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Editorial on the Research Topic 


Research, Development and Clinical Trials for Peptides-Based Vaccines


From the eradication of smallpox through to the global response to the COVID-19 pandemic, vaccines have been a cornerstone in the fight against infectious diseases in humans and livestock since the 18th century (1). Although vaccines against COVID-19 are unlikely to eradicate the disease in the way that the smallpox vaccine did, they have proved very effective in preventing death and hospitalisation, with enormous societal and economic benefits (2). There is now considerable research effort invested in building on the success of prophylactic vaccines in controlling infectious disease through the development of therapeutic vaccines for chronic diseases such as inflammation and cancer. These approaches are based on down-regulating or up-regulating immune responses for the treatment of inflammatory disease and cancer respectively, through judicious choice of epitopes, adjuvants and mode of the display to the immune system. Though such therapeutic vaccines have shown some early promise, no commercially available products are yet available.

There are six categories of vaccines in use or under development: live attenuated vaccines, inactivated vaccines, subunit vaccines, toxoid vaccines, viral vector-based vaccines, and nucleic acid (DNA or RNA) vaccines (3). In each case, there are multiple examples of vaccines approved for human use. Despite the different modes of delivery of the antigenic payload in these six classes, their common goal is to stimulate one or all of the following types of immune responses: 1) innate immunity, 2) antibody (humoral) immunity, and 3) T cell immunity.

Peptide-based vaccines are a particular type of subunit vaccine usually characterised by a focus on short sequences encompassing single epitopes, normally produced by chemical synthesis. Peptide vaccines have a number of advantages including better defined and more specific immune responses; a good safety profile; simple manufacture and relatively fast drug development (4). Moreover, the sequences of peptide vaccines can be converted into nucleic acids, so they are easily turned into nucleic vaccines or vector-based vaccines. To make peptide vaccines more effective and suitable for industrial manufacture, new forms of peptide-based vaccines are proposed beyond single epitope and beyond chemical synthesis, for example, synthetic long peptide vaccines and recombinant overlapping peptide vaccines (5–7).

In this collection of eleven articles for Frontiers in Immunology titled “Research, Development, and Clinical Trials for Peptide-based Vaccines” we cover key aspects of peptide vaccine development including epitope selection and vaccine design, conjugation methods and adjuvants, the balance between antibody and T cell immunity, and design of clinical trials.


Design of Peptide Vaccines and Use of Epitopes

The key starting point for design of peptide vaccines is the choice of epitopes that stimulate humoral and/or T cell immunity. There are several ways of identifying the epitopes.


Overlapping Synthetic Peptides

Jiang et al. used overlapping synthetic peptides covering the target sequence as a library for screening. In this case, they obtained antisera from SARS-CoV-2 receptor binding domain (RBD)-immunised pigs or mice. The antisera were incubated with overlapping peptides covering the RBD to identify those carrying B cell epitopes. The authors then showed that these peptides were immunogenic in their own right and capable of stimulating neutralising antibodies. However, an obvious caveat in the use of this overlapping peptide approach is that it will miss non-sequential conformational epitopes which may play an important role in neutralising targets (8).



Computer Algorithm/Database

Epitopes can be predicted by computer software. Gong et al. picked their potential HLA-DR1 restricted, TB-targeted T cell epitopes from the Immune Epitope Database (IEDB, https://www.iedb.org/) which they then validated using an ELISPOT assay. Instead of using the pooled peptides as a vaccine, they produced a recombinant poly-epitope in which the relevant peptides were joined via a flexible linker (GGGGS). In humanised mice, the poly-epitope vaccine generated strong cellular immunity which protected mice from TB infection. The obvious advantage of linking epitopes in this way (over the use of pooled peptides) is that there is only a single product, greatly simplifying quality control during manufacture and regulatory compliance.



Neoantigens: Sequencing + Computer Algorithm

Cancer therapeutic vaccines depend on the identification of tumour-specific neoantigens that can be targeted with peptide-based vaccines. Chen et al. combined next generation sequencing (NGS) with bioinformatics and epitope prediction algorithms to design personalised peptide vaccines. Vaccines designed such way have been tested in seven pancreatic cancer patients with promising results (see clinical study section below).



Processed Pathogens

A novel epitope mapping approach is described by D’haeseleer et al. The authors obtained antisera from mice that had been immunised with a pathogen. The antisera were conjugated to beads which were incubated with trypsinised pathogen as a peptide library. Peptides retained by the beads were subsequently eluted and identified by mass spectroscopy. They validated epitopes identified in this way for two bacterial pathogens (Francisella tularensis and Burkholderia pseudomallei) and showed that they were immunogenic. Interestingly, they compared their approach with that of computer-based epitope mapping and found that it was more effective at identifying experimentally validated epitopes, even though some computer-picked epitopes gave higher in silico scores. However, a necessary limitation of the approach is that it will miss epitopes that carry a tryptic cleavage site.



Recombinant Overlapping Peptides

Zhang et al. used recombinant overlapping peptides (ROPs) from human papilloma virus (HPV) type 16 E7 (ROP-HPV16-E7) as a T cell stimulating agent. Overlapping peptides avoid the boundary problem and must therefore contain all possible T cell epitopes for different MHC phenotypes. As a result, they stimulate broad T cell immunity promiscuously. As ROPs are made as a single protein product in E.coli, they benefit from a straightforward manufacturing process and offer a comparatively simple path through preclinical development to regulatory approval.




Conjugation and Adjuvant of Peptide Vaccines

In addition to epitopes capable of stimulating B cells, CD4+ and CD8+ T cells, peptide vaccines need strong adjuvants to stimulate innate immunity. Rossi et al. describe results with vaccines based on cell penetrating peptide carrying HPV or ovalbumin (OVA) T cell epitopes combined with stimulator of interferon gamma gene agonist (STINGa) as an adjuvant to elicit a potent innate inflammatory response. This strategy stimulated both CD8+ and Th1 CD4+ T cell responses while inhibiting Treg response. The vaccine was effective in prolonging survival in TC-1 tumour inoculated mice.

Calzas et al. describe a vaccine formulation containing weak but conserved antigens from influenza virus combined with a nanoring comprising elements from respiratory syncytial virus. This ‘nanoring’ stimulates innate immunity - possibly through TLR5. The vaccine is given via the mucosal route and induced strong humoral and cellular immune responses. The vaccine protected mice (but not chickens) from viral challenge.



Clinical Studies of Peptide Vaccines

Three of the above articles involved clinical studies. Two of these addressed HPV infection and both show the importance of T cell immunity in recovery and viral clearance. Shibata et al. describe one case in detail emerging from the Phase I clinical trial of their peptide vaccine (PepCan). The patient, who had a high-grade cervical squamous intraepithelial lesion, received four doses of the peptide vaccine at 4-weeks’ interval. While Treg and Th2 cytokine levels remained unchanged, Th1 cytokine levels were enhanced significantly. At twelve weeks (end of the follow-up), the intraepithelial lesion had completely disappeared, potentially due to this enhanced T cell response. Moreover, using single cell sequencing, the authors showed specific CD3+ T cell clonal expansion both systemically and at the lesion site.

In the second HPV-related clinical cohort study, Zhang et al. followed up 131 HPV16-infected patients for 12 months and found that HPV specific T cell immunity is important for the viral clearance.

In the final clinical trial report, Chen et al. investigated the safety and immunogenicity of a neoantigen-based vaccine in seven pancreatic cancer patients. The authors showed that the vaccine was safe and induced both CD4+ and CD8+ T cell responses. One patient exhibiting significant expansion of a reactive T cell clone survived for 21 months, considerably in excess of the expected 6-month average for patients with this stage of disease.



Conclusion

Vaccines against infectious disease have to date proved much more successful than vaccines against cancer, essentially because pathogens are non-self and present a much larger immunological target which stimulate strong innate, humoral and cellular immunity. Nonetheless, significant progress has been made in the identification of antigens other than foreign pathogens, e.g., neoantigens and tumour associated antigens (TAA) that can be exploited by vaccine technology, particularly using peptide vaccines. These advances, together with recent developments in the clinical application of IO agents, offer the prospect of personalised combination therapies that could be transformative in the treatment of many cancers.

Note that the research articles collected in this Research Topic are heavily focused on the design of peptide vaccines. For a border perspective on peptide vaccines especially cancer peptide vaccines, see the review article by Stephens et al.
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Background

Tuberculosis (TB) is still a global infectious disease that seriously threatens human beings. The only licensed TB vaccine Bacille Calmette-Guérin (BCG)’s protective efficacy varies significantly among populations and regions. It is very urgent to develop more effective vaccines.



Methods

In this study, eleven candidate proteins of Mycobacterium tuberculosis were selected to predict peptides with high-affinity binding capacity for the HLA-DRB1*01:01 molecule. The immunodominant peptides were identified with the enzyme-linked immunospot assay (ELISPOT) and linked in silico to result in a novel polypeptide vaccine in Escherichia coli cells. The vaccine’s protective efficacy was evaluated in humanized and wild-type C57BL/6 mice. The potential immune protective mechanisms were explored with Enzyme-linked Immunosorbent Assay (ELISA), flow cytometry, and ELISPOT.



Results

Six immunodominant peptides screened from 50 predicted peptides were used to construct a new polypeptide vaccine named MP3RT. After challenge with M. tuberculosis, the colony-forming units (CFUs), lung lesion area, and the number of inflammatory cells in humanized mice rather than wild-type mice vaccinated with MP3RT were significantly lower than these in mice immunized with PBS. The humanized mice vaccinated with MP3RT revealed significant increases in IFN-γ cytokine production, IFN-γ+ T lymphocytes, CD3+IFN-γ+ T lymphocytes, and the MP3RT-specific IgG antibody.



Conclusions

Taken together, MP3RT is a promising peptides-based TB vaccine characterized by inducing high levels of IFN-γ and CD3+IFN-γ+ T lymphocytes in humanized mice. These new findings will lay a foundation for the development of peptides-based vaccines against TB.





Keywords: Mycobacterium tuberculosis, epitope peptide, vaccine, Th1-type immune responses, protective efficacy, humanized mice



Introduction

As an ancient disease, tuberculosis (TB) has been a threat to human beings for thousands of years (1). Even today, with advanced technology, the number of deaths caused by TB still ranks first among the top ten infectious diseases (2). According to the Global Tuberculosis Report 2020 released by the World Health Organization (WHO), 10 million people developed TB and 1.2 million died in 2019 (3). Even more worrying is that Corona Virus Disease 2019 (COVID-19) has significantly impacted the TB epidemic and response. Current studies have reported the potential impact of the COVID-19 pandemic on global TB deaths and suggested that the TB mortality could increase to the levels seen in 2015 or even 2012 (3–5).

Vaccination is the best way to stop TB infection. Bacille Calmette-Guérin (BCG), the only licensed vaccine against TB infection, has been approved for neonatal vaccination in TB high-burden countries, which has made an outstanding contribution to controlling the incidence of TB in children. A previous modeling study estimated that BCG vaccination at birth could reduce TB deaths by 16.5%, but delays might increase TB deaths by 0.2% (6). These data indicate that avoiding BCG shortages and increasing BCG coverages at birth is an effective way to reduce global pediatric TB mortality. However, the duration of BCG protection is only 10-15 years, which is why the BCG vaccine has limited efficacy against pulmonary TB in adults (7).

It is urgent to develop a more effective vaccine to make up for the shortcomings of BCG. Pipelines for new TB vaccines are progressing with more than 25 vaccine candidates evaluated in clinical trials (2). Almost all of these TB candidates belong to first (live attenuated vaccines or inactivated vaccines), second (subunit vaccines), or third (DNA vaccines) generation vaccines. The latest generation of TB vaccine formulations is the development of peptide-based vaccines that emerged in recent years. Peptide-based vaccines consist of the immunodominant peptides of proteins recognized by T or B lymphocytes triggering T and B cell-mediated immune responses (8).

Mycobacterium tuberculosis, the pathogen of TB, is an intracellular parasitic bacterium, and the host’s removal or killing of M. tuberculosis mainly depends on macrophages and T lymphocytes. It is the widely accepted view that CD4+ T cells play an essential role in mycobacterial clearance. The recognition of CD4+ T cells and antigen-presenting cells (APCs) is limited by the major histocompatibility complex II molecule (MHC II). As a new discipline developed in recent years, immunoinformatics provides a possibility for predicting immunogenic T-cell peptides of M. tuberculosis that can be used to develop a peptide-based vaccine (9). According to the Immune Epitope Database (IEDB), up to 63% of epitopes are related to the MHC class II molecule. Previous data have demonstrated that the MHC class II molecule plays an essential role in bridging peptides’ presentation and activating T-helper 1 (Th1) immune response (10–13).

