portion and central repeat domain of CSP combined to powerful adjuvant systems (AS), which is a liposomal suspension (AS01) presentation of the immunostimulants monophosphoryl lipid A (MPL) and saponin purified from Quillaja saponaria (QS21). The Phase III efficacy of RTS,S against all malaria episodes between children and young infants residents of African endemic areas ranges from 28% (three-dose group) to 36% (four-dose group) (13). These promising RTS,S results justify investment in the CSP as a target for P. vivax vaccines.

As described for the CSPs of other species of Plasmodium, the primary structure of P. vivax CSP (PvCSP) has three major defined domains. The central repeat domain is flanked by highly conserved regions, the N- and C-terminal domains. All three domains can be targets of specific antibodies. However, only antibodies directed against the central repeat domain of PvCSP have been associated to protective efficacy against P. vivax in Aotus nancymaae monkeys (14). Sequencing of the genes encoding the CSPs of different strains of P. vivax uncovered the presence of three different alleles at the central repeat domain. These alleles have been described in different parts of the world (15–19). This strain diversity adds complexity for the development of a multiallelic vaccine against P. vivax malaria. The CSPs designated VK210, VK247, and P. vivax-like are almost identical in their N- and C-terminal domains, but differ in the central repeat region.

P. vivax CSP-derived antigens have been combined into multivalent formulations or chimeric synthetic molecules in attempts to obtain protective immunity against P. vivax. Recombinant PvCSP-derived proteins expressed in Escherichia coli and yeast were tested as vaccines with very limited success (20) and thus were not pursued further. Peptides based on the N-terminal region, central repeats, and C-terminal region of PvCSP-VK210 formulated in Montanide ISA 720 or Montanide ISA 51 adjuvants were immunogenic in BALB/c mice, Aotus monkeys (21), and healthy human volunteers (22). Recently, a PvCSP-based vaccine named Rv21 was demonstrated to be highly protective against challenge in rodent models to malaria (23). However, these vaccines did not consider the three allelic variants of PvCSP.

The most advanced recombinant protein formulation for P. vivax is the vaccine VMP001 (vivax malaria protein 001) (24). VMP001, obtained in bacteria E. coli, merges the central variant epitopes of VK210 and VK247 flanked by the amino- and carboxy-terminal regions of PvCSP, and was immunogenic in C57BL/6 (25), Rhesus monkeys (26), and human naive volunteers (27). The clinical trial results from Phase I/IIa showed VMP001 to be immunogenic, inducing humoral and cellular immune responses to the vaccine antigen. A significant delay in time to parasitemia was seen in 59% of vaccinated subjects compared to the control group. However, vaccination did not induce sterile protection (27). Immunogenicity to PvCSP was also achieved by our group, with E. coli constructs fusing all of the three variants, in C57BL/6 mice (28, 29). In these studies, the induced antibodies against the PvCSP chimeric constructs were able to recognize epitopes from each of the variants (VK210, VK247, and P. vivax-like) inserted in the central region (28, 29). However, the recombinant PvCSP used in these studies were expressed using prokaryotic systems as insoluble proteins, complicating large scale production. Thus, antigen expression as soluble secreted proteins using eukaryotic systems such as Pichia pastoris may represent a long-term advantage in an effort to solve this problem.

Based on these findings, we generated three new recombinant proteins based on the central regions of these variants, that contain immunodominant epitopes for B cells, and the conserved C-terminal region of PvCSP. Additionally, we generated a fourth recombinant protein, which contains the C-terminal region and epitopes from the three P. vivax CSP alleles fused as a single polypeptide, called yPvCSP-All epitopes. All recombinant proteins were successfully produced as soluble secreted proteins in the yeast P. pastoris. The present study describes the immunogenicity of the different formulations and analysis for protection against the PvCSP-VK210 allele.

MATERIALS AND METHODS

Ethics Statement

This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council for the Control of Animal Experimentation (CONCEA).2 The protocol was approved by the Committees on the Ethics of Animal Experiments of the Faculty of Pharmaceutical Sciences of University of São Paulo, Brazil (CEUA No. 362/2012), and the Institutional Animal Care and Use Committee at the Federal University of Sao Paulo (CEP No. 0172/12 and CEUA No. 1463171214). The study with human blood obtained from infected Thai patients was approved by Oxford Tropical Research Ethics Committee (reference OX28-09).

Recombinant Proteins Expressed in P. pastoris Yeast

Genetic Design and Construction of yPvCSP Recombinant Proteins

Synthetic genes encoding the recombinant proteins yPvCSP-VK210, yPvCSP-VK247, yPvCSP-P. vivax-like, and yPvCSP-All epitopes were synthetized by GenScript USA, Inc. (Piscataway, NJ, USA) using codon optimization to improve expression in P. pastoris. Figure 1 shows a schematic representation of these recombinant proteins. The synthetic genes were cloned into the pUC57 vector and were subsequently subcloned into the P. pastoris expression vector pPIC9K (Invitrogen, Carlsbad, CA, USA). Amplified plasmids were linearized with SalI and transformed into the GS115 strain (his4−) of P. pastoris by electroporation. Clones transformed with plasmid pPIC9K-PvCSP-VK210, pPIC9K-PvCSP-VK247, pPIC9K-PvCSP-P. vivax-like, or pPIC9K-PvCSP-All epitopes were screened for high copy-number integration by G418 selection, according to the manufacturer’s instructions (Pichia Expression Kit, Invitrogen).
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FIGURE 1 | Schematic representation of the Plasmodium vivax circumsporozoite protein (CSP) recombinant antigens. The individual recombinant proteins have the specific individual repeats [yPvCSP-VK210 (n = 19), yPvCSP-VK247 (n = 19), or yPvCSP-P. vivax-like (n = 16)] and the C-terminal (CT) region. For each repeat sequence, the amino acids positions and the histidine tag are indicated. The classic repeat sequence VK210 is represented in yellow, VK247 in green, and P. vivax-like in blue. The yPvCSP-All epitopes merges the repeats of all three allelic variants describe above (n = 6/6/5 repeat sequences of VK210/P. vivax-like/VK247, respectively) and the CT region.



Expression and Purification of Recombinant Proteins

Clones with a Mut+ phenotype that were secreting high levels of each recombinant protein were selected. The induction of protein expression was performed as described, with some modifications (30). A Mut+ transformant was initially grown overnight in 200 mL of BMGY medium (1% w/v yeast extract, 2% w/v peptone, 1.34% w/v yeast nitrogen base without amino acids, 4 × 10−5% w/v biotin, 1% w/v glycerol, and 0.1 M potassium phosphate, pH 6.0) at 28–30°C with vigorous shaking. The cells were harvested, resuspended in 1 L BMMY (BMGY with glycerol replaced with 0.5% v/v methanol), and incubated again for 72 h. Methanol was added every 24 h to a final concentration of 1% v/v. After induction for 72 h, the cells were removed by centrifugation and the culture supernatant was clarified by filtration with a 0.45-μm membrane (Merck Millipore, MA, USA). The supernatant was applied to a HisTrap FF column coupled to a FPLC ÄKTA prime plus (GE Healthcare, Chicago, IL, USA), which was previously equilibrated with 20 mM sodium phosphate/0.5 M NaCl, pH 8.0. Bound proteins were eluted with a 0–500 mM imidazole (Sigma-Aldrich, St. Louis, MO, USA) gradient in 20 mM sodium phosphate/0.5 M NaCl, pH 8.0. Fractions containing protein were detected by SDS-PAGE and Coomassie blue staining, pooled, and used in a second-purification step by anionic exchange chromatography using a Resource Q column coupled to a FPLC ÄKTA prime plus (GE Healthcare, Chicago, IL, USA). The protein was eluted using a 0–1 M NaCl linear gradient in 20 mM Tris–HCl, pH 8.0, and analyzed by SDS-PAGE. The peaks corresponding to each recombinant protein that had a high degree of purity were collected and dialyzed against phosphate-buffered saline (PBS). The protein concentration was determined by the Bradford method (BioRad, Hercules, CA, USA) using bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, CA, USA) as a standard.

Characterization of Recombinant yPvCSP

Immunoblotting

For immunologic characterization, the recombinant proteins were fractionated by 12% SDS-PAGE under reducing conditions and were transferred from the gel to nitrocellulose membranes (Hybond N, GE Healthcare, Chicago, IL, USA). The membranes were blocked for up to 1 h using fat free milk in PBS (5% w/vol) and bovine serum albumin (2% w/vol) containing 0.1% Tween 20 (PBS-T). The blots were incubated for 1 h at room temperature (RT) with the appropriate primary antibody diluted in PBS-T, as described (31). The primary antibodies used were (i) mouse monoclonal antibodies (MAbs) to His6 (GE Healthcare, Chicago, IL, USA) diluted 1:1,000; (ii) MAb 2F2 (MRA-184) to PvCSP from the VK210 strain (1 μg/mL) (32); and (iii) MAb 2E10E9 (MRA-185) to PvCSP from the VK247 strain (1 μg/mL) developed by Dr. Alan Cochrane (Unpublished data). The hybridomas used for the production of MRA-184 and MRA-185 were obtained from the Malaria Research and Reference Reagent Resource Center (MR4), Manassas, VA, USA.

After washing twice with PBS-T, peroxidase-labeled goat anti-mouse IgG (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:1,000 in PBS-T was added for 1 h. The reaction was developed using a chemiluminescence detection assay (ECL, GE Healthcare, Chicago, IL, USA).

Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC)

Purified proteins were analyzed by RP-HPLC using a C18 column (4.6 × 250 mm; 300 μm particle size) coupled to an HPLC LCMS-2020 LC/MS system (Shimadzu, Kyoto, Japan). The HPLC procedure was performed at RT (≈25°C) using a binary gradient of 0.1% trifluoroacetic acid (TFA, Solvent A) and 0.1% TFA in a 9:1 (v/v) solution of acetonitrile:water (Solvent B) with a two-step solvent gradient starting at 0–20%, followed by 20–100%, at a rate of 1 mL/min for 40 min. The elution was monitored with a UV-Visible absorbance detector (Shimadzu SPD M20A) at 220 and 280 nm.

Recombinant Proteins Expressed in E. coli

In order to determine the specificity of IgG antibodies, flagellin-fusion proteins His6FliC-PvCS-VK210 (31), His6FliC-PvCS-VK247 and His6FliC-PvCS-P. vivax-like (28), were used individually on ELISA plates for analyzing the specificity of the antibodies against each of the repeats sequences, as these proteins do not have the C-terminal region. The His6FliC protein (31), used as a carrier for the individual repeat sequences, is a recombinant flagellin derived from Salmonella Typhimurium and produced in E. coli. In order to determine the specificity of the antibodies against C-terminal region, No repeats protein (29) was used. This recombinant protein contains only the PvCSP N-terminal region fused with the C-terminal region.

These recombinant proteins were produced in E. coli using the method previously described (33). Following this, purification was performed by affinity chromatography (HisTrap FF column, GE Healthcare, Chicago, IL, USA) and subsequent anion-exchange chromatography (Resource Q column, GE Healthcare, Chicago, IL, USA) as described above.

Immunization Schedule

For immunological assays, 6–8 weeks old C57BL/6 female mice were subcutaneously (s.c.) immunized thrice, following the schedule described in the figures (n = 6 mice per group). For each dose, the indicated amount of protein was administered with high-molecular-weight Poly(I:C) adjuvant (50 μg/dose/mouse) (InvivoGen, San Diego, CA, USA). A volume of 50 μL was injected s.c. into each footpad (first dose) and a final volume of 100 μL was injected s.c. at the base of the tail (second and third doses). After each immunization, blood was collected from the tail, and the sera were analyzed for the presence of antibodies against each recombinant protein. For the protection experiment, mice were intraperitoneally immunized thrice, following the schedule described in Figure 8A.

Immunological Assays

Antibody Measurement

Antibodies against each recombinant protein in mouse sera were detected by enzyme-linked immunosorbent assay (ELISA), as described previously (29). The recombinant proteins were employed as solid phase-bound antigens (200 ng/well), and a volume of 50 μL of each solution was added to each well of a 96-well plate. After overnight incubation at RT, plates were washed with a solution of PBS and 0.05% PBS-T and blocked with a solution of PBS, 2.5% (w/v) skimmed milk, and 2.5% BSA for 2 h at 37°C. Serial dilutions (1/2) of murine polyclonal sera (100 μL) were added to wells in duplicate, followed by incubation for 1 h at 37°C. After washing with PBS-T, 50 μL aliquots of peroxidase-labeled goat anti-mouse IgG (Sigma, St. Louis, MO, USA), diluted 1:1,000, were added to each well and incubated for 1 h at 37°C. The enzymatic reaction was developed with o-phenylenediamine (1 mg/mL) (Sigma) diluted in phosphate-citrate buffer (pH 5.0) containing hydrogen peroxide [0.03% (vol/vol)]. The enzymatic reaction was stopped by the addition of 50 μL of a solution containing 4 N H2SO4. The optical density at 492 nm (OD492) was measured using a SpectraMax Plus 384 Microplate Reader. Anti-PvCSP titers were determined based on the highest dilution of sera that yielded an A492 higher than 0.1. This cut-off value was set at 3 SDs above the mean A492 obtained from naïve mice against the recombinant proteins.

For detection of IgG subclass responses, secondary antibodies specific to mouse IgG1, IgG2b, and IgG2c were used (Southern Technologies, Chattanooga, TN, USA). Results are expressed as the mean values of IgG titers ± SD.

Immunofluorescence Assay

Anopheles cracens mosquitoes were fed on human blood obtained from infected Thai patients using Hemotek® membrane-feeding system (34). After 2 weeks, aseptically dissected infected salivary glands were disrupted in a glass tissue grinder and the sporozoite preparation was deposited on glass slides. Slides were dried at RT and kept frozen at −20°C before use.

Slides containing wild-type VK210 P. vivax sporozoites were fixed with cold methanol for 10 min and blocked with PBS–3% BSA for 30 min at RT. Slides were then incubated in a humid chamber for 1 h at RT with sera from mice immunized with the mix of the three CSP alleles (VK210, VK247, and P. vivax-like) or with the yPvCSP-All epitopes recombinant protein (dilution 1:100 in PBS–3% BSA). MAb 2F2 (anti-PvCSP-VK210) and sera from mice immunized with adjuvant only (dilution 1:50 in PBS–3% BSA) were used as a positive and negative controls, respectively. Slides were washed three times with PBS-T before the addition of a dilution 1:500 in PBS–3% BSA of anti-mouse IgG conjugated to Alexa Flour 568 (Thermo Fisher Scientific, Waltham, MA, USA). The slides were incubated for 1 h at RT, washed three times with PBS-T and incubated for 15 min with 4′,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI, Invitrogen, Carlsbad, CA, USA). Binding was visualized using a fluorescence microscope DMI6000B/AF6000 (Leica) coupled to a digital camera system (DFC 365 FX) and the images were treated and analyzed using the open-source software ImageJ.

Cytokine Measurement

To measure the number of cells secreting interferon gamma (IFN-γ), splenocytes collected from immunized C57BL/6 mice were used for enzyme-linked immunospot (ELISPOT) assays. This procedure was performed by using mouse IFN-γ capture antibody (BD Biosciences) to coat flat-bottom Multiscreen HTS plates (Millipore) overnight at 4°C. After three washes with PBS-T, the plates were blocked with R10 [(fetal calf serum (10%) (v/v), RPMI 1640), Gibco], for 2 h at 37°C and 5 × 105 cells/well mice splenocytes were stimulated overnight at 37°C, 5% CO2, in the presence of recombinant proteins (yPvCSP-VK210, yPvCSP-VK247, yPvCSP-P. vivax-like, and yPvCSP-All epitopes, 10 mg/mL) or ConA (2.5 mg/mL) diluted in RPMI 1640-IL2 [IL-2 0.03% (v/v)]. Plates were then washed 3 times with PBS, and mouse IFN-γ detection antibody biotinylated [XMG 1.2, (1:200), Pharmingen] was added to the plates overnight at 4°C. Streptavidin-labeled peroxidase [(1:500), BD, Biosciences] was added to the plates, after six PBS-T washes, for 2 h and spots were visualized with 4′,6-diamidino-2-phenylindole, dihydrochloride (1 mg/mL).

To determine the intracellular expression of IFN-γ and tumor necrosis factor alpha (TNF-α), intracellular cytokine staining (ICS) was used. These assays were performed as in previous studies (29, 35). Basically, ICS was evaluated following the in vitro culture of splenocytes in the presence or absence of an antigenic stimulus. Cells were washed three times in RPMI 1640 medium (pH 7.4) and resuspended in cell culture medium consisting of RPMI 1640 medium (pH 7.4) supplemented with 10 mM HEPES, 0.2% sodium bicarbonate, 59 mg/L of penicillin, 133 mg/L of streptomycin, and 10% fetal bovine serum (Hyclone, Logan, UT, USA). Cell viability was evaluated using 0.2% trypan blue exclusion dye. Cell density was adjusted to 5 × 106 cells/mL in cell culture media containing anti-CD28 (2 μg/mL), BDGolgiPlug (10 μg/mL), monensin (5 μg/mL), and FITC-labeled anti-CD107a (2 μg/mL). Final concentrations of 10 μg/mL of the indicated recombinant proteins or 2 μg/mL of Concanavalin A (ConA; Sigma-Aldrich, St. Louis, MO, USA) were added. The cells were cultivated in V-bottom 96-well plates (Corning, New York, NY, USA) in a final volume of 200 μL in duplicate, at 37°C in a humid environment containing 5% CO2. After a 12 h incubation, cells were stained for surface markers with PerCP-Cy5.5-labeled anti-CD4 (clone RM4-5) or PECy7-labeled CD8 (clone 53-6.7) on ice for 20 min. To detect IFN-γ and TNF-α by intracellular staining, cells were then washed twice in PBS/0.5% BSA/2 mM EDTA, fixed and permeabilized with BD Fixation/Permeabilization solution. Cells were stained for intracellular markers using APC-labeled anti-IFN-γ (Clone XMG1.2) and PE-labeled anti-TNF-α (clone MP6-XT22). Finally, cells were washed twice with BD perm/wash buffer and fixed in 1% PBS-paraformaldehyde. At least 50,000 cells were acquired on a BD FACS Canto II flow cytometer and then analyzed with FlowJo 8.7 software. Gating strategy is depicted in Figure S1 in Supplementary Material.

Mice Infection and Parasitemia Analysis

Sporozoites (spz) from Plasmodium berghei ANKA expressing P. vivax circumsporozoite VK210 repeats (Pb/PvVK210) were obtained as described elsewhere (36). Transgenic Pb/PvVK210 spz were maintained in female Anopheles stephensi mosquitoes. The total number of spz was determined using a Kova glass slide and 4,000 spz in 1 μL of PBS were microinjected s.c. in the footpad of C57BL/6 mice previously immunized as described above. Thin-blood smears were prepared daily from day 3 to day 10 after challenge, on glass slides from a drop of blood obtained from tails. Blood smears were air-dried, fixed with methanol, and Giemsa stained. Percentages of parasitized erythrocytes were determined by microscopic examination of ~3,000 erythrocytes each in Giemsa-stained smears.

For analysis of the hepatic infection, livers of immunized mice were harvested 42 h after sporozoite challenge and frozen in liquid nitrogen. Ground tissue was resuspended in Trizol reagent (Invitrogen) and total RNA was extracted according to the manufacturer’s instructions. After treatment with turboDNase (Ambion), 2 μg of total RNA was used for cDNA synthesis, using the superscript II reverse transcriptase and random primers (d(N)9, New England Biolabs). For each sample, a reaction without reverse transcriptase was used for controlling DNA contamination. The real time PCR was performed with 1/20 of the cDNA reaction using the iTaq Universal SYBR Green Supermix (Biorad) and the primers for the mouse HPRT (Fwd, 5′-CCTGCTGGATTACATTAAAGCACTG-3′; Rev5′-GTCAAGGGCATATCCAACAAC-3′) or for the P. berghei 18S rRNA (Fwd, 5′-AAGCATTAAATAAAGCGAATACATCCTTAC-3′; Rev, 5′-GGAGATTGGTTTTGACGTTTATGTG-3′). Reactions were run in triplicate in three independent experiments according to the following conditions: (1 × 95°C for 5 min; 40 × 95°C for 15 s, 60°C for 30 s; 1 × 55°C to 95°C in 13 min).

Statistical Analysis

For immunological responses analyses, values were log-transformed and compared using one-way ANOVA followed by Tukey’s HSD tests.3 For parasitemia analyses, the non-parametric Mann–Whitney test was performed. Differences were considered statistically significant when P < 0.05.

RESULTS

Four Recombinant Proteins Based on the Sequences of P. vivax CSPs Were Successfully Produced in the Yeast P. pastoris as Soluble Secreted Proteins

Recombinant proteins representing the PvCSP alleles (VK210, VK247, and P. vivax-like) as well as the hybrid polypeptide yPvCSP-All epitopes were generated. This hybrid contained the conserved C-terminal of the P. vivax CSP and the three variant repeat domains in tandem. The proteins were purified and their integrity and purity was evaluated by SDS-PAGE, immunoblotting, and RP-HPLC (Figure 2). A reduced gel stained with Coomassie blue showed that the proteins migrated between 40 and 55 kDa (Figure 2A). Figure 2B shows that the purified proteins were recognized by specific MAbs generated against radiation-attenuated P. vivax sporozoites (MAb VK210 2F2 and MAb VK247 2E10.E9), as well as monoclonal anti-His antibody. Recognition was also observed for the entire hybrid polypeptide. The purity of the proteins, after the combination of chromatographic methods, was analyzed by RP-HPLC. Analysis of RP-HPLC chromatograms revealed high purity of these recombinant proteins (Figure 2C).


[image: image1]

FIGURE 2 | Purification and biochemical characterization of the Plasmodium vivax circumsporozoite protein (CSP) recombinant proteins. (A) 13% SDS-PAGE under reduced conditions stained with Coomassie blue. Proteins migrate between 50 and 55 kDa. Fractions were 2 μg of: (1) yPvCSP-VK210, (2) yPvCSP-VK247, (3) yPvCSP-P. vivax-like, and (4) yPvCSP-All epitopes. (B) Western blot using 1 μg of the same fractions of proteins described above. Antibodies used were monoclonal antibody (MAb) anti-His, MAb VK210 (2F2), and MAb VK247 (2E10.E9). The secondary antibody used was anti-mouse IgG HRP-labeled, and detection was performed by ECL assay. (C) The purity of proteins, after the combination of chromatographic methods, was analyzed by reverse-phase high-performance liquid chromatography (RP-HPLC), in which the gradient elution was developed combining 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in 90% acetonitrile, 24°C, 1 mL/min for 40 min, in a C18 column.



Vaccine Containing the Three Allelic Forms of the P. vivax CSP Was Immunogenic in Mice

The serum IgG responses to PvCSP antigens were determined in C57BL/6 mice immunized s.c. with the purified proteins in the presence of the adjuvant Poly(I:C). Six mice per group were immunized with three doses containing 1 μg of each protein or adjuvant alone administered as described in Section “Materials and Methods,” at 28-day intervals. Formulations containing the mix of the three CSP alleles (VK210, VK247, and P. vivax-like, 1 μg of each protein/animal/dose) or the hybrid polypeptide (yPvCSP-All epitopes, 3 μg of protein/animal/dose) were also tested. The antibody titers were analyzed by ELISA according to the timeline described in Figure 3A. These homologous prime-boost vaccination regimens were highly immunogenic in the mouse model, eliciting a high and long-lasting specific antibody immune response (Figure 3B).
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FIGURE 3 | Specific antibody response in mice immunized with Plasmodium vivax circumsporozoite protein (PvCSP) recombinants. (A) C57BL/6 mice were immunized s.c. with three doses 28 days apart with the purified proteins in the presence of the adjuvant Poly(I:C), whereby the antibody response was analyzed according to the timeline described. (B) The IgG antibody serum titers against recombinant proteins representing each allelic form of PvCSP were analyzed by ELISA. The results are expressed as the means ± SD (n = 6). Mouse groups were immunized with: (1) Poly(I:C); (2) Poly(I:C) plus yPvCSP-VK210 (1 μg/dose/mouse); (3) Poly(I:C) plus yPvCSP-VK247 (1 μg/dose/mouse); (4) Poly(I:C) plus yPvCSP-P. vivax-like (1 μg/dose/mouse); (5) Poly(I:C) plus a protein mix [yPvCSP-VK210 (1 μg/dose/mouse) + yPvCSP-VK247 (1 μg/dose/mouse) + yPvCSP-P. vivax-like (1 μg/dose/mouse)]; or (6) Poly(I:C) plus yPvCSP-All epitopes (3 μg/dose/mouse). (C) IgG isotypes were determined by ELISA in sera of mice from groups 5 and 6 described above. Asterisk denotes statistical differences (P < 0.01) when comparing IgG1 isotype with IgG2b, IgG2c and IgG3.



To better characterize the anti-PvCSP response, the IgG subtypes of the generated antibodies were analyzed and the IgG1/IgG2c ratio was calculated. All mouse sera presented detectable levels of all IgGs in the groups immunized with the proteins individually, mixed, or fused. An analysis of the IgG1/IgG2c anti-PvCSP-VK210 ratio (Figure 3C), showed a polarized Th2-like response (IgG1/IgG2c > 1). Similar results were observed against PvCSP-VK247 (data not shown).

To delineate the specificity of anti-yPvCSP-All epitopes antibodies, when compared with immunizations performed with individual yPvCSP proteins or protein mix, the mouse serum was tested against three recombinant proteins containing only the repeats fused to flagellin (FliC) of Salmonella enterica serovar Typhimurium [FliC-PvCSP-repeats (28)], and one recombinant protein containing only PvCSP N- and C-terminal regions [No repeats (29)] (Figure 4A). Interestingly, all FliC-PvCSP-repeats variants and the No-repeats protein were recognized in sera from mice immunized with protein mix or with yPvCSP-All epitopes, whereas no significative cross-reaction among repeat sequences was observed in animals immunized with individual yPvCSP proteins (Figure 4B). We concluded that the immunization with a recombinant protein expressing all the three different allelic variants in fusion elicited high IgG antibody titers reacting with all three different allelic variants of PvCSP. The antibodies were targeted to both the C-terminal and the repeat domains of PvCSP.
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FIGURE 4 | Specificity of IgG antibody in mice immunized with Plasmodium vivax circumsporozoite protein (CSP) recombinants. (A) Schematic representation of recombinant proteins used as a substrate bound to the plates in the ELISA assay. (B) C57BL/6 mice were immunized s.c. with the purified proteins in the presence of the adjuvant Poly(I:C) according to the timeline described in Figure 3A. The specificity of IgG antibody serum titers toward rFliC, FliC-PvCSP-repeats and No repeats proteins were analyzed by ELISA in sera of mice from groups 2 to 6 described in Figure 3B. The results are expressed as mean ± SD (n = 6 animals/group). P values are indicated. Differences were considered statistically significant when P < 0.05.



In addition, we determined whether sera from mice immunized with the prime-boost immunization regimen reacted with P. vivax sporozoites in immunofluorescence assays. We observed that sera from both groups of mice that were immunized with a formulation containing the yPvCSP-All epitopes and protein mixture reacted to sporozoites of the P. vivax VK210 strain (Figures 5A,B). Antibody recognition was specific, as control sera from mice immunized with the adjuvant Poly(I:C) did not react (Figure 5C), and the sera-stained sporozoites showed a pattern of staining on the surface of the sporozoites similar to that observed with the monoclonal antibody anti-VK210 (Figure 5D).
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FIGURE 5 | Recognition of native protein in Plasmodium vivax isolates. Indirect immunofluorescence analysis was performed using pool of sera (diluted 1:100) from C57BL/6 mice immunized with (A) yPvCSP-All epitopes, (B) protein mixture or (C) phosphate-buffered saline (PBS) in adjuvant, as a negative control. (D) As a control positive anti-PvCSP-VK210 (MAb 2F2) was used. Microscope slides containing wild-type P. vivax were obtained from Thailand isolates. Antibody binding was detected with secondary Alexa 568-labeled antibody (red) and nuclei were visualized by DAPI staining.



yPvCSP-All Epitopes and Protein Mix Induced Low Activation of CD4+ and CD8+ T Cells

We selected two vaccine formulations (yPvCSP-All epitopes and protein mix) to evaluate the ability of the induction of the T cell-mediated immune responses in immunized C57BL/6 mice. We measured IFN-γ secretion by ELISPOT assay. We also evaluated the production of inflammatory cytokines (IFN-γ and TNF-α) by CD4+ and CD8+ T cells using ICS. Figure 6A shows a schematic representation of the immunization schedule. Spleen cells were stimulated in vitro with recombinant proteins representing the three allelic forms of PvCSP.
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FIGURE 6 | Interferon gamma (IFN-γ)-producing cells in mice immunized with recombinant proteins. (A) C57BL/6 mice were immunized following the scheme with yPvCSP-All epitopes (3 μg/mouse) or a mix of yPvCSP-VK210 + yPvCSP-VK247 + yPvCSP-P. vivax-like (1 μg/each protein/mouse), in the presence of the adjuvant Poly(I:C). (B) To measure the number of cells secreting IFN-γ, splenocytes collected from immunized C57BL/6 mice on day 40 after priming were used for enzyme-linked immunospot (ELISPOT) assays. The recombinant proteins yPvCSP-VK210 (yVK210), yPvCSP-VK247 (yVK247), yPvCSP-P. vivax-like (yVL), and yPvCS-All epitopes (yAll epitopes) were used as stimuli (10 μg/mL). SFC, spot forming cells. Asterisk denotes statistical differences (P < 0.05).



Overall, very low levels of CD4+ and CD8+ T cells producing any cytokine were detected. Positive controls performed in parallel with stimulation with ConA were consistently successful (data not shown). A higher number of IFN-γ-producing cells were observed in the group immunized with the protein mix and stimulated with recombinant yPvCSP-VK247, but not in the animals immunized with the yPvCSP-All epitopes when the splenocytes were stimulated with the same protein (Figure 6B). This difference is in agreement with previous results (29) and could be due to a different processing or antigen presentation of the VK247 epitope.

We also attempted to detect IFN-γ and TNF-α using ICS (Figure 7). Using Boolean gating analysis, we were able to detect low but significant simultaneous production of both cytokines by CD4+ T cells derived from mice immunized with the protein mix in a splenocyte culture restimulated with yPvCSP-VK247 recombinant protein (Figure 7A). We also observed that CD8+ T cells derived from mice immunized with the protein yPvCSP-All epitopes were able to produce low but significant levels of TNF-α in a splenocyte culture pulsed with the antigen yPvCSP-P. vivax-like (Figure 7B). On the other hand, we did not detect any specific responses (IFN-γ or TNF-α) in CD4+ or CD8+ T cells after restimulation with recombinant yPvCSP-VK210.
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FIGURE 7 | CD4+ and CD8+ T cell-mediated immunity of mice immunized with recombinant proteins. C57BL/6 mice were immunized s.c. with the recombinant proteins following the scheme described in Figure 6A. To determine the intracellular expression of interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), intracellular cytokine staining (ICS) was performed following the in vitro culture of splenocytes in the presence or absence of the antigenic stimuli yPvCSP-VK210 (yVK210), yPvCSP-VK247 (yVK247), and yPvCSP-P. vivax-like (yVL). (A) Frequency of CD4+ cytokine-producing cells. (B) Frequency of CD8+ cytokine-producing cells. Asterisks denote statistically significant (P < 0.05) higher frequencies of cells from mice immunized with the recombinant proteins when compared to cells from mice injected with adjuvant only. Media backgrounds of all samples were subtracted before plotting.



Similarly, we attempt to detect a cytotoxic response in vaccinated mice by measuring CD107a expression in CD4+ or CD8+ T cells after stimulation with the recombinant proteins. Under the experimental conditions, we did not detect significant differences in CD107a expression when compared to mice immunized with adjuvant only (Figure S2 in Supplementary Material).

A Vaccine Containing the Three Allelic Forms of the P. vivax CSP Induces Protection against Infection in Mice after Challenge with Chimeric Parasite Pb/PvVK210

We used the chimeric parasite Pb/PvVK210, in which the repeats of the PbCSP were replaced by those of the PvCSP (VK210), to evaluate the potential efficacy of the yPvCSP-All epitopes vaccine against a sporozoite infection in vivo. C57BL/6 mice were immunized with yPvCSP-All epitopes in the presence of Poly(I:C), in a three-dose prime-boost immunization regimen (Figure 8A). The immunization-challenge schedule is described in Figure 8A.
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FIGURE 8 | Protection against experimental challenge in mice immunized with a prime-boost regimen. (A) C57BL/6 mice were immunized i.p. with Poly(I:C) or a mixture of Poly(I:C) plus 5 μg of yPvCSP-All epitopes following the scheme described. On day 67 after priming, mice were challenged with 4,000 Pb/PvVK210 transgenic sporozoites. (B) Parasitemia was analyzed by Giemsa-stained blood smears on the following 10 days. Percentage of non-infected mice in each experimental group are shown. (C) Log of parasitemia at day 5 (D5) postchallenge measured in mice immunized with Poly(I:C) (n = 4) or a mixture of Poly(I:C) plus 5 μg of yPvCSP-All epitopes (n = 6). (**) P = 0.0095. (D) The liver load was evaluated by RT-PCR. The infection level in liver in mice immunized with a mixture of Poly(I:C) plus 5 μg of yPvCSP-All epitopes (n = 5) is compared with control group that received Poly(I:C) alone (n = 4). (*) P = 0.0159. C-terminal (CT) differences (delta CT) between the mouse HPRT and Pb 18S CT values are shown.



This experimental design involved challenge with 4,000 Pb/PvVK210 sporozoites on day 25 after boost. As shown in Figure 8B, the immunization with three doses of 5 μg of protein/mouse/dose was protective for 4/6 mice until day 10 postchallenge, whereas all control mice became infected by day 4 postchallenge. This protection corresponded to a ~10-fold decrease in parasitemia at day 5, when infected blood cells in mice that only received adjuvant still increase exponentially (Figure 8C, P = 0.0095).

Finally, we evaluated the liver stage parasite burden in immunized mice challenged with Pb/PvVK210 sporozoites. The liver parasite burdens in mice group immunized with a mixture of Poly(I:C) plus 5 μg of yPvCSP-All epitopes was 20 times lower compared with control group that received Poly(I:C) alone (P = 0.0159) (Figure 8D).

DISCUSSION

In the past decade, diverse efforts toward the development of an effective vaccine against malaria have increased the knowledge about the level of protection necessary—although also often not enough—to achieve disease-preventative immunity. For preerythrocytic vaccines, there is a consensus on the requirement of high serum levels of IgG antibodies specific to the repeat sequences of the CSP antigen, both for P. falciparum and for P. vivax. In addition, protection has been related to the frequency of CD4+ T cells expressing proinflammatory cytokines; thus, several approaches have been trialed in order to produce both a strong antibody response and cell-mediated immunity.

In several studies focusing on RTS,S formulations, the generation of antibodies against the central repeat region of P. falciparum CSP has been recognized as key factor to achieve some level of protective effect [reviewed in Ref. (11)]. Accordingly, ELISA titers to the CSP repeats are significantly higher in protected individuals, whereas opsonizing antibodies would not contribute to protection and the C-terminal-targeted antibody contribution remains undefined (37).

In P. vivax, the development of a vaccine targeting the CSP antigen has been limited for several decades to preclinical immunization models developed mostly in mice. In previous works, we were able to successfully elicit high titers of antibodies recognizing the three allelic forms of the PvCSP antigen, by using homologous or heterologous prime-boost immunization regimens (29). These immunizations were carried out using the same adjuvant employed here, Poly(I:C), which is a synthetic analog of double-stranded RNA capable of activating toll-like receptor type 3 and therefore eliciting a virus-like immune response in humans (38). However, the recombinant protein expression from the bacterial system yielded high levels of unfolded protein, mostly recovered from inclusion bodies, which have to be denatured to obtain purified proteins. These production difficulties led us to develop novel CSP-based recombinant proteins to be expressed in a eukaryotic system such as P. pastoris. Our group has been employing this protein-production system successfully for the last few years, enabling the easy production of highly purified, stable, properly folded, and immunogenic proteins to be used for the development of vaccines against protozoa parasites (30, 39). These features, also shown in this work, would be a great advantage for the following scaling process in order to obtain a vaccine formulation, which could be distributed in several endemic areas.