Furthermore, the selection of animal models is crucial for the evaluation of peptides-based vaccines, because the recognition of this vaccine and host T lymphocytes depends on MHC restriction. In our previous study, we have constructed a humanized C57BL/6 mice (HLA-A11+/+ DRB1*01:01+/+H-2-β2m-/-/IAβ-/-) for Chinese population (14). Herein, we selected this mouse model to develop a novel vaccine based on Th1-type peptides might help fight against TB infection. In this study, the immunodominant peptides were identified from the candidate Th1 peptides predicted by the IEDB database (http://www.iedb.org/) using an enzyme-linked immunospot (ELISPOT) array. The nucleotide sequences of these immunodominant peptides were linked in silico to product a novel polypeptide vaccine named MP3RT in Escherichia coli. The protective efficacy of the MP3RT vaccine was evaluated in humanized and wild-type C57BL/6 mice, and its potential mechanism was explored in splenocytes in vitro.



Materials and Methods


Ethics Statement

All of the experiments related to animals were performed following the Experimental Animal Regulation Ordinances principles established by the China National Science and Technology Commission. Mice were well cared during their living, and all protocols were approved by the Animal Ethical Committee of the 8th Medical Center of Chinese PLA General Hospital (Approved Number: 309201808171015). All animals were raised in a SPF laboratory in the 8th Medical Center of Chinese PLA General Hospital, and the M. tuberculosis virulent strain challenge experiments were conducted in a qualified negative pressure biosafety laboratory level-2 PLUS (negative pressure BSL-2 PLUS) in the 8th Medical Center of Chinese PLA General Hospital.

The collection of human peripheral blood mononuclear cells (PBMCs) in TB patients, volunteers with latent tuberculosis infection (LTBI), and normal volunteers were performed following the principles of the Ethical Review of Biomedical Research Involving Humans established by NHFPC and the Declaration of Helsinki established by the World Medical Association (WMA). All participants signed written informed consent. The clinical investigation related to PBMCs isolation was approved by the Medical Ethics Committee of the 8th Medical Center of Chinese PLA General Hospital (Approved Number: 2018ST011).



Bacterial Strains and Plasmids

M. tuberculosis (H37Rv strain) were cultured on Lowenstein-Jensen culture medium (Baso Biotechnology Co., LTD., Zhuhai, Guangdong province, China) at 37°C for 28 days and isolated from grinding fluid following our previous study (15). M. tuberculosis’s number and viability were determined with colony-forming units (CFUs) assay (16). Besides, the plasmid pET32a (+) and Escherichia coli BL21 cells were purchased from the Wuhan Institute of Biotechnology (Wuhan, Hubei, China) to express the target gene in vitro according to our previous studies (13, 17, 18).



Mice and Subjects

Female wild-type C57BL/6 mice at the age of 7-8 weeks were obtained from Vital River Laboratories (Beijing, China), and female humanized C57BL/6 mice (HLA-A11+/+DR1+/+H-2-β2m-/-/IAβ-/-) with similar weight and age were presented by professor Yusen Zhou of Beijing Institute of Microbiology and Epidemiology (Beijing, China) (14). Furthermore, this study included 37 patients with TB, 11 volunteers with LTBI, and 62 normal volunteers. The recruitment was carried out at the 8th Medical Center of Chinese PLA General Hospital between December 2019 and June 2020. The diagnoses of TB and LTBI and the inclusion and exclusion criteria for normal volunteers were followed with the Diagnosis for Pulmonary Tuberculosis (WS288-2017) established by the National Health and Family Planning Commission of China (NHFPC).



HLA-DRB1*01:01 Binding Epitopes Prediction and Peptide Synthesis

Eleven mycobacterial antigens, including Mpt51, Mpt63, Mpt64, Mtb8.4, PPE18, PPE44, PPE68, RpfA, RpfB, RpfE, and TB10.4 (Table 1), were selected to predict the dominant epitopes restricted by HLA-DRB1*01:01 molecule. Their amino acid sequences were downloaded from the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/) database. The obtained amino acid sequences were imported into the IEDB to predict the potential dominant epitopes with high binding affinity to the human HLA-DRB1*01:01 allele as previously described (20, 21). Seven MHC II binding methods such as IEDB recommended, Consensus method, Combinatorial library, NN-align (netMHCII-2.2), SMM-align (netMHCII-1.1), Sturniolo, and NetMHCIIpan were used to predict the potential dominant epitopes. The selection IEDB Recommended uses the Consensus approach, combining NN-align, SMM-align, Combinatorial library and Sturniolo if any corresponding predictor is available for the molecule. Otherwise, NetMHCIIpan is used. The Consensus approach considers a combination of any three of the four methods, if available, where Sturniolo as a final choice.


Table 1 | The basic information about vaccine candidate proteins of M. tuberculosis.



The predicted peptides were synthesized in vitro by SBS Genetech Co., Ltd. (Beijing, China) using a solid-phase synthesis method. Briefly, FMOC (9-fluorenylmethyloxycarbonyl) is used to protect the α-amino group of amino acids, the peptide is synthesized with TETRAS™ Peptide Synthesizer and cleaved from the resin with TFA (trifluoroacetic acid). Finally, the peptide was purified by a high-performance liquid chromatography (HPLC) and analyzed by a mass spec-trometer (MS) to make its purity higher than 75%.



Immunodominant Peptides Screening

The ELISPOT assay was performed to screen the immunodominant peptides according to our previous study (21). The differences were described as follows. Four groups of female humanized mice (five mice per group) were immunized with 5×106 CFUs of inactivated M. tuberculosis in 100 μl complete Freund’s adjuvant (CFA, Cat. No.F5881, Sigma-Aldrich, Missouri, USA), 500 μg lysate of M. tuberculosis in 100 μl phosphate buffer solution (PBS), 500 μg lysate of M. tuberculosis in 100 μl CFA, and 500 μg lysate of M. tuberculosis in 100 μl incomplete Freund’s adjuvant (IFA, Cat. No.F5506, Sigma-Aldrich, Missouri, USA), respectively. Fourteen days post-immunization, mice in each group were sacrificed, the splenocyte suspension was centrifuged at 4 °C and 500 g for 5 min, and the supernatant was discarded. The pellet was resuspended gently with 10 ml of 1 × Red Blood Cell Lysis Buffer (Cat. No.00-4333, eBioscience, Shanghai, China) and incubated at room temperature for 5 min. After washing twice with PBS, the splenocytes’ concentration was adjusted to 3 × 105/ml with Roswell Park Memorial Institute (RPMI) 1640 Medium (Cat. No. 8115240, Gibco, Shanghai, China). Then, the interferon-γ (IFN-γ)+ T cells were detected by a Mouse IFN-γ ELISOPTPLUS (Cat. No. 3321-4APT-2, Mabtech AB, Nacka Strand, Sweden). In detail, 100 μl of splenocytes and 10 μl of candidate peptide (2 μg) were added into a well of 96-well ELISPOT plate and incubated at 37°C. Twenty-four hours later, the splenocytes in the ELISPOT plate were gently removed, and the plate was washed five times with PBS. Subsequently, 100μl of R4-6A2 labeled monoclonal antibody (1μg/ml) was added to the ELISPOT plate and incubated at room temperature for 2h. After washing five times with PBS, 100 μl of streptavidin-ALP diluted 1:1000 with PBS containing 0.5% fetal bovine serum (FBS) was added to the ELISPOT plate and incubated for one hour at room temperature. After washing five times with PBS, 100 μl substrate solution (BCIP/NBT-plus) filtered with a 0.45 μm filter was added to the ELISPOT plate and stopped color development by washing extensively in tap water. The number of spots forming cells (SFCs) in each well was determined with a CTL-S5 Versa ELISPOT Reader (CTL, Cleveland, OH, USA). The immunodominant peptide was defined with a stimulation index (SI) value great than two following our previous study (21).



Preparation and Three-Dimensional (3D) Structure Prediction of the Recombinant Polypeptide

The amino acid sequences of the immunodominant peptides screened by ELISPOT assay were linked with GGGGS or AAY linker in silico. Their hydrophilicity, amphipathic regions, and antigenic index were analyzed using a bioinformatics software Lasergene Protein (DNASTAR, Inc., Madison, Wisconsin, USA). After codon optimization, the nucleotide sequence of the recombinant polypeptide was synthesized by the Wuhan Institute of Biotechnology (Wuhan, Hubei, China) and inserted into the pET32a (+) plasmid (NCOI and XhoI sites) to transform E. coli cells in vitro. The expression and purification of MP3RT were performed by the C-terminal 6-his tag following our previous studies (12, 17, 18). The endotoxin of the purified antigen MP3RT were removed with Toxin EraserTM (GenScript, Piscataway, NJ) following our previous study (13). Furthermore, the candidate vaccine’s 3D structure was predicted by using the SWISS-MODEL database (https://swissmodel.expasy.org/interactive) according to a previous description (22).



Mice Immunization and Infection

The flow diagram of the immunization was presented in Figure 1. Three groups of humanized or wild-type mice (ten mice per group) were immunized subcutaneously with 30 μg CpG-ODN2395 adjuvants (Sangon, Shanghai, China) in 100 μl PBS, 30 μg BCG (Chengdu Institute of Biological Products Co., Ltd., Chengdu, Sichuan province, China) in 100 μl PBS, and 30 μg MP3RT combined with 30 μg CpG-ODN2395 adjuvants in 100 μl PBS, respectively. Twenty-eight and 42 days post primary immunization, the mice in PBS and MP3RT groups were boosted subcutaneously with 20 μg CpG-ODN2395 adjuvants in 100 μl PBS and 20 μg MP3RT in 100 μl PBS, respectively. The mice in the BCG group were not performed any booster immunization. Furthermore, to compare the protective efficacy of MP3RT and an ag85ab chimeric DNA vaccine whose immunogenicity and therapeutic effects have been confirmed in our previous study (23), ten humanized or wild-type mice were intramuscularly injected with 100 μg ag85ab DNA vaccine and boosted with the same dose on the 28th and 42nd days after the first immunization. Then, all of the mice were challenged with M. tuberculosis H37Rv strain (2 × 105 CFUs) via tail vein injection on days 56 and killed on days 91.




Figure 1 | The flow chart of vaccination, infection, and evaluation.





Mycobacterial Colony Counting

On the 91st day after primary immunization, humanized or wild-type mice in each group were sacrificed, and their livers, lungs, and spleens were collected for efficacy evaluation. Briefly, the left lobe of the lung and half part of the liver were homogenized in normal saline (3 ml per organ), and the grinding fluid was diluted at 1:10, 1:100, and 1:1000 with normal saline. Then, 0.1 ml of the diluted solution was drawn from each diluted sample and inoculated on modified antibiotics-free Lowenstein-Jensen medium plates (Baso Biotechnology Co., LTD., Zhuhai, Guangdong province, China) in duplicate. Finally, CFUs were counted after incubating at 37°C for 28 days.



Histopathology

The right lobe of the lung collected from each mouse was cut into blocks of 2.0 cm × 2.0 cm × 0.3 cm with ophthalmic scissors and then fixed overnight in formaldehyde solution (the required volume was 10 times of the sample volume). The tissue sample was dehydrated by ethanol with a concentration of 80%, 90%, 95%, and 100% (2 hours/time), embedded with paraffin, and cut into tissue sections with thickness 4-6 μm. Finally, these tissue sections were stained with hematoxylin and eosin (H&E) method following our previous studies (12, 13, 17, 18). Five tissue sections for each lung were independently observed by two researchers under a microscope of 40 × or 100 × (Olympus Corporation, Tokyo, Japan). The lesion area rate and the number of inflammatory cells were counted by Image-Pro Plus software (Version 6.0, Media Cybernetics, Inc: Bethesda, MD, USA).



ELISPOT

ELISPOT experiment of mouse splenocytes: On 28 days after infection, humanized or wild-type mice were killed. Their spleens were collected to prepare splenocytes suspension according to the method described above. A volume of 100 μl splenocytes (3×106/ml) was added into the wall of 96-well ELISPOT plate and incubated with 50 μl of PBS, 50 μl of MP3RT vaccine (60 μg/ml), or 50 μl of phytohemagglutinin (PHA, 60 μg/ml) at 37°C for 24h, respectively. The SFCs were determined according to the methods mentioned above.

ELISPOT experiment of PBMCs: The PBMCs were isolated from blood samples of TB patients, LTBI volunteers, and healthy volunteers using a Human peripheral blood mononuclear cell Isolation Kit (Solarbio, Beijing, China). The isolated PBMCs were added into the 96-well ELISPOT plate wall and incubated with 50 μl of PBS and 50 μl of MP3RT vaccine (60 μg/ml), respectively. Twenty-four hours later, SFCs were determined with a Human IFN-γ ELISpotPRO kit (Cat. No. 3420-2APW-10, Mabtech AB, Nacka Strand, Sweden) following the manufactures’ introduction.



Th1/Th2/Th17 Cytokines Analysis

The mice were killed on the 91st day after the first immunization, and the spleens were collected for the preparation of splenocytes suspension following the above methods. A volume of 100μl splenocytes (3×106/ml) and 50μl MP3RT vaccine (60 μg/ml) were incubated in a well of 96-well cell culture plate (Mabtech AB, Nacka Strand, Sweden) at 37°C for 48h. Then, the culture solution was transferred into a new tube and centrifugated at 500g for 10 min. Finally, the supernatant was gently transferred into another new tube, and the levels of interleukin -2 (IL-2), IL-4, IL-6, IL-10, IFN-γ, tumor necrosis factor -α (TNF-α), and IL-17A were detected by a Mouse Th1/Th2/Th17 Cytokine Kit (Cat. No. 560485, BD Biosciences, San Jose, CA, USA) following the manufacturer’s instruction.



Flow Cytometry

Mouse splenocytes suspension (3×107 cells/ml) was prepared according to the above-described method. The frequency of CD3+CD4+ T cells, CD3+IFN-γ+ Th1 cells, CD3+IL-4+ Th2 cells, and CD4+CD25+FoxP3+ regulatory T cells (Treg cells) was quantified with BD IntraSure™ kit (Cat. No. 641776, BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. This section contained two independent experiments, one to detect the frequency of CD3+IFN-γ+ Th1 cells and CD3+IL-4+ Th2 cells, and the other to detect the frequency of CD4+CD25+FoxP3+ Treg cells.

Experiment 1: Briefly, 100 µl suspension containing 3×106 splenocytes was incubated with 10µl of MP3RT vaccine (1mg/ml) at 37°C for 4h. FITC Hamster Anti-Mouse CD3e (Cat. No.553061, BD Biosciences, San Jose, CA, USA) and Percp-cy 5.5 Rat Anti-Mouse CD8a (Cat. No. 561092, BD Biosciences, San Jose, CA, USA) were added into tubes for surface staining for 30 min at 4°C. The cell pellet was resuspended with 1ml of 1 × Fix/Perm Buffer solution (Cat. No. 51-9008100, BD Biosciences, San Jose, CA, USA), incubated at 4°C for 40 min protected from light, and washed twice with 1ml 1 × Perm/Wash Buffer solution at 4°C and 500g for 6 min. After that, the cells were incubated with 0.9 μl of PE Rat Anti-Mouse IFN-γ (Cat. No. 554412, BD Biosciences, San Jose, CA, USA), 2.4 μl of APC Rat Anti-Mouse IL-4 (Cat. No. 554436, BD Biosciences, San Jose, CA, USA), 1 μl of PE Rat IgG1 κ Isotype Control (Cat. No. 554685, BD Biosciences, San Jose, CA, USA), and 2.5μl of APC Rat IgG1 κ Isotype Control (Cat. No. 554686, BD Biosciences, San Jose, CA, USA) at 4°C for 40 min protected from light, respectively. After washing twice with 1 × Perm/Wash Buffer solution (Cat. No. 51-9008102, BD Biosciences, San Jose, CA, USA), the cells in each tube were resuspended with 350 μl PBS and analyzed on a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).

Experiment 2: Approximately 3×106 prepared splenocytes in 100 µl of RPMI 1640 Medium were added into a tube and incubated with 1 µg of Ms CD16/CD32 Pure 2.4G2 (Cat. No. 553141, BD Biosciences, San Jose, CA, USA) at 4°C for 5min. Then, 2 μl of FITC-CD3 (Cat. No. 553061, BD Biosciences, San Jose, CA, USA), 2 μl of APC-CD4 (Cat. No. 553051, BD Biosciences, San Jose, CA, USA), and 5 μl of PE-CD25 antibodies (Cat. No. 553866, BD Biosciences, San Jose, CA, USA) were added into each sample tube. Then, 2μl of FITC-Ham IgG1 Kap (Cat. No. 553971, BD Biosciences, San Jose, CA, USA), 2μl of APC-Rat IgG2a Kap (Cat. No. 553932, BD Biosciences, San Jose, CA, USA), and 5μl of PE-Rat IgG1 Lam antibodies (Cat. No. 557078, BD Biosciences, San Jose, CA, USA) were added into isotype control tube, respectively. After incubation at 4°C for 40 min protected from light, the samples were washed with 2 ml PBS at 4°C and 500g for 6 min. The samples were incubated with 1ml of 1 × Fix/Perm Buffer solution at 4°C for 40 min protected from light, followed with twice washing with 1ml of 1 × Perm/Wash Buffer solution. Then, the cells in the sample tube and isotype control tube were incubated with 5 μl of BV4212-FoxP3 (Cat. No. 562996, BD Biosciences, San Jose, CA, USA) and 5 μl of Rat IgG2b Kpa ItCl BV4212 antibodies (Cat. No. 562603, BD Biosciences, San Jose, CA, USA) at 4°C for 40 min protected from light, respectively. After twice washing with 2 ml of 1 × Perm/Wash Buffer solution, the samples were resuspended with 350 μl PBS and analyzed on the flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).



Antibody Detection by Enzyme-Linked Immune Sorbent Assay (ELISA)

Blood samples were collected from the mice when they were sacrificed on day 91 after the first immunization. The collected blood sample was centrifuged at 1500rpm for 20 min, and then the supernatant was gently transferred into a new tube. The serum separated from each blood sample was linearly diluted (2 times) with PBS from a minimum dilution of 100 to a maximum dilution of 204800 to determine the optimum dilution by a Mouse ELISA Kit (Solarbio, Beijing, China) following the instruction given by the manufacturer. After that, the rest of the serum was diluted in the optimal dilution, and the levels of MP3RT specific IgG were determined by Goat anti-Mouse IgG/HRP (Cat. No. SE131, Solarbio, Beijing, China). Finally, the OD450 values of MP3RT specific IgG were detected with a microplate reader (Thermo Fisher Scientific, Shanghai, China).



Statistical Analysis

All of the results in this study were performed using the GraphPad Prism 8 software (San Diego, CA, USA). The results of efficacy evaluation, pathological lesions, ELISA, ELISPOT on mice, cytokines, and flow cytometry were analyzed with Ordinary one-way ANOVA test or Kruskal-Wallis nonparametric test according to the data normality and homogeneity of variances. The ELISPOT experiment results on the samples collected from TB patients, LTBI, and healthy control were analyzed with an Unpaired t-test or nonparametric test (Mann Whitney test) according to the normality. The data was showed as mean ± standard error of the mean (SEM), and P-value < 0.05 was considered as a significant difference. Furthermore, in order to reduce the error caused by multiple comparisons, we also choose the method recommended by the GraphPad Prism 8 software for correction.




Results


Eight Immunodominant Peptides Identified With ELISPOT

The epitopes predicted by the IEDB database were scored by the percentile rank, and the epitopes with scores below 10 in the rank were selected as the dominant Th1 epitopes (the lower the score, the higher the affinity). As a result, a total of 55 potential dominant epitopes were predicted (Table S1) and synthesized. After that, the potential immunodominant Th1 peptides were screened by ELISPOT assay, and the results showed that the SI values of eight peptides (MPT6310-24, Mtb8.469-83, PPE18115-129, PPE18149-163, PPE68138-152, RpfA377-391, TB10.421-35, and TB10.423-37) were greater than 2 in at least two independent experiments (Figure 2). Our further study found that immunodominant peptide MPT6310-24 was a part of the signal peptide of MPT63 protein, indicating that these amino acid residues would be challenging to express Escherichia coli BL21 cells. We also observed that two immunodominant peptides TB10.421-35 and TB10.423-37 shared similar amino acid, and the SI value induced by peptide TB10.421-35 was significantly higher than that of TB10.423-37. Based on the reasons described above, both immunodominant peptides MPT6310-24 and TB10.423-37 were not included in our further study.




Figure 2 | Immunodominant peptides screening via four independent ELISPOT experiments. Splenocytes obtained from humanized mice immunized with inactivated M. tuberculosis in CFA adjuvant (A), lysate of M. tuberculosis in PBS (B), lysate of M. tuberculosis in CFA adjuvant (C), and lysate of M. tuberculosis in IFA adjuvant (D) were stimulated with MP3RT. The SFCs were analyzed by a CTL-S5 Versa ELISPOT Reader. The SI value of 55 peptides was shown as the ratio of SFCs in peptide stimulated cells and medium-stimulated cells. The detailed information of 55 peptides can be found in Table S1. SI >2 was considered positive and labeled in the figure. The immunodominant peptides included in the MP3RT vaccine were marked using a red text tag.





Sequence Optimization, Construction, and Expression of MP3RT Vaccine

It has been reported that optimizing peptide linkers with length, flexibility, and amino acid composition could improve the thermostability and activity of the displayed enzyme (24). The amino acid sequences of six immunodominant peptides were linked with flexible GGGGS linker or rigid AAY linker in silico to evaluate the hydrophilicity, antigenic index, and amphipathic regions (Figure 3A). The results indicated that the type of linker but not the order and continuity of these immunodominant peptides significantly affected the vaccine’s characteristics. Compared with rigid AAY linker, the flexible GGGGS linker significantly decreased the number of α-helices. It increased the antigen index, flexibility, and the number of secondary structures such as the β-sheet, β-turn, and random coils (Figure 3B). A recent study also reported that the flexible GGGGS linker provided the best structure and stability for fusion protein (25). Therefore, the GGGGS linker was selected to link the immunodominant peptides together with TrxA-tag and His-tag (Figure 3C). The three-dimensional (3D) structure prediction revealed that the MP3RT vaccine consisted of α-helixes and β-sheets, forming a hollow spindle structure (Figures 3C, D). Finally, a novel recombinant protein named as MP3RT (283aa in length and 29.7 kDa in molecular weight) was successfully expressed in E. coli cells following our previous studies (13, 21) (Figure 3E).




Figure 3 | Construction and structural prediction of MP3RT vaccine. Six immunodominant peptides were linked with GGGGS or AAY linkers in silico (A). Their antigenic index, surface probability, hydrophobicity, alpha regions, beta regions, and turn regions were assessed using Lasergene Protein software (B). The length and molecular weight of MP3RT were 283aa and 29.70 kDa, respectively (C). The 3D structure of MP3RT was presented in Cartoon, Spacefill, and Surface (C, D). The MP3RT vaccine was prepared in E. coli cells and verified with polyacrylamide gel electrophoresis (E).





Peptide-Based Vaccine MP3RT Elicited Protective Efficacy in Humanized Mice Rather Than Wild-Type Mice

To determine the protective efficacy of the MP3RT vaccine, the humanized mice and wild-type mice were immunized with PBS, BCG, MP3RT, and ag85ab DNA vaccine, respectively. Our results showed that mice’s weight in each group decreased during the early M. tuberculosis infection stage and increased in the late stage. Interestingly, we found that humanized mice’s weight has been on a downward trend and gradually began to rise until the 28th day after infection (Figure 4A). In contrast, the weight loss of humanized mice immunized with BCG (Figure 4A) and wild-type mice in each group appeared in the first week after infection and then began to increase gradually (Figure 4B). In addition, although we found that the weight of MP3RT-immunized mice recovered faster than the PBS negative control and DNA-immunized mice, there was no statistical difference between them (Figure 4A, P > 0.05). Only the weight of BCG-immunized mice recovered significantly better than that of PBS control group (Figure 4A, P < 0.01). These results suggested that the protection efficiency induced by MP3RT vaccination does not exceed that of BCG vaccine.




Figure 4 | Protective efficacy of MP3RT vaccine in the mouse model. Humanized or wild-type C57BL/6 mice were immunized with PBS, BCG, MP3RT, and ag85ab DNA vaccine, respectively. On the 56 days after primary immunization, humanized or wild-type mice were challenged with M. tuberculosis H37Rv strain. The weight changes (A, B) and deaths (C, D) were recorded weekly or daily. Thirty-five days post-infection, mice were sacrificed. The left lobe of the lung (E or F) and half part of the liver (G or H) collected from humanized or wild-type mice were used for CFUs counting. The data were expressed as Log10 of CFUs and compared with one-way analysis of variance (ANOVA) or Kruskal-Wallis test according to the data normality and homogeneity of variances. All data were shown as mean + SEM (n = 5 in humanized mice vaccinated with PBS and n = 10 in other groups). P<0.05 was considered significantly different. *P < 0.05; **P < 0.01; *** P <0.001; ****P < 0.0001, ns, no significance.



Moreover, five or two humanized mice vaccinated with PBS or DNA vaccine died after M. tuberculosis challenge (P = 0.0123, Figure 4C), respectively. On the contrary, none of the rest humanized mice and all wild-type mice died (Figures 4C, D). When the bacterial loads in the organs of humanized mice were compared, the CFUs in the lungs of mice immunized with BCG (P < 0.0001) or MP3RT (P = 0.0108) was less than that in the lungs of mice immunized with PBS (Figure 4E). The CFUs in the livers of mice immunized with BCG (P = 0.0002), MP3RT (P = 0.0285), or DNA vaccine (P = 0.0164) was remarkably lower than that of mice immunized with PBS (Figure 4G). As expected, the CFUs in the liver and lungs of MP3RT-immunized wild-type mice were not statistically different from the PBS group (Figures 4F, H). However, the CFUs in the lungs and livers collected from wild-type mice immunized with BCG (P = 0.0019, Figure 4F; P = 0.0096, Figure 4H) or DNA vaccine (P = 0.0262, Figure 4H) were lower than that of mice immunized with PBS. These results demonstrated that the MP3RT vaccine had an ability to reduce mycobacterial loads in humanized mice instead of wild-type mice. Moreover, the DNA vaccine may play a potential role in the prevention of TB.