Recently, results from the first in-human clinical trial aiming to develop a vaccine against P. vivax (VMP001) were published. This formulation contains a recombinant protein comprising N-terminal, C-terminal, VK210, and VK247 repeat domains. As mentioned, vaccination did not induce sterile protection; however, a significant delay in the prepatent period was associated with the presence of anti-VK210 repeats-specific responses (27).

Interestingly, although specific antibodies were generated against all regions of the CSP in all vaccinated individuals, CD4+ T cell responses specific to repeat and C-terminal regions were detected in only 17% of vaccinated subjects, whereas 90% of subjects showed strong cellular responses to the N-terminal region (27). As this response was not protective against natural challenge (i.e., infected-mosquito bites), we think that immunodominant epitopes of the P. vivax CSP-N-terminal region could be hampering the recognition or antigen presentation of repeat-specific domains. Therefore, the absence of the N-terminal region in our formulations, which were able to induce a repeat-specific antibody and cellular responses in mice, could present an advantage when compared to VMP001 formulations.

To our knowledge, this is the first report of a vaccine potentially protective against all the three allelic variants of P. vivax CSP. The results presented herein show that immunization with our recombinant proteins was able to induce a strong humoral immune response, eliciting Abs against all three repeat regions as well against C-terminal region. Although immunization with single variants generated antibodies with some level of cross-reaction between the different variants of PvCSP, we showed in previous studies that the cross-reactivity between IgG antibodies is very limited and would not be possible to use a single variant as a universal vaccine (28). Furthermore, cross-reactivity is expected to be due essentially to Abs recognizing the C-terminal region, present in all the proteins. As Abs against the repeat regions of PvCSP were demonstrated to be associated to protection in A. nancymaae monkeys (14), the vaccine formulation containing the hybrid polypeptide (yPvCS-All epitopes) was selected for protection assays, aiming at further development of an anti-P. vivax vaccine. The relevant proportion of the antibody titer specific for each of the repeat regions induced by immunization with yPvCSP-All epitopes indicates that one (instead of three) stable protein could be able to confer protection against all the three allelic variants of P. vivax sporozoites.

The precise reason why the All epitopes vaccine elicited a very low cytokine response measured in the ICS assay and an undetectable response in the ELISpot assay is not clear to date. A challenging objective of future works will be to find adjuvants, delivering systems or expression strategies able to improve CSP-specific cellular responses. Combined use of viral vectors and potent adjuvants was recently reported to improve CD8+ T cell responses against preerythrocytic malaria (40). We are currently working on some of these strategies using new adjuvants, adenovirus-delivered antigens and Virus-like particles formulations in order to further develop cell-mediated responses.

In summary, the strong humoral response showed in this work, with a significant (>104) proportion of antibodies targeting repeats sequences, and the low but detectable CD4+ and CD8+ T cell-mediated responses, indicate that this formulation should be highly immunogenic in humans, generating immunity to all three variants of PvCSP. Furthermore, the significant protection elicited after challenge with 4,000 Pb/PvVK210 sporozoites should indicate a more effective protection against natural infection, in which ~100 sporozoites are released per bite (41).

Although the protection found here was not sterilizing to all animals, it has been hypothesized that a candidate P. vivax vaccine with low efficacy against primary infection may potentially reduce transmission by preventing relapses (42). In addition, still it is possible to improve the protective immunity of the recombinant vaccine yPvCSP-All epitopes combining with other potent adjuvants (Adjuvant Systems) (43). Taken together, our results are encouraging for testing our vaccine formulations in clinical trials, aiming to the development of a multi-allelic vaccine against P. vivax malaria.
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Malaria caused by Plasmodium vivax continues being one of the most important infectious diseases around the world; P. vivax is the second most prevalent species and has the greatest geographic distribution. Developing an effective antimalarial vaccine is considered a relevant control strategy in the search for means of preventing the disease. Studying parasite-expressed proteins, which are essential in host cell invasion, has led to identifying the regions recognized by individuals who are naturally exposed to infection. Furthermore, immunogenicity studies have revealed that such regions can trigger a robust immune response that can inhibit sporozoite (hepatic stage) or merozoite (erythrocyte stage) invasion of a host cell and induce protection. This review provides a synthesis of the most important studies to date concerning the antigenicity and immunogenicity of both synthetic peptide and recombinant protein candidates for a vaccine against malaria produced by P. vivax.
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INTRODUCTION

Malaria is one of the most important vector-transmitted diseases, affecting a large part of the world’s population. Around 214 million new cases appeared in 2015, and 438,000 people died from the disease. This disease is caused by parasites from the phylum Apicomplexa, genus Plasmodium, and is transmitted by the bite of a female mosquito from the genus Anopheles infected by the parasite (1).

Five species cause malaria in humans: P. falciparum, P. vivax, P. malarie, P. ovale, and P. knowlesi. Acute febrile disease symptoms appear 10–15 days after the bite of an infected mosquito. Initial symptoms include fever, headache, shivering, and vomiting; if not treated early on, and depending on the species responsible for the disease, severe anemia, metabolic acidosis, or cerebral malaria may be produced, and even lead to death (1).

Studying the proteins involved in P. vivax invasion has not been easy, mainly due to technical restrictions such as a lack of continuous culture in vitro, meaning that studying the parasite’s biology has been limited, as well as the identification of new antigens and their evaluation in vitro (2, 3).

Infection by more than one Plasmodium species is usually omitted in routine diagnosis by microscopy (4, 5), leading to an overestimation of the amount of cases caused by coinfection in endemic areas and thus to treatment failure (6). Drug resistance since the first report in 1989 (7) has been increasing worldwide throughout Southeast Asia [Indonesia, China, Thailand, Papua New Guinea (PNG)], South America (the Brazilian and Peruvian Amazon region, Colombia), Africa (Madagascar, Ethiopia), Pakistan, and Turkey (8, 9).

Such resistance appears to be related to mutations regarding multidrug resistance 1 (mdr1) gene and variation in the gene’s number of copies, presumably due to selective pressure by first-line chloroquine treatment (10, 11).

Even though malaria caused by P. vivax has been considered benign (unlike that caused by P. falciparum), severe P. vivax malaria has emerged during the last few years with some cases leading to death (12–17). In spite of P. vivax malaria having a greater global distribution, it is still considered a neglected infection, thereby leading to socioeconomic impact factors being understated in endemic regions, causing more than US$2 billion per year costs worldwide (18). The forgoing means that investment and efforts must be focused on developing a vaccine against P. vivax malaria.

Antigenicity studies arise from evaluating the immune response induced in individuals naturally exposed to the infection. On the other hand, immunogenicity assays evaluate in vitro or in vivo the immune response induced when vaccine candidates are used for immunization (Figures 1 and 2).
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FIGURE 1 | Plasmodium vivax preerythrocyte stage protein immunogenicity. After sporozoites have been inoculated into the skin by Anopheles mosquitoes, they travel to the liver via the bloodstream and enter hepatocytes thereby initiating the preerythrocyte stage. P. vivax circumsporozoite protein (CSP) and thrombospondin-related adhesive protein (PvTRAP) are involved in hepatocyte recognition and binding in a mammalian host. In CSP, the N-terminal (NT) and repeat region facilitate parasite binding to hepatocytes. Adaptive immune responses against PvCSP and PvTRAP control invasion of hepatocytes by cytokines [CD4+ T-helper 1 (Th1) and CD4+ T-helper 2 (Th2) cells], cytophilic antibodies, and CD8+ T-cells. Interferon gamma (IFN-γ) increases and interleukin (IL)-4 decreases after vaccination with CSP-long synthetic peptides [CSP-LSP-N terminal; CSP-LSP-R (repeat region), and CSP-LSP-N terminal]. Cytophilic antibodies (IgG1 and IgG3) are produced after vaccination with CSP-LSP-N; CSP-LSP-R. Immunization with PvCSP recombinant vaccine (VMP 001) combined with CpG10104 has induced protection and activation of B-cells, macrophages (MΦ), and dendritic cells (DCs). When this recombinant vaccine is formulated with glucopyranosyl lipid A (GLA), there is activation of CD4+ T-cells, production of tumor necrosis factor-alpha (TNF-α), and reduction of IL-2. Immunization with PvTRAP, expressed in viral vectors, induces activation of CD8 T-cells and production of IFN-γ, TNF-α, and IL-2.
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FIGURE 2 | Plasmodium vivax erythrocyte stage protein immunogenicity. P. vivax parasites are differentiated into tissue schizonts in hepatic cells, which, after thousands of replications, are released into the bloodstream as merozoites (Mrz). These Mrz predominantly invade reticulocytes, and their infection cycle is repeated every 48 h. Several surface and microneme merozoite proteins have been identified as vaccine candidates. Surface proteins would include merozoite surface protein-1 (MSP-1/Pv200), which is an abundant ligand on merozoite surface and is essential for reticulocyte invasion. MSP-1 was cleaved into 83, 30, 38, 42 (33 and 19) kDa fragments; immunization with the complete protein induced IgG production. MSP-1–42 fragment increased IgG1, IgG2a, and IgG2b production but not that of IgG3, as well as interleukin (IL)-2, IL-4, IL-10, and interferon gamma (IFN-γ) production in vaccinated mice. Immunization with 19-kDa fragments produced high antibody titers that were T-cell dependent. Higher antibody and IFN-γ production was observed after vaccination with the 33-kDa fragment. Another surface protein is merozoite surface protein-1 paralog (MSP1-P), which was also cleaved into 83, 30, 38, 42, 33, and 19 kDa; the last two fragments (C-terminal region) induced a Th1 cytokine response profile, having high tumor necrosis factor (TNF), IFN-γ, and IL-2, but low IL-10 and IL-4 cytokines (Th2 profile). High IgG1 and IgG2b titers were observed in vaccinated animals with 19-kDa fragment. Merozoite surface protein-3 (MSP-3): PvMSP3-α block II is highly immunogenic and induces IgG production. The PvMSP-3β region with Quil A, Titer Max, or IFA adjuvants has produced a balanced Th1/Th2 response and IgG but became directed toward a Th2 response when formulated with Alum. Merozoite surface protein-9 (MSP-9) immune response against NT and repeat region II was mainly IgG, having greater IgG1, IgG2a, and IgG2b titers than IgG3 isotype production. These two regions also induced higher IFN-γ than IL-5 production in spleen cells. The following are microneme proteins: the Duffy binding protein (DBP) is a surface receptor for invading human reticulocytes and is divided into seven regions where regions II (main ligand domain) and IV induce specific antibody production. Apical membrane antigen-1 (AMA-1) is essential during cell host invasion, and its ectodomain defines three subdomains (DI, DII, and DIII). Immunization with AMA-1 induced high IgG antibody titers. Vaccinating mice with human adenovirus type 5 and rAMA-1 have produced long-lived specific antibodies (IgG1 and IgG2a), memory T-cell, and Th1/Th2 balance immune responses. An arrow pointing upwards (↑) indicates an increase in antibody titers or cytokine production; an arrow pointing downwards (↓) shows reduced cytokine or antibody production.



The present review summarizes classical studies that have been carried out to date concerning the antigenicity and immunogenicity of the most important proteins considered candidates for a vaccine against P. vivax malaria. Although the use of a single-stage protein is not enough to provide a successful sterile vaccine, it has represented an important advance in identifying hundreds of malarial antigens that can be combined to develop a multistage, multi-epitope sterile vaccine.

MALARIA: INFECTION BY P. vivax

Around 90% of the clinical cases presented are the result of infection by two of the most relevant species: P. falciparum or P. vivax. P. vivax malaria is the second most important around the world and is the most prevalent on the Asian and American continents. Such infection is characterized by relapses several years after the first infection, since a latent form called hypnozoite occurs during hepatic phase. This stage is difficult to diagnose, allowing the parasite to survive in the host for longer (1, 19, 20).

Infection begins with the vector inoculating sporozoites (Spz) into the host’s skin; these Spz are motile and travel through the blood stream, later being carried to the liver. Sinnis et al. have named a “skin stage” of infection because they have proposed that this interaction between Spz and cells at the injection site means that Spz may remain in the injection site for 2–3 h, maybe in hair follicles, giving rise to infective merozoites (Mrz) (21, 22). Regarding P. berghei expressing GFP (a rodent parasite), it has been observed that Spz have a random gliding-movement. Moreover, Spz glide into the skin, interacting with blood vessel walls. Lymphatic vessels also become invaded to drain lymph nodes near the injection site where some Spz can partially develop into exoerythrocytic stages (23–25).

Sporozoites migrate from the skin to liver cells (these becoming infected first) and then cross/traverse endothelial cells and use cell traversal machinery to pass through the endothelium, thereby beginning the hepatic stage that might go unnoticed clinically (26, 27). Some parasites remain as hypnozoites during this stage, and others go into the blood stream giving rise to the erythrocyte stage where the disease’s clinical manifestations are presented.

The severity of the disease during the erythrocyte stage depends on various factors, such as the location of parasitized red blood cells (RBC) in the target organs, the local and systemic action of the parasite’s bioactive products, pro-inflammatory cytokine production, as well as innate and adaptive immune system cytokine and chemokine regulators, and the activation, recruiting, and infiltration of inflammatory cells (28).

After invading the hepatocytes, each Spz replicates within the parasitophorous vacuole by a family of parasite proteins having an NT export motif called pexel/VTS (Plasmodium export element/vacuolar translocation signal) (29–31). The circumsporozoite protein (CSP) enters the hepatocyte’s cytoplasm using the pexel/VTS motif and a nuclear localization signal to go into the nucleus. CSP in the nucleus induces the expression of the host’s genes, where the NFkβ transcription factor controls the expression of genes involved in inflammation (32), controlling biological functions such as metabolic transport, the cell cycle, the immune response, and apoptosis, thereby creating a favorable setting for parasite growth (31).

The Plasmodium erythrocyte stage begins when an infected hepatocyte ruptures and releases close to 30,000 Mrz into the blood stream, undertaking an initial journey as merosomes to the lungs and then becoming disseminated in the circulation. Each Mrz infects an immature RBC (reticulocyte), which generates 16 new Mrz 48 h later (33).

IMMUNE RESPONSE REGARDING MALARIA

Innate and adaptive immune system molecules are involved in disease pathogenesis and control. Clinical immunity to malaria can be acquired during three phases: immunity to the disease, immunity to symptomatic infection, and partial immunity to parasitemia (28). The premunition (absence of fever with infection and lower densities of parasitemia) is present in places where malaria is endemic and in people that had suffered of several infections through the years (8–15 years), thus acquiring natural immune responses that lower the risk of clinical disease (34). The term was coined early in the 1900s during epidemiological studies with patients from endemic areas that can control the parasitemia and develop a subclinical infection (35). It is characterized by a slow acquisition rate, present just in holo- or hyper-endemic areas, rapidly lost, strain dependent, IgG dependent, and directed toward blood-stage parasites; although the immune response induced is strong, it is not a sterilizing immunity. The protection mechanism has not been completely described, but there is evidence that cytophilic antibodies and memory cells produced after repeated infections with Plasmodium variants are responsible for this kind of protection (34, 36–39).

An innate immune response is triggered during Plasmodium infection as first line of defense, followed by an adaptive immune response, which includes T-cells, B-cells, and antibodies. A mosquito inoculates Spz into a host’s skin when biting; these can remain in the skin for up to 6 h after inoculation (40). Such retention affects the place for antigen presentation and the location and type of response so induced.

Dendritic cells (DCs) present antigens, depending on the anatomic environment and the resulting immune response. These cells, through pattern recognition receptors, recognize the pathogen-associated molecular patterns (PAMPs) exhibited by the parasite. The mechanism of action regarding such recognition triggers intracellular signals enabling DC maturation (41). Three PAMPS have been described in P. falciparum: hemozoin, immunostimulatory nucleic acid motifs, and glycosylphosphatidylinositol anchors [glycophosphatidylinositol (GPI) anchors] (42).

The parasite’s main source of protein is RBC hemoglobin. Hemoglobin hydrolysis releases lipophilic prosthetic group—heme—which is extremely toxic for the parasite. Heme detoxification is thus necessary and is achieved by converting heme into an insoluble crystalline material called hemozoin (Hz) (43). Regarding P. falciparum infection, Hz binds DNA inside host cell phagolysosomes and cytosol, and toll-like receptor (TLR)9 is activated by nucleic acids, NLRP3, AIM2, and other cytosolic sensors (42, 44–46).

In terms of AT content in the genome, P. falciparum has the highest AT content (82%) and P. vivax the lowest AT content (56%). On the other hand, in silico analysis has shown that P. falciparum contains ~300 CpG and ~6,000 AT-rich motifs and P. vivax ~2,000 CpG and ~5,500 AT-rich motifs. The release of CpG Plasmodium DNA into phagolysosomes produces an innate immune response activating TLR9 (42, 44, 47).

Glycophosphatidylinositol anchors connect surface proteins with the protozoan plasma membrane; they are essential toxins for parasite viability (48). They turn on the innate response because they induce cytokine synthesis and are recognized by TLRs such as TLR1–TLR2 or TLR2–TLR6 (depending on GPI anchor activation containing three or two fatty acid chains, respectively) and TLR4 (49–51).

Some functions described for DCs have been T- and B-lymphocyte activation, immune tolerance, natural killer (NK) cell activation, and macrophage activation (52). For example, a third of Spz are drained to regional lymph nodes where they become internalized by skin-derived DCs (CD103+) and presented to CD8+ T-cells (26).

Some studies have shown that infected RBC bind to DCs, inhibit their maturation, and cannot stimulate a T-lymphocyte response in acute P. falciparum infection. Other studies have shown that inhibition depends on contacting a larger amount of infected RBC per DC (53, 54).

Antigens begin to be presented on hepatocyte surface during the hepatic stage in context of the major histocompatibility complex (MHC) class I molecules expressed on all nucleated cells to become recognized by CD8+ T-cells (55).

Immune response during the erythrocyte stage is mainly mediated by antibodies while a cellular response predominates during the hepatic stage (56). CD4+ T-, B-, and NK cells also play an important role in the immune response induced by the parasite during the erythrocyte stage since immunity depends on memory B-cell production and lifespan, following infection (57).

During P. vivax infection, some individuals can acquire immunity naturally; such immunity consists of a cytokine production-mediated cellular immune response, cytokine receptors, and proteolytic enzymes forming part of the host response to infection, as well as IgG antibodies. Patients having moderate parasitemia in endemic regions of Colombia have high IFN-γ and TNF-α levels, a pro-inflammatory cytokine profile correlated with the response found in an unstable transmission region. The balance in interleukin (IL)-10/TNF-α rate could prevent increased parasitemia and host pathology (58).

A study by Hemmer et al. evaluated the production of lactate dehydrogenase (as hemolysis parameter), TNF-α (which produces a response to parasite products and has antiparasitic activity), thrombin–antithrombin III (pro-coagulant activity parameter), and human neutrophil elastase (its secretion becoming increased by parasite products, having antiparasitic activity) in a population infected by P. falciparum and P. vivax or P. ovale (59).

The parasitemia/response rate of each parameter was greater in patients suffering P. vivax or P. ovale malaria than P. falciparum; regarding parasitemia, TNF-α response was stronger in P. vivax or P. ovale infection than P. falciparum. The increase of these factors in P. vivax infection helped to control parasitemia, while they led to complications in P. falciparum infection such as host response-mediated severe malaria (59). Studies have shown that P. falciparum parasitemia levels decrease when coinfected with either P. vivax or other Plasmodium species, compared to single infection (60), thereby attributing a possible attenuating role to other P. falciparum species (60–62).

Another study that compared the immune response of patients suffering complicated and uncomplicated malaria caused by P. vivax reported a higher IFN-γ/IL-10 rate in patients having complicated disease, as well as higher TNF-α level. They concluded that the severity of disease caused by P. vivax was correlated with pro-inflammatory immune response activation and cytokine imbalance (63).

Interleukin-10 acts as immunoregulator by controlling the effects of other cytokines produced by CD4+ Th1 and CD8+ T-cells in Plasmodium infection. The overproduction of cytokines such as IFN-γ by these cells not only helps to increase phagocytosis for eliminating the parasite but also produces immunopathological effects associated with the disease. However, studies involving another group of patients suffering P. vivax malaria found high levels of IFN-γ and IL-10 in patients with previous episodes of malaria. Polymorphism studies regarding the IL-10 gene promoter in populations from endemic regions have shown that polymorphisms neither influence the production of this cytokine nor its regulatory function regarding the immune response (64, 65).

Goncalves et al. evaluated the cytokine pattern in uncomplicated symptomatic P. vivax and P. falciparum infection in a low malaria transmission region in Brazil to test the hypothesis that P. vivax infection causes a greater pro-inflammatory cytokine response than infection by other Plasmodium species. They found a greater anti-inflammatory cytokine response than in P. falciparum infection, but similar pro-inflammatory cytokine response. The response of anti-inflammatory cytokines such as IL-10 and IL-10/TNF-α, IL-10/IFN-γ and IL-10/IL-6 ratios in clinical malaria caused by P. vivax was short-lived and positively correlated with parasitemia rather than with the symptoms. This means that there must be a balance between inflammatory cytokine and regulator responses (66).

Network analysis was one of the approaches adopted by Mendoca et al. for understanding the interaction between different blood biomarkers for inflammation, tissue damage, and oxidative stress and the immunopathogenesis of malaria. They concluded that when studying uninfected individuals from endemic regions, the network of interactions showed high density between these biomarkers, limiting the symptoms but not the infection. IL-10 and IL-4 have connections with chemokine (C–X–C motif) ligand 9 (CXCL9) in uninfected people and with chemokine (C–C motif) ligand 2 and IFN-γ in people having asymptomatic P. vivax infection (67, 68).

Such interactions revealed a protective role for IL-4 and IL-10 cytokines due to their modulating effect on these pro-inflammatory cytokine and chemokine. The network of biomarkers in patients suffering mild malaria consisted of IFN-γ, tumor necrosis factor (TNF), and chemokine (C–C motif) ligand 5, while the interaction occurred between CXCL9 and IL-12 in symptomatic patients. CXCL9 was associated with regulatory cytokines thereby suggesting their role in resistance to infection, as well as being associated at the beginning with symptoms when linked to IL-12. Patients who had a fatal outcome regarding the disease had an interaction between TNF, IFN-γ, and IL-10, the latter modulating the Th1 response, negatively regulating TNF and IFN-γ, due to an IL-12p70 suppression that could lead to death (67, 68).

Cytokine profile variations have been observed in malaria–dengue coinfection. TNF levels have increased in patients with coinfection regarding single infection thereby highlighting the role of IL-6, INF-γ, and IL-7 (68). Regarding the humoral response, antibodies play an import role in protection against malaria, and this has been demonstrated in different studies. Cohen et al. showed that passive transfer of antibodies from malaria-immune individuals to naïve young children suffering severe clinical malaria reduced the parasite density and clinical symptoms related to this disease (69). This experiment was confirmed by further studies where adult patients controlled the clinical symptoms and parasitemia after receiving intravenously injections of sera from people living in malaria-endemic areas (70, 71).

Immunoglobulins can protect or arrest disease progression in different ways; neutralizing anti-Spz antibodies can block Spz from invading hepatocytes (72–74). Mrz can be opsonized in the erythrocyte stage by specific antibodies that activate cell-mediated death or prevent the invasion of RBC and block the proteins responsible for binding to molecules on cell surface.

Studies in malaria-endemic areas have suggested that high IgG3 and IgG1 cytophilic antibody titers are associated with protection (75). In vitro studies have shown that monocytes can kill asynchronic malaria parasites in the presence of cytophilic IgG3 and IgG1 antibodies (76). These antibodies facilitate phagocytosis and kill Plasmodium parasites since cross-linked FcγR–Fc induce a respiratory burst. Antibody responses against P. vivax CSP-1 (77), PvMSP-1 (78–81), PvRBP1 (82, 83), PvAMA-1 (84), and PvMSP-3α (85, 86) have been characterized by IgG1 and IgG3 predominance, which are associated with malaria exposure and malaria protection; Tables 1 and 2 summaries the results obtained in each study.

TABLE 1 | PvCSP peptide antigenicity.
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TABLE 2 | Erythrocyte phase protein antigenicity.
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MHC Molecules and the Immune Response

Major histocompatibility complex proteins have high polymorphism in human beings; antigen-binding capability varies from one allele to another, increasing or reducing their affinity (55). The forgoing is essential for developing an effective vaccine inducing a protective immune response.

Major histocompatibility complex antigen-presenting molecules are divided into two large groups. Class I present intracellular antigens and can couple eight to nine amino acid-long peptides due to the smaller size of their grooves. Class II recognizes extracellular antigens and can display 13–18 amino acid-long peptides (109).

The genes encoding class II MHC proteins in humans are called human leukocyte antigen (HLA) and are in chromosome 6. They have alpha and beta subunits, an immunoglobulin domain, and a short transmembrane portion. They have genes from three classes of protein: HLA-DP, HLA-DQ, and HLA-DR; the most polymorphic locus is HLA-DR at expense of a highly polymorphic beta subunit, unlike the alpha subunit, which is monomorphic in humans (110).

The peptide’s binding site is formed by two almost parallel alpha helix regions above a beta sheet. The peptides are bound in the groove formed by the helices, with their terminal residues extended. The peptides adopt an extended poly-proline type II conformation exposing the peptide backbone to MHC conserved hydrogen-bonding residues covering the groove. Such conformation allows a peptide’s side-chains to bind to the groove of the MHC binding site, as well as allowing the side-chains to bind to MHC pockets in positions 1, 4, 6, and 9. The others bind to the T-lymphocyte receptor (TCR)-binding site (55, 111).

Major histocompatibility complex class II molecules, expressed constitutively on antigen-presenting cell surface (DCs, macrophages, and B-lymphocytes) recognize extracellular peptides processed by the endosome/lysosome pathway, which are edited by the HLA-DM molecule. MHC class II presents the antigen to the TCR of CD4+ T-lymphocyte (T-helper) (55).

The CSP is one of the most important proteins described to date in Spz. Previous studies involving individuals residing in P. vivax malaria-endemic regions in Brazil have shown low responses for antibodies directed against the repeat region. An association has been reported between the HLA-DR16* allele and antibody response to P. vivax VK247 variant CSP repeats, as well as an association between the HLA-DR7* allele and a lack of antibody response to VK210 variant CSP repeats (112).

A study involving an infected population in Brazil evaluated the relationship between HLA-DRB1* alleles and the antibody response to CSP, MSP-1, AMA-1, and Duffy binding protein (DBP) peptides. A significant association was found between high MSP-1 antibody levels (especially to the Pv200L fragment) and the HLA-DR3* allele; while no association was found between CSP, AMA-1, and DBP antibody production and HLA-DRB1* alleles (113).

During the erythrocyte phase, the merozoite surface protein (MSP) family is the responsible of the interaction between Mrz and reticulocytes. PvMSP-1, PvMSP-3, and PvMSP-9 are potential vaccine candidates since they are exposed to the immune system and are recognized by antibodies from naturally infected individuals. A study by Lima-Junior et al. evaluated IgG antibody response to P. vivax MSP-1, MSP-3α, and MSP-9; a relationship between HLA-DRB1*04 individuals and high antibody response to PvMSP3CT and PvMSP3NT and HLA-DQB1*03 individuals, and response to PvMSP3CT was observed (86).

IgG response was positively associated with HLA-DRB1*04 and HLA-DQB1*03 individuals regarding PvMSP-9 repeat regions and the NT region. Such response involving high antibody levels was associated with a possible selective pressure by P. vivax in the Amerindian population. Antibody responses for PvMSP-9 were more correlated with the time spent living in a malaria-endemic area and not with a particular HLA-DRB1* allele (86).

Ferreira et al. constructed and expressed a synthetic gene encoding promiscuous T-helper epitopes bound to the PvRBP1435–777 sequence. Although it has been observed in clinical assays that candidates for a vaccine against P. vivax are poorly immunogenic, they predicted that this chimerical protein (called PvRMC-RBP1) would be recognized by multiple HLA alleles. Epidemiological and serological studies proved the preservation of B-cell conformational epitopes in the chimeric protein. However, no association was found between HLA-DRB1* and HLA-DQB1* alleles and IgG antibody responses to the chimeric or native proteins. This seemed to be because PvRBP1 had multiple promiscuous T-cell epitopes, which did not induce specific genetic restriction (83).

Non-HLA Host Polymorphism

Miller et al. proved (for the first time) the hypothesis that the Duffy negative erythrocytes are resistant to P. vivax infection in Africans (114). The Duffy antigen or Duffy antigen receptor for chemokines (DARC) is expressed on RBC surface (115). Its encoding genetic locus having three alleles [FY*A (Fya) and FY*B (Fyb) with SNP of differences and FY*O] has a negative serological phenotype Fy(a−b−) (116, 117). The absence of DARC expression in RBC is due to a point mutation (T46C) in the GATA box of this gene’s promoter (118, 119).

Duffy negative patients infected with P. vivax have been found during the last few years (56, 120). Mendes et al. reported that Duffy negative individuals from Africa’s West Coast were infected with different strains of P. vivax, and they concluded that the parasite evolved quickly and used other receptors different to Duffy to invade RBC (121).

The balance between innate and adaptive immune response is important in the development of immunopathology and clinical severity in several infectious diseases. Sohail et al. have investigated polymorphisms in the TNF-α gene promoter region and its association with vivax infection in an Indian population. They found that TNF-308A and TNF-1031C were associated with vivax infection (very low frequency) in the study population (122). Other research has shown that IL1B, IL4R, IL12RB1, and TNF genes were associated with susceptibility to P. vivax malaria in a population from Brazil’s Pará state, reporting −5,839C>T SNP promoter association with P. vivax malaria susceptibility (123).

Da Silva et al. have shown an Amazonian population’s many host polymorphisms association with susceptibility or resistance to malaria infection. SNPs in the IL-10, CTL4 and TLR4 genes have been significantly associated with lower risk of clinical malaria, while a SNP in the IRF1 gene has displayed an enhanced risk. An intronic SNP in LTA was associated with protection, and one SNP on the TNF promoter was associated with susceptibility to clinical malaria (124).

Another study found no differences regarding IL6-176G>C polymorphism distribution in participants making up the different clinical groups of vivax malaria in a Brazilian population. No association was found between TNF-308G and clinical manifestations of malaria and no haplotype having DDX39B (22 C>G and 348 C>T) and TNF-308G> was identified or polymorphisms increasing the risk of clinical vivax malaria. Moreover, study participants having the genotype combination described here associated with resistance against manifestations of P. vivax infection (CG/CC/GG/GG) also had lower levels of pro-inflammatory TNF and IL-6, suggesting that DDX39B confers protection against malaria pathogenesis by reducing inflammatory response (125).

P. vivax PREERYTHROCYTE PHASE PROTEIN ANTIGENICITY AND IMMUNOGENICITY

P. vivax CSP

One of the predominant surface proteins in Spz is the CSP; it is expressed during the preerythrocyte phase and plays a fundamental role during hepatocyte invasion (126). This protein is a candidate for a vaccine against malaria in the preerythrocyte phase since various studies have shown that anti-CSP antibodies block hepatocyte invasion (88, 127, 128).

Circumsporozoite protein in the different Plasmodium species has a highly conserved structure; it consists of an NT extreme (N), a species-specific central repeat region (R) located between two conserved regions (region I and region II), and a GPI anchor in the C-terminal extreme (129). The repeat region contains an immunodominant B-cell epitope, which is associated with its immunogenic potential (130).

Furthermore RTS,S/AS01, the most advanced recombinant vaccine to date for preventing malaria caused by P. falciparum, is designed from P. falciparum circumsporozoite protein (PfCSP) repeat region peptides and C-terminal region T- and B-epitopes, coexpressed with hepatitis B surface antigen. Phase III clinical studies have shown 33–50% efficacy 1-year post-immunization in 5- to 17-month-old infants (89, 92, 131). However, after a 7-year follow-up, the vaccine efficacy declined to 4.4%, with a 16.6% efficacy against all episodes of clinical malaria in the low-exposure cohort and to −2.4% in the high-exposure cohort (132). Furthermore, no vaccine efficacy was observed against severe malaria in children and young infants immunized with RTS,S/AS0 (133). Given that CSP has been widely studied in P. falciparum, and among different Plasmodium species, this protein is considered as a potential target for designing a vaccine against P. vivax (134–137).

Three allele variants of the P. vivax circumsporozoite protein (PvCSP) have been described: VK210, VK247, and vivax-like CSP-P, which differ at repeat region sequence level (138, 139). VK210 has greater global distribution, being found in countries like Brazil (140), India (141), Thailand (142), and Peru (143), while VK247 is found in some regions of Colombia and Brazil (144), and vivax-like CSP-P in Brazil (140), Indonesia, Madagascar, and PNG (139).

Antigenicity studies in people exposed to the disease in different endemic regions have found variable prevalence in individuals responding to different PvCSP fragments (87) (Table 1). Preclinical studies and phase I clinical assays (Table 3) have been carried out regarding P. vivax with long synthetic peptides (LSP) having more than 70 Pv amino acids from PvCSP amino terminal (N), carboxyl terminal (C), and repeat (R) regions linked to tetanus toxoid peptide (87). Immunized non-human primates from the genus Aotus spp. produced specific antibody response recognizing both LSP and CSP since the first immunization (87). LSP has also induced a Th1-type immune response characterized by increased IFN-γ and reduced IL-4 production in T-lymphocytes stimulated in vitro (87, 137).

TABLE 3 | Plasmodium vivax vaccine clinical trials.
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High IFN-γ production in vitro and cytophilic antibodies (IgG1 and IgG3) capable of recognizing fragments from the PvCSP N- and R-regions have been produced by LSP (as in experimental models) in phase I clinical assays. By contrast, the C-terminal region has not been immunogenic in humans (77).

Specific B- and T-cell epitopes must be included to stimulate an immune response thereby enabling recognition by class I and class II MHC molecules. Two modified LSP, PvCS-NRC (137 aa) and PvNR1R2 (131 aa) have induced a strong antigen-specific antibody response in immunized mice. They have inhibited Spz invasion of hepatoma cells (HepG2A-16) in vitro by 65 and 90% for both PvCS-NRC and PvNR1R2, respectively (88, 128). PvCS-NRC has included conserved regions I and II and the repeat region sequence from VK210 and VK247 variants (88, 129). PvNR1R2 has been improved by including B-epitopes, T-epitopes, and cytotoxic lymphocytes epitopes (128).

Immunogenic fragments of CSP have been evaluated in a recombinant vaccine (VMP 001) expressed in Escherichia coli encoding a PvCSP chimera (149). VMP 001 has triggered a potent immune response in BALB/c mice following a third immunization. The antibodies so produced were capable of agglutinating live Spz, indicating a loss of Spz-infective capability (150). rPvCSP-c, a recombinant protein similar to VMP 001 (91), has shown antibody-specific reactivity against variants VK210 and VK247 (151).

Formulations have been made with adjuvants or TLR agonists to maximize vaccine candidate fragments’ immune response. Regarding adjuvants, assays involving BALB/c mice and Aotus spp. monkeys have proved that formulation with Freund’s, Montanide ISA270, and Montanide ISA51 adjuvants, which have not led to significant differences concerning specific antibody production. However, clinical assays have revealed greater immunogenicity (having greater antibody titers and IFN-γ production) when Montanide ISA 51 adjuvant was used (145). Other adjuvant that has been tested is the inert nanoparticles, which is coated with the P. berghei CSP and induced CD8 T cell immunity without pro-inflammatory signals and also induced IFN-γ production levels determined to be required for sterile protection in the P. berghei challenge model (152).

PvCSP has been formulated with TLR agonists helping to improve the immune response. Aotus nancymaae immunized with VMP 001 plus a TLR9 agonist (CpG 10104) have produced high antibody titers since the first dose, antibodies directed against the C-terminal region, and the VK210 variant repeat region predominating. It was seen that 66.7% of immunized primates became protected following experimental challenge (153), associated with the activation of B-cells, macrophages, and DCs by the CpG 10104 agonist (154).