MP3RT Vaccination Significantly Reduced the Pathological Lesions

The reduction of mycobacterial loads was also reflected in the pathological assays. Humanized or wild-type mice’s lung lesions were observed under 40 × microscope and determined with Image-Pro Plus software (Figure 5A). The results suggested that the lung lesion areas of humanized mice vaccinated with BCG (P = 0.0006), MP3RT (P = 0.0187), or DNA vaccine (P = 0.0481) were significantly less than that of mice immunized with PBS (Figure 5B). The lung lesion area of wild-type mice vaccinated with BCG was less than that of wild-type mice immunized with PBS (P = 0.0001, Figure 5C). Furthermore, the number of inflammatory cells of the lungs obtained from humanized or wild-type mice were observed under 100 × microscope and counted with Image-Pro Plus software (Figure 5D). It was found that the number of inflammatory cells in the lungs collected from humanized mice vaccinated with BCG was less than that of mice in the PBS group (P = 0.0286, Figure 5E). The number of inflammatory cells in the lungs collected from wild-type mice vaccinated with BCG (P < 0.0001) and MP3RT (P = 0.0004) was less than that of wild-type mice in the PBS or DNA vaccine group (Figure 5F).




Figure 5 | Histopathological characteristics of the lung from mice vaccinated with the MP3RT vaccine. The right lobe of the lung and the rest of the liver obtained from humanized or wild-type mice were used to perform H&E staining and analyzed with software. Each tissue section’s pathological changes were observed using a microscope with original magnification times of 40 × (A) and 100 × (D). The lung lesion area of tissue section obtained from humanized (B) or wild-type mice (C) was marked as red and determined using Image-Pro Plus software. The inflammatory cells of the lung tissue section obtained from humanized (E) or wild-type mice (F) were determined using Image-Pro Plus software. The inflammatory cells were marked in red, alveoli were marked in green, and alveolar walls were marked in yellow. Observations and calculations were done independently by two researchers, and their calculation results were merged. Five tissue sections of each mouse were randomly selected for continuous observation and then took the average value. The results were statistically analyzed with one-way analysis of variance (ANOVA) or Kruskal-Wallis test according to the data normality and homogeneity of variances. All data were shown as mean + SEM (n = 10 in humanized mice vaccinated with PBS and n = 20 in other groups). P < 0.05 was considered significantly different. *P < 0.05; ***P < 0.001; ****P < 0.0001.





MP3RT Induced an Increase in Number of IFN-γ+ T Lymphocytes in Mouse Splenocytes and Human PBMCs

To determine the IFN-γ secreting cells induced by MP3RT vaccine, ELISPOT assays were conducted in splenocytes of mice (Figure 6A) and PBMCs of human beings (the spot diagrams are not shown), respectively. The results showed that the number of IFN-γ+ T lymphocytes (showed as SFCs in Figure 6) of humanized mice (P = 0.0012, Figure 6B) or wild-type mice (P = 0.0056, Figure 6C) vaccinated with MP3RT was significantly higher than that of mice vaccinated with PBS. Similar results were observed in PBMCs collected from 37 TB patients, 11 LTBI volunteers, and 62 normal controls (Figure 6D). With the comparison of PBS stimulation, the stimulation of MP3RT resulted in a significantly higher levels of IFN-γ+ T lymphocytes in TB patients (P = 0.0003), persons with LTBI (P = 0.0056), and normal controls (P < 0.0001), respectively.




Figure 6 | IFN-γ+ T lymphocytes detection with ELISPOT. The MP3RT vaccine was used to stimulate the PBMCs collected from humanized mice or wild-type mice vaccinated with PBS, BCG, and MP3RT in vitro (A). The number of IFN-γ+ T lymphocytes (showed as SFCs) in humanized mice (B) and wild-type mice (C) were determined with a mouse ELISPOT kit. The data were analyzed with a one-way analysis of variance (ANOVA) or Kruskal-Wallis test according to the data normality and homogeneity of variances. All data were shown as mean + SEM (n = 5). P < 0.05 was considered significantly different. **, P < 0.01. Furthermore, the number of IFN-γ+ T lymphocytes in PBMCs collected from TB patients, LTBI volunteers, and normal controls (NC) were stimulated with the MP3RT vaccine in vitro. (D) The number of IFN-γ+ T lymphocytes were determined with a human ELISPOT kit. The data were analyzed with the Unpaired t-test or nonparametric test (Mann Whitney test) according to the normality. All data were shown as mean + SEM (n = 37, 11, and 62 in TB patients, LTBI volunteers, and normal controls, respectively). P<0.05 was considered significantly different. ##P < 0.01; ###P <0.001; ####P < 0.0001.





A High Level of IFN-γ Induced by MP3RT Vaccination in Humanized Mice

To determine the cytokines profile induced by the MP3RT vaccine, the Th1/Th2/Th17 cytokines were detected with a Mouse Th1/Th2/Th17 Cytokine Kit. In humanized mice, the level of IFN-γ produced by splenocytes of MP3RT vaccinated mice was significantly higher than that of PBS vaccinated mice (P = 0.0051, Figure 7A). However, the level of IL-10 secreted by splenocytes of MP3RT vaccinated mice was significantly lower than that of PBS vaccinated mice (P = 0.0427, Figure 7A). Furthermore, the levels of TNF-α (P = 0.0422), IL-4 (P = 0.0152), and IL-6 (P = 0.0009), and IL-17A (P = 0.0327) secreted by splenocytes of BCG vaccinated mice were higher than those of PBS vaccinated mice (Figure 7A). In wild-type mice, the levels of IFN-γ (P = 0.0050), TNF-α (P = 0.0051), IL-4 (P = 0.0233), IL-6 (P = 0.0051), and IL-10 (P = 0.0132) secreted by mice vaccinated with MP3RT were significantly higher than those of mice vaccinated with BCG (Figure 7B). Moreover, the level of IL-17A secreted by wild-type mice vaccinated with MP3RT was significantly higher than that of mice vaccinated with PBS (P = 0.0231, Figure 7B). In contrast, there was no significant difference in the level of IL-2 among groups of humanized (Figure 7A) or wild-type mice (Figure 7B).




Figure 7 | Cytokines. The splenocytes isolated from humanized mice (A) or wild-type mice (B) immunized with PBS, BCG, or MP3RT were stimulated with the MP3RT vaccine for 48 hours. The levels of IFN-γ, TNF-α, IL-2, IL-4, IL-6, IL-10, and IL-17A cytokines in the supernatant were detected with a Mouse Th1/Th2/Th17 Cytokine Kit. The differences were compared with the one-way analysis of variance (ANOVA) or Kruskal-Wallis test according to the data normality and homogeneity of variances. All data were shown as mean + SEM (n = 4). P < 0.05 was considered significantly different. *P < 0.05; **P < 0.01; ***P < 0.001.





Vaccination With MP3RT Induced a High Rate of Lymphocytes

In order to assess the frequency of lymphocytes such as CD3+CD4+ T cells, CD3+IFN-γ+ Th1 cells, CD3+IL-4+ Th2 cells, and CD4+CD25+FoxP3+ Treg cells, flow cytometry was performed. In humanized mice (Figure 8A), (1) The frequency of lymphocytes in mice vaccinated with MP3RT was remarkably higher than that in mice vaccinated with PBS (P = 0.0073, Figure 8B); (2) The frequency of CD3+CD4+ T cells in mice vaccinated with MP3RT was higher than that in mice vaccinated with BCG (P = 0.0361, Figure 8C); (3) The frequency of CD3+IFN-γ+ Th1 cells in mice vaccinated with MP3RT was higher than that in mice vaccinated with PBS (P = 0.0046, Figure 8D) or BCG (P = 0.0005, Figure 8D); (4) The frequency of CD3+IL-4+ Th2 cells (Figure 8E) or CD4+CD25+FoxP3+ Treg cells (Figure 8F) had no significant differences among groups.




Figure 8 | The frequency of lymphocytes, CD3+CD4+ T cells, CD3+IFN-γ+ T cells, CD3+IL-4+ T cells, and CD4+CD25+FoxP3+ Treg T cells in humanized mice. The splenocytes suspension was prepared, and the frequency of lymphocytes (A, B), CD3+CD4+ T cells (A, C), CD3+IFN-γ+ T cells (A, D), CD3+IL-4+ T cells (A, E), and CD4+CD25+FoxP3+ regulatory T cells (A, F) was quantified with a BD IntraSure™ kit. The differences in the frequency of cells among PBS, BCG, and MP3RT groups were analyzed with the one-way analysis of variance (ANOVA) or Kruskal-Wallis test according to the data normality homogeneity of variances. All data were shown as mean + SEM (n = 3). P < 0.05 was considered significantly different. *P < 0.05; **P < 0.01; ***P < 0.001.



In wild-type mice (Figure S1A), the frequency of lymphocytes in mice vaccinated with BCG was higher than that in mice vaccinated with PBS (P = 0.0219, Figure S1B). The frequency of CD3+CD4+ T cells (Figure S1C), CD3+IFN-γ+ Th1 cells (Figure S1D), and CD3+IL-4+ Th2 cells (Figure S1E) had no significant differences among groups. The frequency of CD4+CD25+FoxP3+ Treg cells in mice vaccinated with BCG (P = 0.0328) was lower than that in mice vaccinated with PBS (Figure S1F).



MP3RT Stimulated High Levels of Antigen-Specific Antibodies

The level of MP3RT-specific IgG was tested with ELISA. Firstly, the optimal dilution of IgG antibody was determined to be 1:400 with cut-off values of 0.157 (Figure 9A). Then, the serum samples were diluted at 1:400, and their OD450 values were analyzed with a microplate reader. The results indicated that: (1) In humanized mice, the OD450 values of MP3RT-special IgG (P = 0.0015, Figure 9B) antibody in serum collected from mice vaccinated with MP3RT were significantly higher than those in serum collected from mice vaccinated with PBS or BCG; (2) In wild-type mice, the OD450 values of MP3RT-special IgG (Figure 9C) antibody in serum collected from mice vaccinated with MP3RT were significantly higher than those in serum collected from mice vaccinated with PBS (P = 0.0066) or BCG (P < 0.0001).




Figure 9 | MP3RT-specific IgG antibody. Ninety-one days after the first immunization, the mice in each were killed, and their blood samples were collected for preparing sera. The MP3RT-specific antibodies were detected with ELISA assay. The optimum dilution of IgG (A) in sera of humanized or wild-type mice immunized with PBS (G1 or G4 group), BCG (G2 or G5 group), and MP3RT (G3 or G6 group) were determined with a cut-off value. The OD450 of IgG antibody in sera of humanized (B) or wild-type mice (C) was analyzed with a microplate reader. The significant differences of OD450 of IgG were analyzed using the one-way analysis of variance (ANOVA) or Kruskal-Wallis test according to the data normality and homogeneity of variances. Data were shown as mean ± SEM (n = 10). P<0.05 was considered significantly different. **P<0.01; ****P<0.0001.






Discussion

In this study, we reported a novel peptide-based vaccine, MP3RT. The MP3RT vaccine consisted of six immunodominant epitope peptides from five proteins (Mtb8.4, PPE18, PPE68, RpfA, and TB10.4), which were linked in silico by GGGGS linkers. Mtb8.4 (Rv1174c) and TB10.4 (Rv0288) are low molecular weight T-cell antigens and possible vaccine candidates that induced strong cell-mediated and humoral immune responses against M. tuberculosis (26–30). PPE18 (Rv1196) and PPE68 (Rv3873) are members of the M. tuberculosis PPE family. PPE18 is a crucial virulence factor for the intracellular survival of M. tuberculosis and one of the main components of the M72/AS01E vaccine (31, 32). Recently, Komal Dolasia et al. reported that PPE18 protein inhibited MHC class II antigen presentation (33). However, we found that two peptides (PPE18115-129 and PPE18149-163) of PPE18 protein could be recognized and presented by splenolymphocytes from humanized mice. PPE68 involves diversifying selection to evade host immunity and stimulating high levels of IFN-γ in PBMCs isolated from TB patients (34, 35). Both are reported to be attractive vaccine candidates for preventive and therapeutic against TB (31, 32, 34, 35). RpfA (Rv0867c), a possible resuscitation-promoting factor, may influence the outcome of reactivation via modulating innate immune responses to M. tuberculosis (36). It was reported that RpfA induced a high level of IFN-γ and was a TB vaccine candidate (37).

In previous studies, several immunogenic peptides of these five proteins have been identified, such as Mtb8.461-69 (ASPVAQSYL) and Mtb8.433-43 (AVINTTCNYGQ) (38), PPE68118-135 (VLTATNFFGINTIPIALT) (34), PPE68124-156 (ATNFFGINTIPIALTEMDYFIRMWNQAALAMEV) (39), PPE68127-136 (FFGINTIPIA) (40), RpfA41-60 (DGEWDQVARCESGGNWSINT) (37), TB10.43-11 (QIMYNYPAM) (41), and TB10.420-28 (GYAGTLQSL) (42). Herein, using the ELISOPT assays, we identified six immunodominant peptides of above five proteins, including Mtb8.469-83 (LRNFLAAPPPQRAAM), PPE18115-129 (RAELMILIATNLLGQ), PPE18149-163 (AAAMFGYAAATATAT), PPE68138-152 (DYFIRMWNQAALAME), RpfA377-391 (AYTKKLWQAIRAQDV), and TB10.421-35 (YAGTLQSLGAEIAVE). Interestingly, we found that the peptides Mtb8.469-83, PPE68138-152, and TB10.421-35 identified in this study overlapped with the peptides Mtb8.461-69, PPE68124-156, and TB10.420-28 previously reported in the literatures (38, 39, 42), respectively. This finding indicates that the IEDB database has unique advantages in predicting Th1-dominant epitopes (8), and it also provides the possibility of using these overlapping epitopes to construct new epitope vaccines in the future.

The most significant difference between MP3RT vaccines and traditional subunit vaccines is that the former are MHC restricted. Therefore, the construction and selection of animal models are the basis for evaluating the protective efficiency of a vaccine. In the current study, we evaluated the protective efficacy of the MP3RT vaccine in humanized C57BL/6 mice (HLA-A11+/+DR1+/+H-2-β2m-/-/IAβ-/-) and wild-type C57BL/6 mice, respectively. This humanized mouse model has been successfully used to evaluate the efficacy of an HIV vaccine restricted by the HLA-DR alleles in the Chinese population in our previous study (14). The clinical manifestations of TB patients often show symptom of weight loss. This phenomenon has also been verified in the animal model used in this study. Our research found that regardless of whether it was a wild-type mouse or a humanized mouse, weight loss occurred within one week after M. tuberculosis infection. Interestingly, the bodyweight of humanized mice vaccinated with BCG and MP3RT began to recover rapidly after one week, while that of humanized mice in other groups recovered slowly. In particular, several humanized mice, rather than wild-type mice, immunized with PBS died after the M. tuberculosis challenge. These data showed at least two conclusions: First, compared with wild-type mice, humanized mice are more susceptible to M. tuberculosis infection, which has been observed in our previous study (14); Second, MP3RT vaccine has a considerable protection effect on humanized mice, but the initial immune response induced by MP3RT vaccine does not appear until two weeks after M. tuberculosis infection. The delayed activation of the primary immune response might provide a window period for M. tuberculosis to develop infection in lung (43). This delay may be caused by the following factors, such as low-dose mycobacteria, low inflammatory response in the lung itself, or suppressing the activation of the primary immune response caused by M. tuberculosis.

Similarly, the MP3RT vaccine’s protection was confirmed by CFUs counting experiment and pathological analysis in this study. The results showed that the CFUs in the lungs and livers of humanized mice immunized with MP3RT were significantly reduced and that in the livers of humanized mice and wild-type mice immunized with DNA vaccine were also decreased. The lung is the most common site of initial M. tuberculosis infection. The APCs recognize and phagocytose the mycobacteria in the lung and subsequently migrate to the lung-draining lymph nodes to activate T cells (44). Therefore, the lung has essential value in evaluating vaccine protection efficiency. Given this, we further analyzed the lung’s pathological lesions. We found that the lesion area and the number of inflammatory cells in the lungs collected from MP3RT vaccinated mice were significantly smaller than these in PBS immunized mice.

The above data indicated that the MP3RT vaccine had potential immune protection advantages in humanized animal models. We can’t help asking why this vaccine has protective effect only in humanized mice and no protective effect in wild mice? As mentioned above, the most obvious difference between peptides-based vaccines and other subunit vaccines is that the former are designed based on MHC restrictions. It has been reported that the MHC class I or II molecule play an important role in the presentation of particular peptides to cytotoxic T lymphocyte (CTL) or helper T lymphocyte (HTL), respectively (45, 46). The epitopes consisted of MP3RT vaccine were determined by ELISPOT assay based on their significantly higher HLA-DR1 binding affinity, which laid a fundament for the protective effect in humanized C57BL/6 mice (HLA-A11+/+DR1+/+H-2-β2m-/-/IAβ-/-) rather than wild C57BL/6 mice (HLA-A11-/-DR1-/-H-2-β2m+/+/IAβ+/+). These results also remind us that it is necessary to select a suitable transgenic mouse model in the design, protective evaluation, and immune mechanism exploration of peptides-base vaccines.

Subsequently, we have also explored the immune mechanism behind it. M. tuberculosis is an intracellular bacterium, and the host’s elimination and strangulation of M. tuberculosis mainly depend on specific T lymphocytes such as Th1 and Th17 cells (2). Previous studies have shown that Th1 cells activate the protective immunity against M. tuberculosis infection by secreting IFN-γ and TNF-α to activate the oxidative burst in macrophages, the expression of nitric oxide (NO) synthase 2, and the production of reactive nitrogen intermediates (47, 48). In contrast, Th2 cell response makes the host more susceptible to M. tuberculosis infection, and the role of Th17 cells in M. tuberculosis infection has not yet been determined (49, 50). This study observed that the MP3RT vaccine stimulated splenocytes producing a high level of IFN-γ and a low level of IL-10 in the humanized mouse model. Furthermore, we also found that the number of IFN-γ+ T lymphocytes in spleens collected from mice vaccinated with MP3RT vaccine was more than that in the control group. Unexpectedly, the MP3RT protein stimulated a significantly high level of IFN-γ+ T lymphocytes in TB patients, LTBI volunteers and normal controls in vitro. However, it is difficult to determine whether the immune response induced by MP3RT is biased towards CD3+CD4+ T lymphocytes, IFN-γ+ T lymphocytes, or CD3+CD8+ T lymphocytes, because CD3+CD8+ T lymphocytes can contribute to mycobacteria control by secretion of IFN-γ (51). This doubt was answered in our subsequent flow cytometry experiments. To confirm which type of lymphocyte plays a crucial role in inducing protective effect, we used flow cytometry to classify the T lymphocytes. We found that T lymphocytes’ frequency in the spleens of MP3RT-immunized mice was twice that of the control group. The frequencies of CD3+CD4+ T lymphocytes and CD3+IFN-γ+ T lymphocytes in the spleens of humanized mice vaccinated with MP3RT were significantly higher than these of the control group. However, there was no difference in the frequency of CD3+IL-4+ T lymphocytes and CD4+CD25+FoxP3+ T lymphocytes among the groups. Our data support a positive critical role of MP3RT vaccine in immune protection against M. tuberculosis infection depends on up-regulated Th1-type T lymphocytes and down-regulated Treg cells and Th2-type T lymphocytes.

It is generally believed that T cells play an irreplaceable role in eliminating and strangulation of M. tuberculosis. Currently, accumulating evidence has suggested that B cells play an important role in resisting M. tuberculosis’s respiratory tract infection and inflammation (52, 53). B lymphocytes and T lymphocytes have a wide range of synergy in defending against M. tuberculosis infection, and B lymphocytes significantly affect the activation of T lymphocytes (53). To determine the humoral immune response mediated by B cells, we detected the MP3RT-specific IgG titers in serum samples. The results revealed that the MP3RT vaccine induced significantly higher levels of IgG antibody in humanized or wild-type mice.

As exploratory research, this study has some unavoidable shortcomings. First, the epitopes of the MP3RT vaccine were initially designed to bind human HLA-DRB1*01:01 allele instead of HLA-DP, HLA-DQ, HLA-A, HLA-B, and HLA-C alleles, which may lead to the decrease of recognition efficiency of MP3RT vaccine for other alleles. Second, the MP3RT vaccine was composed of Th1 cell epitopes rather than CTL or B cell epitopes, which may weaken this vaccine’s protection efficiency. Third, only MP3RT-specific IgG antibody levels were detected but not subtypes such as IgG, IgG2b, and IgG2c antibody levels, which may have missed a strong evidence for elucidating the immune mechanism of MP3RT. Finally, limited to the types of available transgenic animal models, the MP3RT vaccine contains only HLA-DRB1*01:01 binding epitopes and evaluated only on humanized C57BL/6 mice with HLA-A11+/+DR1+/+H-2-β2m-/-/IAβ-/-. In future research, we will further enrich the types of epitopes that constitute MP3RT vaccine and verify them on more transgenic animal models.



Conclusion

In summary, these data suggested that MP3RT vaccination elicits significant protection against M. tuberculosis infection in humanized mice rather than wild-type mice. The potential mechanism of the immune protection depends on MP3RT-specific immune response by triggering the activation of CD3+CD4+ T lymphocytes and CD3+IFN-γ+ T lymphocytes characterized by producing a high level of IFN-γ and IgG antibody. Our research once again proves the role of Th1 epitopes in the fight against TB and the importance of vaccine construction, which will provide a basis for future vaccine design.
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Peptide-based cancer vaccines rely upon the strong activation of the adaptive immune response to elicit its effector function. They have shown to be highly specific and safe, but have yet to prove themselves as an efficacious treatment for cancer in the clinic. This is for a variety of reasons, including tumour heterogeneity, self-tolerance, and immune suppression. Importance has been placed on the overall design of peptide-based cancer vaccines, which have evolved from simple peptide derivatives of a cancer antigen, to complex drugs; incorporating overlapping regions, conjugates, and delivery systems to target and stimulate different components of antigen presenting cells, and to bolster antigen cross-presentation. Peptide-based cancer vaccines are increasingly becoming more personalised to an individual’s tumour antigen repertoire and are often combined with existing cancer treatments. This strategy ultimately aids in combating the shortcomings of a more generalised vaccine strategy and provides a comprehensive treatment, taking into consideration cancer cell variability and its ability to avoid immune interrogation.
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Introduction


Antigen Presentation in the Context of Cancer

Vaccines have been used for the treatment of infectious diseases for over 200 years and are based on the original principal of inoculating an individual with a weakened or inactive form of a microbe or its constituent components, with the aim of provoking an adaptive immune response to provide long term acquired immunity to a foreign antigen (1). Cancer vaccines work on the same principal by programming the immune system to recognise cancer antigens as ‘foreign’, and can be administered prophylactically to prevent tumour occurrence, or therapeutically as a treatment in individuals who have already contracted the disease.

One of the hallmarks of cancer is its ability to avoid the immune system (2). Normally, aberrant cells are recognised by the immune system through immunosurveillance, where antigen presentation cells recognise and process antigens produced by these cells, presenting them to effector cells and leading to cell death through the adaptive immune response. In cancer however, many factors are at play which prevent the immune system functioning properly. This includes immunoediting, the process by which cancer cells escape the immune system by selective pressure on tumour cells for a non-immunogenic phenotype (3). The tumour microenvironment also plays a part, with its pro-cancer nature promoting tumour growth and preventing a strong anti-tumour response through immunosuppression (4, 5).

The most common treatments for cancers target rapidly dividing cells in a non-discriminatory manner, or by targeting cells with high doses of radiation to damage the DNA of tumour cells and induce cell death. The difficulty however is in the total removal or destruction of cancer cells and inherent or acquired multi-drug resistance, which ultimately leads to tumour recurrence (6, 7). Cancer immunotherapy aims to overcome this by reprogramming the body’s immune system to recognise cancer-specific antigens and the tumours producing them, targeting cancer cells for destruction. This can include the production of anti-tumour antibodies by B-cells through humoral immunity, or through T-cell mediated cytotoxicity through the cell-mediated immune response. For this review, the focus will be primarily on the use of cancer vaccines in the context of a cell-mediated response, and the current progress in the field.