Other formulations have been evaluated by using new agonists. When using VMP 001 for immunization with the TLR4 agonist (glucopyranosyl lipid A) it was found that this created a CD4+ cell response with high IL-2 production but low TNF levels (90). Fusing a polypeptide covering the PvCSP immunodominant region coformulated with the FliC agonist (Salmonella typhimurium flagellin) produced a PAMPs-dependent immune response via TLR5 (155).

The results of PvCSP vaccine phase I/II of Pv(VMP001/AS01B) have been published recently; it induced an antibody, cell-mediated immune response and delayed the latent period, but it did not induce sterile protection (146). Experience with P. falciparum vaccines has demonstrated that single-stage and single-target antigens cannot induce long-lived, sterile protection (133). The next generation P. vivax vaccine should include multiple targets, especially those needed for binding to host cells and those blocking transmission.

Thrombospondin-Related Adhesive Protein (PvTRAP)

The thrombospondin-related adhesive protein (TRAP) has also been evaluated as a potential preerythrocyte phase vaccine candidate. TRAP is a type I transmembrane protein, expressed in the micronemes and translocate to Spz surface during hepatocyte invasion. The ectodomain consists of an A domain, a thrombospondin type 1 repeat (TSR), and a repeat region, which is variable among species. The A and TSR regions are cell adhesion domains that interact with hepatocyte membrane receptors thereby enabling invasion (156–158).

This protein has been studied in P. berghei and P. falciparum as vaccine candidate; these studies showed a significant reduction in parasites during hepatic phase, mediated by CD8+ cytotoxic T-lymphocytes but involving low antibody production (159, 160) P. falciparum (161).

A P. vivax study with PvTRAP LSP involved immunizing mice and Aotus spp., which were then experimentally challenged. A good antibody response against the peptide was produced in mice, but only 50% recognized Spz. Four immunizations were needed in Aotus for obtaining a significant antibody titer, but IFN-γ levels did not increase; four of the six monkeys became protected following experimental challenge (162).

Mice immunized with PvTRAP expressed in viral vectors have induced a better immune response associated with high IFN-γ production and TNF-α by CD8+ T-lymphocytes and the production of high antibody titers specific against PvTRAP. A marked increase in IL-2 production from CD8+ lymphocytes has been seen after inoculating Spz, indicating an active response in the liver (163).

One of the main problems in developing an antimalarial vaccine using PvTRAP has been its high genetic polymorphism observed in different isolates from different regions around the world (164). An approach to preventing these problems would involve studying proteins’ conserved regions instead of using immune-dominant antigens, which are highly polymorphic.

P. vivax ERYTHROCYTE PHASE PROTEIN ANTIGENICITY AND IMMUNOGENICITY

Merozoite Surface Protein-1 (MSP-1)

The MSP family has been the most studied candidate from the erythrocyte asexual phase when developing an effective vaccine against malaria. The MSP-1 belongs to this family, being one of the most studied and currently important for both P. falciparum and P. vivax (165).

The MSP-1 analog in P. vivax is encoded by the Pv200 gene (166), having a 200-kDa molecular weight (167). The proteolytic processing profile is thought to be similar than for P. falciparum MSP-1, leading to 4 fragments: 83, 30, 38, and 42 kDa; further cleavage of the last one (C-terminal region) produces 33 and 19 kDa polypeptides, which are released to the blood stream. A 19-kDa portion remained bound to the recently formed ring phase following reticulocyte invasion (79, 168).

A study in Pv exposed individuals found IgG responses to rPv200L (like the Pf190L fragment) indicating that the protein has high antigenicity. Sera from immunized animals showed IgG-specific antibodies capable of recognizing this protein Pv. The authors highlighted the fact that the observed response had a protective tendency since Aotus spp. developed low parasitemia peaks following P. vivax challenge (94).

The 19-kDa C-terminal fragment has been one of the most studied from MSP-1 (Pv200). Kaslow and Kumar studied Pv20019 protein immunogenic capability in mice vaccinated with three doses. An increase in antibodies was observed in sera, which became increased with the second vaccination, this being attributed to a booster for helping epitopes in Pv20019. The response was T-cell dependent, suggesting that an immune response to a vaccine based on this protein could be boosted by natural infection (169).

Studies in an endemic area of Brazil by Soares et al. detected IgG antibodies against MSP-1 C-terminal and NT region. Response to the C-terminal region increased according to patients’ number of previous episodes of malaria, an increase of up to 80% being observed in patients who had suffered more than four episodes. Moreover, in vitro proliferation was observed in 47% of the individuals and IFN-γ production 54% of them. This study suggests that the C-terminal region contains two immunogenic epidermal growth factor (EGF)-like domains which induce T-cell and antibody responses against P. vivax during natural infection in humans (78). Later studies with the C-terminal region, specifically PvMSP-119, have shown that these two EGF-like domains function as a binding portion in PvMSP-1 interaction with erythrocytes (170).

Later studies by Soares et al. found that antibody titers against PvMSP-119 became rapidly reduced (by up to 13-fold) in infected individuals and those who had received treatment against the disease. Antibody response against the NT region became reduced, even though such reduction was not significant. The decrease of antibodies directed against the C-terminal region could have contributed toward cases of reinfection in high-risk areas (171). Fernandez-Becerra et al. evaluated IgG subclasses in children, finding a predominant IgG1-type response against the C-terminal region and low IgG3 and IgG4 percentages. The predominant antibodies in adults were IgG3, a correlation between antibodies against the C-terminal region and age being observed (172).

High antibody titers against Pv20019 have been observed in infected soldiers in the republic of Korea Pv, mostly IgG and IgM to a lesser extent; these were maintained for a long period of time (from 4 to 6 months) following recovery from malaria (173). Another study showed that IgG antibody permanence was maintained for more than 5 months, while IgM-type remained negative 2–4 months after the onset of symptoms (93).

The major responses in Turkey (where P. vivax is the only Plasmodium species present in the area) were IgG, IgM, and IgA to a lesser extent. It is worth highlighting the fact that PvMSP-119 was highly antigenic in individuals who are naturally exposed to the infection and, since no other Plasmodia are infecting in that area, the response observed cannot be attributable to a crossed reactivity (95).

Rosa et al. characterized the MSP-119 recombinant protein’s antigenic and immunogenic properties together with two T-helper epitopes (the universal pan allelic DR epitope and a new internal MSP-1 epitope from the 33-kDa C-terminal region). It was seen that T-helper epitopes did not modify protein recognition by human IgG. The complete recombinant protein was immunogenic in marmosets (Callithrix jacchus jacchus), but only when Freund’s adjuvant was used (174).

A study of immune response and protection was conducted in our institute, two groups of Aotus spp. (one splenectomized and the other not) were immunized with two recombinant polypeptides (rPvMSP-114 and rPvMSP-120) from the MSP-1 33-kDa C-terminal region containing high activity binding peptides (HABPs) to reticulocytes. Most immunized monkeys recognized the rPvMSP-114, rPvMSP-120, or the mix of HABPs by enzyme-linked immunosorbent assay (ELISA) and denatured PvMSP-1 42 and 33-kDa fragments by Western blot. Although half the animals immunized with the rPvMSP-114 and rPvMSP-120 mixture were protected, some monkeys did not produce antibodies against the vaccine candidate. This suggested that protection was not only mediated by a humoral immune response (175). The next study involved vaccinating Aotus spp. monkeys with the two above mentioned recombinant polypeptides but in three doses. Aotus spp. produced antibodies capable of recognizing the native protein and managed to control parasitemia in four out of the five immunized monkeys. Interestingly, some animals produced high IFN-γ levels and controlled parasitemia but displayed low antibody titers; conversely, some other animals were protected having high antibody tires but low IFN-γ levels (176).

Other studies have found that anti-PvMSP-1 antibodies (predominantly IgG), recognizing the NT region, are associated with a reduced risk of infection and clinical protection against the PvMSP-1. Although these antibodies do not recognize the C-terminal region (79), there have been reports that the C-terminal region is immunogenic and capable of naturally stimulating antibody production in new infections (78, 93, 173).

The MSP-1 protein’s 42-kDa fragment has also been studied due to its potential as vaccine candidate; its immunogenicity was evaluated in mice. High IgG1, IgG2a, and IgG2b antibody levels were observed while IgG3-type response was low. A high proliferative response also found high IL-2, IL-4, IL-10, and IFN-γ levels being detected in culture supernatants (177). Greater prevalence of recognition of PvMSP119 than PvMSP142 was found when a naturally acquired humoral immune response was reported (178).

An MSP-1 paralog has been identified recently (PvMSP1-P); its immune response was characterized using different protein fragments (83, 30, 38, 42, 33, and 19 kDa). The NT (83 kDa) fragment and two from the C-terminal region (33 and 19 kDa) were recognized by sera from infected patients living in endemic areas (179).

IgG1 and IgG3 (IgG2b in mice) were the predominant responses in patients from endemic regions, as in immunized mice. The C-terminal region induced a predominantly Th1 profile of cytokine response having high TNF, IFN-γ, and IL-2, but low levels of IL-10 and IL-4 cytokines (Th2 profile), showed greater lymphoproliferative response than the MSP1–19 fragment. The correlation between parasitemia and anti-MSP1P antibody level suggest that it does not contribute strongly to inhibiting parasite growth (81).

Due to its colocation with MSP1, it has been thought that it played a similar role in erythrocyte invasion; however, analyzing the sequences has suggested different roles for each protein. Cytoadherence assays demonstrated that MSP1-P could be an essential adhesion molecule regarding P. vivax invasion to erythrocytes, is immunogenic in humans, and is a potential vaccine candidate against P. vivax (179).

Merozoite Surface Protein-3 (MSP-3)

The P. vivax merozoite surface protein-3 (PvMSP3) is a member of the MSP family characterized by having a highly polymorphic alanine-rich central domain (180). It has a relatively conserved N- and C-terminal domain and two central blocks of seven repeats forming tertiary supercoiled helices in their structure (180–182). It is expressed in schizonts and is associated with Mrz surface during the erythrocyte phase (180).

Its homolog in P. falciparum has been studied as a vaccine candidate in preclinical (183) and phase I assays, protection was associated with reduced parasitemia by cytophilic antibodies inducing antibody-dependent cell-mediated inhibition of parasite growth mechanism (184). It has been shown to be highly immunogenic in P. vivax, having a high prevalence of antibodies directed against PvMSP-3α block II (96).

A correlation has been described between time spent living in an endemic region and the number of previous episodes of malaria, involving an increase in IgG1 and IgG3 anti-PvMSP-3α (85, 86, 96). A naturally acquired response has been found toward 15 antigenic determinants, mainly located in repeat regions (85). Other studies have reported the C-terminal region as being the most antigenic, having a significant increase in IgG in a population from Brazil (97) and PNG (96). However, it has been found the antibodies directed against block II are associated with protection against clinical episodes of P. vivax malaria, having greater than 500 parasites/μL parasitemia (96).

Interestingly, no response against PvMSP-3α was produced in immunogenicity studies with C57BL/6 mice, while high antibody titers were produced with PvMSP-3β following the second and third immunization (97). Incorporating adjuvants (Quil A, TiterMax, or IFA) has maximized the response against PvMSP-3α, indicating that another parasite’s molecules must act as adjuvant for PvMSP-3α antigenic presentation during natural infection (96, 97). Regarding cellular response, PvMSP-3β with Quil A, Titer Max, or IFA adjuvants have produced a balanced Th1/Th2 response, while the Alum adjuvant directed response toward Th2 with a significant murine IgG1 increase. Alum co-formulated with the TLR9 agonist (CpG ODN 1826) balanced the Th1/Th2 relationship, increasing Th1 response due to pro-inflammatory cytokine production (97).

Merozoite Surface Protein-9 (MSP-9)

The P. vivax merozoite surface protein-9 (PvMSP-9) is also a potential vaccine candidate. Some studies have shown that this protein is conserved among Plasmodium species infecting humans, rodents, and primates. Furthermore, antibodies produced against PvMSP9 homologs in P. cynomolgi and P. knowlesi can inhibit Mrz invasion of erythrocytes (180).

The P. vivax, P. knowlesi, and P. cynomolgi msp-9 genes encode a hydrophobic signal peptide and repeat motifs upstream of the stop codon and a C-terminal region having two species-specific blocks of repeat amino acids (PvMSP9-RI and PvMSP9-RII). Together with P. falciparum has four cysteine residues close to the NT giving the MSP-9 family’s structural and functional characteristics. This protein is expressed during schizogony and is organized on Mrz surface during schizont development and segmentation (180, 185).

The cellular and humoral immune response of BALB/c mice immunized with PvMSP9-Nt, PvMSP9-RII recombinants, and the mixture of both recombinants was evaluated for testing PvMSP-9 immunogenicity. Antibody response in mice was determined by ELISA and was mainly IgG; there were greater titers for IgG1, IgG2a, and IgG2b isotypes than IgG3. Regarding cellular response, the amount of spleen cells secreting IFN-γ was higher than those secreting IL-5. Moreover, sera from patients living in an endemic region of Brazil recognized the two recombinant regions, demonstrating that both were immunogenic (186).

A study was carried out on a population, which was naturally exposed to P. vivax infection in Brazil, and the immune response against PvMSP9-RIRII and PvMSP-N terminal domains was evaluated. Of the 306 individuals in this study, 74% had IgG antibodies that recognized at least one of the recombinant proteins, thereby indicating that these proteins are antigenic during natural infection, especially PvMSP9-RIRII. When the IgG subclasses were evaluated, IgG1 was predominant for PvMSP9-RIRII and PvMSP9-N terminus, and IgG2 was prevalent for PvMSP9-RII. Furthermore, five synthetic peptides predicted to bind to HLA-DR alleles were chosen, and the overall cellular response frequency for at least one of the peptides was 58% for IFN-γ and 41% for IL-4. No association was found between IFN-γ production and IgG levels regarding recombinant proteins. Lima-Junior et al. thus concluded that PvMSP9 C-terminal and NT domains are immune response targets for individuals living in P. vivax endemic regions. The reactivity index for IgG has been positively correlated with time spent living in an endemic area; conversely, IgG3 reactivity did not predominate regarding response to the recombinant proteins. It has been shown that PvMSP9 NT region peptides induce memory T-cell response where IFN-γ and IL-4 cytokines produced in significant proportion by individuals from endemic regions has indicated the presence of T-cell epitopes (98).

Another study involving volunteers from an endemic region of the Amazon region showed that the response of cells producing IFN-γ was significantly greater than those regarding IL-4. The results obtained for 5 of the 11 peptides selected contained PvMSP9 promiscuous T-cell epitopes. The core sequence (ASIDSMI) shared by three of the peptides was highly immunogenic; another peptide could have had two immunodominant epitopes, one in the overlapping core region and another in the C-terminal region, which produced a cellular response in 23 volunteers (99).

The specific response of IgG to PvMSP9-N terminal has been associated with protection against symptomatic P. vivax infection in children aged less than 3 years old in a PNG endemic region. Such antibodies specific for PvMSP9 were prevalent in children suffering frequent infections and have been associated with protection in children who have not had these infections. The authors concluded that two classes of antibodies are produced against the PvMSP9 NT region, one produced by short-lived memory B-cells and the other by long-lived cells (96).

Duffy Binding Protein (DBP)

Plasmodium vivax Mrz requires antigens from the Duffy blood group as surface receptor for invading human reticulocytes (114). P. vivax DBP adhesion to its receptor on erythrocytes [Duffy antigen receptor for chemokines (DARC)] is essential for the parasite to continue developing during the asexual phase in human blood (114, 187). PvDBP is a 140-kDa protein, which is located in the micronemes; it has been divided into four important regions: a peptide signal sequence (region I), two cysteine-rich regions separated by a non-homologous hydrophilic region (region II, identified as the erythrocyte-binding domain, and region VI), and transmembrane domain (region VII) (188–191). PvDBP is a main target to use as vaccine candidate since its importance during parasite invasion and its ability to induce antibodies against the parasite’s asexual phases (114, 192).

Serological evaluation in a PNG endemic area has shown that a humoral immune response was common and increased with age, suggesting a possible booster effect regarding antibody response in some cases by repeated exposure to the infection (100). A similar pattern has been observed in an endemic region of Colombia where a positive correlation was found between increased antibody response and patients’ age. Also, an immunologic boost for DBP was found, even in endemic areas having a low transmission level (101). The forgoing shows that DBPII was naturally antigenic in people residing in endemic regions.

Children having high antibody levels against DBPII has been associated with delayed reinfection time with the same P. vivax variant; however, such association was not observed when evaluating MSP1–19 (193). In other studies have been observed that naturally acquired neutralizing antibodies against DBP are short-lived, increasing with acute infection, and are strain specific (194, 195).

Antibodies from plasma from naturally exposed people and from animals immunized with recombinant Duffy binding protein (rDBP) have blocked the specific interaction between the PvDBP ligand domain in vitro and its receptor on erythrocyte surface; such inhibitory activity has been correlated with antibody titers (196, 197). The forgoing shows DBP’s potential as vaccine candidate due to its essential role as adhesion molecule (196).

The cytokine production of individuals exposed to P. vivax was analyzed; IFN-γ, IL-10, and IL-2 induction was observed. The response was seen to depend on individuals’ age and the specific DBPII variant, producing partially acquired immunity to P. vivax in these populations (198). Similarly, epitopes mapped from the DBPII critical binding region have produced a humoral response, accompanied by increased antibody levels associated with patients’ increased age, suggesting recognition through repeated infection. Some individuals recognized rDBPII but not linear epitopes, indicating the presence of conformational epitopes; such cases occur regularly in young people or subjects suffering first acute P. vivax infection, suggesting that multiple infections are needed for the recognition of linear epitopes (199).

The DBP binding domain (DBPII) is polymorphic, tending to compromise the efficacy of any vaccine associated with strain-specific immunity (192). Due to the high rate of polymorphism observed in DBP region II, an in-depth investigation was made of the relative importance of conserved and polymorphic residues in this region by directed mutagenesis. The mutations causing the loss of ligand function were mainly produced in discontinuous groups of conserved residues, while almost all mutations in polymorphic residues did not alter RBC binding (200). Such polymorphism has been seen to have a synergic effect on the antigenic nature of DBP (201). Sera from patients reacted to denatured, non-reduced, and native rDBP, indicating immunogenic conserved linear B-epitopes (100). The immune efficacy of a DBPII vaccine depends on inducing antibodies, and this response should be optimized toward conserved epitopes to protect against P. vivax (197).

Since DBP region II epitopes have been shown to be immunogenic, studies have established universal epitopes, which can be presented by different HLA-DR alleles inducing an effective cellular and humoral immune response, making them a candidate for a subunit-based vaccine (202). Antigenicity studies using PvDBPII universal epitopes have shown that lymphoproliferation, IL-6, and IFN-γ production is induced in peripheral blood mononuclear cells (PBMCs) from individuals exposed to infection. Such results have suggested that these epitopes having affinity for HLA-DR molecules can be good components of a vaccine against P. vivax (203).

Polymorphisms observed in DARC have also been associated with P. vivax infection severity and susceptibility in humans. Individuals with low DARC expression (a single negative allele) have a greater probability of having anti-MSP1 and anti-DBP antibodies than individuals having high DARC expression (double positive alleles). Individuals having high expression of DARC have been found to be associated with greater susceptibility to infection, exhibiting low frequency and magnitude of specific antibody response against P. vivax during the blood stage. This could indicate that one of P. vivax’s primary mechanisms for evading host immunity works through indirect negative regulation of DARC, influencing the humoral response against erythrocyte invasion and parasite development (204).

Apical Membrane Antigen-1 (AMA-1)

The AMA-1 in Plasmodium is a transmembrane protein, which is localized in the micronemes. It seems to be essential during cell host invasion and is present in all Plasmodium species (205, 206). Eight disulfide bonds have been identified in the AMA-1 ectodomain of 66 kDa, defining three different subdomains (DI, DII, and DIII) (207). Immune responses induced by AMA-1 from different Plasmodium species have shown potent parasite-inhibitory effects both in animals and in vitro thus suggesting AMA-1 as a potential vaccine candidate (208).

Plasmodium vivax AMA-1 ectodomain (PV66/AMA-1) has been shown to be highly immunogenic in rhesus monkeys, inducing high IgG antibody titers; however, these suffer a rapid decline. A slight reduction in parasitemia has been observed in P. cynomolgi-challenged animals previously immunized with PV66 (209).

Mice immunized with human adenovirus type 5 and rAMA-1 have produced long-lived specific antibodies (including IgG1 and IgG2a) and memory T-cell proliferative responses. Memory T-cell responses were effector- and central-type, central memory predominating (210). In mice it was observed that response was both Th1 and Th2 following three immunizations and persisted for 1 year following the first immunization. On the other hand, the antibodies produced were capable of recognizing the native protein located on P. vivax parasites (211).

When evaluating the immune response against two PvAMA-1 variants (A and B), there were no significant differences regarding the prevalence of IgG response. A marked switching in isotypes, which became increased with age, was also seen. The predominant cytophilic antibodies recognized PvAMA1A (IgG1) and PvAMA1B (IgG1–IgG3). The immune-epidemiological data in this research were similar regarding the two variants, this implied that one of these forms could be used in a universal erythrocyte stage PvAMA-1 antigen-based vaccine (212).

An IgG response was observed in people residing in endemic regions exposed to P. vivax in Brazil, IgG1 being the dominant subclass. This antibody response was slightly lower than that observed with MSP119 and increased by 100% in individuals having had more than three episodes. Sequences of PvAMA-1 variable domain from different isolates have been seen to have limited polymorphism in this country (102).

This protein has been seen to be involved in Mrz invasion and contains an extracellular portion containing three different domains (207). When evaluating DI, DII, and DIII, separately or in combination in P. vivax-infected individuals, a greater immune response toward proteins containing the domain II was observed. Inhibition assays using the PvAMA-1 ectodomain led to common epitopes being identified within the DI–DII domains, which were recognized by antibodies from people residing in endemic regions. Immunization in mice having the PvAMA-1 ectodomain induced high levels of antibodies, predominantly against DI–II (103).

A linear B-epitope was also identified between amino acids 290–307 (SASDQPTQYEEEMTDYQK) in domain II, this peptide was recognized by sera from individuals naturally infected by P. vivax (213).

Recombinant P. vivax apical membrane antigen-1 DII was formulated with six adjuvants and was highly immunogenic regardless of the adjuvant used. DII-specific antibodies recognized native AMA-1 protein, demonstrating that it is immunogenic and indicating that this protein region could be evaluated as part of a subunit-based vaccine against malaria caused by P. vivax (214).

Reticulocyte-Binding Proteins (RBP)

Reticulocyte-binding proteins include PvRBP1 and PvRBP2 and their variants PvRBP1a and b and PvRBP2a, b, and c, and other family members (215). RBP1 is a homodimer bound by disulfide bonds, binds non-covalently to RBP2, and forms a protein complex (216). They are colocalized in the apical zone in Mrz micronemes and contain a transmembrane domain toward the C-terminal extreme, possessing repeat regions in PvRBP2 and reticulocyte-binding domains (108, 215, 217–219).

It is thought that RBPs could participate in reticulocyte invasion since no infection by P. vivax has been observed in mature erythrocytes (220). Their reticulocyte-binding ability has also been reported, but the specific receptors have yet to be identified (219). It has recently been found that only PvRBP2b binds specifically to reticulocytes (221). Due to their participation in infection, they have been studied as erythrocyte phase vaccine candidates, aimed at blocking Mrz invasion of reticulocytes (218).

High affinity reticulocyte-binding peptides (HARBPs) have been identified, 5 in a fragment from the region I of PvRBP1 NT extreme (222) and 24 throughout the whole protein (223). The highly-conserved region III (between amino acids 1,941–2,229) had the greatest amount of HARBPs (223) and, when used as immunogen, it induced high antibody titers in Aotus nancymaae monkeys, able to recognize the full PvRBP1 in parasite lysate. T-lymphocytes became activated following the second and third doses, but no protection was obtained after experimental challenge (224). Due to studies involving other P. falciparum proteins showing that highly conserved sequences are not immunogenic, in spite of having high binding capability, it has been suggested that changes must be made in some amino acids to increase the immune response and induce protection based on studies of critical binding residues for HARBPs from region III (224).

Antigenicity studies have found a direct relationship between higher anti-PvRBP1 antibody titers and the number of previous episodes, the time spent residing in an endemic region and age (82, 83, 219, 224). The immune response to PvRBP1 has also been associated with greater IgG1 and IgG3 cytophilic antibody presence against fragments from polymorphic regions (82, 83).

Studies regarding different populations where an acquired response to B-epitopes (107) and various fragments from PvRBP1 and PvRBP2 variants (108, 219) have shown high prevalence of IgG antibodies against fragments from repeat region, the supercoiled helix, and PvRBP1 C-terminal region (107) (Table 2). Regarding the NT region (including the most polymorphic region of the PvRBP1a and b variants) (108), IgG prevalence was intermediate in a population from Thailand, while no antibody response against PvRBP1b was found in a population from the Republic of Korea (219).

On the other hand, PvRBP2 has been seen to have greater antibody prevalence against NT region, repeat region (107), and PvRBP2c variant fragments (219). PvRBP2c is one of the most polymorphic variants, probably having the greatest global distribution, associated with the prevalence of this variant’s recognition (219). PvRBP2b and PvRBP1a have been correlated with lower risk of parasitemia in a cohort study of PNG children (221). Regarding other proteins such as PvDBP, PvRBP antigenicity is much lower (82, 108).

Antigenicity and/or Immunogenicity of Non-Classical Vaccine Candidates

In spite of the technical limitations involved in studying P. vivax proteins, other proteins characterized as being promising vaccine candidates have been studied during the last few years. One such is merozoite surface protein-10 (PvMSP10) having NT and C-terminal regions with two EGF-like domains and a GPI anchor (225). Colombian individuals exposed to P. vivax infection have shown reactivity to recombinant PvMSP10; rPvMSP10 has also elicited high antibody titers against the protein in immunized Aotus monkeys but no protection after challenge (226). Infected Korean individuals had 42% IgG prevalence, IgG1 and IgG3 antibodies predominating. Immunized mice have shown a Th1 response-biased immune response (227).

The Pv34 protein was characterized based on homology of the P. falciparum Pf34 protein, and antigenicity was evaluated in PBMCs from individuals previously exposed to infection. Stimulation with rPv34 induced proliferation in 71% of individuals and high IL-2, IFN-γ, and IL-4 production (Th1/Th2 profile), such response being attributed to recognition of T- and B-epitopes responsible for a combined immune response (228).

Another protein characterized was PvRON-1, based on its homologous PfASP protein in P. falciparum. This protein’s antigenicity was evaluated using sera from people having had previous P. vivax infection. The results showed that PvRON-1 was expressed during natural infection and could generate an antibody response in the host (229).

An antigenicity and immunogenicity study of P. vivax rhoptry-associated leucine (Leu) zipper-like protein-1 (PvRALP-1) was carried out on patient serum samples and immunized mice. PvRALP-1 was recognized in samples from patient sera, IgG1 and IgG3 being the predominant subclasses, although without significant differences with the other subclasses; Th1/Th2 response was balanced in immunized mice (230).

The CelTOS microneme protein characterized and tested for P. falciparum, having 98% homology with P. vivax, should be considered for further studies since cross-species protection has been demonstrated in preclinical studies (231). It has been described as vaccine target by blocking transmission infection or preerythrocytic stage due to its cell traversal function in Spz and ookinetes (232). A recent study proved ~20% prevalence of antibodies against PvCelTOS in a Thai population (233). More studies related to immunogenicity, and antigenicity potential are needed and should involve new proteins characterized during the last few years, related to host cell invasion during different life cycle stages, such as rhoptry neck proteins.

TRANSMISSION BLOCKING P. vivax VACCINE CANDIDATES

One of the methodologies used for controlling malaria infection has been the search for transmission blocking vaccines, through strategies for preventing ookinete development in the vector (234). The assays conducted for transmission blocking have been focused on two main proteins, Pvs25 and Pvs28, expressed on gametocyte surface. Anti-sera have recognized Pv25 in zygotes and mature ookinetes, and Pv28 more in mature ookinetes (235).

Immunogenicity tested with recombinant proteins Pvs25 and Pvs28 in mice has shown a splenic T-cell proliferative response. Anti-sera from mice immunized with a Pvs25–28 chimera had a high antibody titer compared to mice immunized with Pvs25 or Pvs28 alone. Anti-Pvs25–28 and anti-Pvs25 had higher transmission blocking than anti-Pvs28 (235, 236).

Studies had demonstrated that P. vivax SalI strain recombinant Pvs25 and Pvs28 had transmission blocking capability, even with natural isolates, thus overcoming genetic polymorphism between isolates (237). Higher transmission blocking has been described as a direct function of antibody titers in sera (238–240).

Different vaccination schemes have been tested, varying adjuvant, dose, expression system (148, 237, 238, 240, 241). Phase I clinical trials determining security and immunogenicity in humans have shown high transmission blocking capability in humans, demonstrating these antigens’ potential as vaccine candidates (147, 148).

CONCLUSION

This review has summarized immune responses induced by P. vivax vaccine candidates, which are essential in host cell invasion. Classical vaccine development has been focused on immunodominant antigens such as sporozoite and MSPs, which are recognized by sera from partially protected individuals who are naturally exposed to infection. However, surface proteins, for example PvMSP1 and PvCSP, have high allelic polymorphism (164, 242, 243) and are under positive selection by the immune response. After several natural infections, many of these epitopes have shown an ability to generate a strong immune response in individuals without clinical symptoms, showing an association with IFN-γ effector T-cell activation and generation of cytophilic antibody subclasses. Similar immune responses have been observed in animal models immunized with these polymorphic immunodominant antigens. Nevertheless, the success for this kind of vaccines has been limited, since the cross protectivity obtained for the remaining strains is very low and induces a short-lived immune response (244, 245). Moreover, parasites change their cell targets and molecules during preerythrocytic, erythrocytic, and sexual stages, and single-antigen/single-stage vaccines do not induce sterile protection. It has been observed that P. falciparum parasites hide their amino acid conserved domains of the proteins involved in the invasion of host cells, showing immune dominant and polymorphic epitopes to the immune system (246).

Other methodologies are needed to solve these kinds of issue. An alternative is to develop an antimalarial vaccine (246), focused on synthetic peptides designed on conserved regions of Spz and Mrz proteins having high hepatic cell or RBC-binding ability. Although these peptides are not immunogenic, P. falciparum and P. vivax studies have shown that such peptides can be modified by changing their critical RBC-binding residues for others having similar mass but opposite polarity, making them highly immunogenic and protective (247, 248).

Another problem in the development of an antimalarial vaccine concerns the many haplotypes present in the exposed population. The HABPs can also be modified that fit properly inside the peptide-binding region of MHCII. In studies with P. falciparum with a MSP-2 HABP that has been modified to bind to HLA-DRβ1*0403 molecules with high affinity, it was shown that Aotus monkeys bearing HLA-DRβ1*0403-like molecules, produced high antibody titers with sterile immunity after challenge with P. falciparum FVO. This was a proof-of-concept immune protection-inducing protein structures demonstrating that specifically modified HABPs are able to induce sterile protection against malaria by engaging the proper TCR/pMHCII interactions (249).

Evaluation of conserved epitopes and non-immunodominant antigens important in parasite adhesion and invasion of erythrocytes should be prioritized for multistage, multi-epitope, minimal subunit-based, chemically synthesized antimalarial development, covering a large part of the HLA-DRβ1* population in endemic areas to protect them against malarial parasites.
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The cell-traversal protein for ookinetes and sporozoites (CelTOS), a highly conserved antigen involved in sporozoite motility, plays an important role in the traversal of host cells during the preerythrocytic stage of Plasmodium species. Recently, it has been considered an alternative target when designing novel antimalarial vaccines against Plasmodium falciparum. However, the potential of Plasmodium vivax CelTOS as a vaccine target is yet to be explored. This study evaluated the naturally acquired immune response against a recombinant P. vivax CelTOS (PvCelTOS) (IgG and IgG subclass) in 528 individuals from Brazilian Amazon, as well as the screening of B-cell epitopes in silico and peptide assays to associate the breadth of antibody responses of those individuals with exposition and/or protection correlates. We show that PvCelTOS is naturally immunogenic in Amazon inhabitants with 94 individuals (17.8%) showing specific IgG antibodies against the recombinant protein. Among responders, the IgG reactivity indexes (RIs) presented a direct correlation with the number of previous malaria episodes (p = 0.003; r = 0.315) and inverse correlation with the time elapsed from the last malaria episode (p = 0.031; r = −0.258). Interestingly, high responders to PvCelTOS (RI > 2) presented higher number of previous malaria episodes, frequency of recent malaria episodes, and ratio of cytophilic/non-cytophilic antibodies than low responders (RI < 2) and non-responders (RI < 1). Moreover, a high prevalence of the cytophilic antibody IgG1 over all other IgG subclasses (p < 0.0001) was observed. B-cell epitope mapping revealed five immunogenic regions in PvCelTOS, but no associations between the specific IgG response to peptides and exposure/protection parameters were found. However, the epitope (PvCelTOSI136-E143) was validated as a main linear B-cell epitope, as 92% of IgG responders to PvCelTOS were also responders to this peptide sequence. This study describes for the first time the natural immunogenicity of PvCelTOS in Amazon individuals and identifies immunogenic regions in a full-length protein. The IgG magnitude was mainly composed of cytophilic antibodies (IgG1) and associated with recent malaria episodes. The data presented in this paper add further evidence to consider PvCelTOS as a vaccine candidate.
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INTRODUCTION

Malaria remains a major public health problem worldwide. It is caused by protozoan parasites of the genus Plasmodium, being responsible for nearly 438,000 deaths and 150–300 million new infections in 2015 (1) and the reason of enormous socioeconomic impact in endemic settings (2). Among the Plasmodium species able to infect humans, Plasmodium falciparum and Plasmodium vivax are the most prevalent malaria parasites. P. falciparum is extremely prevalent in Africa and is responsible for the majority of cases and deaths worldwide, while P. vivax is the most prevalent species outside Africa (3). Despite the reduction in the number of malaria cases and deaths over the past decade (1), the emergence of drug resistance and the significant ongoing burden of morbidity and mortality emphasize the need for an effective malaria vaccine. Unfortunately, potential P. vivax vaccine candidates lag far behind those for P. falciparum (4). Currently, besides the RTS, S vaccine, there are 30 candidate vaccine formulations in clinical trials against P. falciparum, while there is only one against P. vivax (5). These data allied to the impact caused by the high P. vivax prevalence (2), the severity of the disease (6–11), and the emergence of strains resistant to chloroquine (12–14) and primaquine (15–17), reiterate the importance of identifying and exploring the potential of vaccine candidates against P. vivax as an essential step in the development of a safe and affordable vaccine.

Malaria liver-stage vaccines are one of the leading strategies and the only approach that has demonstrated complete, sterile protection in clinical trials. Therefore, vaccines targeting sporozoite and liver-stage parasites, when parasite numbers are low, can lead to the elimination of the parasite before it advances to the symptomatic stage of the disease (18). Corroborating this idea, the sterile protection against P. falciparum by immunization with radiation-attenuated sporozoites was demonstrated in several studies (19–21) and the protection lasted for at least 10 months and extended to heterologous strain parasites (22). Based on these findings, sporozoite surface antigens are one of the most promising vaccine targets against malaria, to protect and prevent the symptoms and block its transmission. To date, RTS,S, the subunit vaccine consisting of a portion of P. falciparum circumsporozoite protein (CSP), conferred partial protection in Phase III trials and fell short of community-established vaccine efficacy goals (23–26). Conversely, Gruner and collaborators have demonstrated that the sterile protection against sporozoites can be obtained in the absence of specific immune responses to CSP (27). In addition, a recent study found 77 parasite proteins associated with sterile protection against irradiated sporozoites (28). Collectively, these data reinforce the concept that a multivalent anti-sporozoite vaccine targeting several surface-exposed antigens would induce a higher protection efficacy.

In this scenario, cell-traversal protein of Plasmodium ookinetes and sporozoites, a highly conserved protein among Plasmodium species, emerged as a novel target in the development of a vaccine against Plasmodium parasites (29). This secretory microneme protein is translocated to the sporozoites and ookinetes surface, being necessary for sporozoites and ookinetes to break through cellular barriers and establish infection in the new host, having a crucial role on cell-transversal ability in both stages (29, 30). The disruption of the genes encoding CelTOS in Plasmodium berghei reduces the infectivity in the mosquito host and also the infectivity of the sporozoite in the liver, almost eliminating their ability to cell pass (29). Interestingly, P. falciparum CelTOS (PfCelTOS) was naturally recognized by acquired antibodies in exposed populations (31), able to induce cross-reactive immunity against P. berghei and inhibit sporozoite motility and invasion of hepatocytes in vitro (32). However, the knowledge about P. vivax CelTOS (PvCelTOS) has remained limited. Only recently, a study reported PvCelTOS as naturally immunogenic in infected individuals from Western Thailand. Our group, investigating the genetic diversity of genes encoding PvCelTOS in field isolates from five different regions of the Amazon forest, reveals a high-conserved profile. Together, both findings support the potential of PvCelTOS as an interesting target on P. vivax sporozoite surface, but further studies are still necessary to consolidate this protein as an alternative in future multitarget vaccines. Therefore, the present study aimed at evaluating the naturally acquired humoral immune response against PvCelTOS in exposed populations from Brazilian Amazon, determining the antibody subclass profile, identifying its B-cell epitopes and verifying the existence of associations between the specific IgG and subclass response against PvCelTOS and epidemiological data that can reflect the exposition and/or protection degree.

PARTICIPANTS AND METHODS

Study Area and Volunteers

A cross-sectional cohort study was conducted involving 528 individuals from Rio Preto da Eva (2°50′50″S/59°56′28″W), located north of the Amazon River and 80 km distant from Manaus, the capital of Amazon state. This city has an area of 6,000 km2 and a population of about 22,000 people, who live in rural areas inside the forests. Transmission of malaria in the Amazon occurs throughout the whole year, with seasonal fluctuations with maximum transmission occurring during the dry season from May to October and prevalence of infections by P. vivax, responsible for more than 85% of reported malaria cases.

Samples and survey data were collected from November 2013 to March 2015. In addition, we also included, as control subjects, 10 naive individuals living in Manaus, and with no reported previous malaria episodes. Written informed consent was obtained from all adult donors or from parents of donors in the case of children. The study was reviewed and approved by the Fundação Oswaldo Cruz Ethical Committee and the National Ethical Committee of Brazil.

Epidemiological Survey

In order to evaluate the possible influence of epidemiological factors on humoral immunity against PvCelTOS, all donors were interviewed upon informed consent prior to blood collection. The survey included questions related to personal exposure to malaria, such as years of residence in the endemic area, recorded individual and family previous malaria episodes, use of malaria prophylaxis, presence/absence of symptoms, and personal knowledge of malaria transmission. All epidemiological data were stored in Epi-Info for subsequent analysis (Centers for Disease Control and Prevention, Atlanta, GA, USA).

Malaria Diagnosis and Blood Sampling

Venous peripheral blood was drawn into heparinized tubes and plasma collected after centrifugation (350 × g, 10 min). Plasma samples were stored at −20°C and transported to our laboratory. Thin and thick blood smears of all donors were examined for malaria parasites. Parasitological evaluations were done by examination of 200 fields at 1,000× magnification under oil-immersion and a research expert in malaria diagnosis examined all slides. Donors positive for P. vivax and/or P. falciparum at the time of blood collection were subsequently treated using the chemotherapeutic regimen recommended by the Brazilian Ministry of Health.

Recombinant PvCelTOS Expression in HEK-293T Cells

As previously described (33), the P. vivax sequence for CelTOS (Salvador I; Uniprot accession number Q53UB7) was cloned in the expression vector pHLsec, which is flanked by the chicken β-actin/rabbit β-globin hybrid promoter with a signal secretion sequence and a Lys-His6 tag. The protein was expressed upon transient transfection in HEK-293T cells with endotoxin-free plasmids in roller bottles (2,125 cm2). The secreted protein was purified from the supernatant by immobilized Ni Sepharose affinity chromatography. The presence of proteins in the elution samples was confirmed using 6xHis epitope tag antibody [horseradish peroxidase (HRP) conjugate] in a Western blot. The sample was concentrated using an Amicon Ultra centrifugal filter system (Life Technologies) until reaching 10 ml of final volume. Contaminant proteins and salts were removed from the concentrate by size exclusion purification (SEC) using Superdex medium in the column. Protein concentration after recovery was tested using a Bradford protein assay, and purity was assessed by silver staining and by Western blotting.

Antibody Assays

Anti-PvCelTOS specific antibodies were evaluated on plasma samples from 528 exposed individuals from Brazilian Amazon and 10 healthy individuals, who had no reported malaria episodes, using enzyme-linked immunosorbent assay (ELISA), essentially as previously described (33, 34). Briefly, MaxiSorp 96-well plates (Nunc, Rochester, NY, USA) were coated with PBS containing 1.5 µg/ml of recombinant protein. After overnight incubation at 4°C, the plates were washed and blocked for 1 h at 37°C. Individual plasma samples diluted 1:100 in PBS-Tween containing 5% non-fat dry milk (PBS-Tween-M) were added in duplicate wells. After 1 h at 37°C and three washings with PBS-Tween, bound antibodies were detected with peroxidase-conjugated goat antihuman IgG (Sigma, St. Louis) and followed by addition of o-phenylenediamine and hydrogen peroxide. Optical density was identified at 492 nm using a SpectraMax 250 ELISA reader (Molecular Devices, Sunnyvale, CA, USA). The results for total IgG were expressed as reactivity indexes (RIs), which were calculated by the mean optical density of an individual’s tested sample divided by the mean optical density of 10 non-exposed control individuals’ samples plus 3 standard deviations. Subjects were scored as responders to PvCelTOS if the RI of IgG against the recombinant protein was higher than 1. Additionally, the RIs of IgG subclasses were evaluated on responders individuals by a similar method, using peroxidase-conjugated goat antihuman IgG1, IgG2, IgG3, and IgG4 (Sigma, St. Louis).

B Cell Epitope Prediction on PvCelTOS

The prediction of linear B-cell epitopes was carried out using the program BepiPred (35), which is based on hidden Markov model profiles of known antigens, and also incorporates hydrophilicity and secondary structure prediction. For each input FASTA sequence, the server outputs a prediction score for each amino acid. The recommended cutoff of 0.35 was used to determine potential B-cell linear epitopes, ensuring sensibility of 49% and specificity of 75% to this approach. Linear B-cell epitopes are predicted to be located at the residues with the highest scores. In this study, BepiPred was used to predict B-cell linear epitopes and to evaluate the prediction value of peptides containing short amino acid sequences of PvCelTOS.

The Emini surface accessibility (ESA) was used to evaluate the probability of predicted linear B-cell epitopes to be exposed on the surface of the protein. This approach calculates the surface accessibility of hexapeptides and values greater than 1.0 indicate an increased probability of being found on the surface (36). Sequences with BepiPred score above 0.35 and ESA score above 1.0 were considered potential linear B-cell epitopes in regions that could be accessed by naturally acquired antibodies.

B-Cell Epitope Mapping of PvCelTOS

A peptide library of 32 PvCelTOS synthetic 15-mer peptides overlapping by nine amino acids (GenOne Biotechnologies; purity 95% based on HPLC) was synthesized. To evaluate the specific response to each peptide, the peptide array was performed using MaxiSorp 96-well plates (Nunc, Rochester, NY, USA) coated with PBS containing 5 µg/ml of each peptide in duplicates. After overnight incubation at 4°C, the plates were washed with PBS and blocked with PBS-Tween containing 5% non-fat dry milk (PBS-Tween-M) for 1 h at 37°C. Individual plasma samples were diluted 1:100 with PBS-Tween-M and added in duplicate wells for each sequence and the plates incubated at room temperature for 1 h. After three washings with PBS-Tween, bound antibodies were detected with peroxidase-conjugated goat antihuman IgG (Sigma, St. Louis) followed by addition of o-phenylenediamine and hydrogen peroxide. The absorbance was read at 492 nm using an ELISA reader (Spectramax 250, Molecular Devices, Sunnyvale, CA, USA). The results for total IgG were expressed as RIs, which were calculated by the mean optical density of the tested samples plus 3 standard deviations of pools of control individuals. Subjects were scored as positive if the RI was higher than 1.

Root Mean Square Fluctuation (RMSF) and Electrostatic Potential Surface Calculation

Molecular dynamics simulations were carried out using GROMACS 5.1.2 (37) software package. Gromos53a6 (38) force field was used. Simple point charge water model (39) was used to solvate the system. Charges were neutralized using Na+ and Cl− ions. Steepest descent method was used for energy minimization. Further, 100 ps temperature equilibration was carried out at a temperature of 300 K in the presence of position restraints of 1,000 KJ/mol and the pressure coupling of 1,000 ps at 1 bar of atmospheric pressure. After equilibration, the simulation of 200,000 ps (200 ns) without position restraints was carried out. All simulations were run three times, and consistent results were recorded. RMSF was analyzed from simulation trajectory using GROMACS utilities. The Electrostatic potential surface for the PvCelTOS was calculated using APBS (40) and visualized in PyMOL (Pymol LLC) and the electrostatic potential surfaces for the contours from −3kT/e (red) to +3kT/e (blue) were visualized. The figures were rendered using PyMol.

Statistical Analysis

All statistical analyzes were carried out using Prism 5.0 for Windows (GraphPad Software, Inc.). The one-sample Kolmogorov–Smirnoff test was used to determine whether a variable was normally distributed. The Mann–Whitney test was used to compare RIs of IgG against recombinant PvCelTOS between studied groups. Differences in proportions of the RI of IgG subclasses and epidemiological parameters were evaluated by Fisher’s exact test and associations between antibody responses and epidemiological data were determined by Spearman rank test. A two-sided p value <0.05 was considered significant.

RESULTS

Epidemiological Profile of Studied Individuals

Most studied individuals were adults and naturally exposed to malaria infection throughout the years (Table 1). Age ranged from 10 to 89 years with an average of 36.9. The proportion of men was significantly higher (53.8%) than for women (46.2%; χ2 = 5.761, p < 0.0164). Regarding the previous personal history of malaria, only seven individuals reported no malaria episode (1.3%). Among those who remembered the Plasmodium species, the majority (29.9%) reported infections by P. falciparum and P. vivax. The number of past malaria episodes also varied greatly among donors, ranging from 0 to 50 (mean = 7.74 ± 16.5). Finally, the time elapsed since the last malaria episode ranged from 0 to 480 months (mean = 71.7 ± 77.9). Interestingly, a correlation trend was observed between the time of residence in the endemic area and the number of previous malaria infections (p = 0.0003; r = 0.153). Collectively, the epidemiological inquiry indicated that the studied population had different degrees of exposure and/or immunity.

TABLE 1 | Summary of the epidemiological data of the studied population.
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PvCelTOS Is Naturally Immunogenic with the Prevalence of Cytophilic Antibodies in Brazilian Amazon Individuals

To test if the PvCelTOS is a target for naturally acquired antibodies in Amazon individuals, we first assessed the IgG reactivity profile against the recombinant protein. The plasma samples collected from the 528 individuals living in the endemic area reveal a low frequency of responders to PvCelTOS, since only 17.8% of the studied population (94 individuals) presented specific IgG antibodies against the protein. Interestingly, the epidemiological data were similar between responders and NRs against this protein (Table 1). On both groups, responders and NRs, the age, time of residence in endemic area, the number of previous malaria episodes, the number of recent malaria episodes, the frequency of individuals with recent malaria episodes, and months elapsed from the last malaria episode were similar (p > 0.05).

Among the group of responders to PvCelTOS, the RI ranged from 1.01 to 19.93 (median = 1.205; interquartile range = 1.082; 1.552), reflecting a wide spectrum in magnitude of naturally acquired IgG response. The IgG subclass profile was marked by IgG1, the most prevalent subclass, present in 65.96% of responders, and with major RI (median = 1.15; interquartile range = 0.86–1.68) compared to IgG2 (median = 0.9; interquartile range = 0.66–1.2), IgG3 (median = 0.88; interquartile range = 0.72–1.06), and IgG4 (median = 0.62; interquartile range = 0.51–0.76) (Figure 1). Moreover, IgG3 RIs were directly correlated to the number of recent malaria episodes (p = 0.003; r = 0.315; Figure S1A in Supplementary Material) and inversely associated with the time elapsed from the last malaria episode (p = 0.031; r = −0.258; Figure S1B in Supplementary Material).
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FIGURE 1 | Reactivity index (RI) of IgG and subclass against PvCelTOS. On both graphs, each point represents an individual RI against PvCelTOS and the red traced line represents the cutoff. Ninety-four individuals presented RI against PvCelTOS higher than 1 and were considered responders to this protein. Among the responders, IgG1 was the prevalent subclass in comparison to IgG2 (p = 0.0012), IgG3 (p < 0.0001), and IgG4 (p < 0.0001). Additionally, the RI of IgG1 was higher than the RI of all other subclasses (p < 0.0001), and the RI of IgG4 was statistically lower than all other subclasses (p < 0.0001).



High IgG RIs against PvCelTOS Are Driven by Cytophilic Antibodies and Associated with Recent Infections

In order to identify possible factors that could be associated with this large spectrum of reactivity against PvCelTOS in IgG-positive individuals, we explored epidemiological data among responders. Initially, we observed that the RI against PvCelTOS was directly correlated with the number of previous malaria episodes (p = 0.047; r = 0.227; Figure S1C in Supplementary Material) and inversely correlated with the time elapsed from the last malaria episode (p = 0.045; r = −0.24; Figure S1D in Supplementary Material). Based on these findings, responder individuals were divided into two subgroups: high responders (HRs; individuals who had RI of IgG against PvCelTOS higher than 2) and low responders (LRs; individuals who had RI of IgG against PvCelTOS between 1 and 2). Figure 2A illustrates the means of epidemiological parameters of HRs, LRs, and NRs to PvCelTOS. Interestingly, while NRs and LRs presented a very similar profile of epidemiological parameters, HRs presented a statistically higher number of previous malaria episodes in comparison to NR and LR (p = 0.0058; p = 0.0051, respectively). Moreover, despite no statistical differences could be observed on the time elapsed from the last malaria episode (p = 0.15 in ANOVA test), the frequency of individuals who reported recent episodes of malaria was higher in HR (41.6%) than LR (12%, p = 0.02) and NR (13.1%, p = 0.016). Moreover, the proportion of RIs of cytophilic over non-cytophilic antibodies (IgG1 + IgG3/IgG2 + IgG4) presented direct correlation with RI of IgG of responder individuals (p = 0.0016; r = 0.32), suggesting that higher RI could be associated with a cytophilic profile of humoral response against PvCelTOS. Interestingly, although the proportion of individuals with cytophilic profile was similar in both groups, HR and LR (83% and 78%, respectively), the ratio of (cytophilic/non-cytophilic) antibodies was significantly higher in HR than LR (p = 0.0076) (Figure 2B).
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FIGURE 2 | Comparison of profiles of high responders (HRs), low responders (LRs), and non-responders (NRs) to PvCelTOS. (A) Diagram of epidemiological data. The mean values of epidemiological parameters of HRs, LRs, and NRs to PvCelTOS are represented by red, blue, and yellow areas, respectively. Age and time of residence in endemic areas are expressed in years, while time elapsed from the last malaria episode is expressed in months and frequency of recent malaria episodes indicates the percentage of individuals who reported malaria episodes in the last year. HRs presented a higher number of previous malaria episodes and higher frequency of recent malaria episodes than LRs (p = 0.0051 and p = 0.02, respectively) (B) Comparison of ratio (cytophilic/non-cytophilic) antibodies. Red and blue points represent the HR and LR, respectively. Points above the value of 1 represent individuals with a cytophilic profile of IgG (IgG1 + IgG3, higher than IgG2 + IgG4).



Five Immunogenic Regions Identified in PvCelTOS and Two Linear B-Cell Epitopes Broadly Recognized by Naturally Acquired IgG Antibodies

Four B-cell linear epitopes were predicted in silico in the entire sequence of PvCelTOS (PvCelTOSK6-N13; PvCelTOSG38-R57; PvCelTOSI136-E143; PvCelTOSK166-S191).

In order to validate the prediction data and identify possible non-predicted immunogenic regions of PvCelTOS, plasma from IgG responders to PvCelTOS was tested against 32 overlapping peptides corresponding to the complete amino acid sequence. First, 10 peptides (N13-L27; S19-V33; E73-I87; L79-K93; S97-A111; P127-V141; I133-G147; P139-V153; L181-L195; E182-D196) were broadly recognized by responders to PvCelTOS (Figure 3). Two of the predicted epitopes (PvCelTOSI136-E143 and PvCelTOSK166-S191) were present (partially or entirely) in peptides confirmed as naturally immunogenic. Interestingly, peptides I133-G147 and E182-D196 were recognized by IgG specific antibodies of responders to PvCelTOS in frequencies higher than 50% (92% and 54%, respectively) and presented median of RI higher than 1 (1.79 and 1.14, respectively). In addition, peptides P127-V141, P139-V153, and L181-L195 were located besides the most immunogenic peptides and presented overlapped sequences, which were also recognized by IgG antibodies in moderate frequencies. Peptide I133-G147 (ASTIKPPRVSEDAYF) presented the highest IgG RI (p < 0.0001 by ANOVA test) and the highest frequency of recognition (92%) compared to all other peptides. While it contains the entire sequence of predicted epitope PvCelTOS136-143, peptides P127-V141 and P139-V153, which contain only the partial sequence of the predicted epitope, presented minor frequencies of recognition (38% and 39%, respectively; p < 0.0001 on Fisher’s exact test). The peptides L181-L195 and 186-196 were both partially inserted in the predicted linear epitope PvCelTOS166-191 and could be the immune dominant sequence of this longer predicted epitope. These data supported the prediction of linear B-cell epitopes PvCelTOSI136-E146 and PvCelTOSK166-S191. Conversely, peptides N13-L27, S19-V33, and S97-A111 also presented frequency of recognition about 40% (38, 40, and 36%, respectively). After the confirmation of five immunogenic regions and two immunodominant epitopes in PvCelTOS, we also compared the RI and frequencies between HR and LR for PvCelTOS. However, no differences were found.
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FIGURE 3 | Mapping of B-cell epitopes in PvCelTOS. Each column represents a peptide, the numbers indicate the first and last amino acid (aa-aa) of the peptide. The points represent the value of IgG reactivity index (RI) specific for each peptide of one responder to PvCelTOS and the red traced line represents the cutoff value. The black lines indicate median and interquartile range. If the RI for one peptide was higher than 1, the individual was considered positive to this peptide. The white bar on top represents the linear structure of the protein, in which the blue boxes indicate the BepiPred prediction score and red boxes indicate the Emini surface accessibility score of predicted linear epitopes.



Main B Cell Epitopes Are Present on PvCelTOS Surface

Peptides that presented overlapped amino acids and were recognized by more than 20% of responders to PvCelTOS (Figure 3) were grouped as immunogenic regions. All peptides inserted in identified immunogenic regions are listed in Table 2 with their respective frequencies of recognition, BepiPred and ESA scores. In this context, we identified five immunogenic regions PvCelTOSN13-V33, PvCelTOSE73-K93, PvCelTOSS97-A111, PvCelTOSP127-V153, and PvCelTOSL181-D196, in which B-cell epitopes could be inserted. Interestingly, the peptides with higher frequency of specific responders (I133-G147, L181-L195, and 182-186) presented a good combination of BepiPred and ESA score. The molecular dynamics and electrostatic potential surface of PvCelTOS indicate regions P127-V153, N13-V33, and L181-D186 as more flexible than E73-K93 and S97-A111 (Figure 4A). Regarding solvent exposure, all immunogenic regions were exposed and accessible in solution. Interestingly, the immunogenic regions L181-D196 and E73-K93 are part of a very negatively charged region, while N13-V33 and P127-V153 are in a mostly neutral-positive region (Figure 4B).

TABLE 2 | Identification of immunogenic regions in PvCelTOS.
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FIGURE 4 | Molecular dynamics and electrostatic potential surface for the PvCelTOS. (A) Sausage plot of the PvCelTOS. The red color identifies the immunogenic regions of PvCelTOS. Thickness depicts relative fluctuation as calculated during molecular dynamics. The thinnest segments represent the most stable regions of the protein. (B) The surface model shows the electrostatic potential surface of the PvCelTOS, representing the positive (blue) and negative (red) charges. The secondary structure in the background represents the immunogenic region.



DISCUSSION

Despite significant advances in the understanding of the biology of Plasmodium parasites and the immune response elicited by these pathogens, there is not yet a subunit vaccine capable of providing long-lasting protection. The cell-traversal protein for ookinetes and sporozoites (CelTOS) has been considered a potential novel alternative for a vaccine against malaria (29, 32, 41), but the knowledge on P. vivax CelTOS potential remains scarce. Unfortunately, many conventional vaccinology strategies applied to P. falciparum are especially difficult when dealing with non-cultivable microorganisms such as P. vivax. Consequently, seroepidemiological studies have played a significant role in the identification and validation of P. vivax vaccine candidates (42–48). Therefore, we confirmed the naturally acquired humoral response against PvCelTOS (IgG and IgG subclass) and identified five B-cell epitopes along the entire PvCelTOS amino acid sequence, which were recognized by IgG antibodies from malaria-exposed populations from Brazilian Amazon.

Plasma samples were collected in three cross-sectional studies with Brazilian Amazon communities between 2013 and 2015. The profile of the studied individuals shows that our population included rainforest region natives and migrants from non-endemic areas of Brazil who had lived in the area for more than 10 years. The majority of individuals reported a prior experience with P. vivax and/or P. falciparum malaria. Concerning malaria history, the highly variable range of number of previous infections, time of residence in endemic areas, and time since the last infection suggests differences in exposure and immunity, since it is well known that the acquisition of clinical immunity mediated by antibodies depends on continued exposure to the parasite (49–51). The correlation between time of residence in endemic areas and months since the last infection observed in our study also indicates that this phenomenon could be occurring in low/medium endemic areas like the Brazilian Amazon. Therefore, the selection of these individuals was ideal to detect the presence of antibodies against the new recombinant antigen and distinguish whether the alterations found were related to malaria exposure and/or indicatives of protection.

First, we found 94 individuals presenting specific antibodies to PvCelTOS and confirmed the natural immunogenicity of PvCelTOS among exposed individuals from Brazilian Amazon. Recently, Longley and collaborators also reported the first evidence of naturally induced IgG responses to PvCelTOS in human volunteers from Western Thailand (33). Interestingly, the frequency of responders to PvCelTOS observed in our studied population (17.8%) was similar to the frequency observed by Longley on uninfected and clinical malaria individuals (33). Moreover, the low humoral reactivity against PvCelTOS is commonly found in other Plasmodium preerythrocytic antigens (48, 52, 53). The short life of specific antibodies, host genetic factors, and/or epidemiological parameters could be possible reasons for the low frequency of responders against PvCelTOS in endemic areas. The short life of specific PvCelTOS humoral response hypothesis does not seem to occur since Longley et al. verified that IgG positivity and magnitude of response were present over the 1-year period in the absence of P. vivax infections (33). Our study also describes anti-PvCelTOS antibodies in individuals who reported no malaria in the last 10 years or more. However, in both cases, the contact between human host and sporozoite antigens in transmission areas was not evaluated. In relation to host genetic factors, there is a significant body of evidences of its influence in malaria outcomes and the capacity to mount a humoral immune response (54–57). To date, associations of HLA class II on humoral immune response to malaria antigens were reported in individuals living in malaria-endemic areas from Brazilian Amazon (58, 59) and in human vaccine trials (60–62). In P. vivax preerythrocytic targets, the presence of HLA-DRB1*03 and DR5 was associated with the absence of antibody response to the CSP amino-terminal region (48) and HLA-DRB1*07 was related to the absence of specific antibodies for CSP repeats of VK210 (52). Moreover, Chaves and collaborators reported that PvCelTOS gene sequence is highly conserved among isolates from different Brazilian geographic regions (unpublished data), suggesting a low selective pressure by immune response against PvCelTOS. In our view, the influence of immunogenetic factors in PvCelTOS-specific humoral response are feasible, but more studies are still necessary to confirm this hypothesis.

Regarding the influence of epidemiological factors, we initially tried to investigate the associations between exposition to malaria and the frequency of IgG responders to PvCelTOS. Surprisingly, although the association of epidemiological data with specific response against Plasmodium antigens was well characterized on several studies (63–65), we observed a similar epidemiological profile between responders and NRs to PvCelTOS. Therefore, we focused on the search of distinct epidemiological and IgG subclass profiles among PvCelTOS responder individuals. The knowledge about the antibody subclass profile is critical to suggest functional antimalarial immunity and to evaluate potential vaccine candidates. Cytophilic antibodies (IgG1 and IgG3) are frequently prevalent on immune serum from high-transmission areas (66–69) and often correlate with protection from disease (70–72). In our study, IgG1 presented higher frequencies of responders and median RI than all other subclasses. Moreover, IgG3 RIs were directly associated with the number of malaria episodes over the last 12 months and inversely correlated with the time elapsed from the last malaria episode, suggesting that recent P. vivax infections can raise the levels of anti-PvCelTOS specific IgG3. The sterile protective immunity to malaria was recently associated with a panel of antigens (28), and the relationship of cytophilic antibodies and reduced risk of symptoms are a common finding in high endemic areas (70–74). However, in our study, concerning the higher levels of IgG1 for PvCelTOS and the association of IgG3 levels with recent infections, we cannot confirm or discard its role as part of protective humoral response until more conclusive studies, such as sporozoite inhibition by anti-PvCelTOS specific antibodies, are conducted. In the same way, among responders, IgG RIs were directly correlated with the number of previous malaria episodes and inversely correlated with the time elapsed from the last malaria episodes, suggesting that antibody levels for PvCelTOS could be associated with recent infections.

The influence of epidemiological parameters on immunity to malaria was previously observed in studies from Brazilian Amazon population. Based on previous studies that associated high levels of antibodies with multiple preerythrocytic antigens with reduced risk of clinical malaria in children (75) and decreased risk of infection in adults (68), we also aimed to investigate if the epidemiological parameters could reveal new findings about the role of exposition on PvCelTOS immunogenicity. Therefore, we subdivided the large spectrum IgG RIs among PvCelTOS responders into HRs (RI > 2) and LRs (RI < 2). Although LRs and NRs to PvCelTOS presented similar exposition factors to malaria, interestingly, HR individuals presented a remarkable higher number of previous malaria episodes, frequency of recent malaria episodes, and a higher ratio of cytophilic/non-cytophilic antibodies than LRs. This observation suggested that higher level of exposition to malaria induced a more intense and improved humoral response against PvCelTOS. Unfortunately, the cross-sectional design of our study limited the investigation to retrospective malaria histories, and the best approximation of an individual’s protection was the estimated amount of time that had passed since their last malaria episode, which presented no significant association with IgG response against PvCelTOS. Prospective studies on humoral immune responses and studies addressing the ability of these antibodies to interfere the motility/invasion of sporozoites (76, 77) will provide more evidences of the protective role of anti-PvCelTOS antibodies.

Information at the amino acid level about the epitopes of proteins recognized by antibodies is important for their use as biological tools and for understanding general molecular recognition events (78). In this context, epitope prediction programs have been widely used in malaria research (4, 79–81). Nevertheless, the use of chemically prepared arrays of short peptides is a more powerful tool to identify and characterize epitopes recognized by antibodies (46, 82, 83). It is also important to mention that in order to raise antibodies for a peptide, a minimum length of six amino acids is required, and peptides of >10 amino acids are generally required for the induction of antibodies that may bind to the native protein (84). In this context, the synthesis of 15 amino acid peptides, with 9 overlapping, has allowed the identification of PvCelTOS B-cell epitopes encompassed in sequences ranging from 15 to 27 amino acids in length. Therefore, after the confirmation of PvCelTOS as naturally immunogenic in exposed populations, the present paper describes for the first time the fine B cell epitope mapping of a full-length protein. Initially, 10 peptides were specifically recognized by naturally acquired antibodies from PvCelTOS responders. After a combination of in silico approaches and recognition of overlapped peptides, five immunogenic regions were confirmed (PvCelTOS13-33, PvCelTOS73-93, PvCelTOS97-111, PvCelTOS127-153, and PvCelTOS181-196) in different frequencies and RIs. Moreover, the main linear epitope (ASTIKPPRVSEDAYF) presented highest IgG RI and frequency compared to all other naturally recognized peptides, suggesting that the majority of naturally acquired antibodies against PvCelTOS are directed to the C-terminal region. Moreover, T cell responses to PvCelTOS may also help to determine the immunodominant repertoire in individuals living in malaria-endemic regions, which could also supply information for the development of a vaccine for PvCelTOS. In humans, PfCelTOS derivate peptides elicited proliferative and IFN-γ responses in ex vivo ELISPOT assays using peripheral blood mononuclear cells from naturally exposed individuals living in Ghana (30).

Recently, CelTOS was demonstrated as highly conserved protein across several large groups of apicomplexan parasites including Plasmodium spp., Cytauxzoon, Theileria, and Babesia and considered essential to cell infection, traversal, and membrane disruption (85). Despite the genetical differences between PfCelTOS and PvCelTOS, it is important to mention that Bergmann-Leitner and colleagues immunized mice and rabbits with recombinant PfCelTOS and also observed specific antibodies for linear B-cell epitopes at C-terminal (82). These observations suggested that CelTOS could present a similar conformation among species, with similar regions targeted by antibodies. We considered that the exposition of linear epitopes is a critical step to their recognition by circulating antibodies; therefore, the combination of ESA, molecular dynamics, and electrostatic potential surface was used as a complementary approach to predict the exposition of epitope sequences on protein surface. All immunogenic regions identified were exposed and accessible to antibodies. This finding could be important in a future subunit vaccine composition based on these identified regions. However, the potential of these specific antibodies directed main PvCelTOS epitopes in the inhibition of sporozoite motility, invasion, and/or traversal remains to be investigated.
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FIGURE S1 | Associations of humoral response and exposition parameters in responders to PvCelTOS. (A) Spearman correlation between IgG3 reactivity index (RI) and number of recent malaria episodes; (B) Spearman correlation between IgG3 and months elapsed since the last malaria episode; (C) Spearman correlation between anti-PvCelTOS IgG reactivity index and number of previous malaria episodes; and (D) Spearman correlation between anti-PvCelTOS IgG RI and months elapsed since the last malaria episode.
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Dimorphic fungi are agents of systemic mycoses associated with significant morbidity and frequent lethality in the Americas. Among the pathogenic species are Paracoccidioides brasiliensis and Paracoccidioides lutzii, which predominate in South America; Histoplasma capsulatum, Coccidioides posadasii, and Coccidioides immitis, and the Sporothrix spp. complex are other important pathogens. Associated with dimorphic fungi other important infections are caused by yeast such as Candida spp. and Cryptococcus spp. or mold such as Aspergillus spp., which are also fungal agents of deadly infections. Nowadays, the actual tendency of therapy is the development of a pan-fungal vaccine. This is, however, not easy because of the complexity of eukaryotic cells and the particularities of different species and isolates. Albeit there are several experimental vaccines being studied, we will focus mainly on peptide vaccines or epitopes of T-cell receptors inducing protective fungal responses. These peptides can be carried by antibody inducing β-(1,3)-glucan oligo or polysaccharides, or be mixed with them for administration. The present review discusses the efficacy of linear peptide epitopes in the context of antifungal immunization and vaccine proposition.
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SYSTEMIC FUNGAL INFECTIONS AND CURRENT TREATMENT: A SHORT INTRODUCTION

Distinct groups of fungi can cause systemic mycoses: geographically delimitated thermal-dimorphic fungi, classical yeast such as Cryptococcus spp. and Candida spp., or molds like Aspergillus spp., Fusarium spp., and Penicillium spp.

Thermal-dimorphic fungi are a group of ascomycetes endemic in certain regions, agents of the most common diseases, such as paracoccidioidomycosis, occurring in the vast area from south Mexico to the north of Argentina; coccidioidomycosis in the Americas with particular incidence in the USA (California, Texas, Utah, New Mexico, Arizona, and Nevada), Mexico, Colombia, Venezuela, northeast of Brazil, and north of Argentina; North American blastomycosis, with high incidence in Canada, eastern USA, sporadic cases in Argentina, and endemic areas in middle and eastern Africa; histoplasmosis, found in the Americas, Southeast Asia, and Africa; and the Sporothrix schenckii complex with worldwide distribution (1). These fungi usually present propagules in the soil, vegetal, or animal excrement. The infection usually starts via the respiratory route except for sporotrichosis that rarely occurs by inhalation of fungal propagules, rather arising from surface injuries by fungus-contaminated objects or cat scratches (1).

Most of patients developing Candida spp. and Cryptococcus spp. infections are immunodeficient suffering from AIDS, diabetes, or have been administered immunosuppressive drugs as in organ transplantation procedures, indwelling catheter for a short or long time, although primary infections can also occur without association with other conditions (2, 3). Aspergillus fumigatus, Fusarium spp., and Penicillium spp. can cause different types of infection. Patients undergoing hematopoietic stem cell transplantation for treatment of hematological malignancy have considerable risk of developing fatal fungal infection (4, 5). Whereas infection by Candida spp. occurs mainly by endogenous yeast, this is not an exclusive pathway. Infections by Cryptococcus spp., A. fumigatus, Fusarium spp., and Penicillium spp. occur by inhalation of fungal propagules (2–5).

There is no trustworthy quantitation of people infected by systemic mycosis in the World; however, Brown et al. (6) estimated that more than 2,050,000 people yearly infected with the 10 most significant invasive fungal agents/mycoses including Aspergillus, Candida, Cryptococcus, mucormycosis, Pneumocystis, Blastomyces, Coccidioides, Histoplasma, Penicillium, and Paracoccidioides (6).

There are few groups of antifungal drugs effective in the treatment of systemic fungal disease. Most of them belong to four classes: polyenes, azoles, echinocandins, and pyrimidine (7). Other antimicrobial drugs also have antifungal action such as trimethoprim-sulfamethoxazole that is used with relative success in the treatment of patients with paracoccidioidomycosis (8). Treatment and the option for antifungal drugs depend on the severity of the disease and time of use (9).

There are many reports on drug resistance in systemic fungal infections involving almost all classes of antimicrobial drugs. In paracoccidioidomycosis, resistance to ketoconazole and trimethoprim-sulfamethoxazole may be related to the agent species (Paracoccidioides brasiliensis or Paracoccidioides lutzii) [reviewed in Ref. (9)] or the melanization process, which enhances the resistance of yeast cells to amphotericin B (10). The biofilm formation in Candida spp. can enhance resistance of yeast cells to antifungal drugs (11, 12), and the Candida albicans biofilm is intrinsically resistant to the host immune system [reviewed in Ref. (12)]. Such resistance appears to be multifactorial involving conventional resistance mechanisms as the increased efflux pump, and mechanisms specific to the biofilm as the production of an extracellular matrix containing β-glucan and extracelluar DNA [reviewed in Ref. (11)]. The resistance to azoles by efflux pump proteins in Candida albicans may involve overexpression of Cdr1p (ATP-binding cassette) and CaMdr1p (major facilitator superfamily) as reviewed in Ref. (13).

Due to the increasing resistance, several groups of researchers focus on safer and effective new antifungal compounds. Authors have isolated Paracoccidioides spp. (14) and Candida (15) susceptible to curcumin. The use of ajoene derived from garlic with antifungal activity against Paracoccidioides brasiliensis (16), Scedosporium prolificans (17), and dermatophytes (18) has also been reported. Antiretroviral protease inhibitors such as Saquinavir and Ritonavir have shown inhibitory activity against Histoplasma capsulatum (19) and Candida albicans (20). In addition, several other reports showing the antifungal activities of different compounds with potential use in patients have appeared, still without clearance from regulatory institutions.

Generally, the immune system is important to achieve good therapeutic results in association with antifungal drugs. The status of innate and adaptive immune system plays a central role in the protection against foreign pathogens. In contrast to immunocompetent individuals, immunosuppressed patients are much more susceptible to fungal infections some of them fatal (21, 22).