Cancer vaccines require the strong activation of the T-cell mediated adaptive immune response to elicit their anti-tumour potential. The adaptive immune response is initiated by the uptake, processing, and presentation of immunogenic antigens by antigen-presenting cells (APC). Dendritic cells (DCs) are one of the primary professional antigen-presenting cells, and act as the link between the antigen non-specific innate immune response and the antigen-specific adaptive immune response (8). Upon encountering an exogenous antigen, dendritic cells internalise them by receptor-mediated endocytosis or macropinocytosis and process the antigen within endosomes to be loaded onto MHC Class II molecules for presentation to CD4+ T cells. This leads to the activation of a Th1 response, including the increased production of cytokines such as IFN-γ, which promotes and maintains macrophages and Cytotoxic T-lymphocyte (CTL) effector functions (9–11). A small proportion of internalised antigen can escape this classical pathway by export into the cytosol of DCs, where they are processed by the proteasome. The resulting peptides are transported to the endoplasmic reticulum, where they are loaded onto MHC class I molecules for presentation to CD8+ T cells, a process known as antigen cross-presentation (12). The recognition and subsequent maturation of CD8+ T cells by antigen cross-presentation results in an antigen-specific response against cells displaying that antigen. In the case of cancer, the CD8+ T cells recognise surface-expressed cancer antigens on tumours and initiate apoptosis through cell-mediated cytotoxicity by releasing apoptotic factors such as Perforin, Fas Ligand and Granzymes (13). The activation of T cells by dendritic cells requires three signals, with any one missing resulting in incomplete activation. The first signal is generated by binding of the T-cell receptor (TCR) to peptide-bound MHC with the aid of the CD4 or CD8 co-receptors, which stabilise the bond and promote TCR signalling (14–16). Signal two is formed from co-stimulatory signals caused by the interaction of cell surface molecules between dendritic cells and T cells, for example by CD28 on T cells with B7 on DCs (17, 18). Finally, the third signal is provided by cytokines released by dendritic cells which drive the T cells into a specific type, for example IL-12 promotes a Th1 phenotype for T-helper cells and promotes the expansion of CD8+ T cells (19–21).

Cancer is however, a complicated disease, with immunosuppressive cells in the tumour microenvironment such as regulatory T cells (Treg) and Myeloid-derived suppressor cells (MDSCs) tempering the immune response and aiding in cancer cell immune escape (22). Ultimately, the aim of a cancer vaccine is to strongly activate the CD8+ T-cell pathway, mediated by CD4+ T cells, thus overcoming self-tolerance and immune suppression, leading to the elimination of cancer cells.



Principals of Peptide-Based Cancer Vaccines

Peptide-based cancer vaccines typically consist of a sequence of amino acids derived from tumour-specific or tumour-associated antigens (TSA/TAA), the difference being whether the antigen is specific to cancer cells (TSA) or whether it can be found both on healthy and cancer cells, but at elevated levels in cancer (TAA). For peptide-based cancer vaccines to be efficacious, they must contain CD8+ epitopes to exploit the antigen cross-presentation pathway, leading to the activation of CTL anti-tumour immunity, along with CD4+ epitopes for T-helper cell activation, which sustains CTLs effector function (23). Therefore, to promote a strong immunogenic response, the sequence length of peptide vaccines is important. If the peptide is too short it can bind to MHC of non-professional APCs, which lack the secondary signalling machinery for complete T cell activation, leading to a poor T cell response or immune tolerance (24). Shorter peptides also tend to be HLA-type restricted due to their length not allowing for the diversity required for the high polymorphism of HLA in the general population (25, 26). Finally, short peptides are also prone to enzymatic digestion and elimination from the body faster unless modified (27, 28). A longer peptide length however allows for a broader population coverage of HLA-types (25, 26), the inclusion of multi-epitope peptides to bolster the CD4+ and CD8+ response, and allows for the inclusion of binding or recognition motifs to bolster immunogenicity.

Peptide-based cancer vaccines have showed promising immunogenicity in a pre-clinical setting, though there is a lot of progress still to be made for them to show strong clinical efficacy – to date no in vivo peptide-based cancer vaccine has attained FDA approval (29). There is a multitude of possible reasons for this, including: inappropriate adjuvants (30, 31), tumour heterogeneity (32, 33), tumour antigen loss (34), decreased MHC expression (35, 36), lack of infiltrating T cells in tumour tissue (37), and immune suppression through T cell dysfunction (38, 39).

Peptide-based cancer vaccines stand amongst a plethora of therapeutic strategies for cancer treatment, including DNA/RNA vaccines and adoptive cell transfer (ACT). Like peptide-based cancer vaccines, DNA and RNA-based vaccines are inexpensive to produce, and have the advantage of not being HLA-specific (40). DNA/RNA vaccines are also able to encode multiple antigens that can activate both the adaptive and innate immune responses (41), but DNA vaccines have shown to be poorly immunogenic in humans (42). This is in part due to limited cellular uptake and rapid elimination by the body (43, 44). RNA vaccines are also relatively unstable, and can produce strong unwanted innate immune responses (44, 45), however with modifications to reduce these issues, mRNA vaccines are showing themselves to be promising cancer vaccine candidates (46). ACT on the other hand, functions by taking a patient’s cells, expanding, and engineering them ex vivo, before transplanting them back into the body. CAR-T and TIL therapies are examples of this, and have proven to be excellent anti-tumour therapies with a strong and highly personalised immunogenic profile (47). ACT is however an expensive, time- and labour-intensive process (48, 49), and can lead to toxic effects, as seen with cytokine release syndrome in CAR-T patients (50). Often ACT is combined with other cancer vaccine types, including pulsing DCs with tumour antigen-derived peptides, or transfecting with tumour-associated antigen mRNA (51). The hope of peptide-based cancer vaccines is in bridging the gap between these two alternative strategies by being highly specific, with a low manufacturing cost, and a proven safety record (52). However, challenges remain in improving their immunogenicity and attaining use in the clinic. The aim of this review is to evaluate recent strategies to improve the immunogenicity of peptide-based cancer vaccines, and to look for trends which could lead to their clinical application. The topics of discussion will be on peptide design, conjugation, formulation, personalised peptide vaccines, and combination therapies (Figure 1). We will discuss how each strategy overcomes the issues highlighted and the future of peptide-based cancer vaccines.




Figure 1 | A graphical summary of some of the key concepts in peptide-based cancer vaccine research. Created with BioRender.com.






Designing Peptide-Based Cancer Vaccines


Long Peptides and Overlapping Peptides as Cancer Vaccines

Peptide-based cancer vaccines are established on the principle of selecting peptide sequences from TSA/TAAs containing T cell epitopes to use as a template. This can take the form of single epitopes, long-chained polypeptides with multiple epitopes, or pools of peptides. However, to produce a strong immunogenic response, peptide-based cancer vaccines need to include multiple epitopes that are recognised by both CD8+ and CD4+ T cells in a diverse population with different HLA haplotypes. The rationale of this strategy being that, unlike the primarily structural-based recognition of antibodies (53), T-cell receptors recognise short linear peptide sequences derived from an antigen. It is therefore possible to use in silico bioinformatics and T cell epitope mapping to predict and select sequences from a target tumour antigen (53–55). By using multi-epitope or overlapping peptide sequences as opposed to short single-epitope peptides, issues such as tumour heterogeneity, tumour antigen down-regulation and the diversity of HLA haplotypes may be overcome.

One type of peptide-based cancer vaccines is synthetic long peptides (SLPs), which are pools of 25-35 amino acid peptides derived from TAA/TSAs. SLPs have successfully shown to elicit a strong immunogenic response since their inception (56–58), and have proven to be more immunogenic compared to the whole antigen in which they are derived from (59). Using long peptides as opposed to short peptides equal in size to T cell epitopes, means that the peptide must be processed within dendritic cells before they can be presented to T cells, rather than binding directly to MHC-I of dendritic cells or non-APCs (60, 61). However, a pool of peptides will need to be quality controlled for each individual peptide within that pool which could hamper its manufacturing capability and cost.

Recently SLPs derived from MELOE-1 melanoma antigen have been developed from Class I and Class II epitopes separated by a cathepsin protease-sensitive linker (62). Cathepsins are key proteases in dendritic cells involved in antigen presentation (63, 64), and it was found that the composition and size of the Cathepsin-sensitive linker had a significant impact on the presentation of the CD4+ and CD8+ T cell epitopes. Of the linker sequences tested, LLSVGG showed the strongest immunogenicity (62). Mouse studies to evaluate SLPs in the prime-boost immunisation strategy using LLSVGG-based vaccine showed a strong CD8+ T cell response, but a lower CD4+ compared to human PBMC tests, which could produce a less well-rounded response, and shows the epitope sensitivity differences between mice and human models (62). Mouse tumour models also revealed a reduction in tumour growth in 4 out of 7 mice when compared to unvaccinated mice but fell outside of significance (62). To help clarify these results, further studies with an alternative antigen model that shows similar epitope reactivity between species, as well as an increased sample size are needed. This study demonstrates the flexibility of SLP technology in peptide vaccine design, through the incorporation of strategic and specific enzymatic cleavage sites to enhance antigen presentation.

Among many others, Survivin is a cancer antigen that has been the target of peptide-based cancer vaccine design. Survivin is an anti-apoptotic protein and a member of the inhibitor of apoptosis family. It is a classic tumour-associated antigen that is not normally found in somatic cells but is up-regulated in numerous cancers (65). A Survivin-based vaccine composed of a pool of three SLPs with eight CD4+ epitopes and six CD8+ epitopes was recently developed (66). Although Survivin is found in a large proportion of cancer cells, it is normally immune tolerant (67, 68), the Survivin-SLP vaccine however was shown to activate both CD4+ and CD8+ immune responses through stimulation with autologous dendritic cells, regardless of HLA types in tested populations (66). Following on from this, the SLP vaccine in engrafted mouse models for colorectal cancer and B-lymphoma showed a significant level of tumour eradication, with secondary challenge also demonstrating reduced tumour growth and complete survival up to 60 days (66). The cytokine release profile of CD4+ and CD8+ T cells were enhanced with the vaccine, and with an increase in Perforin and Granzyme B, which forms a part of the CTL response (13, 66).

Recombinant overlapping peptides (ROPs) are another design strategy for peptide vaccines which have shown promising pre-clinical efficacy. ROPs are comprised of sequential overlapping long peptide sequences covering the whole sequence of a target, with Cathepsin S protease-sensitive linkers between the peptide sequence overlaps (69, 70). The overlapping region allows for diversity in epitope, in particular with MHC-II molecules which have shown different but overlapping recognition of CD4+ epitopes between HLA haplotypes (71). ROPs differ from other synthetic peptide pools as they are produced recombinantly as a single-chain polypeptide with multiple epitopes, giving ROPs potential advantages in manufacturing and drug approval. However, dealing with long peptides also comes with problems in solubility. ROPs have shown to produce strong immunogenic response in both CD4+ and CD8+ T cell over native protein, and are able to break self-tolerance as shown with Survivin ROP, mainly due to its design resulting in reduced homology when compared to native protein (70).

Overcoming immune tolerance is a significant hurdle for peptide-based cancer vaccines, as T cells reactive to self-antigens are eliminated as part of the central and peripheral tolerance mechanisms. But by incorporating multiple epitopes for CD4+ and CD8+ T cell activation, the examples so far have shown to be immunogenic in diverse HLA types which may not be possible with single epitope vaccines.



Personalised Peptide-Based Cancer Vaccines

Peptide vaccine design is key in targeting tumour neoantigens, and with the emergence of whole exome sequencing (WES) and single-cell RNA-Sequencing (RNA-Seq), peptide-based cancer vaccines are increasingly becoming more tailored to an individual’s neoantigen repertoire. By creating specific vaccines to each patient and their genetic background, personalised immunotherapy avoids the issues of “off-the-shelf” peptide vaccines which may not take into consideration tumour heterogeneity and HLA haplotype. Reports in this field are promising, for example, by combining WES and RNA-Seq with in silico neoepitope predictions, Ott P.A. et al., created 20 unique SLPs specific to patient HLA type (72). Ex vivo experiments showed a strong CD4+ antigen specific response while CD8+ response was undetectable until after a round of in vitro expansion with the peptides (72). Indeed, the weaker CD8+ T cell response might be explained by only 16% of the peptides containing CD8+ T cell epitopes compared to 60% for CD4+ epitopes (72). This could show a bias in the software for predicting of CD4+ epitope sites or the higher level of promiscuity of MHC-II peptide binding compared to MHC-I (73). Further experiments showed that the CD4+ and CD8+ immune responses were highly specific, with 86% of T cells acting against the mutant antigens but not the wildtype (72). In a phase I vaccination trial, four stage IIB/C patients were disease free after 2 years, with another two patients in Stage IVM1b requiring further treatment with anti-PD-1 therapy to achieve tumour regression (72). Another example is in the clinical study by Hilf N. et al., that looked at personalised vaccination strategies against glioblastoma (74). Glioblastoma is notorious for its bad patient prognosis, with mean survival with Temozolomide and radiotherapy of 14.6 months (75). In the phase I study, a two-pronged vaccine treatment strategy was adopted using a pre-made library of unmutated antigens from glioblastomas and ranking each patient’s response to them. This was followed with a second vaccine consisting of either; mutated antigen peptides predicted to bind MHC-I and produce an immune response, or any other unmutated epitopes not included in the first vaccine’s library (74). For the first vaccine, around half of the total evaluated peptides were CD8+ and CD4+ immunogenic, with the CD8+ showing a primarily memory phenotype, while the second vaccine was dominated by a Th1 CD4+ response (74). It is worth considering that the original idea of the second vaccine was to use next-generation sequencing to compare the patient’s genomic mutations against HLA-bound peptides by mass spectrometry, but that failed to match any (74). What this research demonstrates is the infancy of personalisation strategies, but also showing its promise as a highly specific treatment for individuals. The main issues with neoantigen-based peptide vaccines at present are the cost and time required to produce, but advances in sequencing, software predictions, databasing and manufacturing hope to allow for their use on a larger, more cost-effective scale (76).