The cellular immune system is essential to protect and eliminate fungal pathogens; in general, dendritic cells (DCs), macrophages, and neutrophils are central in the mechanisms of fungal elimination. Antigenic peptides are presented to lymphocytes with subsequent eliciting of T-cell and B-cell effective responses (21–24). Differentiation of CD4+ T cells along a T-helper (Th) cell type 1 (Th1) or type 2 (Th2) pathway and development of specific Th responses determine host’s susceptibility or resistance to invasive fungal infections. A Th1 response is induced by cytokines, such as IFN-γ, interleukin (IL)-6, tumor necrosis factor (TNF)-α, and IL-12. The main Th2 cytokines are IL-4 and IL-10. IFN-γ activates macrophages and increases fungistatic and fungicidal activities. Th17 cells and IL-22 are involved in the activation and repair of epithelial barriers, and while activated by IL-17 are crucial for antifungal defense and control of the NK cells (21–25).

The function of antibody-mediated immunity against fungal infections was believed to have little or no role in protection against fungal diseases in the past (26). However, since Dromer et al. showed that a monoclonal antibody to Cryptococcus neoformans was effective against the fungal infection (27), a series of protective monoclonal antibodies against medically important fungi have been described (26). The protective mechanism of antibody-mediated immunity depends on opsonization, Fc receptor-dependent ADCC, immunoglobulin subclasses, genetic background, status of the cellular immune system, fungal burden, amount of patient administered monoclonal antibodies, among other characteristics (26).

Antifungal drugs are the basis of systemic mycoses treatment in both immunocompetent and immunosuppressed patients. However, immunosuppression or anergy may interfere with chemotherapy efficiency. Vaccination (therapeutic or prophylactic) may boost the immune system and add to the protective effect of antifungal drugs allowing for reduction of the time of treatment and prevention of relapse. In this review, we focus mainly on vaccines and epitope description.

Paracoccidioides brasiliensis

The major diagnostic antigen of Paracoccidioides brasiliensis is the 43 kDa glycoprotein (gp43) discovered in 1986 by Puccia et al. (28). A detailed description of gp43 was reviewed in Travassos et al. (29). Epitopes in the gp43 are peptide in nature so that patients’ sera reacted with the deglycosylated antigen (30). Several mAbs were raised to the gp43 and tested either in vivo against lung infections by Paracoccidioides brasiliensis or in phagocytosis assays with peritoneal and alveolar macrophages. Most mAbs stimulated the phagocytosis of yeast forms (31). MAb 3E, which was effective both in the reduction of fungal burdens in infected animals and in the promotion of phagocytosis, was tested for binding to a panel of gp43 internal peptides. The mAb 3E epitope lied within the sequence NHVRIPIGYWAV shared with A. fumigatus, Aspergillus oryzae, and Blumeria graminis sequences from β-1,3-glucanases (29).

Other protein antigens eliciting protective antibodies have been described but the B-cell epitopes were not characterized. In relation to the recently recognized P. lutzii species, the gp43 and 27 kDa antigens were less expressed in P. lutzii and PS2 genotype of Paracoccidioides brasiliensis (32). The gp43 ortholog in P. lutzii contains few epitopes in common with the Paracoccidioides brasiliensis gp43, contributing to serological diagnostic difficulties in patients infected with P. lutzii (33).

The gp43 elicits an IFN-γ-mediated T-CD4+ response, which is protective against the lung infection by Paracoccidioides brasiliensis. The gp43 was cloned, sequenced, and expressed in bacteria as a recombinant fusion protein (34). The amino acid sequence was deduced from a 987-bp fragment obtained by PCR amplification. Similarities of 56–58% were found with exo-1,3-β-D-glucanases of Saccharomyces cerevisiae and Candida albicans. The open-reading frame was found in a 1,329 bp fragment, encompassing two exons and one intron. The gp43 gene encodes 416 amino acids with a leader peptide of 35 aa. Epitopes able to elicit hypersensitivity in both guinea pigs (35) and humans (36) were described. A peptide of 15 amino acids (QTLIAIHTLAIRYAN) obtained from a collection of gp43 internal peptides, which was also located using DNAStar, Protean analysis Sette algorithm for Iad binding peptides (37), contained the T-CD4+ epitope, and was called P10 (38). The functional activities of P10 analogs and truncated peptides were studied. Peptides of 12 aa or longer, which is the size required for MHC II antigen presentation, were active. The sequence HTLAIR is an essential domain of the epitope. Gene polymorphism studies showed that the P10 sequence is highly conserved in Paracoccidioides brasiliensis isolates (39). In contrast, the corresponding sequences of Candida albicans and S cerevisiae exo-glucanases differed from P10 (40).

As with the gp43, P10 induces a Th1 lymphocyte response, which is protective against the intratracheal (i.t.) infection by virulent Paracoccidioides brasiliensis. IFN-γ is a key cytokine in this response as it has been shown to activate macrophages for increased fungicidal activity against Paracoccidioides brasiliensis and Blastomyces dermatitidis (41). It also plays a role in the organization of granulomas. Mice deficient in the IFN-γ are highly susceptible to Paracoccidioides brasiliensis infection. IFN-γ-receptor (but not IFN-α-R and IFN-β-R), IFN-γ, and IRF-1 KO mice were 100% killed 3–4 weeks following i.t. infection with virulent Paracoccidioides brasiliensis. P10 failed to protect those KO mice (40).

P10 AS A VACCINE CANDIDATE

P10 contains the T-CD4+ epitope that is presented by MHC II molecules from murine H-2 haptotypes a, b, and d (38). The promiscuous nature of P10, if also shown with HLA-DR molecules, could represent an important attribute of this peptide to be used in a human vaccine to paracoccidioidomycosis. Iwai et al. (42) tested P10 and the analogous peptide gp43 (180–194), which included an N-terminal lysine and omitted the C-terminal asparagine, a glycosylated residue in the gp43. Both peptides bound to the nine prevalent HLA-DR molecules confirming their ability to be presented by different MHC II antigens. Gp43 (180–194) and four other peptides identified by TEPITOPE algorithm were recognized by 53 and 32–47%, respectively, of patients with treated paracoccidioidomycosis. Seventy-four percent of patients recognized a combination of five promiscuous gp43 peptides. TEPITOPE scanned 25 Caucasian HLA-DR antigens with P10 and analogous peptides, all containing the HTLAIR core sequence, being predicted to bind to 90% of them. The four peptides that were predicted to bind to a large number of HLA-DR molecules, in addition to Gp43 (180–194), were Gp43 (45–59): IGGWLLLEPWISPSV; Gp43 (94–108): TEDDFKNIAAAGLNHV; Gp43 (106–120): LNHVRIPIGYWAVNP; and Gp43 (283–298): IDQHVKLACSLPHGRL (42). These peptides could be added to P10 or Gp43 (180–194) in case the single epitope-based vaccine may not be powerful enough to induce full protective immunity. Indeed, multiple B-cell and T-cell epitopes in a pool or as a multi-epitope polypeptide were reported to increase immunogenicity (43, 44).

In the mouse experimental infection, P10 alone exerted an efficient antifungal immunity against i.t. infections by virulent Paracoccidioides brasiliensis strains (Figure 1). A classical demonstration by histopathology shows murine lung sections from i.t.-infected BALB/c mice with large granulomas and numerous fungal cells as compared to preserved lung parenchyma, few or no detectable granulomas, very few or absence of fungal elements, in P10 immunized mice (45). Early experiments used complete Freund adjuvant as an adjuvant to both gp43 and P10. Mayorga et al. (46) showed that mice treated with the cationic lipid dioctadecyl-dimethylammonium bromide (DODAB) followed in efficiency by bacterial flagellin, both adjuvants to P10, were best protected against fungal infection as demonstrated by the lowest numbers of viable yeast cells and reduced granuloma formation and fibrosis. IFN-γ and TNF-α, in contrast to IL-4 and IL-10, were secreted in the lungs of mice immunized with P10 in combination with these adjuvants. When combined with antifungal drugs, P10 was protective even in animals submitted to severe immune suppression (47). P10 immunization together with itraconazole or sulfamethoxazole and trimethoprim chemotherapy resulted in 100% survival of infected immunocompromised mice, up to 200 days postinfection, whereas untreated anergic mice died within 80 days.
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FIGURE 1 | Lung tissue from BALB/c mice infected with Paracoccidioides brasiliensis vaccinated or not with peptide P10. (A) Lung tissue of control only infected mice. Bar, 400 μm. (B) Lung tissue of mice infected with Paracoccidioides brasiliensis and vaccinated with P10 in presence of cationic lipid. Bar, 400 μm. (C) Highly magnified lung tissue of control, only infected mice. Bar, 50 μm. (D) Lung tissue of mice infected with Paracoccidioides brasiliensis and vaccinated with P10 in presence of cationic lipid. Bar, 400 μm. Slides were stained with Grocott-Gomori methenamine silver. Pictures were taken using EVOS fluorescence microscopy (AMG). The Animal Care and Use Committee of the University of São Paulo approved all in vivo testing.



P10 is primarily an antigenic peptide that is presented by MHC II molecules to induce a Th1 T-CD4+ cell proliferation, which exerts an IFN-γ-dependent antifungal protection. Generally, T-CD4+ cells confer resistance through secretion of cytokines such as IFN-γ, TNF-α, GM-CSF, and IL-17A, which can activate neutrophils, macrophages, DCs, and inflammatory monocytes for fungal killing and clearance. Activation of B cells leads to the secretion of protective antibodies (22, 48).

There is, however, some evidence of an immunomodulatory effect of P10 in vivo, which parallels the biological effects of isolated immunoglobulin CDRs and fragments of transcription factors (49, 50). These short peptides were able to activate bone-marrow DCs, which in turn started an immune response protective against antigenically unrelated metastatic murine melanoma.

A similar effect was observed with the combination of P10 and the TLR-5-binding Salmonella typhimurium FliCi flagellin (51), using the same metastatic melanoma system. Compounds were administered intranasally into C57Bl/6 mice, challenged intravenous (i.v.) with syngeneic B16F10-Nex2 murine melanoma cells. A marked reduction in the number of pulmonary tumor cell nodules was observed with a significant increase in the survival of challenged animals. Noticeable immunological responses were the M1 lung macrophages and secretion by lymph node cells and splenocytes of IL-12p40 and IFN-γ when they were restimulated with tumor antigens.

Therefore, P10 acts not only as a specific Th1 Paracoccidioides brasiliensis antigen but also as a non-specific immunomodulatory peptide, much like a series of other anti-cancer peptides (49).

Ex vivo P10-primed bone-marrow DCs were administered to Paracoccidioides brasiliensis i.t.-infected mice (52). There followed a significantly reduced fungal burden and decreased pulmonary damage. Increased production of IFN-γ and IL-12 and reduction in IL-10 and IL-4 compared to the untreated or unprimed, DCs-treated mice were obtained. A vaccine, therefore, with P10-primed DCs has the potential of rapid protection against the development of serious paracoccidioidomycosis in infected patients.

P10 MINI-GENE THERAPY

An early plasmid vaccine with a mammalian expression vector carrying the gp43 gene induced specific antifungal antibodies and a T cell-mediated immune response under the control of the CMV promoter (53). The IFN-γ-mediated immune response, which was effective against the i.t. infection by Paracoccidioides brasiliensis, lasted for at least 6 months after DNA-vaccine administration. Plasmids with P10 mini-gene insert (pP10) and also with IL-12 insert (pIL-12) were later used in an immunoprophylactic protocol and their association completely eliminated the fungal elements [colony forming units (CFUs)] in the lungs from i.t.-infected animals (54). In a therapeutic protocol, empty plasmids were inactive and only the combination of both pP10 and pIL-12 achieved maximal protection using both BALB/c and B10.A (susceptible) mouse strains.

In a long-term protocol in which plasmids were administered in B10.A susceptible mice, 30 days after infection and the animals were sacrificed 6 months after infection, the pP10 vaccine alone reduced lung CFUs more than 100-fold and the combination of pP10 and pIL-12, virtually eliminated all fungal cells with recovery of the lung architecture. These are very encouraging results toward the use of gene therapy with P10 DNA insert, along with pIL-12 for a long lasting immune protection against paracoccidioidomycosis.

The above-described results are a remarkable example of effective immune responses elicited by a single epitope against a systemic fungal infection. Their complexity, however, is far from being completely understood. Owing to persistent antigen stimulation and active immune response, the infection by Paracoccidioides brasiliensis is characterized by granuloma formation and fibrosis. Remarkably, the association of the cationic lipid (DODAB) and P10 resulted in significant reduction of pulmonary fibrosis in animals developing paracoccidioidomycosis.

OTHER AGENTS OF SYSTEMIC MYCOSES

Coccidioides immitis and Coccidioides posadasii

As with Paracoccidioides brasiliensis, T cell-mediated immunity seems to be most important in the protection against Coccidioides infection (55–57). High titers of antibodies correlate with poor clinical prognosis, although there is evidence showing that a specific humoral response can modulate the immune response and contribute to host resistance (55–57).

A cell wall associated proline-rich antigen known as antigen 2 (Ag2) and Ag2/Pra showed to be protective against Coccidioides infection using an experimental model (58, 59). A recombinant rAg2/Pra protein and a genetic vaccine with AG@/PRA elicited protective CD4+ T-cell-mediated response, although the route of immunization with both antigens showed some inconsistence (59).

Herr et al. (59) showed that Coccidioides posadasii produces a homologous proline-rich antigen denominated Prp2, which shows 69% protein identity and 86% similarity to Ag2/Pra. Protection against intra nasal challenge of C57BL/6 mice was verified by subcutaneous vaccination with single bacterially expressed homolog, rAg2/Pra or rPrp2 in association with rAg2/Pra in the presence of the CpG oligodeoxynucleotides adjuvant (59). A significant improvement of protective immunity induced by vaccination with combined rAg2/Pra and rPrp2 proteins was observed when compared to immunization with the single recombinant proteins (59).

Peptide libraries from proline-rich Ag2/Pra and Prp2 were used for mapping CD4+ T-cell epitope by analysis of the T-cell response in an IFN-γ-ELISPOT assay. Six sequences of Ag2/Pra overlapping peptides (TRLTDFKCHCSKPELPGQIT, HCSKPELPGQITPCVEEACP, PIDIPPVDTTAAPEPSETAE, TTAAPEPSETAEPTAEPTEE, PTEEPTAEPTAEPTAEPTHE, and PTAEPTAEPTHEPTEEPTAV) and three sequences of PrP2 (EKLTDFKCHCAKPELPGKIT, DTRTPTQPPSTSPSAPQPTA, and PSTSPSAPQPTACI-PKRRRA) induced IFN-γ by CD4+ T cells isolated from mice immunized with either rAg2/Pra or rPrp2 (59). Albeit some peptides exhibited high similarity in their sequences, cross-reactions with T cells from either rAg2/Pra or rPrp2-immunized mice were not observed. Peptide sequences with high T-cell stimulatory response from homologous immunized mice contained one or more TXX’P sequences. The XX residues, however, of TXX’P motifs of Ag2/Pra and Prp2 differed (59).

Hurtgen et al. (60) described a strategy for the construction and immunological evaluation of a recombinant epitope-based vaccine. The use of a computational algorithm (ProPred), which identified putative T-cell epitopes predicted to bind promiscuously to human MHC class II molecules, revealed three antigens: aspartyl protease (Pep1), alpha-mannosidase (Amn1), and phospholipidase B as potential vaccine candidates (60). T-cell reactivity of synthetic peptides carrying all predicted epitopes was tested by IFN-γ ELISPOT assay.

A single, bacteria-expressed, and recombinant epitope-based vaccine was constructed with five promiscuous, immunodominant T-cell epitopes derived from Pep1 (MRNSILLAATVLLGCTSAKVHL and HVRALGQKYFGSLPSSQQQTV), Amn1 (PAKVDVLLAQSLKLADVLKF and NGLATTGTLVLEWTRLSDIT), and P1b (TPLVVYIPNYPYTTWSNIST). The upstream 20-mer peptide had the N-terminal of each epitope flanked by Ii-Key fragment (LRMKLPKS), and the C termini in four of the five peptides were flanked by CPGPG spacer to avoid processing of junctional epitopes (60).

C57BL/6 mice immunized with the epitope-based vaccine admixed with synthetic CpG ODN adjuvant or loaded on yeast glucan particles, and then challenged intranasally with Coccidioides posadasii, induced an infiltration of active T helper-1 (Th1), Th2 and Th17 cells, enhanced IFN-γ and IL-17, and reduced lung fungal burden with prolonged animal survival (60).

In some infections by dimorphic fungi, even in the absence of CD4+ T cells, mice had long-term survival mediated by vaccine-induced IL-17-producing CD8+ T cells (61). Recombinant CD4+ and CD8+ T-cell epitopes joined by non-immunogenic linkers were loaded on glucan particles (composed primarily of β-1,3-glucan) which delivered the vaccine to APCs. Beta-glucan activates the alternative pathway of complement with deposition of C3 fragments, thus leading to phagocytosis by DCs and macrophages mediated by complement receptors and dectin-1. A decapeptide (EP67) agonist of active C-terminal region of human complement C5a acted as an adjuvant enhancing antigen presentation by macrophages and DCs but not neutrophils due to its high affinity for C5a receptors (C5aR/CD88) (61). This adjuvant was effective when conjugated with lysine residues on the surface of live arthroconidia from the vaccine strain. EP67 directs the vaccine to C5aR-bearing macrophages and DCs, inducing phagocytosis and antigen presentation. BALB/c mice immunized with EP67 conjugated, live vaccine, increased survival and decreased inflammatory pathology, fungal burden, and neutrophils in the lungs (62). EP67 conjugated with epitope-based protein vaccines may provide an effective mechanism to further augment Th17 immunity (61). The use of glucan particles as a delivery and adjuvant compound as used here to treat coccidiomycosis could become in the future an important carrier of peptide antigens eliciting protective immune cellular responses, thus following the pioneering work in Candida albicans. Coincidently with Candida albicans, the cellular response elicited against Coccidioides was also characterized by increased Th17 immunity.

Histoplasma capsulatum

Scheckelhoff and Deepe described an immunogenic heat shock protein-60 region (F3, fragment 3), which conferred protection against experimental Histoplasma infection (63, 64). A T-cell clone from C57BL/6 mice expressing Vβ 8.1/8.2+ T cells was generated after subcutaneous rHsp60 immunization and was efficacious for rHsp60-induced protective effect. TCR analysis showed that a subset of Vβ 8.1/8.2+ that produced IFN-γ and reacted with F3, shared a common CDR3 sequence, DGGQG (64). It seems that a distinct subset of Vβ 8.1/8.2+ T cells is crucial for generating a protective response following rHsp60 immunization.

CD4+ T-cell depletion during primary infection by H. capsulatum led to animal’s death, whereas lack of CD8+ T cells decreased fungal clearance (65). Remarkably, however, CD4+ T cells are dispensable in vaccine immunity to H. capsulatum [reviewed in Ref. (66)]. In the absence of CD4+ T cells, CD8+ T cells must be present exclusively during vaccine induction. Alternatively, immune CD8+ T cells generated in wild type mice, in the absence of CD4+ T cells, were adoptively transferred to mice infected with Blastomyces giving rise to effector cells lowering by 15-fold the lung CFU compared to no T cells. In both H. capsulatum and B. dermatitidis infections, when CD4+ T cells are absent, CD8+ T cells participate as effectors of vaccine immunity against these fungi (67). Likely, MHC-I molecules cross-present exogenous fungal antigens to vaccine-induced CD8+ T cells. These results point to the feasibility of developing vaccines against fungal infections in patients with immune deficiencies such as AIDS. They also illustrate the plasticity of the immune system adding unsuspected functional roles to cells and soluble mediators.

Aspergillus fumigatus

Invasive aspergillosis has significant incidence in immunocompromised hosts, with high mortality rate. Ito et al. demonstrated that sonication of A. fumigatus hyphae liberated an antigen able to protect corticosteroid immunosuppressed mice from invasive aspergillosis (68). Subcutaneous vaccination with recombinant allergen Asp f3, a 19 kDa protein recognized by antibodies from mice exposed intranasally to A. fumigatus conidia, with or without TiterMax adjuvant was protective (68). Two T-cell epitopes have been identified, and orthologs of Asp f3 have also been found in other Aspergillus species, Coccidioides posadasii, Penicillium citrinum, Candida albicans, Candida boidinii, S. cerevisiae. Since Asp f3 could mediate allergic bronchopulmonary aspergillosis, authors focused on eliminating its allergenic property after mapping the reactive epitopes. Several truncated forms of Asp f3 were synthesized and by using mass spectrometric analysis, two peptides were identified, 11-mer (PGAFTPVCSAR) and 13-mer (HVPEYIEKLPEIR), able to stimulate Asp f3-specific T cells (68).

The protection mediated by Asp f3 was investigated in experimentally infected mice. After vaccination, specific Asp f3 pre-infection IgG titers did no differ in resistant and susceptible mice and passive transfer of Asp f3 antibodies did not protect immunosuppressed mice from aspergillosis. In fact, the antigen is not accessible unless both cell walls and membrane have been permeabilized (69). Depletion of CD4+ T cells, however, reduced the survival of rAsp f3-vaccinated mice. Transference of purified CD4+ T cells from rAsp f3-vaccinated mice into non-vaccinated mice conferred protection (69).

Consecutive 5-aa overlapping peptides from Asp f3 (15–168) sequence were synthesized. Mice were vaccinated subcutaneously with non-allergenic recombinant Asp f3 (15–168)-based vaccine, suspended in TiterMax adjuvant. Five weeks after the second immunization, mice were immunosuppressed with subcutaneous injection of cortisone acetate (2.5 mg) in suspension with methylcellulose (0.5%) and Tween 80 (0.1%) for 10 days. Mice were then anesthetized and intranasally inoculated with three million conidia. Significant protection was observed with such rAsp f3 vaccination (69).

Diaz-Arevalo et al. refined the previous search for immunogenic Asp f3 epitopes (70). T-cell proliferation with a set of overlapping synthetic 20-mer peptides was carried out. T cells from Asp f3 (15–168)-vaccinated non-infected mice as well as vaccinated infected survivors showed proliferative responses to the synthetic peptides: VCSARHVPEYIEKLPEIRAK (residues 60–79) and EIRAKGVDVVAVLAYNDAYV (residues 75–94). Sera from vaccinated survivors of experimental A. fumigatus challenge and from non-surviving mice were analyzed. Elevated titers of IgG to VCSARHVPEYIEKLPEIRAK were found only in the surviving group suggesting that the deduced sequence contains both a B-cell epitope and a T-cell epitope (70).

Vaccination of a susceptible population to an opportunistic disease like invasive aspergillosis was approached by Stevens et al. (56). The least immunocompromised patients might be considered as an initial step. Candidates to immunization could include chronic granulomatous disease patients, transplant, leukemics, solid tumor at diagnosis, rheumatic or inflammatory bowel, and intensive care unit patients. Donors of hematopoietic stem cell transplants are also immunization candidates. As mentioned above, CD8+ T cells can be used in CD4-deficient hosts, and vaccines can be used aiming at stimulating the immune response, reducing immunosuppression, or acting synergistically with antifungal therapy.

Candida albicans

Invasive candidiasis is often associated with immunosuppression, prolonged antibiotic treatment, and anatomical lesions like surgery or venous catheter. A mortality of >30% is observed. Other clinical forms of candidiasis such as skin infections, oropharyngeal mucosa, and vaginal are most frequent but less severe. Knowledge of protective immune responses in candidiasis is thus a major aspect to be pursued in the field of systemic mycoses. Bär et al. used immunoproteomics to investigate natural T-cell epitopes of Candida albicans. The authors identified an MHC II-bound peptide that is recognized by 1/4 of all Candida albicans-specific Th cells, a remarkably high frequency of interaction (71).

Four peptides were identified, with overlapping sequences, derived from a homologous region of the related adhesins Als1 and Als3. The longest of the three identified Als1/Als3-derived peptides (amino acid residues 236–253) was chosen for further analysis, referred to as pALS [sequences, indicating in bold the predicted MHC II-binding epitope: KGLNDWNYPVSSESFS(Y)(T)]. The novel antigenic peptide of Bär et al. has an important role in fungal pathogenicity. It is functionally conserved in non-albicans Candida species, and most importantly, the epitope-specific T cells are not only murine but also human. Human memory Th cells responded to peptide stimulation, and vaccination of mice with the peptide elicited a T cell-dependent anti-candidiasis immune response (71). The pALS peptide of Candida albicans, carrying a promiscuous epitope, and eliciting a protective antifungal immune response, is functionally similar to Paracoccidioides brasiliensis P10, a peptide candidate of a vaccine against systemic paracoccidioidomycosis (see above section). pALS-specific T cells from the cervical lymph nodes of orally infected mice secreted IL-17A, but not IFN-γ or IL-4 (71).

Another methodology was used by Wang et al. (72), who evaluated a hybrid phage as a potential vaccine candidate without adjuvant against Candida albicans. The ability of hybrid phage displaying epitope SLAQVKYTSASSI to induce an immune protective response was studied in a mouse model. Strong cellular and humoral immune responses were induced similar to recombinant rSap2 protein immunization. Protection against intravenous lethal challenge with Candida albicans was observed in BALB/c mice immunized with hybrid phage confirming its great potential as a vaccine inducing strong Th1 and Th17 response without adjuvant (72).

A vaccine that could be effective against Candida albicans and a variety of other human pathogenic fungi was proposed by Cassone and coworkers (73, 74), based on Laminaria digitata’s β-glucan (laminarin). To increase the immunogenicity of the glucan, it was conjugated with the diphtheria toxoid CRM197. The conjugate was protective against systemic and vaginal Candida albicans infections, by eliciting anti-β-glucan antibodies, mainly IgG2b. These antibodies bound to and inhibited growth of both Candida albicans and A. fumigatus hyphae.

To understand the nature of the epitopes recognized by protective antibodies to these conjugates, studies were carried out with the following compounds, in addition to the laminarin-diphtheria toxoid (CRM197) conjugate, which was protective against fungal infections in mice (75): natural curdlan (Curd)-CRM197; linear 15-mer-CRM197 or 1,6-branched-17-mer-CRM197 β-(1,3)-glucan-derived oligosaccharides. Anti-β-(1,3)-glucan IgG antibodies were specifically raised by Curd-CRM197 and 15-mer-CRM197 oligosaccharide immunization. These antibodies protected mice against lethal infection by Candida albicans. Contrariwise, immunization with the 1,6-branched-17-mer CRM197 oligosaccharide elicited both anti-β-(1,6) and anti-β-(1,3) glucan IgG, which was not protective (75).

Conjugation of β-glucan to a carrier protein induces the production of antibodies that are protective against major fungal pathogens such as Aspergillus spp. and Cryptococcus spp., in addition to Candida spp. Growth-inhibitory β-glucan-specific antibodies combined with a protein, such as Als3 or Hyr1, could enhance the magnitude of protective antibodies as well as reduce the chances of Candida albicans immune evasion (76). The importance of a multivalent vaccine in comparison with the univalent anti-β-glucan-specific antibodies (42) was further evaluated by using mixed pALS with curdlan for protective immunization. Mice were challenged 3 weeks later i.v., with a high dose of Candida albicans. Immunization with curdlan alone was not sufficient for protection but the combination with pALS greatly increased the number of mice protected from fatal systemic candidiasis. The enhanced survival upon immunization with pALS plus curdlan correlated with the induction of pALS-specific IL-17A-producing CD4+ T cells. Data show therefore that pALS-specific Th17 lymphocytes do protect mice from candidiasis (71).

On Table 1, we summarize the linear peptides carrying epitopes potentially effective in antifungal vaccine development.

TABLE 1 | Linear peptide sequences with potential use as vaccine components.
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PAN-FUNGAL VACCINES

Recent studies showed that attenuated Blastomyces dermatitidis conferred protective effects by T-cell recognition of an unknown but conserved antigen [reviewed in Ref. (42)]. Wüthrich et al. using transgenic CD4+ T cells identified an amino acid determinant within chaperone calnexin that is conserved across ascomycetes (77). Calnexin, an ER protein, localizes to the surface of yeast, hyphae, and spores (77). Infection with dimorphic or opportunistic fungi induces calnexin-specific CD4+ T cells (77). Vaccine of calnexin in glucan particles elicited calnexin-specific CD4+ T cells and resistance to infection by B. dermatitidis, H. capsulatum, Pseudogymnoascus (Geomyces) destructans, Fonsecaea pedrosoi, and A. fumigatus (77). Authors investigated regions of conserved sequences, which represent shared epitopes recognized by the 1807-T cell receptor. Using an algorithm that predicts six regions of overlapping peptide and a second algorithm developed by Marc Jenkins refined the analysis (77). Peptides of 13-mer were synthesized, representing 10 predicted epitopes, and they were tested for binding to the 1807-T cell receptor. The peptide #1 (LVVKNPAAHHAIS) activated naive 1807-T cells as measured by their reduced expression of CD62L, increased expression of CD44, and stimulated production of IFN-γ. None of the other calnexin peptides induced IFN-γ production by 1807-T cells (77). To investigate the biological relevance of peptide #1 in medically important fungi with conserved calnexin sequences, naïve 1807-T cells were transferred into mice before infection or vaccination with these fungi (77). One week later, activation of 1807 and endogenous Ag-specific CD4+ T cells using calnexin peptide-MHC class II tetramer were analyzed. B. dermatitidis, A. fumigatus, H. capsulatum, Coccidioides posadasii, F. pedrosoi, and Pseudogymnoascus (Geomyces) destructans expanded and activated 1807 and tetramer-positive CD4+ T cells in vivo. Fungi that did not trigger expansion of tetramer-positive CD4+ T cells included Candida albicans, Cryptococcus neoformans, and Pneumocystis jiroveci, and any tetramer-positive CD8+ T cells detected in vaccinated mice (77). Vaccination with calnexin formulated in glucan particles or Adjuplex induces protective immunity against lethal, pulmonary fungal infection with B. dermatitidis and Coccidioides posadasii. Fungal burdens were reduced 10-fold in lung and spleen samples (77).

FINAL REMARKS

Albeit most single- or pan-antifungal vaccine in development focus on protein/peptide, live-attenuated fungi, immune stimulatory adjuvants, antigens presented by DCs, combination of polysaccharide with protein where polysaccharide acts as a carrier or as a mixing adjuvant, and on passive immunotherapy, the synthesis of linear oligosaccharides of β-glucan becomes also an alternative to a pan-fungal vaccine.

Liao et al. (78) developed a series of synthetic β-glucan oligosaccharides coupled to keyhole limpet hemocyanin (KLH) to generate glycoconjugates that contained structurally well-defined carbohydrate antigens. The authors have demonstrated, using a mouse model, that the conjugate of KLH and octa-β-glucan can elicit protective immune responses against Candida albicans (78).

Although short peptides carrying epitopes mediating immune responses may display remarkable activities, even acting as antigens and immunomodulatory molecules, it seems that multivalent vaccines may be superior to univalent ones, thus supporting Cassone’s views on Candida albicans vaccines (76). Development of an immune response against “multiple unrelated virulence traits” will probably be “a better approach.”
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Identifying protective synthetic oligosaccharide (OS) epitopes of Streptococcus pneumoniae capsular polysaccharides (CPs) is an indispensable step in the development of third-generation carbohydrate pneumococcal vaccines. Synthetic tetra-, hexa-, and octasaccharide structurally related to CP of S. pneumoniae type 14 were coupled to bovine serum albumin (BSA), adjuvanted with aluminum hydroxide, and tested for their immunogenicity in mice upon intraperitoneal prime-boost immunizations. Injections of the conjugates induced production of opsonizing anti-OS IgG1 antibodies (Abs). Immunization with the tetra- and octasaccharide conjugates stimulated the highest titers of the specific Abs. Further, the tetrasaccharide ligand demonstrated the highest ability to bind OS and CP Abs. Murine immune sera developed against tetra- and octasaccharide conjugates promoted pathogen opsonization to a higher degree than antisera against conjugated hexasaccharide. For the first time, the protective activities of these glycoconjugates were demonstrated in mouse model of generalized pneumococcal infections. The tetrasaccharide conjugate possessed the highest protective activities. Conversely, the octasaccharide conjugate had lower protective activities and the lowest one showed the hexasaccharide conjugate. Sera against all of the glycoconjugates passively protected naive mice from pneumococcal infections. Given that the BSA-tetrasaccharide induced the most abundant yield of specific Abs and the best protective activity, this OS may be regarded as the most promising candidate for the development of conjugated vaccines against S. pneumoniae type 14 infections.

Keywords: Streptococcus pneumoniae type 14, synthetic oligosaccharide, glycoconjugate vaccine protective activity, antibody specificity, opsonophagocytosis, biotinylated oligosaccharide

INTRODUCTION

Streptococcus pneumoniae are Gram-positive bacteria that cause invasive and non-invasive, often lethal, infections in multiple anatomic locations in adults and children (1, 2). Pneumococci capsules are one of the major virulence factors for this class of bacteria (3). Based on the chemical structure of capsular polysaccharides (CPs), more than 90 different serotypes of S. pneumoniae have been identified, approximately 20 of which are responsible for 80–90% of all pneumococcal infections (4, 5).

Epidemiologic data have shown that vaccination is an effective way to prevent pneumococcal infection. Studies of unconjugated polysaccharide-based pneumococcal vaccine of the first-generation confirmed its efficacy and safety in adults (6). At the same time, disadvantages of such vaccines have been observed, including inefficiency in children less than 2 years of age and in certain risk groups (7), absence of boosting effects upon revaccination, suggesting insufficient development of immune memory (8).

These disadvantages of polysaccharide vaccines have been overcome in carbohydrate vaccines of the second-generation consisting of CP conjugated to a protein carrier. This results in switching the syntheses of antibodies (Abs) to the carbohydrate component of the conjugate from IgM to IgG, their affinity maturation, formation of immunological memory, and protection of the host from infection by inducing complement-mediated opsonophagocytosis (8–11). The use of pneumococcal conjugate vaccines of the second-generation based on CP of clinically relevant serotypes of S. pneumoniae led to a significant reduction in the incidence of pneumococcal infections (5).

However, the use of native CP for production of conjugated vaccines has a number of disadvantages connected with difficulties in bacteria cultivation, isolation, and purification of CP and, in some cases, unsuccessful conjugation of CP to protein carriers (12). A promising direction is the development of carbohydrate pneumococcal vaccines of the third-generation based on synthetic oligosaccharides (OSs) related to the structurally defined regions of CP coupled to protein carriers (13).

To date, the structures of pneumococcal CP of different serotypes have been well described (14). Numerous synthetic OSs that bear structural similarities to CP of serotypes 1–4, 6A/B, 7F, 8, 9A/V, 14, 17F, 18C, 19A/F, 22F, 23F, 27, and 29 have been characterized (15). Several of these OSs have been conjugated to carrier proteins and tested as potential vaccines (13, 16). Advantages of OS-protein conjugate-based vaccines include the absence of bacterial impurities, high serotype specificity of immune responses, and ability of some of them to induce stronger Ab responses compared with traditional conjugated vaccines (16), known and specific engineering of the chemical structures of the synthetic OS allowing for controlled conjugations to carrier proteins, and standardized methods that comply with modern vaccine production requirements. Well-established chemical structures of OS favor to determine the role of specific CP features on the formation of immune responses.

Streptococcus pneumoniae CP type 14 consists of branched tetrasaccharide repeating units (17) (Figure 1). This CP has relatively low immunogenity when compared with other pneumococcal CP serotypes (18). The CP type 14 serotype is very common in the human population (1–3, 19, 20) and frequently infects younger children (14). Previously, the tetrasaccharide ligand (β-D-Gal-(1→4)-β-D-Glc-(1→6)-[β-D-Gal-(1→4)]-β-D-GlcNAc) was described as a good candidate to serve as the S. pneumoniae type 14 conjugated vaccine ligand (21). However, these data have not been substantiated with experiments demonstrating protective activity in murine models.
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FIGURE 1 | Structures of Streptococcus pneumoniae type 14 capsular polysaccharides and their conjugates. (A) Repeating unit of the S. pneumoniae type 14 CP (structural and symbolic representations). (B) Synthetic spacer-armed oligosaccharides (OSs) used to prepare bovine serum albumin (BSA) and biotin conjugates (structural and symbolic representations). (C) BSA conjugates of synthetic OSs. (D) Biotin conjugates of synthetic OSs.