Peptide-Conjugate Vaccines


Targeting Pattern Recognition Receptors

Peptide-based cancer vaccines alone are poorly immunogenic and require strong adjuvants or immune stimulants to produce an efficacious response. But by combining peptide-based cancer vaccines with conjugates that stimulate or target dendritic cells, peptide-conjugate vaccines have shown a greater potential over peptide vaccines alone. One common method is the inclusion of dendritic cell activation markers such as pathogen associated molecular patterns (PAMPs), or damage associated molecular patterns (DAMPs), to act as adjuvants by binding to pattern recognition receptors (PRRs) on the surface of dendritic cells. Examples of PRRs include the toll-like receptors (TLR), C-type lectin receptors (CLR) and NOD-like receptors (NLR). The activation of PRRs induces the maturation of DCs, causing an upregulation of MHC-II expression, co-stimulatory signalling, and the release of pro-inflammatory cytokines, to bolster the anti-tumour response (77–80). PRRs in the context of peptide-based cancer vaccines varies from a simple adjuvant mixed with the peptide vaccine (81), to PRR ligand-peptide conjugates.

One example of this novel technology is a conjugate formed from the TLR2 ligand Pam3CSK4 covalently bound to TLR1 (82). As TLR1 is TLR2’s heterodimeric partner, the conjugate enhances the targeting of TLR1 to TLR2 for dimerization and by proxy the immunogenicity of the SLP it is conjugated to (82). Research from this group showed a significant increase in the frequency of SIINFEKL (an OVA CD8+ epitope) positive H-2kb+ cells with the use of SLP-Conjugate over Pam3CSK4 alone, with significantly more DC maturation markers (83). They also showed greater CD8+ T cell infiltration in a HPV16 TC-1 tumour model, with a reduction in tumour growth and increased survival time (83, 84).



Targeting Dendritic Cell Subsets

A further method of targeting dendritic cells is by incorporating ligands specific to DCs or a subtype of DCs (85). DEC-205 (CD205) is a dendritic cell receptor involved in receptor-mediated endocytosis, and has been associated with antigen cross-presentation in CD8+ dendritic cells (86). Although its natural ligand is not fully understood, there is some evidence of its involvement as a PRR in binding to CpG oligodeoxynucleotides and recognition of apoptotic cells (86, 87). In theory, by conjugating a cancer peptide to a ligand recognised by DEC-205, the vaccines antigen presentation ability could be enhanced. Recently, Liu Z. et al., designed a ScFv that targets the DC marker DEC-205 fused with a HPV E7 SLP, which showed potent targeting effect when compared with the SLP alone (88). However, the author notes that the conjugating motif used in the study stimulates a CD4+ response by itself (88). While this is not necessarily a negative, may have exaggerated the DEC-205 ScFv potency to target DCs.

Along with the PRRs already mentioned, DCs contain many chemokine receptors which are used in their migration or in attraction of other cells of the adaptive immune response. One example is the XCR1 receptor, a chemokine receptor which binds XCL1 to attract DCs to CTLs (89). What is of particular interest about XCR1+ DCs, is their high efficiency at antigen cross-presentation (90). Botelho N.K. et al., investigated XCL1 fused with OVA SLP and a mutated IgG1 Fc which prevents Fc-mediated endocytosis, to evaluate its immunogenic potential in OVA expressing tumour models (91). The inclusion of the XCL1-Fc fused to the OVA peptide showed significant anti-tumour immunity in B16-OVA tumour models, with increased CTL response when compared to OVA SLP alone and OVA with free XCL1 (91). Interestingly the inclusion of OVA SLP with free XCL-Fc showed very similar responses than the full fusion, the author speculates this may be caused by aggregation of the molecules (91). It is worth noting this paper did not consider the equally important CD4+ response, which would provide valuable insight into the viability of this targeted strategy as an anti-cancer treatment.



Multiple-Conjugate Peptide-Based Cancer Vaccines

So far, all the conjugates given as examples have focused on one target or conjugate per peptide vaccine. Logically, by combining multiple conjugates with different effector or targeting motifs, peptide-conjugate vaccines can synergistically boost multiple branches of the adaptive immune response. One example of this was recently developed by a combination of a cell-penetrating peptide (CPP), a TLR2/4 agonist which activates APCs, and a multi-antigenic domain that stimulates CD4+ and CD8+ T cells (92). The TLR agonist promotes DC maturation and activation, while the cell-penetrating peptide allows the antigenic domain to access the cytosolic compartment of DCs where antigen cross-presentation occurs, increasing production of antigen-specific CD8+ T cells and boosting anti-tumour immunity (93). With this strategy, in HPV TC-1 therapeutic mouse tumour models, a significant increase in survival time and reduction in tumour size were observed, and in multiple mouse models an increase in antigen-specific CD8+ T cell tumour infiltration (92). Finally, they found in non-human primates the ability to break self-tolerance by eliciting a T cell response to EPCAM and Survivin (92). It is worth considering though that CPPs are non-specific and will penetrate most cells (94), possibly leading to substantial off-target effects and reduced bioavailability to DCs through absorption by non-professional APCs. Perhaps a method of combing the ability of CPPs to penetrate cells in a more targeted approach to DCs could be beneficial to the creation of an efficacious peptide-based cancer vaccine.




Peptide Vaccine Formulation & Drug Delivery Systems


PLGA and Liposomes as Particulate Drug Delivery Platforms

The shortcomings of peptide-based cancer vaccines can be improved by proper formulation. For example, incorporating drug delivery systems into the vaccine formulation can facilitate peptide delivery to antigen presenting cells. By using drug delivery systems, peptides along with adjuvants and targeting motifs, can be encapsulated, or incorporated onto a surface, allowing for delivery of a single “package” to protect the peptide and deliver a strong T-cell mediated response.

PLGA and liposomes are two examples of drug delivery systems which have been used experimentally for many years, and have a proven track-record in safety and biodegradability, with the FDA approving their use as drug delivery systems (29, 95). Liposomes are highly customizable cell membrane mimics composed of phospholipid bilayers. The charge, size, surface molecules and delivery mechanism of liposomes are all tailorable – this feature allows a liposome to mimic the size and surface markers of a pathogen for example (96, 97). As particulate systems can protect peptides from degradation and control their release, liposomes provide peptides greater access to the spleen and lymph nodes which contain a higher proportion of cross-presenting DCs (98, 99). Upon internalisation, the liposome can continue to promote antigen cross-presentation by enabling its peptide cargo to escape from the lysosome into the cytosol, a key step in antigen cross-presentation and stimulation of a robust CD8+ T cell response (100).

One example of the diversity of liposome-based delivery systems is in nanoliposomes designed by Rueda et. al., which contained multi-antigenic T-helper cell epitopes against LHR hormone, tetanus toxin immunogen as an adjuvant, and external Fc receptor ligands which increases liposome uptake by DCs (101). The adjuvants bolstered DC maturation, and the inclusion of multiple independent TLR agonists worked synergistically to enhance the stimulation of DCs in vitro (101). However, the efficacy of this strategy with tumour models both in vitro and in vivo was not investigated, which is needed to fully evaluate its anti-tumour response against the self-antigen LHRH for the treatment of prostate cancer.

In another example of the customisability of liposomes, and how the lipid composition can affect antigen uptake, Zamani, P. et al., designed a DOPE-liposome system in combination with monophosphoryl lipid A (MPL), a detoxified LPS adjuvant derivative, and Pan HLA-DR epitope (PADRE) peptide (102). PADRE is considered a ‘universal’ HLA-DR (MHC class II) restrictive CD4+ epitope, which stimulates a CD4+ response in most patients (103). By using DOPE in the liposome design, the nanoparticle forms a hexagonal structure at low pH, which permits the particle to fuse with the endosomal wall and escape into the cytosolic pathway for MHC Class I cross-presentation (102, 104). The authors combined the DOPE : PADRE : MPL liposome with P5 peptide derived from HER2/neu breast cancer epitopes, and found reduced tumour growth and increased survival time in mice vaccinated with the P5+DOPE : PADRE : MPL liposomes (102). A second study using a different HER2/neu derived peptide, showed similar results with an increased presence of CD4+ tumour-infiltrating lymphocytes as well (105). Together these studies show that by optimising vaccine formulation, it is possible to re-direct antigen presentation pathway from MHC-I to MHC-II. However, optimisation is important and necessary as the weak CD4+ cytokine profile and no apparent reduction in Treg cell numbers within the TME (102), may harm the vaccine’s efficacy in the clinic.

In a study that looked at mutant KRAS SLP-Liposomes, the use of KRAS G12 mutant SLPs alone resulted in primarily a CD4+ response (99). It was only upon the SLP being bound to the liposome did the vaccine produce a strong CD8+ response, albeit at the slight expense of CD4+ activity (99). The authors did note an increase in tumour PD-1 and TIL exhaustion markers, which resulted in a therapeutic response that slowed tumour growth but did not lead to regression (99). However, upon combination with PD-1 checkpoint inhibition therapy they saw tumour regression in 5 out of 10 mice with the Neo-lpx vaccine (99). One highlight of the work was the remarkable specificity of the vaccine to the mutant KRAS and not to the wildtype (99), emphasising the safety of formulated peptide-based cancer vaccines.

The importance of formulating an appropriate particle-based delivery system is imperative to the efficacy of a peptide-based cancer vaccine. This was proven by comparing PLGA and liposome with free peptide (106). It was found that although using a particulate based system was better than free peptide with adjuvant, liposomes were consistently better than PLGA at eliciting an anti-tumour immune response (106). The possible reason being the cationic charge of the liposome, and its comparatively smaller size than PLGA, promoting a stronger attraction and elevated uptake of the liposome by DCs (106).

One caveat for formulating vaccine delivery systems is the complications of construction and manufacture. Jacoberger-Foissac, C. et al., demonstrated this by looking to optimise liposome delivery by experimenting with different CD4+ and CD8+ epitopes in combination with adjuvants (107). By experimentation and sequential screening, they displayed the versatility and modular nature of liposomes as a delivery system. However, they also highlighted the empirical nature of its construction and the difficulties in manufacturing and optimisation.



Novel Delivery Systems for Peptide-Based Cancer Vaccines

So far, the focus has been on the use of PLGA and liposomes, but many groups are exploring novel formulations for peptide-based cancer vaccine delivery systems and their composition. For example, it has been shown that simply using the amino acid L-Tyrosine in combination with an adjuvant formula acts as a depot for peptide vaccines. This effect could enhance the duration and effectiveness of the peptides, and was found to work similarly to repeated injection of peptide alone (108). Although ultimately the study showed the strategy to be no better than repeated vaccination, this depot effect still has its benefit in allowing fewer vaccinations to attain the same effect.

Cross-linked polymer networks known as nanogels are also being explored, which can be customised with different sizes, charges and properties that allow the release of their payload by a trigger such as pH or enzymatic cleavage (109–111). Indeed, one group took advantage of this by designing a nanogel that releases its peptide payload in a reducing environment, as is found in endosomes (109). They found in in vitro and in vivo experiments that the nanogel vaccine was superior to soluble SLP in stimulating CD4+ and CD8+ response with adjuvant, although the CD4+ response was not as strong in vivo than in vitro (109).

Finally, one group designed an ingenious delivery platform for their PPV consisting of a charge modified TLR7/8a conjugate, that was able to self-assemble into precise 20 nm diameter particles regardless of peptides it was conjugated to (112). The self-assembled particles were able to induce a CD8+ T cell response 20-fold higher than PLGA and liposomes with the same dose (112). In vivo experiments also showed a larger accumulation of nanoparticles in the lymph nodes compared with soluble SLP and microparticles (particles greater than 200 nm in diameter), as well as producing a higher CD8+ T cell response and a significant reduction in tumour growth rate in M39 mice (112). As this system seems to work regardless of the peptide load, it could reduce the empirical testing required by traditional carrier systems, while simultaneously reducing the variability of peptide loading and potential damage to peptide integrity.




Peptide-Based Cancer Vaccine Combination Therapies


Peptide-Based Cancer Vaccines and Immune Checkpoint Inhibitors

Peptide-based cancer vaccines as a monotherapy have yet to show an efficacious response in the clinic. However, data to date has shown that peptide-based cancer vaccines can work in combination with other drugs or therapies to enhance efficacy over individual monotherapies. One prominent example is the combination of peptide-based cancer vaccines with checkpoint inhibitors, such as anti-PD-1. Checkpoint blockades act as the brakes of the immune system to regulate T cell response, and are essential for self-tolerance and prevention of autoimmune disorders. However, the checkpoint blockade also scuppers cancer immunotherapy by supressing effector CTL function on tumours (113, 114). Checkpoint inhibitors block this action, overcoming immune suppression and allowing for greater antigen-specific T cell responses against tumours. By combining checkpoint inhibitors with peptide-based cancer vaccines, the immune system is released from suppression, allowing it to specifically target cancer cells.