Here, we present for the first time the comparative study of the ability of tetra-bovine serum albumin (BSA), hexa-BSA, and octa-BSA conjugates related to CP of S. pneumoniae type 14 to induce anti-CP and anti-OS opsonizing Abs and the evaluation of the efficacy of each neoglycoconjugate in the models of active and passive protection of mice.

MATERIALS AND METHODS

Synthetic OSs and Their Conjugates

Oligosaccharides were conjugated to BSA (Sigma-Aldrich, USA) and biotin (structures and designations are given in Figure 1), as previously described (22, 23). BSA has been frequently used as a protein carrier in engineered immunogenic glycoconjugates and other types of biomolecular systems (24). Matrix laser desorption ionization time-of-flight data demonstrate that the tetra-BSA, hexa-BSA, and octa-BSA conjugates contained on average 11, 15, and 9 OS ligands per protein molecule, corresponding to carbohydrate contents (by weight) of 10, 19, and 16%, respectively (22).

Synthetic and Bacterial CPs

Streptococcus pneumoniae serotype 14 synthetic CP containing an average of 10 tetrasaccharide repeats per polymer was generated using polycondensation reactions (25). Bacterial CPs were obtained from the laboratory strain of S. pneumoniae type 14 #883 isolated on April 22, 2012, from a child with acute otitis media at the Microbiology department of the “Scientific Center of Children’s Health” of the Ministry of Health of the Russian Federation (Moscow). The strain was expanded in semi-synthetic nutrient media. Isolation of CP was previously described (26). The presence of CP in the preparation was confirmed by NMR spectrometry.

Animals

BALB/c male mice aged 6–8 weeks and 2 “Chinchilla” rabbits weighing 2.5 kg were purchased from the Scientific and Production Center for Biomedical Technologies (Moscow, Russia) and kept in the vivarium of the Mechnikov Research Institute for Vaccines and Sera. The housing, husbandry, blood sampling, and sacrificing conditions conformed to the European Union guidelines for the care and use of laboratory animals. Experimental designs were approved by the Mechnikov Research Institute for Vaccines and Sera Ethics Committee.

Immunization

Mice were immunized intraperitoneally with tetra-BSA, hexa-BSA, and octa-BSA conjugates adjuvanted with aluminum hydroxide (Sigma-Aldrich Co., USA). Animals were dosed twice, on days 0 and 14 of the experiments. A single dose of glycoconjugates ranged from 10 to 1.25 µg (carbohydrate content) in twofold dilutions in saline. Aluminum hydroxide was added in an amount of 25 µL (250 µg) per immunizing dose and stored overnight at 4°C. Similar immunization schedules were used for immunization of mice with doses of the Prevenar-13 (Pfizer, USA) pneumococcal conjugate vaccine containing aluminum phosphate as an adjuvant, and doses of the Pneumo-23 (Aventis Pasteur, France) polysaccharide vaccine. Prevenar-13 murine vaccinations were single doses of either 2.2 or 1.1 µg per immunization (equivalent to 1 or 1/2 the recommended dose for humans). The Prevnar-13 vaccine contained S. pneumoniae type 14 CP conjugated with the inactive diphtheria toxin, CRM197, as the protein carrier. Pneumo-23 murine vaccinations were a single dose of 5 µg CP (corresponding to 1/5 of the dose recommended for humans). Antibacterial sera were recovered by repeated immunization of rabbits with inactivated S. pneumoniae type 14 bacteria.

Measurement of Ab Response to CP and OS

Murine sera were collected 14 days after the second immunization with the OS conjugates, or with CRM197-CP included in the Prevenar-13 vaccine, as described earlier. Ab titers were measured by enzyme-linked immunosorbent assay (ELISA) from individual blood samples of 6–12 mice/dose (the results of two experiments), or from pooled sera of 6 mice/conjugate, as previously described (27). To prepare for the titer assays, flat-bottom plates (Biomedicals, Russia) were coated with S. pneumoniae type 14 bacterial CP (1 µg/well) or synthetic CP (0.5 µg/well). Wells were also coated with CP, tetra-BSA, hexa-BSA, and octa-BSA conjugates (0.4 µg/well) to determine murine post-immunization Ab titers. Rabbit anti-mouse peroxidase-conjugated IgG1 Abs (gamma 1 chain; Rockland Immunochemicals, Inc., USA) were used as secondary Abs.

Antibody titers to OSs of glycoconjugate-immunized mice were detected on streptavidin-coated 96-well plates (Pierce®, Thermo Scientific Inc., USA) with binding capacities of 5 pmol biotin/well. OS–biotin conjugates were adsorbed on streptavidin-coated 96-well plates at 15 pmol/well. Washes were performed with phosphate-buffered saline (PBS) (Sigma, USA) supplemented with 0.05% Tween 20 (Panreac Syntesis, Spain). ELISA was performed according to the manufacturer’s instructions. Briefly, 150 nM solutions diluted in PBS of each biotinylated OS (100 µL/well) were transferred into streptavidin-coated wells. OSs were incubated for 2 h with shaking (300 RPM) at room temperature. Each well was washed three times with 200 µL of wash buffer. Serial dilutions of antisera were prepared and added to each well. Plates were incubated for 30 min at room temperature. Each well was washed three times with 200 µL of wash buffer. Secondary rabbit anti-mouse peroxidase-conjugated IgG1 Abs or goat anti-rabbit peroxidase-conjugated IgG Abs (Thermo Scientific, USA) were added to each well. After 30 min of incubation with shaking (300 RPM) at room temperature, wells were washed three times with 200 µL of wash buffer. Enzyme substrate aliquots were added, followed by incubation for 15 min at room temperature. Optical densities (ODs) were determined with a microplate reader (iMark, Japan) at 450 nm. Antibody titers are expressed as dilution of serum or as log10 values.

Antigen-Binding Capacity of Glycoconjugates-Induced Ab

To study the Ab-binding capacity in the sera of mice immunized with OS-conjugates, CP, or bacteria, biotinylated OSs were adsorbed on the bottom of streptavidin-coated 96-well plates (Thermo Scientific, USA) with a binding capacity of 5 pmol biotin/well. After adding immune antisera (90 µL/well), a concentration gradient of the OS ligands and synthetic CP or bacterial CP in PBS (1–10 µg/well) was inoculated into the wells. PBS (10 µL) was added in the control wells. The ELISA reaction procedures were the same as described earlier. Incubations with ligands and CP were carried out for 1 h at 37°C. Plates were washed three times with 200 µL/well of PBS-Tween 20. Next, working dilutions of peroxidase-conjugated rabbit anti-mouse IgG1 Abs (Rockland Immunochemicals, USA) or goat anti-rabbit peroxidase-conjugated IgG Abs (Thermo Scientific, USA) were added, as appropriate. Plates were incubated for 45 min at 37°C and then washed three times with 200 µL/well of PBS-Tween 20. Next, 100 µL of TMB was added per well to stain the bound reaction products. After 15 min, the reactions were quenched with 1 M H2SO4. ODs were determined at 450 nm with a microplate reader. The results were presented here as 50% inhibitory concentration (IC50) values. IC50 values were the concentrations of inhibitors that led to a twofold decrease of the OD and were calculated using calibration curves.

Flat-bottom plates (Biomedicals, Russia) coated with synthetic CP (0.5 µg/well) were also used. The procedure was the same as described earlier.

Opsonophagocytosis Assay

The opsonizing activities of Abs elicited against the glycoconjugates were quantified by measuring uptake of heat-killed S. pneumoniae type 14 bacterial cells by neutrophils and monocytes in the peripheral blood of untreated mice. Heat-killed bacteria were labeled by fluorescein isothiocyanate (FITC). FITC-labeled bacteria (109 cells/mL) were treated with sera (10 µL) from non-immunized mice (n = 6) or the antisera (10 µL) from mice (n = 6 for each conjugate) vaccinated twice with each of the synthetic conjugates (10 µg of carbohydrate) and then harvested 2 weeks after the second immunization. Either (1) heat-killed FITC-labeled bacteria, (2) heat-killed FITC-labeled bacteria treated by non-immune sera, or (3) heat-killed FITC-labeled bacteria treated with antiserum to each BSA conjugate were added to peripheral blood from non-immunized mice (n = 10). Sera and antisera were added to the bacteria at a 1:1 ratio and then incubated for 20 min at 37°C and washed by centrifugation (2,500 g, 10 min) in RPMI-1640 (Sigma, USA). The number of neutrophils and monocytes that internalized FITC-labeled bacteria was determined by flow cytometry (Cytomix FC-500, Beckman Coulter, USA, with CXP software). Cell population gates were determined by front and side light scattering and cell size; there were 10,000 cells/gate. The results were presented as the percentage of neutrophils or monocytes that phagocytized heat-killed FITC-labeled S. pneumoniae type 14 cells.

Glycoconjugates-Induced Passive Protection in Naive Mice

BALB/c mice were intraperitoneally immunized once with 25 µL of pooled immune sera obtained from the glycoconjugate-exposed mice (n = 6) as described earlier; each single dose of each glycoconjugate was 10 µg (carbohydrate content) per mouse. Each serum was tested in eight unexposed mice. Control injections (25 µL) included sera from non-immunized mice given to unexposed mice (n = 8), and eight unexposed mice received only saline. Two hours after the serum inoculations, mice were challenged with intraperitoneal exposure to S. pneumoniae type 14. Mortality rates were calculated 7 days post-infection.

Glycoconjugate-Induced Active Protection in Immunized Mice

BALB/c mice were immunized twice intraperitoneally with each glycoconjugate in twofold dilutions from 10 to 1.25 µg (carbohydrate content) per mouse on days 0 and 14. The same animals were challenged after 2 weeks interval with 5 × 108 colony forming units of S. pneumoniae type 14/0.5 mL. Non-immunized control mice (8–10 animals/group) were also challenged with the type 14 bacteria. As reference agents, Pneumo-23 and Pevenar-13 were given at single doses of 5 and 1.1 µg of CP S. pneumoniae type 14, respectively, and injected according to the same schedule as described earlier. The results of three experiments were measured. Mortality rates were calculated at 7 days post-infection.

Statistical Analysis

Groups were compared using Mann–Whitney rank sum tests for independent samples. Yates-corrected Chi-square tests were used to evaluate survival of mice after the challenges. P values of ≤0.05 were considered statistically significant (STATISTICA 10 software).

RESULTS

Anti-CP Response Induced by the Glycoconjugates

Only IgG1 Ab titer levels were assessed in the sera of glycoconjugate-immunized mice, as the level of IgG2a, IgG2b, and IgG3 was previously shown to be low in exposed animals (26). Post-immunization anti-CP Ab titer levels were determined in individual murine blood sera in ELISA using S. pneumoniae type 14 CP as the coating antigen (Figure 2). The highest IgG1 Ab titers were induced against glycoconjugate injections at the dose of 10 µg (carbohydrate content). Ab titers to tetrasaccharide conjugates (Figure 2A) had no difference with hexasaccharide conjugates (Figure 2B) and were lower than to the octasaccharide conjugates (Figure 2C) (P < 0.05).
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FIGURE 2 | Anti-CP IgG1 antibody (Ab) titers in mice immunized with the glycoconjugates. BALB/c mice were immunized intraperitoneally with tetra-bovine serum albumin (BSA) (A), hexa-BSA (B), and octa-BSA (C) conjugates adsorbed on aluminum hydroxide twice over 14 days at 1.25–10 µg/dose (the hexa-BSA conjugate was injected at 2.5–10 µg/dose). Anti-CP IgG1 Ab titers in murine blood sera were determined by enzyme-linked immunosorbent assay 2 weeks after the second immunization. Streptococcus pneumoniae type 14 bacterial CP was used as the coating antigens. The data from two experiments were summarized. For each glycoconjugate, blood was taken from 6 to 12 mice. The data represent individual anti-CP IgG1 Ab titers, bars indicates median ± SD. Mann–Whitney Rank Sum tests were used to evaluate significance. Differences in the anti-CP IgG1 Ab titers between tetra-BSA and octa-BSA conjugates at the immunizing dose of 10 µg/mouse, *P < 0.05.



IgG1 Ab titers in sera of mice immunized with conjugated pneumococcal vaccine Prevenar-13 (contains S. pneumoniae type 14 CP-CRM197) were evaluated using each neoglycoconjugates, synCP, and bacCP as coating antigens (Figure 3). The highest titers of IgG1 Abs in the same sera to Prevenar-13 were detected against the tetra-BSA conjugate, lower titers were detected against the hexa-BSA and octa-BSA conjugates, and the lowest titer of IgG1 Abs was detected against synCP and bacCP.
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FIGURE 3 | IgG1 antibody (Ab) titer in mice immunized with Streptococcus pneumoniae type 14 CP. BALB/c mice received two intraperitoneal immunizations with the conjugated pneumococcal vaccine Prevenar-13 with aluminum phosphate as adjuvant at 1.1 µg (content of S. pneumoniae type 14 CP) per dose. The tetra-bovine serum albumin (BSA), hexa-BSA, and octa-BSA conjugates, and synthetic (synCP) and bacterial CP (bacCP) were capture antigens, coating the enzyme-linked immunosorbent assay plates. The data are represented by individual titers of IgG1 Abs, bars indicate median ± SD. Mann–Whitney Rank Sum tests were used to determine significance. For differences in the level of Abs detected against tetra-BSA and octa-BSA conjugates, *P < 0.05.



In contrast to S. pneumoniae type 14 CP, the tetra-BSA conjugate possessed the highest ability to recognize CP-induced IgG1 Abs.

Anti-OS Response Induced by the Glycoconjugates

The titers of anti-OS IgG1 Abs were measured against biotinylated OSs in the pooled sera of glyoconjugate-immunized mice (Figure 4A). The highest levels of IgG1 anti-OS Abs were observed in the sera of mice immunized with the tetra-BSA and octa-BSA conjugates. The lowest level of Abs was detected in the serum generated by exposure to the hexa-BSA conjugate (P < 0.05).
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FIGURE 4 | Anti-OS IgG1 antibody (Ab) titer in mice immunized with the OS-conjugates, CP, or bacteria. The biotinylated oligosaccharides tetra-biotin, hexa-biotin, and octa-biotin were applied as coating antigens. (A) Fourteen days after the second immunization, IgG1 Ab titers were determined in the pooled sera of BALB/c mice (n = 6) intraperitoneally vaccinated with a single dose (10 µg) of each conjugate adsorbed on aluminum hydroxide. (B) Fourteen days after the second immunization, the IgG1 Ab titers were measured in the pooled sera of two groups of BALB/c mice (n = 6) who were intraperitoneally vaccinated with single doses of either 1.1 or 2.2 µg (CP content) of Streptococcus pneumoniae type 14 CP-CPM197 adsorbed on aluminum phosphate. (C) The level of IgG Abs in rabbits (n = 2) immunized with inactive S. pneumoniae type 14 bacterial cells. Ab titers were transformed to log10. n = 6 assays per antiserum. The data are displayed as a mean value ± SD. Mann–Whitney Rank Sum tests were used to determine significance, *P < 0.05.



Titer levels of IgG1 Abs to tetra-, hexa-, and octasaccharide in pooled sera from these two groups of mice immunized with the pneumococcal conjugate vaccine Prevenar-13 at doses of either 1.1 or 2.2 µg (CP content) were also measured using biotinylated OS (Figure 4B). Ab titers were higher with administration of the 2.2-µg/mouse dose, when compared with the lower dose (1.1-µg/mouse; P < 0.05). The titers of IgG1 Abs to the tetra- and octasaccharide in both pooled sera exceeded the level of Abs generated against the hexasaccharide (P < 0.05).

Investigations of two antibacterial sera obtained by repeated immunization of rabbits with inactivated bacterial cells revealed differences between the levels of anti-OS Abs detected using biotinylated OS (Figure 4C). In antibacterial serum 1, IgG Ab titers to the tetrasaccharide were lower than hexa- and octasaccharide Ab titers (Log10, 3.4 vs. 4.3 and 4.8, respectively; P < 0.05). Conversely, serum 2 had higher levels of IgG Abs against the tetra- and octasaccharides with the lowest level of Abs generated against the hexasaccharide (P < 0.05).

Antibodies in glycoconjugate-induced sera, as well as anti-CP and anti-pneumococcal whole cell sera of animals recognized synthetic OSs of different length.

Antigen-Binding Capacity of the Glycoconjugate-Induced Abs

Antigen-binding capacities of the Abs in the immune sera to OS-conjugates, CP, or bacteria were tested in ELISA using streptavidin plates coated with biotinylated tetra-, hexa-, and octasaccharides (Figure 5). Inhibition of binding was carried out by blocking binding reactions with biotinylated OS after incubation with the tetra-, hexa-, and octasaccharide ligands, as well as synCP and bacCP into immune sera.
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FIGURE 5 | Inhibition of IgG1 antibodies (Abs) in mice immune sera with OS ligands and CP. Enzyme-linked immunosorbent assay inhibition assays were performed using streptavidin-coated plates with tetra-biotin, hexa-biotin, and octa-biotin adsorbed on their surfaces. (A–C) Inhibition of IgG1 Abs in the pooled sera of BALB/c mice (n = 6) that were immunized twice intraperitoneally with glycoconjugates at 10 µg/dose. Sera were obtained 14 days after the second immunization. Serum samples for all glycoconjugates were diluted 1:4,000. The tetra-, hexa-, and octasaccharide ligands, synCP, and bacCP were used as inhibitors and applied in amounts ranging from 0 to 10 µg/well. The horizontal line indicates the IC50 at the point of intersection of the inhibition curves. (A) Tetra-bovine serum albumin (BSA) conjugate antiserum was tested against tetra-biotin capture material. (B) Hexa-BSA conjugate antiserum was tested against hexa-biotin capture material (C). Octa-BSA conjugate antiserum was tested against octa-biotin capture material. (D) Inhibition of IgG1 Abs was measured in the pooled sera of BALB/c mice immunized twice intraperitoneally over 2 weeks with the conjugated pneumococcal vaccine, Prevenar-13, at 1.1 µg of Streptococcus pneumoniae type 14 CP per single dose. The dilutions of sera tested against the tetra-biotin and octa-biotin coating antigens were 1:500; hexa-biotin was diluted 1:300. (E) Inhibition of IgG Abs was measured in serum harvested from rabbits that were immunized multiple times with inactivated S. pneumonia type 14 bacteria. The dilution of rabbit sera tested against tetra-biotin coating antigens was 1:300, against hexa-biotin and octa-biotin coating antigens was 1:3,000; n = 3 per data point.



In the system tetra-BSA antisera/tetra-biotin, the tetrasaccharide ligand had the highest inhibitory capacity, followed by synCP and bacCP (Figure 5A). For the hexa-BSA antisera/hexa-biotin, the best inhibitory activities were demonstrated by the tetra- and hexasaccharide ligands, synCP, and bacCP (Figure 5B). For the octa-BSA antisera/octa-biotin, the highest inhibitory activity possessed the tetrasaccharide ligand and synCP (Figure 5C). Taken together, the tetrasaccharide ligand had the maximal abilities to inhibit binding between anti-OS IgG1Abs and bound biotinylated OS.

In CRM197-CP-exposed sera/tetra-biotin, the tetrasaccharide ligand, as well as synCP and bacCP, had high inhibitory activity (Figure 5D). The tetrasaccharide ligand, as well as synCP and bacCP, inhibited interactions of anti-CP Abs with hexa-biotin in a higher degree than the hexa- and octasaccharide. The same results were obtained in the system CRM197-CP-antisera/octa-biotin. Thus, the tetrasacchride ligand exhibited maximal binding inhibitions between anti-CP IgG1 Abs and biotinylated OS.

For the first rabbit antibacterial sera (Sera 1), the tetrasaccharide ligand and synCP possessed the highest inhibitory activity against tetra-biotin (Figure 5E). Interestingly, when hexa-biotin was the coating antigen, high inhibitory activities were revealed for the hexa- and octasaccharide ligands, as well as for synCP and bacCP. Hexa- and octasaccharide, as well as synCP and bacCP, possessed high inhibitory activities against octa-biotin. In case of the rabbit antibacterial serum, the tetrasaccharide inhibited IgG Abs only in the tetra-biotin system, because when being tested against the hexa-biotin and octa-biotin, the working dilution of the serum was 1:3,000, and Abs to the tetrasaccharide fragment of CP (titer 1:3,200) could not be identified.

The abilities of the OS ligands, as well as synCP and bacCP, to inhibit the binding of either glycoconjugate or CP antisera to synCP coating antigens were studied (Figure 6). In this case, IgG Abs were determined, as the level of IgG1 was universally low. For the sera of mice immunized with the tetra-BSA (Figure 6A), hexa-BSA (Figure 6B), and octa-BSA conjugates (Figure 6C), the tetrasaccharide ligand, as well as synCP and bacCP, possessed the highest inhibitory activities. The hexa- and octasaccharides only demonstrated inhibitory activities in the octa-BSA conjugate/synCP reactions. In the serum of mice immunized with S. pneumoniae type 14 CP-CRM197 (Prevenar-13), the highest inhibitory activities were detected for the tetrasaccharide ligand, synCP, and bacCP (Figure 6D). The tetrasaccharide ligand was the only one to reach IC50 for inhibiting interactions in the sera to Prevenar-13.
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FIGURE 6 | Inhibition of IgG antibodies (Abs) recognizing SynCP as the coating antigen with OS ligands and CP. Pooled immune sera were obtained after double intraperitoneal immunization of BALB/c mice (n = 6 for each glycoconjugate) with the OS-bovine serum albumin (BSA) conjugates adsorbed on aluminum hydroxide (10 µg of carbohydrate/single dose). The tetra-, hexa-, and octasaccharide ligands, as well as synCP and bacCP, were used as inhibitory materials at concentrations of 0–10 µg/well. The horizontal line indicates the IC50 level at the point of intersection of the inhibition curves. (A) Inhibition of IgG Abs was measured in tetra-BSA conjugate sera at a dilution of 1:400. (B) Inhibition of IgG Abs was measured in hexa-BSA conjugate sera at a dilution of 1:400. (C) Inhibition of IgG Abs was measured in octa-BSA conjugate sera at a dilution of 1:1,600. (D) Inhibition of IgG Abs was measured in Streptococcus pneumoniae type 14 CP-CRM197 at a dilution of 1:200. Immune sera were obtained after immunization of mice (n = 6) with Prevenar-13 adsorbed on aluminum phosphate at 2.2 µg (content of S. pneumoniae type 14 CP) per single dose.



In general, these data provided clear evidence that the tetrasaccharide ligand possessed the best capacity to bind to anti-OS, anti-CP, and antibacterial Abs.

Opsonophagocytic Capacity of Glycoconjugate-Induced Sera

Opsonophagocytosis rates of heat-killed S. pneumoniae type 14 bacteria by neutrophils and monocytes collected from murine peripheral blood samples were examined by flow cytometry (Figure 7). The percentages of neutrophils (Figure 7A) and monocytes (Figure 7B) that phagocytosed heat-inactivated FITC-labeled bacterial cells of S. pneumoniae type 14 were quantified from blood samples of naive mice. The total number of active neutrophils that phagocytosed S. pneumoniae type 14 bacteria significantly increased in samples exposed to glycoconjugate antisera as compared with control samples without sera (C−), or samples supplemented with native sera (P < 0.01). No differences in the opsonizing rates between the antisera were revealed in this experiment. Similarly, monocytes captured S. pneumoniae type 14 bacterial cells in the presence of sera to the tetra-BSA and octa-BSA conjugates as compared with the native serum or the control (C−; P < 0.01). The lowest phagocytic activities of monocytes were observed after incubating bacteria with hexa-BSA conjugate antisera; no significant difference was found in monocyte phagocytosis rates of hexa-BSA-treated and native serum-treated bacteria.
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FIGURE 7 | Opsonophagocytic capacity of the different elicited sera. (A) Neutrophils. (B) Monocytes. The following supplements were added to pooled peripheral blood samples from non-immunized BALB/c mice (n = 10): heat-inactivated FITC-labeled Streptococcus pneumoniae type 14 (C−), negative control; FITC-labeled bacteria with native serum; FITC-labeled bacteria treated with antisera obtained by immunization of mice with the tetra-bovine serum albumin (BSA), hexa-BSA, and octa-BSA conjugates adsorbed on aluminum hydroxide. Each antiserum was collected 14 days after immunization from mice (n = 6) that had been vaccinated with each of the glycoconjugates (10 µg/dose). Native serum was also obtained from non-immunized mice (n = 6). The numbers of neutrophils and monocytes that phagocytosed FITC-labeled bacterial cells were measured by flow cytometry. Box and Whisker plots represent the distribution of cells containing FITC-labeled S. pneumoniae type 14 bacteria. The box represents the 25–75% distribution; the enclosed line is the median, the Whiskers indicating the range from 2.5 to 97.5%. Mann–Whitney Rank Sum tests were used to calculate significance, **P < 0.01.



To summarize, the Abs induced by the tetra- and octasaccharide conjugates possessed the highest opsonophagocytic capacity.

Passive Protection Elicited by the Glycoconjugate-Induced Abs

Naive mice received a single intraperitoneal administration of glycoconjugate-induced serum followed by challenge with a lethal dose of S. pneumoniae type 14 (Table 1). The reference group of mice received native sera. Two hours after treatment, all groups of mice were challenged with a lethal dose of S. pneumoniae type 14. The number of mice surviving on day 7 (D7) after the challenge was given (Table 1). No serum was injected into control mice. The sera to the tetra-BSA and hexa-BSA conjugates protected six out of eight mice, while all the mice in the control group died (P < 0.01). The sera to the octa-BSA conjugate protected five out of eight mice (P < 0.05). The native serum protected three out of eight mice. Yates-corrected Chi-square tests, between the control and other groups, *P < 0.05, *P < 0.01. The titers of Abs to CP in the glycoconjugate-induced sera were significantly higher in comparison with the mice given native sera (Mann–Whitney Rank Sum test, *P < 0.05).

TABLE 1 | Passive protection of mice with immune sera to the glycoconjugates.
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Thus, all glycoconjugate-induced sera possessed the preventive capacities.

Active Protection upon Challenge of Glycoconjugate-Immunized Mice

The results of three experiments of protective activities of glycoconjugates challenged with a lethal dose of S. pneumoniae type 14 are given (Table 2). In the first experiment (Exp. 1, Table 2), the tetra-BSA conjugate protected mice from infections (more than 4 LD50) at doses of 2.5, 5.0, and 10 µg compared with controls (naive mice; P < 0.01, P < 0.001, and P < 0.001, respectively). For the hexa-BSA conjugate, the optimal immunizing dose was 10 µg (P < 0.01). The octa-BSA conjugate protected mice at immunizing doses of 5 and 10 µg (P < 0.001 and P < 0.01, respectively). Yates-corrected Chi-square test, **P < 0.01, ***P < 0.001.

TABLE 2 | Protective activity of the glycoconjugates.
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In the second experiment (Exp. 2, Table 2), mice were immunized with lower doses (1.25 µg) of the conjugates and challenged with 4 LD50 of S. pneumoniae type 14. Here, the hexa-BSA conjugate was not tested, because in the previous experiment it did not protect the animals from infection at the lowest doses. The highest protection was induced by the tetra-BSA conjugate (P < 0.001), whereas the octa-BSA conjugate applied at the same dose was less effective (P < 0.01). Additionally, the S. pneumoniae type 14 CP-CRM197 conjugate at a dose equivalent to the doses of the BSA conjugates protected all mice from infections.

In the third experiment (Exp. 3, Table 2), the protective activity of the hexa-BSA conjugate was analyzed at the most effective single immunizing dose (10 µg of carbohydrate per mouse) and compared with the S. pneumoniae type 14 CP (5 µg of carbohydrate per mouse) from a commercial polysaccharide vaccine. In this case, 1.9 LD50 was used as the infectious dose of S. pneumoniae type 14, lower than in the two previous experiments. The CP administered without an adjuvant did not protect the mice against the infection, whereas the hexa-BSA conjugate adsorbed on aluminum hydroxide at the most effective single immunizing dose (10 µg/mouse) protected all immunized mice.

Thus, it was revealed that all neoglycoconjugates adsorbed on aluminum hydroxide possessed protective activity. The protective activity of the tetra-BSA conjugate was significantly higher than that of the hexa-BSA and octa-BSA conjugates (Exp. 1, Table 2). Given the strong protective capabilities of the tetra-BSA conjugate, the tetrasaccharide ligand seems the best of these candidates for development of an S. pneumoniae type 14 vaccine.

DISCUSSION

Selection of an optimal OS ligand possessing sufficient protective activity is the major barrier faced by developers of neoglycoconjugate vaccines. Modern chemical methods allow efficient syntheses of OSs representing potential protective epitopes of bacterial polysaccharides suitable for vaccine development (28–32). This study presented comparative immunological data of three potential protective epitopes of the S. pneumoniae type 14 CP. The tetra-, hexa-, and octasaccharide OS units differed from one another structurally and consisted of 1, 1.5, and 2 repeating units related to the CP of S. pneumoniae type 14.

The chemical structure of the OSs is an important factor in determining the immunogenicity of epitopes (15). Among the structurally unique tetra-, penta-, and hexasaccharides related to the S. pneumoniae type 14 CP, there exists a range of capabilities to stimulate induction of anti-CP IgG Abs (21, 33). It has been demonstrated that octasaccharides possessing different chemical structures and, generally, OSs with higher chain lengths are immunologically active with capacity to bind anti-CP Abs. Conjugates of long-chain OSs induce specific Abs, which subsequently promote phagocytosis of S. pneumoniae type 14 bacterial cells (21, 33, 34). Investigation of a large group of OSs (from tri- to dodecasaccharides) possessing varying chemical structures and conjugated to CRM197 revealed that the tetrasaccharide conjugate elicited Ab production and promoted the phagocytosis of S. pneumoniae type 14 bacteria. However, these data were not confirmed by in vivo protective activity assays of the conjugated tetrasacchride in animal models (21).

All glycoconjugates synthesized and reported here displayed immunogenic properties and elicited anti-CP and anti-OS IgG1 Ab production. Notably, the tetra-BSA conjugate possessed the highest protective properties in murine S. pneumoniae type 14 infection challenge models as compared with hexa-BSA and octa-BSA conjugates, but induced lower titers of anti-CP IgG1 Abs. Abs to the short-length OSs may have less opportunity to recognize chemically treated CP, as treatment may hide antigenic determinants; antigenic determinants may be more accessible to Abs generated against OSs with longer carbohydrate chains. However, we showed in a previous study that tetra-BSA conjugate-induced Abs more actively agglutinated live S. pneumoniae type 14 cells than did hexa-BSA - and octa-BSA -induced Abs; their activity equaled that of commercial serotype-specific rabbit pneumococcal antisera (35).

Conjugated tetrasaccharide as coating antigen in ELISA possessed higher diagnostic capabilities than CP detecting the higher level of CP-induced IgG1 Abs than either the conjugated long-chain octasaccharide or high-molecular weight CP. Probably, anti-CP IgG1 Abs did not fit precisely to the conformational epitope of CP of S. pneumoniae type 14, or because inappropriate epitopes were exposed on the surface of immobilized CP. Thus, the anti-CP IgG1 Ab titers reported in sera to commercial polysaccharide-based pneumococcal vaccines may occur lower than real levels detected in the same sera against tetrasaccharide conjugate. Therefore, it is reasonable to use the tetrasaccharide conjugate as the coating antigen in ELISA to determine anti-CP IgG1 Ab titers.

Post-vaccination, anti-OS IgG1 Ab titers measured in murine blood sera with ELISA using biotinylated OSs were higher than those detected using bacterial or synthetic CPs. The presence of shared carbohydrate fragments in the different OS ligands may explain the observation that each OS could cross-inhibit binding of other glycoconjugate Abs as well as the antibacterial sera. As a result, these experiments did not identify the types and abundance of anti-OS Abs present in the sera of animals exposed to CP. However, the tetrasaccharide ligand possessed the highest binding capacity to Abs generated in OS-immunized murine sera, as well as anti-CP and anti-pneumococcal whole cell sera.

All glycoconjugate-induced antisera promoted phagocytosis of S. pneumoniae type 14 bacterial cells by neutrophils and monocytes in peripheral blood of non-immunized mice. All antisera also induced passive protection of naive mice from pneumococcal infections. Similar preventive efficacies of each anti-OS serum may have occurred because the highest effective doses of each glycoconjugate were used to generate the immune sera. Perhaps, differences in opsonophagocytic and preventive activity of sera could be detected if lower immunizing doses for obtaining glycoconjugate-induced sera would be used.

Here, it was revealed for the first time that tetra-BSA, hexa-BSA, and octa-BSA conjugates adsorbed on aluminum hydroxide protected mice against S. pneumoniae type 14 infections. The feasibility of using aluminum hydroxide as an adjuvant to stimulate high levels of Ab production against conjugated synthetic OS was demonstrated previously (26). The tetra-BSA conjugate had the highest protective activity that was comparable to those demonstrated by the commercially available conjugated pneumococcal vaccine, Prevenar-13.

Based on the results of these immunological studies, including in vivo protective activity assays in murine models, we conclude that the tetrasaccharide corresponding to one repeating unit of CP is an excellent candidate for the development of a neoglycoconjugate S. pneumoniae type 14 vaccine. Additionally, tetrasaccharide-based coating antigens can be applied to ELISA for reliable determination of anti-CP Ab titers.

CONCLUSION

The neoglycoconjugate of the tetrasaccharide, which is composed of one repeating unit of S. pneumoniae type 14 CP, induced the formation of opsonizing Abs and possessed stronger protective activity in mice challenged with the lethal doses of pneumococcal bacteria as compared to the hexa- and octasaccharide conjugates. These data support application of the tetrasaccharide as a component for development of synthetic or semi-synthetic pneumococcal vaccines.
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Hemagglutinin glycoprotein (HA) is a principle influenza vaccine antigen. Recombinant HA-based vaccines become a potential alternative for traditional approach. Complexity and variation of HA N-glycosylation are considered as the important factors for the vaccine design. The number and location of glycan moieties in the HA molecule are also crucial. Therefore, we decided to study the effect of N-glycosylation pattern on the H5 antigen structure and its ability to induce immunological response. We also decided to change neither the number nor the position of the HA glycosylation sites but only the glycan length. Two variants of the H5 antigen with high mannose glycosylation (H5hm) and with low-mannose glycosylation (H5Man5) were prepared utilizing different Pichia strains. Our structural studies demonstrated that only the highly glycosylated H5 antigen formed high molecular weight oligomers similar to viral particles. Further, the H5hm was much more immunogenic for mice than H5Man5. In summary, our results suggest that high mannose glycosylation of vaccine antigen is superior to the low glycosylation pattern. Our findings have strong implications for the recombinant HA-based influenza vaccine design.
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INTRODUCTION

Traditional manufacturing of influenza vaccines involves using living viruses and presents unique technical and biosafety challenges. Serious limitations of the egg-based method forced researchers for a new solution in the area of influenza vaccine development. Alternative methods are now being explored. A relevant characteristic of the influenza virus is its capacity to change constantly, which is caused by mutations in the genes encoding two proteins: hemagglutinin (HA) and neuraminidase (1). Those changes are usually activated by two mechanisms: antigenic shift and antigenic drift. Both of them may cause the formation of a highly pathogenic virus. The capacity of influenza virus to change constantly is a great challenge for the vaccine production and the main reason why the composition of an influenza vaccine must be reviewed and updated each year.

Recombinant technology enables to obtain the protein product within several weeks, thus the time scale for the influenza vaccine production is much more attractive. As the infection-blocking antibodies are directed mainly against the hemagglutinin protein, a dynamic development in a HA-based subunit vaccine research is currently being observed. This type of vaccines contain recombinant HA protein obtained by means of genetic engineering in different expression systems (2–5). Hemagglutinin is a homotrimeric protein anchored on the surface of the virus. Each monomer consists of two subunits: HA1 and HA2, linked by a disulfide bond. The protein undergoes N-linked glycosylation and its final molecular weight (MW) is approximately 80 kDA.

Glycosylation is the most common post-translation modification by which oligosaccharides are covalently attached to either the side chain of asparagine (N-linked) or serine/threonine (O-linked). In the recent years, glycosylation, especially the N-linked one, has become an area of intensive study due to its ability to impact virus biology (6, 7). It was shown that the N-glycosylation of the influenza hemagglutinin plays an important role in the life cycle of influenza virus and influences its antigenic fitness. Indeed, oligosaccharides attached to the globular head of HA were shown to modulate virus antigenic properties (8–10) and its receptor binding (11, 12). The oligosaccharides attached to the stem region were suggested to play a critical role in HA cleavage, replication, and pH stability (13–15). The other research groups also showed that the N-glycosylation is required for the efficient folding and oligomerization of HA protein (7, 16–20).

Because the complexity and variation of hemagglutinin glycosylation are considered as the important factors for the influenza vaccine design, it was of interest to study whether the low-mannose glycosylation pattern improves immunogenicity of the H5 influenza antigen. In this study, we used a glycoengineered Pichia pastoris strain, which is capable to modify glycoproteins with Man5GlcNAc2 N-glycans. It was reported that all human cells use this glycan moiety as a foundation to form complex glycans (21). Previously, we showed that immunization with the subunit vaccine based on the extracellular region of H5 hemagglutinin with deletion of the multibasic cleavage site fully protected chickens from lethal infections by the highly pathogenic H5N1 virus (22). We also demonstrated that such an antigen spontaneously oligomerized into spherical structures. For the antigen production, we utilized very simple, low-cost, and efficient yeast expression system. In order to obtain antigen variants with a different N-glycosylation pattern, recombinant proteins were produced in KM 71 or GlycoSwitch® P. pastoris strain. Thus, we obtained high-mannose (H5hm) and low-mannose glycosylated (H5Man5) H5 antigens having identical protein backbone and only differing in their N-linked glycans. Since differences in the glycosylation pattern of the recombinant proteins might have an impact on their structures, we first specifically investigated this aspect. Then, we compared the immunological properties of the H5hm and H5Man5 antigens in vivo applying mice model. Our results are highly relevant to the subject of recombinant influenza vaccine antigens.

MATERIALS AND METHODS

Cloning of H5 Hemagglutinins

The DNA encoding the extracellular domain of HA with deletion of the cleavage site (EpiFluDatabase Accession No. EPI15789) from H5N1 avian influenza virus (A/swan/Poland/305-135V08/2006 clade 2.2.2) was cloned into pJAZs1 vector using BsaI (Thermo Scientific, USA) and pPICZαC using ClaI and NotI restriction sites. pJAZs1/H5Man5 and pPICZαC/H5hm plasmids were linearized with PmeI (Thermo Scientific, USA) and used for the electroporation of the SuperMan5 (GlycoSwitch, Biogrammatics, USA) and KM 71 (his4, aox1:ARG4, arg4) (Invitrogen, USA) P. pastoris strains. Positive clones were transformed to a fresh YPD agar plate with Zeocine (Invitrogen, USA). The yeast transformants were screened for insertion by PCR with 5′ AOX I and 3′ AOX I primers. Yeast clones with verified inserts were grown as previously described (23). The presence of recombinant proteins both in medium and cells (control) was detected by SDS-PAGE and Western blotting.

Purification of Recombinant HA Protein

Yeast medium was concentrated using tangential flow filtration (TFF) with 10 kDa cutoff Biomax cassette (Millipore, USA) and diafiltrated with 10 mM Tris pH 7.6 (Buffer A). Samples were centrifuged (14,000 rpm, 5 min, 4°C) followed by injection into HiTrap Q HP column. Proteins were eluted with 10 mM Tris pH 7.6 and 1 M NaCl (Buffer B) using a linear gradient from 10 to 45% of Buffer B at a flow rate of 0.25 ml/min. Fractions containing H5 proteins were collected, pooled, lyophilized, and stored at −20°C. H5 antigens were next loaded on a Superdex 200 10/300 GL column (GE Healthcare, UK), pre-equilibrated with 10 mM Tris pH 7.6 with 200 mM NaCl and the protein elution was monitored at 280 nm. MW standards (Bio-Rad, USA) were used to calibrate the column and to identify the MWs of proteins present in the samples.

Mass Spectrometry Analysis

H5 antigens were denatured with denaturing buffer at 95°C for 10 min. The reaction mix containing denatured HA protein and 0.125 U of endoglycosidase H (Endo H, New England Biolabs, USA) was incubated at 37°C for 1 h. The non-treated protein sample was used as a control. The protein was analyzed using SDS-PAGE. The gel bands containing deglycosylated polypeptides were excised and analyzed by LC–MS–MS/MS (liquid chromatography coupled to tandem mass spectrometry) as previously described (23). Fragmentation spectra of peptides indicated by Mascot as N-glycosylated were manually investigated.

Size Exclusion Chromatography (SEC)–Multi-Angle Light Scattering (MALS) Analysis

The averaged MW of H5hm and H5Man5 oligomers present in the SEC profile after final purification step was determined by SEC–MALS. To this end, protein samples from selected SEC fractions (100 µl) were reinjected into a Superose 6 Increase column (GE Healthcare) equilibrated with a SEC–MALS buffer (10 mM Tris pH 7.6, 200 mM NaCl) at a 0.5 ml/min flow rate. Elution of the proteins was monitored by three online detectors: UV detector (1,220 Infinity LC System, Agilent Technologies, USA), light scattering detectors (DAWN HELEOS II, Wyatt Technology, USA), and refractive index detector (Optilab T-rEX, Wyatt Technology). Data analysis and MW calculations were performed using the ASTRA 6 software (Wyatt Technology).

Transmission Electron Microscopy (TEM)

The H5hm protein sample was applied to the clean side of carbon on mica and negatively stained with 2% (w/v) sodium silico tungstate. A grid was then placed on top of the carbon film which was subsequently air dried. Images were taken under low-dose conditions (less than 20 e-/A2) with a T12 FEI electron microscope at 120 kV using an ORIUS SC1000 camera (Gatan, Inc., Pleasanton, CA, USA).

Hemagglutination Assay

Hemagglutination test was performed according to the standard protocol. Briefly, twofold dilution of the H5 antigens was incubated with 1% chicken erythrocytes for 30 min at room temperature.

Immunization Experiments

The experimental and control groups consisted of 10 7-week-old Balb/c mice. The animals were kept at a constant temperature of 22–24°C. In the first experiment, mice were immunized with 25 µg of H5hm oligomers, H5hm oligomers and monomers, and H5Man5 monomers dissolved in saline solution and supplemented with Alhydrogel (aluminum hydroxide, Gentaur, Germany). 100 µl of vaccine was administered by subcutaneous injection into the neck skin fold. There were three injections (first application of antigen and/or adjuvant + two booster shots) at an interval of 3 weeks between each dose in order to monitor immunological response. In the second experiment, mice were immunized twice with 5 µg of H5hm monomers or oligomers and 25 µg of H5hm monomers. An adequate portion of the protein was dissolved in saline plus adjuvant. Control mice received only a specific adjuvant. Blood samples were taken 14 days after each injection in order to determine the level of antibodies. Sera were stored at −20°C.

Enzyme-Linked Immunoabsorbant Assay (ELISA)

Collected sera were assayed for antibodies against H5 HA by an ELISA method, using MediSorp plates (Nunc, Denmark) coated with mammalian cell-expressed HA (19-529, ΔRRRKKR, 6xHis-tag at C-terminus, Immune Technology, USA) of H5N1 virus (A/Bar-headed Goose/Qinghai/12/05 H5N1, clade 2.2, 99.61% of aminoacid sequence similarity to A/swan/Poland/305-135V08/2006) diluted in PBS to 3 µg/ml. Sera samples, taken from individual groups at each time point of experiment were pooled, serially diluted in 2% BSA/PBS and applied onto the coated plates (o/n, 4°C). Sera samples from mice immunized with H5 protein were tested in parallel with sera from sham-immunized mice (negative controls). Bound antibodies were subsequently detected with horseradish peroxidase (HRP)-labeled goat antibodies against mouse IgG (γ-chain specific, Sigma-Aldrich, USA) at 1:1,000 dilution in 2% BSA/PBS (1 h, 37°C). TMB was used as a HRP substrate. After incubation for 30 min at room temperature, the reaction was stopped by addition of 0.5 M sulfuric acid. The absorbance was measured at 450 nm (A450) with a microplate reader (Synergy HTI; BioTek Instruments, USA). Endpoint titer was defined as the highest dilution producing an A450 value fourfold higher than the mean A450 value of the control group.

Hemagglutination Inhibition (HI) Test

Sera samples were heat inactivated at 56°C for 30 min and then were pretreated by kaolin and chicken erythrocytes to avoid a false positive reaction in HI test (24). The pretreated sera (10 µl of sera in serial twofold dilutions) were incubated for 25 min in titration plate with four HA units of the inactivated antigen A/turkey/Poland/35/2007 H5N1, clade 2.2.3 (99.22% of aminoacid sequence similarity to A/swan/Poland/305-135V08/2006). Next, a 1% suspension of chicken erythrocytes was added and incubated for 30 min. The HI titer was assessed as the reciprocal of the highest dilution in which hemagglutination was inhibited.

RESULTS

Purification of the H5hm and H5Man5 Antigens

The extracellular domain of H5N1 hemagglutinin (residues 17-531, ΔRRRKKR) was selected because it adopted the correct three-dimensional structure required for higher oligomerization. The vaccine based on this HA domain fully protected chickens from lethal infections by the highly pathogenic H5N1 virus (22). This time, in order to obtain the antigens with a native protein sequence, we excluded any affinity tags. Antigen variants with different N-glycosylation patterns were produced in the KM 71 or GlycoSwitch® P. pastoris strain. The last is engineered to produce proteins with Man5GlcNAc2 Asn-linked glycans. Finally, we obtained the high-mannose (H5hm) and low-mannose glycosylated (H5Man5) H5 antigens having identical protein backbone and only differing in their N-linked glycans. In order to increase a sample-to-volume ratio and to simplify the utilization of the ion exchange chromatography (IEC), the yeast medium was concentrated. Various methods were tested, e.g., trichloroacetic acid, ammonium sulfate, dry dialysis using Aquacide and TFF. The last one proved to be the most efficient method (data not shown). Not only it allowed us to concentrate the medium up to 10-fold but also to diafiltrate the protein samples with the IEC buffer. SDS-PAGE analysis after the IEC (Figures 1A,B) showed a high level of purity only for the H5hm protein (Figure 1C). Both recombinant antigens were clearly the major components of the IEC preparations but the purity of H5Man5 antigen (Figure 1D) had to be improved during the next purification step applying size exclusion chromatography (see N-Glycan-Dependent Structure of the H5hm and H5Man5 Antigens). Yield as high as 200 mg of the purified H5hm protein per 1 l was achieved after the IEC procedure. The efficiency of the H5Man5 antigen production was rather modest (1.5 mg/l), making the utilization of GlycoSwitch® P. pastoris strain as a vaccine platform unattractive.
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FIGURE 1 | Ion exchange chromatography (IEC) (A,B) and SDS-PAGE analysis (C,D) of H5 antigens. IEC chromatograms (A,B) present typical purification profiles of H5hm and H5Man5 proteins, respectively. Absorbance at 280 nm is shown. HiTrapQ column was pre-equilibrated with 10 mM Tris/HCl pH 7.6 (Buffer A). Proteins were eluted with 10 mM Tris/HCl pH 7.6; 1 M NaCl (Buffer B) applying a linear gradient from 10% B to 45% B at flow rate 0.25 ml/min. Collected fractions (1, 2, 3) were analyzed on 4−12% SDS-PAGE (C,D) following Coomassie staining. HA protein was detected in peak no 2 and 3 [(C): line A2 and A3; (D): line B2 and B3]. Fractions with H5hm or H5Man5 protein were pooled, lyophilized, and stored in −20/−80°C.



In order to examine N-glycosylation sites of recombinant HA antigens, we used a standard proteomic procedure for Endo H treated proteins. Mass spectrometry analysis confirmed that four sites in H5hm and three sites in H5Man5 are glycosylated (Table 1; Supplementary Material). Three N-glycosylated sites (N22, N286, N478) confirmed by LC/MS/MS analysis were common for the H5hm and H5Man5 proteins. Additionally N165 was confirmed for the H5hm protein. The structures of glycosylated H5hm and H5Man5 monomer and trimer are presented in Figure 2.

TABLE 1 | N-glycosylated peptides from the H5hm and H5Man5 proteins confirmed by LC/MS/MS analysis.
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FIGURE 2 | Structural representations of the molecular models of N-glycosylated H5hm (A,B) and H5Man5 (C,D) monomers and trimers. HA1 domain was depicted in blue ribbon representation, HA2 domain—in green one, and oligosaccharides—in orange atomistic ball one. The sugar-bonded asparagines were also depicted in atomistic representations according to their respective domain colors. The models were constructed based on the crystallographic structure of the H5 hemagglutinin (PDB ID code 5E2Y).



N-Glycan-Dependent Structure of the H5hm and H5Man5 Antigens

Size exclusion chromatography disclosed significant differences in oligomeric status of the H5hm and H5Man5 protein variants (Figure 3). The H5hm antigen was eluted in several separate peaks (Figure 3A), suggesting the presence of various oligomeric forms. Although three peaks were seen in the chromatogram of the H5Man5 protein (Figure 3B), SDS-PAGE analysis confirmed that the HA protein was eluted only in a single peak corresponding to the molecular mass of a monomer (Figure 3D, line B2). The eluted fractions were subjected to gel electrophoresis under native conditions. Native PAGE analysis revealed high MW forms in the sample of H5hm (Figure 3C). Further, both H5hm and H5Man5 monomer fractions from SEC referred to the reference band mass between 240 and 480 kDa which was much closer to the molecular mass of trimeric or tetrameric form. To better understand oligomerization status of the H5hm and H5Man5 antigens and to gain a more precise measurements of their various oligomeric forms, we performed size exclusion chromatography coupled to multi-angle light scattering (SEC–MALS) experiments and by matrix-assisted laser desorption/ionization mass spectrometry (MALDI–MS). SEC–MALS analysis revealed that the major peak in the H5hm SEC profile (LMW fraction; peak #4 in Figure 3A) contained mostly monomeric form of the H5hm antigen (weight-averaged MW of 81 kDa, Figure 4D, Table 2). By contrast, HMW fractions (peaks 1−3, Figure 3A) contained higher oligomeric forms of H5hm. These forms ranging from dimers to trimers (peak b, Figure 4B and peak b, Figure 4C, weight-averaged MW of 167 and 215 kDa, respectively, Table 2) to pentamers/hexamers and even higher oligomers (peak a, Figure 4A, calculated MWs ranging from ~400 to ~700 kDa). This suggests that the HMW fraction on H5hm antigen comprises a mixture of different oligomeric forms of the H5hm protein. In contrast, the H5Man5 antigen contained exclusively monomeric form of the H5 protein (weight-averaged MW of 67 and 66 kDa for peaks a and b respectively, (Figure 4E) which suggests different structural conformation of the population present in peak 2, Figure 3B, Table 2). All the chromatograms with theoretical stoichiometry predicted based on SEC-MALS results were overlaid and are presented in (Figure 4F).
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FIGURE 3 | Size exclusion chromatography (SEC) (A,B) of H5 antigens on Superdex 200 10/300 GL column and Native PAGE analysis (C,E) of SEC fractions. Chromatograms of the ion exchange chromatography–elution fractions (A,B). Molecular weight (MW) standard is indicated by the green dotted line. Fractions of the H5hm or H5Man5 proteins were lyophilized separately and dissolved in water followed by 4−7% Native PAGE (C,E). SEC fractions of the H5Man5 protein were additionally analyzed on 4−12% SDS-PAGE (D) following Coomassie staining.
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FIGURE 4 | Size exclusion chromatography (SEC)–multi-angle light scattering (MALS) analysis of H5 oligomers. Chromatograms of H5hm (A–D) and H5Man5 (E) oligomers. Different indexes of H5hm samples (1−4) correspond to different oligomeric forms depicted in Figure 2. Molecular weights (MWs), measured by MALS, are indicated by black line. Theoretical MW value for H5 monomer is 57.8 kDa. Measured MW are higher than theoretical due to the glycosylation status of H5 antigens. All corresponding weight-averaged MWs are listed in Table 1. Overlaid chromatograms with theoretical stoichiometry predicted based on SEC–MALS results are depicted in panel (F).



TABLE 2 | Weight-averaged molecular weights (MWs) of H5 oligomers calculated by size exclusion chromatography–multi-angle light scattering analysis.
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Matrix-assisted laser desorption/ionization mass spectrometry analysis confirmed that the LMW fraction of the H5hm antigen from SEC column contains aside from monomer also dimer and trimer. In the sample of the H5Man5 antigen, MALDI spectrometer detected only monomers (Supplementary Material).

Transmission electron microscopy showed that HMW oligomers formed regular, spherical nanostructures with an average size of 30 nm in diameter (Figure 5). However, the morphology of the H5hm nanostructures visualized by TEM is variable, e.g., rosette-like structures were also seen.
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FIGURE 5 | Transmission electron microscopy of the purified H5hm antigen. Images were obtained at nominal 30,000 magnification. The white scale bar represents 100 nm. Spherical (red circle) and rosette-like structures (yellow circle) were visualized.



The activity of the purified H5hm and H5Man5 antigens was assessed by hemagglutination assay using chicken red blood cells. This method is a surrogate assay to measure the functionality of the influenza antigen. As a positive control, we used the inactivated A/chicken/Belgium/150/1999 H5N2 virus. Efficient HA-mediated hemagglutination was observed for the H5hm HMW oligomers or a mixture of the H5hm HMW and LMW oligomers. Hemagglutination test was negative for the H5Man5 antigen (Figure 6). This is consistent with previous data suggesting that only the high MW HA oligomers are able to bound to multiple red blood cells to create the lettices structures measured in the hemagglutination assay. The immunogenicity of the H5hm and H5Man5 antigens were tested in vivo.
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FIGURE 6 | Hemagglutination of chicken red blood cells by the H5hm and H5Man5 proteins. Twofold dilution of the H5 antigens were incubated with 1% chicken erythrocytes (30 min, RT). Two forms (HMW and LMW oligomers) of H5hm antigen were tested. As a positive control, an inactivated H5N2 virus (A/chicken/Belgium/150/1999) was used.



N-Glycan-Dependent Induction of Humoral Response in Mice

To test the effect of the N-glycan length on the antigen immunogenicity, mice were immunized with both H5hm and H5Man5 antigen variants at the same dose. Furthermore, for the H5hm antigen, we tested the HMW oligomers and a mixture of HMW and LMW oligomers. Both H5hm and H5Man5 variants elicited specific anti-HA-IgG antibodies after first administration of the vaccine; however, significant differences between these two antigens at each of measurement point were observed (Figures 7A–C). Also, the significant differences in the immunological properties between these two antigens were disclosed in HI test (Figure 7D). Although all groups were HI positive, both assays indicated that high-mannose glycosylated H5 antigen is superior to the H5Man5. Furthermore, what was surprising for us, both ELISA and HI assays showed that the H5hm HMW oligomers mixed with LMW oligomers induced much stronger humoral response than the H5hm HMW oligomers solely. The HI titers as high as 2,048 were observed in the group immunized with the mixed H5hm HMW and LMW oligomers (Figure 7D). These results prompted us to follow up the immunization experiment. During the next mice immunization, we tested the H5hm HMW and LMW oligomers separately and the lower dose of vaccine was applied. Mice were immunized twice with different H5hm forms. Figures 7E,F present the results obtained from the ELISA test. The second immunization trial showed that one dose of LMW oligomers of the H5hm antigen induced much stronger immunological response than the HMW oligomers. Further, booster injection confirmed that the LMW oligomers were more immunogenic for mice than the H5hm HMW oligomers.
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FIGURE 7 | Humoral response in mice after immunization with the H5hm and H5Man5 proteins. Sera samples of mice immunized with 25 µg of H5hm or H5Man5 were pooled and the immune responses were measured in duplicate 2 weeks after immunization (A), booster (B), and second booster (C) by indirect enzyme-linked immunoabsorbant assay (ELISA) (non-linear fitting plots—bars represent SD, column plots—bars represent 95% confidence level) and 2 weeks after second booster by hemagglutination inhibition (HI) test (D). Line plots represent fits for each group HI test was performed with homologous H5N1 virus (A/turkey/Poland/35/2007 H5N1, clade 2.2.3). Data for individuals (Raw data, [image: image1]), mean ([image: image1]), and the medians (—) are shown for each group. During the second immunization experiment, two doses of LMW H5hm were tested. Sera samples of mice immunized twice with 5 µg of HMW H5hm, LMW H5hm, or 25 µg of H5hm were measured 2 weeks after first antigen injection (E) and booster (F) by indirect ELISA (bars represent 95% confidence level).



DISCUSSION

Various studies have shown that additional glycosylation sites introduced to HA molecules by site-directed mutagenesis abolish virus virulence and impact its immunogenicity (25, 26). Therefore, we decided to study the effect of N-glycosylation pattern without changing the number or the position of glycosylation sites. We also abandoned the idea of the addition of any foreign sequence either to enhance the oligomerization or facilitate the purification process. Although these fusion carriers are usually short peptide sequences, the changes that adding them may introduce to a protein are unpredictable. We obtained KM 71 and GlycoSwitch Pichia strains with stable expression of two variants of H5 antigen, with high-mannose glycosylation (H5hm) and low-mannose glycosylation (H5Man5). To test the immunological response in mice, we used three H5N1 isolates from clade 2.2. The amino acid homology between these isolates varies between 99.22 and 99.61%. The rationale for usage of three HA antigens is to mimic more natural conditions, where the circulation of genetically identical viruses is short lived, considering the fast evolution of influenza viruses. Therefore, we created a “near-homologous” setting because the H5N1 isolates used for the preparation of HA antigen, for ELISA and HI test, all belong to clade 2.2 H5N1, the predominant genotype during 2005/2006 epidemic of HPAI. Our immunization experiments showed that the H5hm antigen induced significantly stronger HA-antibody response than the H5Man5 antigen. The mean anti-HA antibodies titer as high as 1.5 × 106 after the third dose of the H5hm vaccine was detected. However, it is well known that protective immunity correlates with HI titers rather than antigen-binding antibodies. Indeed, HI tests showed that the antigen with high-mannose glycosylation gave higher neutralizing antibodies titer than the low-glycosylated H5 antigen. It was reported by Lin and colleagues that recombinant H5 antigen with high-mannose glycans was highly immunogenic and elicited strong immunological response (27). Recently, Liu and colleagues showed a very positive effect of high-mannose type glycosylation on the immunogenicity of recombinant H1, H5, and H7 antigens (28). On the other hand, Chen and colleagues reported that monoglycosylated H1 induced higher HI-antibodies titer and exhibited higher neutralizing capacity than fully glycosylated HA (29). The same effect was observed for the H5 protein (12). However, in above studies, antigen variants were forced to form trimers since the transmembrane domain was replaced with the residues that are trimerization segment.

In our study, the differences in the immunological properties may be explained by the differences in the oligomeric status of the H5hm and H5Man5 antigens. Structural analysis showed that the high-mannose glycosylated antigen but not Man5 oligomerized into spherical like structures. The H5hm antigen also formed low molecular oligomers like dimers/trimers and these oligomers combined with monomers were more immunogenic for mice than high MW oligomers. For the H5Man5 antigen, only monomeric forms were detected. Gallagher and colleagues demonstrated that glycosylation state had an impact on hemagglutinin oligomerization. They showed that although no individual oligosaccharide side chain was necessary or sufficient for the folding, the mutant HAs having less than five oligosaccharides formed intracellular aggregates (18). The differences in oligomeric status of the antigens may be also caused by the number of glycosylated sites in the antigens. Mass spectrometry analysis confirmed that four sites in H5hm and three sites in H5Man5 are glycosylated. Without any mutation, N165 is not glycosylated in the H5Man5 antigen. Further studies are necessary to explore the effect of the N-glycosylation on the recombinant hemagglutinin oligomerization.

A low-cost production of vaccine with the specific match to the genetics of current outbreak’s virus is strongly required. In this study, we used the P. pastoris cells to produce a soluble H5 antigens. The P. pastoris expression system has been commonly utilized as a platform to produce various proteins significant for medical industry, including vaccine antigens (Shanvac™, Elovac™, Gavac™). The another crucial issue for an influenza vaccine to be licensed for use is a development of efficient process for the purification of the protein product. We optimized both of vaccine production steps (expression and purification); however, the efficient production process was achieved only for high-mannose H5 protein. The efficiency of the H5Man5 antigen production was rather low, thus the utilization of GlycoSwitch® P. pastoris strain as a vaccine platform is unattractive. For the high-mannose H5 antigen, which was proved to be much more immunogenic, the excellent efficiency up to 150 mg of highly purified protein from 1 l of culture medium (6,000 doses) was obtained. This efficiency presumably could be easily scaled up using bioreactors.

In summary, the N-glycosylation influences the biological properties of the influenza H5 antigens. The presence and the number of carbohydrate moieties (mannose) had an impact on the oligomerization and the immunogenicity of the H5hm and H5Man5 antigens. Structural analysis showed that the high-mannose glycosylated antigen not only formed low molecular oligomers like dimers and trimers but also oligomerized into spherical structures similar to influenza virions. The high-mannose H5 antigen induced significantly stronger HA-antibody response than the H5Man5 antigen. These results might be highly relevant for the influenza vaccine design.
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Alele Pi P Peptide Peptide selected
Cu-Zn SOD MHC- H2-Ld 60 68 TPGYHGFHV TPGYHGFHV
H-2-Kd 3 102 HYDPGNTHHHL HYDPGNTHHHL
MHC-I H2-IAd 6 20 IASTMVLMAFPAFAE FIASTMVLMAFPAFAE
H2-IAd 5 19 FIASTMVLMAFPAFA
H2-IAd 7 21 ASTMVLMAFPAFAES
BAB1_0260 MHC- H-2-Kd 199 207 NYARSVGAI NYARSVGAI
H-2-Kd 311 322 SYAAPRQGGVNI SYAAPRQGGVNI
H2-Ld 114 122 APGNNFFGI APGNNFFGI
H2-Ld 155 166 SPQDSVAGYADF SPQDSVAGYADF
MHC-I H2-Ad 353 367 NDPMRALQAQKLQLE NDPMRALQAQKLQLEM
BAB1_0270 MHC- H2-Ld 35 43 FPVMDFLEL FPVMDFLEL
H2-Ld 128 138 EPQANQFAGEL EPQANQFAGEL
MHC-I H2-IAd 46 60 CGQRMGMVDLRIKTQQ LCQRMGMVDLRIKTQQ
H2-IAd 45 59 LCQRMGMVDLRIKTQ
H2-1Ad 155 169 MQRHSVSRGAADIRL VMQRHSVSRGAADIRL
H2-1Ad 154 168 VMQRHSVSRGAADIR
H2-IAd 153 167 DVMQRHSVSRGAADI
BAB1_0273 MHC- H-2-Kd 35 a3 RYEGGSGVL RYEGGSGVL
H-2-Kd 48 60 QYIEALIAVLTAA QYIEALIAVLTAA
H-2-Kd 48 56 QYIEALIAY
MHC-Il H2-IAd 3 17 ITAEQLRAARALLKM ITAEQLRAARALLKM
H2-1Ad 9 23 RAARALLKMEQRALA RAARALLKMEQRALA
BAB1_0278 MHC- H2-Ld 7 16 SPLSEALPMF SPLSEALPMF
H-2-Ld 7 15 SPLSEALPM
H-2-Ld 21 28 SPHEGFRL SPHEGFRLADL
H2-Ld 21 31 SPHEGFRLADL
BAB1_0278a MHC-1 H-2-Ld 22 32 FPANKKNGYAL FPANKKNGYAL
MHC-I H2-1Ad 44 58 SAPASIQEADDFLLA SAPASIQEADDFLLA
Pi Pf Peptide Reference
Cu-Zn SOD - - 75 86 GGAPGEKDGKIVPAG Tabatabai and Pugh (39)

Pi, initial position of peptides in each protein; P, final position of peptides in each protein.
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Protein name Locus tag Position Genebank ID Length (aa)

Copper/Zinc superoxide dismutase BAB2_0535 AMO040265.1:534069-534590 CAJ12701.1 173
Flagelar protein FigJ BAB1_0260 AM040264.1:263739-265859 CAJ10216.1 706
Zinc-dependent metallopeptidase BAB1_0270 AM040264.1:270965-271513 CAJ10226.1 182
Hypothetical DNA-binding protein BAB1_0273 AM040264.1:272920-273165 CAJ10229.1 81

Hypothetical GerA protein BAB1_0278 AM040264.1:275602-275838 CAJ10234.1 78

Hypothetical ABC-type transporter BAB1_0278a AM040264.1:275322-275654 EEP63779.1 110
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Epitope

ALGGVLIFL
LTMNNKHWLY
GLFGKGSLY
TMNNKHWLY
YYLTMNNKHW
QEGAVHTAL
AVHTALAGA
YSLCTAAFTF
KEWFHDIPL
SQIIGTLLM
SYSLCTAAF
TPHWNNKEAL
ILGTLLMW
DTAWDFGSV
LALGGVLIF
HKEWFHDIPL
MAVLGDTAW
RMAVLGDTAW
ILIGTLLMWL
VSYSLCTAAF
RLKGVSYSL
FKSLFGGMSW
KSLFGGMSW
KMMLELDPPF
EFKDAHAKR

SE

1.57
1.73
178
184
1.86
1.89
196
198
2.08
209
2.10
213
213
243
214
2.15
2.16
247
247
218
2.20
2.28
228
233
261

Source

Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Predioted

Dengue/Predicted

Start

490
204
106
205
202
261
264
305
215
a64
304
233
466
426
a89
214
421
220
466
303
299
453
454
373
244

Stop

498
218
14
213
211
269
272
314
223
473
312
242
474
434
497
223
429
429
475
312
307
462
462
382
252

1° Allele

HLA-A'02
HLA-A'02
HLA-A'02
HLA-A'02
HLA-A"23
HLA-B*40
HLA-A30
HLA-A"23
HLA-B"40
HLA-B"15
HLA-A"23
HLA-B'07
HLA-B'57
HLA-A'68
HLA-B'53
HLA-B*40
HLA-B'53
HLA-B'58
HLA-A'02
HLA-A'24
HLA-A'32
HLA-B'58
HLA-B'57
HLA-A'02
HLA-A'33

2° Allele

HLA-B'58
HLA-B'08
HLA-B'08
HLA-B'08
HLA-B'53
HLA-A'32
HLA-B07
HLA-B'53
HLA-A02
HLA-A"26
HLA-B15
HLA-A"23
HLA-A"33
HLA-B'51
HLA-A"23
HLA-A'32
HLA-A"32
HLA-A"24
HLA-B"15
HLA-B15
HLA-B'08
HLA-A"23
HLA-A"32
HLA-B"44
HLA-B'08

%RankA 1° < 2°

6.9
1.45
16.7
155
0.4
238
16
03
83
225
24
46.25
4265
128
15
0.45
52
39
55
1.25
03
35
0.15
0.4
57.8

Start-Stop positions are relative to the ZKV E protein. %Ranka reflects the absolute value of the difference between the best i, primary (1°) and secondary (29 allele percentie rank.

Larger numbers for %RankA indicate a larger preference for the 1° allele.
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Epitope

VMILLIAPA
LVMILLIAPA
YLVMILLIA
VMILLIAPAY
IYLVMILLI
ALAAAAIAWL.
SQKVIYLVM
LLGSSTSQKYV
TSQRVIVLY
LIRVENWIFR
VILPSHSTR
LPSHSTRKL
SQTWLESREY
RSQTWLESR
KLQTRSQTW

SE

183
187
1.89
193
202
2.24
2.26
2.25
233
237
2.58
265
2.79
281
284

Source

Predicted
Dengue/Precicted
Dengue/Precicted
Predioted
Dengue/Predioted
Predicted
Dengue/Precicted
Dengue/Predicted
Dengue/Predicted
Dengue/Predicted
Predicted
Predicted
Predicted
Predicted
Predicted

Start

65
64
63
65
62
43
58
52
56
29

2

3
16
15
1

Stop

74
73
7
74
70
52
66
61
65
38
1
12
25
23
19

1° Allele

HLA-A"30
HLA-A'02
HLA-A'02
HLA-A'30
HLA-A"23
HLA-A'02
HLA-B'15
HLA-A'02
HLA-A'68
HLA-A'31
HLA-A'11
HLA-B'07
HLA-B"15
HLA-A'31
HLA-A'32

2° Allele

HLA-B"15
HLA-B'08
HLA-B'35
HLAB"15
HLA-B'51
HLA-B*15
HLA-A'30
HLA-B'51
HLA-B'57
HLA-B'57
HLA-B'57
HLA-A02
HLA-A'30
HLA-B'57
HLA-B'57

%RankA 1° « 2°

0.45
2.75
175
0.45
0.2
42
38
17.35
0.55
3125
655
465
1.45
6.25
02

Start-Stop positions are relative to the ZKV M protein. 9%RankA reflects the absolute value of the difference befween the best ft, primary (19, and secondary (2°) allele percentie

rank. Larger numbers for %RankA indicate a larger preference for the 1° allele.
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Epitope ID  Epitope sequence Interacting HLA-DR alleles 9% predicted/51

M (58-77) SQKVIYLVMILLIAPAYSIR DRB1°0101, DRB1°0102, DRB1°0301, DRB1°0305, DRB1°0306, DRB1°0307, DRB1°0308, 100

DRB1°0309, DRB1°0311, DRB1°0401, DRB1°0402, DRB1°0404, DRB1°0406, DRB1°0408,
DRB1°0410, DRB1°0421, DRB1°0423, DRB10426, DRB1°0701, DRB1°0703, DRB1°0801,
DRB1°0802, DRB1°0804, DRB1°0806, DRB1°0813, DRB1°0817, DRB1*1101, DRB1*1102,
DRB11104, DRB1*1106, DRB1*1107, DRB1*1114, DRB1*1120, DRB1*1121, DRB1*1128,
DRB1*1301, DRB1*1302, DRB1*1304, DRB1*1305, DRB1*1307 DRB1*1311, DRB1*1321,
DRB1°1322, DRB1°1323, DRB1*1327, DRB11328, DRB1*1501, DRB1*1502, DRB1*1506,
DRB5'0101, DRB5'0105

E(130-149)  QPENLEYRIMLSVHGSQHSG ~ DRB1°0101, DRB1°0102, DRB1'0301, DRB1°0305, DRB1°0309, DRB1°0401, DRB1°0402, 92
DRB1°0404, DRB1°0405, DRB1°0408, DRB1°0410, DRB1°0421, DRB1°0423, DRB1°0426,
DRB1°0701, DRB1°0703, DRB1*0801, DRB1°0802, DRB1°0804, DRB1°0806, DRB1°0813,
DRB1°0817, DRB1*1101, DRB1*1102, DRB1*1104, DRB1*1106, DRB1*1107, DRB1*1114,
DRB11120, DRB1*1121, DRB1*1128, DRB1*1301, DRB1*1302, DRB1*1304, DRB1*1305,
DRB11307, DRB1*1311, DRAB1*1321, DRB11322, DRB1*1323, DRB1*1327, DRB1*1328,
DRB1°1501, DRB1*1502, DRB1*1506, DRB5°0101, DRB50105

E(289-308)  KCRLKMDKLRLKGVSYSLCT ~ DRB1‘0301, DRB1'0305, DRB1'0306, DRB1°0307, DRB1°0308, DRB1°0309, DRB1*0311, 86
DRB1°0401, DRB1°0402, DRB1°0404, DRB1°0405, DRB1°0408, DRB1°0410, DRB1°0421,
DRB1°0423, DRB1°0426, DRB1°0801, DRB1°0802, DRB1°0804, DRB1°0806, DRB1°0813,
DRB1°0817, DRB1°1101, DRB1*1102, DRB11104, DRB1°1106, DRB1*1107, DRB1*1114,
DRB1°1120, DRB1*1121, DRB1*1128, DRB1*1301, DRB1*1302, DRB1*1304, DRB1*1305,
DRB11307, DRB1*1311, DRB1*1321, DRB1*1322, DRB1*1323, DRB1*1327, DRB1*1328,
DRB5*0101, DRB5'0105
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Epitope Sequence

6 (32-46) DKELYPLASLRSLFG
p17 (73-89) EELRSLYNTVATLYCVH
pol (785-799) GKILVAVHVASGY!
G160 (188-201) NTSYRLISCNTSVI

rev (11-27) ELLKTVRLIKFLYQSNP
vpr3 (65-82) QQLLFIHFRIGCRHSRIG
Vi (144-158) SLQYLALVALVAPKK
nef (180-194) VLEWRFDSRLAFHHV

The sequences of HIV-1 epitopes selected for this study were previously described by
Fonseca et al. (16). These epitopes were derived from the previously described DNA
vaccine HIVBr18 (18, 19) and comprise the eight mentioned epitopes (HIVErS) that can
bind 1o I-A? and are recognized by T cells from immunized BALB/C mice.
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Name

Sequence (NH; .. -COOH) Multi-epitope  HLA supertypes  Linker Length  Molecular weights
peptide (aa) (Da)
chCPAp GNIEGQWALKNHSLVSLSEQVLVSCDNIDDAAY ~ CPAp2and  HLA-A2 (A'0201)  AAY 65 6.778.77
LYFGGWWTLCFGLSLNHGVLWGFNRQAKP GPA D3 HLA-A3 (A'03)
HLA-A4 (A'2402)
HLA-DRB1
HLA-DPAT
HLA-DOAT
chH1p MSSDSAVAALSAAMTSPQKSAAY H1_p1 and HLA-A2 (A'0201)  AAY 43 4,236.02
AGAKKAGAKKAVRKVATPKK H1_p3 HLA-A3 (A'03)
HLA-DRB1
HLA-DQAT
GhKMP-11p  AKFVAAWTLKAAAHEYGAEALERAG PADRE and HLA-A2 (A'0201)  HEYGAEALERAG 45 5,185.79
TYEEFSAKLDRLDEEFNRKM KMP-11_p1 HLA-A3 (A'03)
HLA-A24 (A'2402)
HLA-DRB1
HLA-DPAT

HLA-DQA1
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Name Sequence (NH, ... -COOH) HLA A*0201-restricted epitopes

H2-Db restricted epitopes

H2-Kb restricted epitopes

chCPAp GNIEGQWALKNHSLVSLSEQVLVSCDNIDDAAY  Nonamers
LYFGGWILCFGLSLNHGVLVWGFNRQAKP 160-GNIEGQWAL-168

168-LKNHSLVSL-176
172-SLVSLSEQV-180
175-SLSEQVLYS-183
273-LYFGGWTL-281
277-GWITLCFGL-285
279-VTLCFGLSL-287
283-FGLSLNHGV-291
284-GLSLNHGVL-292
286-SLNHGVLW-294
Decamers
167-ALKNHSLVSL-176
172-SLVSLSEQVL-181
173-LVSLSEQVLV-182
175-SLSEQVLVSC-184
284-GLSLNHGVLV-293
285-LSLNHGVLVV-294
286-SLNHGVLWG-295

Nonamers
166-WALKNHSLV-174.
284-GLSLNHGVL-292
Decamers
276-GGWILCFGL-285
284-GLSLNHGVLV-293

No predicted epitopes

chH1p MSSDSAVAALSAAMTSPQKSAAY Nonamers
AGAKKAGAKKAVRKVATPKK 2-SSDSAVAAL-10
49- GAKKAVRKV-57
Decamers
1-MSSDSAVAAL-10
48-AGAKKAVRKV-57

ChKMP-11p  AKFVAAWTLKAAAHEYGAEALERAG Nonamers
TYEEFSAKLDRLDEEFNRKM 2-ATTYEEFSA-10
11-KLDRLDEEF-19
Decamers
3-TTYEEFSAKL-12
14-RLDEEFNRKM-23

Decamers
5-SAVAALSAAM-14

Decamers
10-AKLDRLDEEF-19

No predicted epitopes

No predicted epitopes

The cutoff score was adjusted to >18 for SYFPEITHI and <50 nM for EpiJen.
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Formulation name

PLGA-GhCPAD
PLGA-chHIp
PLGA-ChKMP-11p
PLGA-ChCPAD-MPLA
PLGA-chH1p-MPLA
PLGA-GhKMP-11p-
MPLA
p8-PLGA-ChCPAD
p8-PLGA-chH1p
PB-PLGA-ChKMP-11p

Average size
(nm)

291.4+3.1
3418428
341012
3745+ 125
418545
2999+ 1.05

3922408
4211 %21
424.1+38

zpotential
mv)

-816£20
-15.0£0.2
20102
-16.1£0.2
-106+0.1
-19.820.1

-40£01
-550.1
-4302

Peptide load
(wt%)

1.84 +0.04
141020
1.84 +£0.10
1.89 +0.03
1.44 +0.08
1.80 + 0.06

1.84 +004
141020
1.84 +0.10

Peptide EE
(%)

86.44 +1.86
64.59 £7.10
84.57 £2.37
87.35+1.35
65.30 +2.04
82.06 +099

86.44 +1.86
64.59 +7.10
84.57 +2.37

Monophosphoryl
lipid A (MPLA)
foad (wt%)

0.50 +0.06
0.98.+0.01
0.81+0.06

MPLA EE p8 load P8 CE
(%) (wt%) (%)
45.44 1 5.02 - -
92.85 +1.05 - -
75.19 £ 4.80 - -
N 083+0.14 49.62 +5.41
- 0.77 £0.09 5306 +3.15
- 0.73+0.08 51.68 +2.90

Results are presented as mean + SD (n = 3).

EE, encapsulation efficiency; CE, conjugation efficiency.





OPS/images/fimmu-08-00226-g001.jpg
! ‘ 1 [
1 |
1 w
k! [
c D 12
Large antigens Small antigens P

8- Qb{1668E7 coupisd

- Qb{1668) + E7 mied

08 ~#-QbG10-E7 coupled
- GbG10 + €7 misnd
Mixed + + RAHYNIVTF 06 e~ b E7 corpled
8 ~o-Gb+ E7mond
04 T
3 02
| % —RAHYNIVTF
0.0
d 10 100 1000 10000

Vaccine concentration (ng/mL)

450

Coupled






OPS/images/fimmu-08-00684-t004.jpg
Mix B Mix Genes in common
FDR  Unique genes FDR  Unique genes
GO:0001819 5.28E-27  DOx60, Lgals9, Dhx58, 1116, Clecde, Tnisf15, I110, Eif2ak2,  8.77E-22 Adra2a, 77, Rsad2, He, Bl3, Statsa, Cold,
Positive regulation Ifin1, 1123, Serpinet, Tnfsfd, Ticam, Dcit3, Fiot1, Lum, Afapi, F2i1,  Src, Tnis9, I112b, 1235, Ca40, Ifs,
of cytokine Semaa, Tir1, Cd1d1, 115, Casp4, Cd274, Hipda, Ripk2, C0244,Cd28 1001, Gbps, I, Fit3, Ptgs2, Cypib1
production Slamf1, Ccl3, Cx3clt, Mif
G0:0050727 2.20E-20  Lgals9, l1r1, Serping, Fabpd, 110, Echrb, Serpinet, 4.55E-16  ler3, Ca28 Sic7a2, Nos2, Statsa, Adora2a, Ccld,
Regulation of Tfst4, Gstp1, Hamp, Sema’a, Socs3, Casp4, g1, Ppard, I112b, I2ra, Stk39, Dusp10,
inflammatory Ccl, Cx3clt, Mvk, PdeSa, Tofaio, Mif Ido1, Gbps, 16, Pigs2
response
GO:0007159 7.91E-18  Lgals9, Batl, Cav1, ligav, Clecde, Ca80, ltgaS, Gadddsg,  119E-15 OIrf, Stx11,  Rsad2, Hspht, Caks, Btia, Foxp1,
Leukocyte cell-cell TnfstB, Prex1, I23a, Tnfst, DIl4, Gtp1, Ebi3, Cd1d, 115, F2il, Cd244,  Satb1, Fyn, Boi3, Statsa, Adora2a,
adhesion FKbpla, Cd274, Psmb10, Ripk?, Slamf, Nek2, Cdg6, Pdcalige, Runx2, Washi, Tnfsf9, I12b, Ii2ra,
Pdesa, Hsp90aal, Zc3h12d, Kit %] Idof, Tef7, I, Fit3
GO:0071345 3.25E-17  Gmd951, It t2, Saa, Igtp, Zbp1, Cav1, rl, Pmi, 116,  1.91E-00  Piprf, F2d1, 7, 11205, Nos2, i3, Stat2, lkbkb,
Cllular response lign1, Den, Cxcl9, Adar, Osm, Acsl1, Keapt, Serpinef, Csft Socs1, Stat, Statsa, Ccld, I112b,
to cytokine Pyhin1, Hsp90ab1, Iiim, Gbpd, 13ra, Ebi3, Dapk3, Cxci5, Tande17, 11231, GbpS, I6, FIt3, Cxcl3
stimulus Socs3, Fkbpla, Gbp3, Hax1, Piasd, Tip2, Cish, Cib, Irg,

Ripk2, Cxcl1, Stat3, Cdip1, Ccl3, Cx3cl1, Gbp2, Ccl17,
Gbp2b, Kit
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Predicted Domain Sequences IFN-y/ TNF-o/
location®  for L0 IL-10
0219-40 cD4 F1 ELLAITTWGNQ 018 081
54-68 cD4 F1 DVAGIVGVPVAAGCT 014 059
92-100 cos F1 YPPEFKTKL 096 049
217-230 cDa F3 FMLQILDFYTKVYE 064  0.60
278-291 cD4 F3 FRYPRPKHCHTQ 092 172
298-311 CD4 F3 KFWCLVIDALKRIG 029  1.00

“The in silico predicted epitopes for CD4+ and CD8+ lymphocytes of Balb/c mice were

previously described by Nico et al. (17).
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TABLE 1| Continued

Fungi Name of antigen and linear Immune  Animal model Results
(reference) peptide sequencie cell delivery
adjuvancy

Candida albicans ~Hybrid phage displaying epitope ~ Band T BALB/c mice/  (a) Decreased colonization of Candida albicans in kidneys and spleens from mice

72) SLAQVKYTSASSI cels  TE buffer or immunized with hybrid phage (TE) or rSap2 (GFA)
Recombinant Sap2 (1Sap2) CFA (b) Mice immunized with hybrid phage (TE) or rSap2 (CFA) prolong survival
against Candlida albicans infection.
Panfungal (77)  Calnexin peptide #1 CD4* Thi C57BL/6/ (@) Calnexin (ER protein) has Blastomyces dermatitcs, H. capsulatum,
LWKNPAAHHAIS and Th17 GP-MSA and Coccidoides posadasi, and Paracoccidoides brasiliensis conserved regions,
Recombinant calnexin (1Calnexin) ~ cels  yeast RNA; LPS (o) Immunized mice with rCalnexin formuiated in GP reduced lung and spleen

GFU in mice infected with 8. dermatitiis or Coccidioides posadasii and
prolonged survival.

(c) Soluble calnexin peptide #1 plus LPS defivery by iv. route improved
expansion of calnexin-specific T cells.

CFA, complete Freund adjuvant; IFA, incomplete Freund adjuvant; CL, cationic ipid; DC, denditic cells; CpG ODN, synthetic oligodeoxynucieotide containing unmethylated CpG
dinucleotides; i, intratracheal; i, intransal; v, intravenous; rEBY, bacterium-expressed recombinant epitope-based vaccine; GPs, yeast cell wal-derived glucan particles; GMP.
glucan mannan particles; CFU, colony forming unit; OVA, chicken ovalbumin; MSA, mouse serum albumin.





OPS/images/fimmu-08-00224-t001a.jpg
Fungi Name of antigen and linear Immune Animal model Results

(reference) peptide sequencie cell delivery
adjuvancy
Paracoccidloides P10 CD4*  BALB/cmice/  Protection against it. challenge, reduction of fungal burden, efficacy of DNA
brasiliensis (38, QTLAHTLAIRYAN Thicel CFA, alumen,  vaccine
46,52, 54) CL, flagellin,
DC, DNA
plasmid
Coccidioides ~ Antigen 2 (Ag2)/Pra CD4*  Cs7BLG mice/  Elcit T-cell response in mice immunized with rAg2/Pra; IFN-y ELISPOT
spp. (59) 1P6: TRLTDFKCHCSKPELPGQIT,  Thi cell  GpG ODN

1P7: HCSKPELPGQITPGVEEACP;
1P12: PIDIPPVDTTAAPE-PSETAE;
1P13: TTAAPEPSETAEPTAEPTEE;
1P15: PTEEPTAEPTAEPTAEPTHE;
1P16: PTAEPTAEPTHEPTEEPTAV

Coccidioides ~ PrP2 CD4*  C57BL/B mice/  Eliit T-cell response in mice immunized with rPrP2; IFN-y ELISPOT
spp. (59) 2P6: EKLTDFKCHCAKPELPGKIT,  Thicell CpG ODN
2P13:
DTRTPTQPPSTSPSAPGPTA;
2P14;
PSTSPSAPQPTACI-PKRRRA
Coccidioides ~ Predicted T-cell epitopes Pep1 CD4*T  HLA-DR4 Elicit T-cell response in mice immunized with rEBV; IFN-y ELISPOT
spp. (60) P1: MRNSILLAATVLLGCTSAKVHL; cels  C57BL/6 mice/
P2: HVRALGQKYFGSLPSSQQQTV CpG ODN
Coccidioides  Predicted T-cell epitopes Amn1  CD4* T HLA-DR4 Elicit T-cell response in mice immunized with rEBV; IFN-y ELISPOT
spp. (60) P10: PAKVDVLLAQSLKLADVLKF; cels ~ C57BL/6 mice/
P11: NGLATTGTLVLEWTRLSDIT CpG ODN
Coccidioides  Predicted T-cell epitopes None  HLA-DR4 Failed to elcit T-cell response from mice immunized with rEBV; IFN-y ELISPOT
spp. (60) phospholipidase B (Plb) C57BL/6 mice/
P6: TPLVWYIPNYPYTTWSNIST CpG ODN
Coccidioides  Recombinant epitope-based CD4*  HLA-DR4 (@) I vitro T-cell response in mice immunized with rEBV; IFN-y ELISPOT.
spp. (60) vaccine rEBV Thi, The C57BL/6 mice/ (o) rEBV + CpG ODN and i.n. challenge: reduation of lung CFU but not
Include the five selected epitope  and Th17 CpG ODN or significant survival.
peptides (Pep?, Amn1and Pb),  cells  GPsplusOVA  (c) rEBV + GPs: 10-fold-higher T-cell response with Pep1-P1 and significant
N-terminal leader peptides and complex enhanced survival.
glycine/proline spacer sequences
(CPGPG)
Histoplasma CDR3 fragment vp C578L/6 (@) rHspBO or fragment 3 (F3) confers protection after i.n. challenge.
capsulatum (64)  DGGQG 8.1/82° andathymic (o) Depletion of Vp 8.1/8.2° T cells from immunized rHsp60 mice abolish the
Tcels  nude mice/ protection to lethal and sublethal challenges.
TCR @/p* and
IFN-y+ mice
Aspergilus spp.  Asp 3 Tcel  CF-imice/ (a) rASP 3 confer protection to corticosteroid immunosuppressed CF-1 mice
(68, 78) B12: PGAFTPVCSAR, C3: TiterMax against i.n. infection with conidia.
HVPEYIEKLPER (b) T-cell proliferation to rAsp 3 variants and trypsin-derived peptides (12 and
G3)in immunized CF-1 mice.
Aspergilus spp.  Asp 3 BandT CF-imice/  (a) CD4 T cells are required for rAsp f3 vaccine protection.
(68, 70) P4: VOSARHVPEYIEKLPEIRAK;  cells  TiterMax (b) Proliferation of T cells from rAsp f3-vaccinated mice and tested by
P5: luminometric ATP cell titer quantification in positively selected T cells after
EIRAKGVDVVAVLAYNDAYWCSAR stimulation

(c) P4: VCSARHVPEYIEKLPEIRAK IgG titers were elevated only in the surviving
vaccinated and Aspergilus fumigatus challenged mice,

Candida albicans  PALS (ALS1, ALS3) CD4*  C57BL/6and  (a) Peptide-loaded MHCI complex from DG1940 cell isolated and sequenced
(71) KGLNDWNYPVSSESFS(Y)(T) ™7 JHT mice/IFA| by liquid chromatography coupled to MS/MS.
cell mixedwith  (b) Mice immunized with pALS mixed with IFA plus curdian and i.v infected with

curdian or CpG  Candida albicans protected from fatal systemic disease.
(c) PALS is recognized by human memory T cells.
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Target disease Antigen Expression platform Outcomes Reference

Influenza virus, 2009 pandemic A/ Hemagglutinin ~ Plant virus-based transient  Safety and immunogenicity of the plant-produced subunit HIN1  Cummings

California/04/2009 (H1N1) strain expression technology in influenza vaccine was proven. No serious adverse effects were et al. (20)
Nicotiana benthamiana plants ~ observed

Influenza virus, A/ Hemagglutinin  Plant virus-based transient  Safety and immunogenicity of the plant-produced subunit HSN1  Chichester

Indonesia/05/2005 (H5N 1) strain expression technology in . influenza vaccine was proven. No serious adverse effects were et al. (19)
benthamiana plants observed

H1N1 A/California/7/09 (H1) or Hemagglutinin  Plant virus-based transient Besides strong antibody responses, both vaccines elicited Landry et al.

HSN1 Alindonesia/5/05 (H5) expression technology in significantly greater poly-functional CD4(+) T cell responses ©2)

N. benthamiana plants

H1 vaccine induced poly-functional CD8(+) T cell responses
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Immune
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Available expression platforms

Stable nuclear transformation

Advantages: well estabiished for edible crops to
be used in oral vaccines

Limitations: expression is often low and should
be optimized

Highly recommended

Reports related to this approach: a patent
registered by D'aoust et al. (88) claims the
expression of virus-like particle (VLP) in plants,
comprised of the influenza transmembrane
domain, and the cytoplasmic tail; fused to
ectodomain from a non-infiuenza virus trimeric
surface protein, covering EBOV

Highly recommended

Highly recommended

Highly recommended

Transient nuclear vector-mediated expression
Advantages: high yields

Limitations: current methodologies require purification due
to the use of Agrobacterium and non-edible hosts, thus are
recommended for parenteral vaccines production

Highly recommended

Reports related to this approach: a patent registered by
D'aoust et al. (88) claims the expression of VLPs in plants,
comprised the influenza transmembrane domain, and the
cytoplasmic tail; fused to ectodomain from a non-influenza
virus trimeric surface protein, covering EBOV

Highly recommended
Highly recommended
Highly recommended
Reports related to this approach: Phoolcharoen et al. (89)

expressed EBOV immune complex in leaves of Nicotiana
benthamiana using a geminiviral vector

Ghloroplast expression
Advantages: high yields

Limitations: protocols
available for few
edible crops, long
time reqired for
transformation

Not recommended due
1o lack of glycosylation

To be determined
Highly recommended

To be determined
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Mixture of high oligomeric forms
(9-mer on average)

Trimer

Mixture of high oligomeric forms
(hexamer on average)

Trimer

Mixture of high oligomeric forms
(pentamer on average)

Dimer

Monomer

Monomer

Monomer

Corresponding chromatograms are present in Figure 4.
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Vaccine platform Trial type Start date® Location Enroliment:  Sponsor
Chimpanzee adenovirus vector Phase |a/b dose 2014 August USA (Georgia and Maryland) 26 National Institute of Allrgy and
(ChAJ3-ZEBOV-GP) escalating Infectious Diseases, USA
Phase la dose 2014 September  United Kingdom 60 University of Oxford, UK
escalating
Phase /I 2014 October  Lausanne, Switzeriand 120 University of Lausanne Hospitals,
Switzerland
Phase Ib dose 2014 November  Mali, Africa 40 University of Maryland, USA
escalating
Vesicular stomatitis virus vector (VSVDG-  Phaseladose 2014 August USA (National Institutes of 120 NewLink Genetics, USA
ZEBOV-GP) (37, 53) escalating Health, Maryland)
Phaseladose 2014 October  USA (Walter Reed Amy 17 Newlink Genetics, USA
escalating Institute of Research,
Maryiand)
Phase VI 2014 November  Geneva, Switzerland 15 University Hospital, Geneva,
Switzerland
Phase | 2014 November ~ Germany 30 Hamburg-Eppendorf, Germany
Human adenovirus serotype 26 (Ad26) Phase Il 2015 September ~ Kambia, Sierra Leone This study Crucell Holland BV
expressing the Ebola virus Mayinga variant is currently
glycoprotein (GP) (Ad26.ZEBOV) and recruiting
Modified Vaccinia Virus Ankara-Bavarian participants

Nordic Filo-vector (MVA-BN Filo), in a
heterologous prime-boost regimen

“Information was collected from public records provided by the U.S. National Institutes of Health andis current as of March 2016 (htips:/clinicaltrials. gov/ct2/home).

neMay represent proposed dates and enroliments, respectively.
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Residue

Region Amino acid sequence Mass Antigen
22-35 HA1 NVTVTHAQDILEK + HexNAC 1,669.85 HSm HSe
163-189 HAT SYNNTNQEDLLVLWGIHHPNDAAEQTR + HexNAG 3,337.56 [
278-304 HA1 CQTPIGAINSSMPFHNIHPLTIGEGPK + HexNAG 322153 H5e H5 v
478-491 HA2 NGTYDYPQYSEEAR + HexNAC 1,894.78 HSn H5ver

N-linked glycosylation sites are bold and underined. Molecular mass of modlified peptices (one HexNAG attached to the asparagine residue) was determined by spectrometer
HexNAc (N-acetylhexoseamine).
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Comparisons Cut-off Auc Cut-off  Youden index
ROC Youden
NH36VLLdxXNEC 008315 0.9479 0.0280 0.8030
NH36 VL Ld x EC 0.0300 0.9849 0.0270 0.8510
NH36 VL Li x NEC 0.0180 0.7100 0.0280 0.3080
NH36 VL Li x EC 0.0205 0.6484 0.0270 0.3510
F1VLLd x NEC 00185 0.8661 0.0100 05770
F1VLLdXEC 0.0200 0.8255 0.0130 0.6320
F1VLLix NEC 00170 0.8624 0.0100 0.4500
F1VLLixEC 0.0200 0.8087 0.0130 0.5040

VL Ld, visceral leishmaniasis caused by infection with Leishmana (Leishmania)
donovani; VL Li, visceral leishmaniasis caused by infection with Leishmana (L.)

hfantim:
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Antigens F1 NH36
Patients Endemiccontrols ~ Asym®  Cured cutaneous leishmaniasis ~ CVL ~ EC  Asym. CCL  CVL
(EC) (ccy

IFN- (pg/mi) 58 147 195 231 a7 126 156 135
TNF-a (pg/mi) 451 448 357 06 232 254 285 516
IL-10 (pg/mi) 17 109 114 141 o 102 101 140
IFN-y/IL-10 ratio 05 13 17 16 04 12 16 1
TNF-o/IL-10 ratio 39 44 31 64 24 25 28 a7
IFN-y/IL-10 ratio % enrichment 20 8 6 38 - - - -
TNF-/IL-10 ratio % enrichment 38 39 10 42 - - - -

Calculation was performed according to the following equation = (F1-NH36/F1) values x 100 = protective increment. doi: 10.1371/joural.pntd.0000866.003.

*Asymptomatic.
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1[MGVIGILQLPRORFKRTSFFLWVIILFQRTFSIPLGVIHNSTLQVSDVDKLVCRDKLSSTNQLRSVGLNLEGNGVATDVPSVIKRWGFRSGVPPKVVNYEAGEWAENCYNLEIKKPDGSE 120

121|CLPAAPDGIRGFPRCRYVHKVSGTGPCAGDFAFHKEGAFFLYDRLASTVIYRGTTFAEGVVAFLILPQAKKDFFSSHPLREPVNATEDPSSGYYSTTIRYQATGFGTNETEYLFEVDNLT 220
241|YVQLESRFTPQFLLQLNETIYASGKRSNTTGKLIWKVNPEIDTTIGEWAFWETKKNLTRKIRSEELSFTAVSNGPKNISGQSPARTSSDPETNTTNEDHKIMASENSSAMVQVHSQGRKA 360

361[AVSHLTTLATISTSPQPPTTKTGPDNSTHNTPVYKLDISEATQVGQHHRRADNDSTASDTPPATTAAGPLKAENTNTSKSADSLDLATITSPQNYSETAGNNNTHHQDTGEESASSGKLG aso

431[LITNTIAGVAGLITGGRRTRREVIVNAQPKCNPNLHYWTTQDEGAAIGLAWIPYFGPAAEGIYTEGLMHNQDGLICGLRQUANETTQALQLFLRATTELRTFSILNRKAIDFLLQRWGGT 600
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TABLE 2 | Continued

Protein Protein region Country N Prevalenceof  Reference
individuals having
anti-antigen
reactivity (IgG)

PYREP1 Fulllength Brazi (Rondonia state) 204 66% ©2)
PYRBP Y1 41%
PYRBP s 07 a7%

PYREP1 PVRAMC-RBP1 Brazi (Rondonia state) 253 4% ©)
PYRBP 1571 60%

PYRBP1 Colled-coil and C-terminal peptides Republic of Korea 16 68% (107)
Repeat sequence peptides 62%

PUREP2 NT and repeat sequence peptides 68-87%
Colled-coil and C-terminal peptides 62-68%

PYREP1 PVRBP1a-34 Republic of Korea 104 34% (108)
PYRBP1b-32 39%
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Immunogenic region  Sequence Reactivity index (RI)  Responders (%) Position Peptide sequence  Specific responders (%) ~BepiPred score ESA score
Mean (C1 95%)

PVCEITOSwisvss NKVNRVSIICAFLALFCFVNY 117 (1.07-1.27) 45% 13-27  NKVNRVSICAFLAL 38% -1.52 0.35
19-33  SUCAFLALFCFVNV 40% -2.37 0.07

PVCeITOSer s EVIGNELADNIANEIVSSLOK 0.93 (0.88-0.99) 30% 73-87  EVIGNELADNIANE! 22% 001 0.70
79-93  LADNIANENVSSLQK 20% 0.14 0.56

PVCeITOSsora111 SFLQSGFDVKTQLKA 0.95 (0.89-1.01) 36% 97-111  SFLQSGFDVKTQLKA 36% 0.12 091
PVCeITOSpzrviss PTEKIVASTIKPPRVSEDAYFLLGPVV 1.39 (1.27-1.50) 69% 127-141  PTEKIVASTIKPPRV 38% 0.69 0.89
133-147  IKPPRVSEDAYFLLG 92% 052 114

139-153 PRVSEDAYFLLGPW 39% -0.08 0.75

PVCeITOS 510195 LEEEEAEDEFSDELLD 1.2 (1.21-1.44) 53% 181-195 LEEEEAEDEFSDELL 43% 0.95 2.15
182-196 EEEFAEDEFSDELLD 54% 0.84 2,08

Peptides with overlapping and recognized by more than 20% of responders to PYCeITOS were grouped in immunogenic regions. The RI of an immunogenic region represents the mean of R of al peptides inserted in that immunogentc
region with a confident interval of 95%. The frequency of recognition of immunogenic regions was defined based on the number of indivicuals whith Al to immunogenc region higher than 1. The peptides combined in an immunogenic
region were fisted with their respective frequencies of recognition, BepiPred score, and Emini surface accessibility (ESA) score. Overtapped mers were signalized by underfined bold typeface 0n ImmuNogenic region Sequence.
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Overall

Gender—N (%)

Male 284 (53.8%)
Female 244 (46.2%)
Total 528

Malaria exposure—median (IR)

Age (years) 36 (25-50)
Time of residence in endemic 33 (19-49)
area (years)

Number of previous malaria 4 (2-10)
episodes (1)

Time since the last malaria 51(24-91)
episode (months)

Frequency of recent malaria 12.7%
episodes (%)

Previous malaria species contracted—N (%)
Never infected 7(1.3%)
Plasmodium falciparum 32(6.1%)
Plasmodium vivax 125 (23.7%)
Both species 158 (20.9%)
Not reported/remerber 206 (39%)

PVCeITOS 1gG
responders

565 (68.5%)
39 (415%)
9

38 (21-65.5)
35 (21-65)

45 (-10)
60(13.7-89.2)
16.0%
0(0%)
5(6.3%)
25 (26.6%)

31 (38%)
33(35.1%)

PyCelTOS
1gG non-
responders
(NRs)

229 (52.8%)
205 (47.2%)
434

36 (21-50)
33 (19-48)

4(2-10)
51 (24-90.5)
13.1%

7 (1.6%)
27 (6.2%)
100 (23%)

127 (29.3)
173 (39.9%)

Values of age, time of residence in endemic areas, number of previous malaria
episodes, and time elapsed from the last malaria episode represent the medlan
fiterquartie range), whil the parameter “irequency of recent malaria episodes”
represents the percentage of individuals who reported malaria episode i the last year:
The frequency of individluals who present recent malaria episodes was compared by
Fisher's test, and other epidemiological parameters were compared by Mann-Whitney
test. No statistical difference was observed between epidemiological parameters of

responders and NR individuals.
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Monocytes per mm*
Hematocrit (%)
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VLpatients ~ Cured patients  Asymptomatic
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Mean (SE) Mean (SE) P Mean(SE) P
value value
17(06) 00 0002 00 0001
08(03) 00 0045 00 0027
2,384 (477) 6,047 (1,234) 0018 7,556 (674) 0.001
712(285) 3.407(780) 0010 4,941(701) 0001
185(7.7) 939(52) 0.183 337.3(66) 0.001
1,004 (244) 2,068(368) 0045 2,724(454) 0.008
207(72.3) 433(324) 0007 543(59) 0019
284(26) 40923 0006 414(15) 0004
( 137(08) 0002  13(05) 0002
1234(25.9) 169.8(14.4) 0.184 262.1(14.2) 0.001

P values express the significance of the differences to the clinical outcomes of visceral
leishmanasis (VL) patients before treatment. Means + SE. N = 9 VI patients before

treatment, N

cured VL patients, and N = 10 asymptomatic DTH* subjects.
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Cytokines NH36 F1 F2 F3

Rvalue  Pvalue  Rvalue  Pvalue  Rvalue  Pvalue  Rvalue  Pvalue
IFN-y Spleen size -0428 0050
Liver size -0428 0050
Hematocrit 0532 0015 0512 0020
Hemoglobin 0434 0050
L7 Spleen size -0.546 0012 -0595 0005 -0462 0040
Liver size -0.546 0012 -0595 0005 -0462 0040
Monocytes 0539 0014 0580 0.007
Hemoglobin 0.466 0038
IL-6 Spleen size ~0.464 0039
Liver size -0.464 0039
CD3‘CD4IL-2- TNF-a'lFN-y~  Neutrophils 0.452 0027 0437 0003
CD3'CD4'IL-2 TNF-arlFN-y*  Monocytes 0458 0024
Hematocrit -0432 0035
Neutrophils 0432 0035
CD3'CD4'IL-2 TNF-arFN-y*  Platelets 0476 0019 0454 0026
CD3'CD4IL-2*TNF-olFN-y*  Leukocytes 0405 0050
CD3'CDBYIL-2TNF-arlFN-y~  Spleen size 0424 0034
Hemoglobin -0534 0006
Hematocrit -052 0007
CD3'CDBIL-2- TNF-arlFN-y*  Eosinophis 0412 0045
Monocytes 0672 0001 0.766 0001 0.406 0049 0.480 0017
CD3'CDBYIL-2 TNF-arlFN-y*  Liver size 0557 0005
CD3'CDBIL-2- TNF-a'lFN-y*  Monocytes 0566 0004 0599 0002
CD3'CDBIL-2°TNF-a'lFN-y*  Spleen size 0445 0029 0.403 0051
Liver size 0603 0002 0621 0001
Leukooytes 0421 0040
Neutrophils 0.412 0046

Non-parametric Spearman two-tailed correlation analysis between the outcomes of clinical variables and cytokines secreted in vitro, or frequencies of CD3*CD4* and CD3*CD8* T
cells secreting 1+, 2+, and 3+ cytokines in vitro, in response to incubation with NH36, F1, F2, or F3 antigens.
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Amino acid location

64-93
102-121
144-163
20-28
92-100
197-205
211-219
221-229

Lymphocytes

CD4
cD4
cD4
cD8
cDs
CD8
o]
cD8

Domain

F1
F2
F2
F1
Fi
F3
F3
F3

Sequences

AAGCTKPLVRGVRNASQIHG
GRHAVQLIDLIMSHEPKTI
DRVKEWLMGGGYHTGNASP
FLAHGNPEV

YPPEFKTKL

ALATPAVQK

AFMLQILDF

ILDFYTKVY

Prediction of molecular binding
HLA-DR (%)* HLA-A and B scores®
80 -
84 -
76

28 (A°02:01)

21 (8'0702)

34 (W03)

19 (B4402) 17 (A'2402)
27 (x01)

“Predictions were calculated using the TEPITOPE aigorithm using 3% threshold.
*Predictions obtained using the SYFPEITHI algorithm.
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Epitope CD4-F2 (102-121)
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donovani

infantum chagasi

L,
L

L. infantum
L. amazonensis
L. major

L. tropica

L. mexicana

L. braziliensis

L. panamensis

AAAGCTKPLVRGVRNASQIHG
AAAGCTKPLVRGVRNASQIHG
AAAGCTKPLVRGVRNASQIHG
AAAGCAKPLVRGVRNASQIHG
AAAGCTKPLVRGVRNASIHIG

AAAGCTKPLVRGVRNASQIHG
AAAGCAKPLVRGVRNASQIHG
AAGCCKPLVRKVRTAPQIHG
AAGCCKPLVRKVRTAPQIHG

GRHAVQLIDLIMSHEPKTI
GRHAVQLIDLIMSHEPKT
GRHAVQLIDLIMSHEPKTI
SRHAVQLIDLIMSHEPKTI
GRHAVQLIDLIMSHEPKTI
GRHAVQLIDLIMSHEPKTI
SRHAVQVIDLIMSHEPKTI
KRHAVHLUIELIMSHEPKS!
KRHAVHLIELIMSHEPKS!

DRVKEWLMGGGYHTGNASP
DRVKEWLMGGGYHTGNASP
DRVKEWLMGGGYHTGNASP
ERVKKWWLMGGGYHTANASP
DRVKEWLMGGGYHTGNASP
DRVKEWLMGGGYHTGNASP
ERVKEVVLMGGGYHTANASP
ERVKEVVLMGGSCCIGNASP
ERVKEVVLMGGSCOIGNASP

The amino acids that are different from those of the sequence described in the Nucleoside hydrolase NH36 of L. donovani.





OPS/images/fimmu-08-00227-t005.jpg
Leishmania species CDB-F1 (20-28) CD8-F1 (92-100) CD8-F3 (197-205) CDB-F3 (216-224) CDB-F3 (221-229)

L. donovani FLAHGNPEV YPPEFKTKL ALATPAVQK AFMLQILDF ILDFYTKVY
L. infantum chagasi FLAHGNPEV YPPEFKTKL ALATPAVOK AFMLQILDF ILDFYTKVY
L. infantum FLAHGNPEV YPPEFKTKL ALATPAVQK AFMLQILDF ILDFYTKVY
L. amazonensis FLAYGNPEI YPPEFKTKL ALATPAVRK AFMLGILDF ILDFYTKVY
L. major FLAHGNPEI YPPEFKTKL ALATPAVQK AFMLQILDF ILDFYTKVY
L. tropica FLAHGNPEI YPPEFKTNL ALATPEVQK AFMLQILDF ILDFYTKVY
L. mexicana F LAYGNPEI YPPEFKTKL ALATPAVRK AFMLGILDF ILDFYTKVY
L. brazilensis LLAYGNPE| YPSEFKTKL ALATPEVLQ DFILKILEF ILEFYTKVY
L. panamensis LLAYGNPE| YPSEFKTKL ALATPEVLQ DFILKILEF ILEFYTEVY

The amino acids that are different from those of the sequence described in the Nucleoside hydrolase NH36 of L. donovani.
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