Many of groups in this review combined their therapy with checkpoint inhibitors and additional anti-cancer agents to test efficacy in combination therapies. Liu, Z. et al., found their DEC-205- targeting ScFv-HPV E7 SLP fusion resulted in higher PD-L1 expression, and were able to show a more efficacious response when combining anti-PD-L1 antibody with their vaccine (88). Zom, G.G. et al., had a curative rate of 10% with their Pam3CSK4-TLR-SLP fusion as a monotherapy, however when used in combination with the cervical cancer chemotherapy drug Cisplatin survival increased to 71%, and with photodynamic therapy survival increased to 89% (83). The authors cited the possible reasons to be; depletion of immunosuppressive myeloid cells, increased TNF-α sensitivity, or induction of immunogenic cell death (83). Finally, Belnouse, E. et al., found that combining their modular self-adjuvating vaccine strategy, composed of a CPP with a multi-antigenic domain and a TLR2/4 agonist, with anti-PDL1 therapy, achieved greater efficacy than the vaccine alone (92). This perfectly illustrates that even with targeting motifs or PRR agonists to enhance peptide vaccine immunogenicity, peptide-based cancer vaccines as a monotherapy are still inferior to combination with other treatment strategies. This being attributed to the complexity of tumour immunology and the suppressive nature of the tumour microenvironment.



Combining Peptide-Based Cancer Vaccines With Existing Cancer Therapies

Combining peptide-based cancer vaccines with existing anti-cancer therapies is common, as patients are often treated with established chemotherapy, radiotherapy, and immunotherapy as part of standard care practices. Trastuzumab for example is an anti-HER2 monoclonal antibody used to treat breast cancer, and has been shown to make HER2+ tumour cells more susceptible to antibody dependent and T-cell mediated cytotoxicity (115, 116). In one study, anti-HER2 antibodies enabled DCs to expand HER2-derived peptide E75 specific CTLs greater than peptide alone (117). In vivo experiments with anti-HER2 antibodies showed similar increases in antigen-specific CTLs with spontaneous and implantable HER2 mouse models (117). In a phase IIb clinical trial combining Trastuzumab with GM-CSF and E75, the vaccine was found to be safe and non-toxic (118).

Another group combined their peptide pool with docetaxel, a standard of care chemotherapy drug for treatment of castration-resistant prostate cancer (119). Docetaxel has been shown to reduce immunosuppression within tumours by reducing Treg cell numbers (120), and it was thought that combining Docetaxel with a peptide vaccine may enhance its efficacy (119). Unfortunately, in a randomised phase II trial, the combination did not show a robust synergistic effect, with no increase in overall survival, even with a decrease in PSA levels and a reduction in the immunosuppressive MDSCs (119).

Cyclophosphamide (CPA) is a chemotherapy agent with direct cytotoxicity in high doses, but has immunomodulatory effects when used at lower doses, including the suppression of Treg cells and the modulation of antigen-specific T cell responses (121). In a randomized phase II trial that investigated the efficacy of combining personalised peptide vaccines (PPVs) with CPA on previously treated advanced biliary tract cancer patients (122), pre-vaccinated PBMCs showed no significant increase in IFN-γ with the use of PPV compared with PPV and CPA combination therapy (122). However, in the clinical context they saw a doubling of progression free and overall survival and a reduction in IL-6 with the PPV/CPA combination compared to PPV alone; lower IL-6 is suggested to be associated with a better prognosis (123, 124). However, the expected Treg reduction shown to occur with low dose CPA treatment did not occur when using PPV/CPA combination, and a mixed picture was observed with frequency and numbers of MDSCs, which did not correlate with an increase in overall survival (121, 122). Taken together, this suggests that although the results related to clinical outcomes were promising, more research is necessary to optimise the combination of PPVs with CPA.

The mixed results between the three studies highlighted, emphasises the need for careful consideration on the design of experiment and the need for empirical investigation into the combinations worth pursuing. Especially when working with combination therapies where changing variables such as dose, administrative route and timing can have drastic implications on a vaccine’s capability.



Novel Therapies That Modulate Peptide-Based Cancer Vaccine Function

Some of the drugs being investigated in combination with peptide-based cancer vaccines do not have direct anti-cancer properties, but help to modulate mechanisms required for peptide-based cancer vaccines to function. Avasimibe for example is an ACAT1 inhibitor, which prevents esterification of cholesterol and the attenuation of lipid rafts, which in turn increases the level of cholesterol in CD8+ T cells and promotes T cell receptor signal transduction, enhancing anti-tumour response (125). One group found that by combining Avasimibe with a KRAS multi-peptide vaccine in prophylactic mouse models, a significant decrease in tumour volume was seen compared to monotherapies, with an increase in CD8+ T cell levels in the TME (126). In therapeutic models, the Avasimibe/KRAS combination therapy did not show a significant decrease in tumourigenesis, but did show a reduction in tumour load and delayed tumour progression (126). This again highlights the difference in efficacy that can occur depending on the vaccine setting.

Most of this review has focused on how CD8+ T cell activity is imperative to a strong anti-tumour response, with CD4+ T cells playing a supporting role in activating and maintaining the immune response. However, there is evidence of the importance of CD4+ activity in generating an anti-tumour response directly with so called cytotoxic CD4+ T cells. Cytotoxic CD4+ T cells are characterised by their ability to produce Granzyme B and Perforin (127, 128). Kumai T. et al., focused on inducing an anti-tumour CD4+ response as opposed to CD8+, by combining CD4+ epitope specific peptides with TLR ligands, CD40 monoclonal antibodies and with various co-stimulatory activators to optimise the CD4+ activity (129). OX40 (CD134) was one example of a co-stimulatory activator, which is used to maintain long-term T cell activity by promoting survival and proliferation (130). OX40 agonistic monoclonal antibodies in combination with the CD4+ epitope peptide vaccine showed an enhanced peptide-specific CD4+ T cell response, and a slowing of tumour progression in therapeutic models, with an increase in IFN-γ, TNF-ɑ and Granzyme B production (129). Interestingly, this would point to a possible cytotoxic CD4+ activity, as in CD8+ depleted mice there was still a reduced anti-tumour response (129). This study emphasises the importance of considering both the CD4+ and CD8+ activity when designing a peptide vaccine strategy; it would be interesting to see the results of combining this with a CD8+ specific vaccine to observe its effects.

Oncolytic viruses are an emerging therapy that utilise engineered viruses to target and kill cancer cells, with the first oncolytic virus approved by the FDA in 2015 (131). One group combined a Maraba virus engineered to produce E6 and E7 sequences from HPV16 with SLP peptide derived from epitope mapping of HPV16/18 E6 and E7 wildtype sequences (132). By using the SLP as the ‘Prime’ in a prime-boost vaccine strategy, they showed an increase in IFN-γ and TNF-α release by CD8+ T cells, but no significant increase in survival time in mouse models compared to SLP prime-boost monotherapy (132). This strategy warrants further investigation into optimising the vaccine and administration strategy, with more trials and differing the peptide target and virus.




Concluding Remarks

Peptide-based cancer vaccines are a diverse and versatile means of eliciting a cell-mediated anti-tumour response through antigen presentation of tumour antigen epitopes to T cells. The activated T cells then recognise and respond to tumour antigens presented on the surface of cancer cells, initiating an immune response, and subsequently leading to T cell mediated killing of the cancer cells. Many conjugates and polymers are used to enhance the immunogenicity of peptide-based cancer vaccines by targeting the peptides to specific subtypes of immune cells, or by containing stimulatory molecules to increase the activation and maturation of dendritic cells. Many groups have shown promising results combining peptide vaccines with chemotherapy agents, along with drugs not originally designed as anti-cancer agents. Others are incorporating peptide vaccines into highly customisable vaccine carrier systems, bringing together CD4+ and CD8+ epitopes, adjuvants, and targeting motifs into a single particle. In general, peptide-based cancer vaccines as a monotherapy struggle to achieve efficacy, but show great promise as a component of a combinational treatment strategy. Combination therapy is likely to be the approach needed for peptide-based cancer vaccines to gain traction as a viable treatment in the clinic.

As vaccines increasingly become more customised to individual patients, personalised peptide vaccines represent a promising vaccine candidate. The design and manufacture of personalised peptide vaccines are currently an expensive and time-consuming process, but will be a valuable toolkit in the future with the advent of new sequencing technologies, bioinformatics, T cell epitope prediction and improved manufacturing practices. From this review, one can appreciate the complexity involved with designing a peptide-based cancer vaccine and the challenges of striking a fine balance between method and mode of delivery, half-life, epitope selection, and immunogenicity to produce an efficacious vaccine strategy. Although many of the studies outlined in this review were pre-clinical or in the early stages of clinical trials, studies on peptide-based cancer vaccines in the clinic are numerous. As of May 2021, there are approaching 80 phase I or II clinical trials utilising a peptide-based vaccine strategy in cancer, with 20 currently active and 20 having been completed since the start of 2019 (133). Table 1 summarises the current Phase I & II peptide-based cancer vaccine trials currently active and/or recruiting. Featuring prominently on the list are peptide-based cancer vaccines against breast, lung, blood and brain cancers to name a few (133). Exhibiting the diversity of targets peptide-based cancer vaccines are being trialled upon (133). What is quite apparent though is the lack of trials beyond phase II, illustrating the current issues with efficacy that peptide-based cancer vaccines face. However, encouragingly there is a clear trend towards a more personalised approach to patient neoepitope selection in the current pool of trials, with an increased focus on peptide-based cancer vaccines use in combination with other cancer treatment strategies (133). For a more detailed analysis, Bezu, L. et al., have expertly collated and reviewed trials up until 2018 for peptide-based cancer vaccines (134).


Table 1 | A summary of Phase I and II peptide-based cancer vaccine clinical trials currently active or recruiting.



For peptide-based cancer vaccines to make their mark on cancer treatment, future studies will need to ensure a robust combination of in vivo CD4+ and CD8+ responses in a package that strongly activates DCs and subsequently T cells in a prolonged fashion, with minimal exhaustion or immune tolerance. They will need to be targeted, multi-faceted and personalised to an individual’s neoantigen repertoire, and able to overcome or reduce the immunosuppressive burden of the tumour microenvironment.
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Combining different immunotherapy approaches is currently building the future of immunotherapy, with the view to maximize anti-tumoral efficacy for larger patient population. The KISIMA™ platform allows the development of protein-based cancer vaccines able to induce tumor-specific T cell response resulting in anti-tumoral efficacy in various mouse models. Intra-tumoral administration of stimulator of interferon gene agonists (STINGa) was shown to induce a potent inflammatory response leading to the development of tumor-specific immunity. Here, we explored the efficacy and mechanisms of action of subcutaneous STINGa treatment combined with therapeutic vaccination in various mouse tumor models. This combinatory treatment highly enhanced frequency and effector function of both peripheral and intra-tumoral antigen-specific CD8 T cells, promoting potent IFNγ and TNFα production along with increased cytotoxicity. Moreover, combination therapy favorably modulated the tumor microenvironment by dampening immune-suppressive cells and increasing CD4 T cell infiltration together with their polarization toward Th1 phenotype. Combination with STINGa treatment improved the effect of therapeutic vaccination, resulting in a prolonged control and slower growth of B16-OVA and TC-1 tumors. Altogether, the results presented here highlight the potential of combining STINGa with a therapeutic protein vaccine for cancer treatment.
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Introduction

It is now established that modulating the immune system of cancer patients to specifically recognize and eliminate tumor cells is a promising therapeutic modality. As of September 2020, 4,400 clinical trials investigating the efficacy of PD-1/PD-L1 blockade were open (1). The initial enthusiasm for the impressive efficacy of checkpoint inhibitors (CPIs) was nevertheless dampened by the restricted patient population responding to therapy and by acquired treatment resistance (2).

In parallel to immune checkpoints, immune co-stimulators—molecules transiently expressed or up-regulated by T cells during the priming to potently increase their activation such as OX40 or Glucocorticoid-induced TNFR-related protein (GITR)—are promising immunotherapy targets. OX40- and GITR-agonists have been shown to potently stimulate anti-tumoral immune response in pre-clinical studies, resulting in an inhibition of tumor growth (3, 4). Another very promising strategy is the targeting of the stimulator of interferon genes (STING) pathway. STING is an adaptor protein activated by the binding to cyclic GAMP—a by-product of cytosolic DNA degradation by DNA sensors (5, 6)—which upon activation induces the secretion of high levels of type I interferons and other pro-inflammatory cytokines such as IL-6 and TNFα (7–9). Activation of STING was shown to enhance NK cell recruitment and activation (10) and to promote CD4 and CD8 T cell chemotaxis (11). In addition, STING signaling was found to be inhibited in patient derived colorectal adenocarcinoma cells, supporting its anti-tumoral role (12). Due to these properties, synthetic STING agonists have been tested in pre-clinical and clinical studies with the intent of inflaming the tumor and eliciting an anti-tumoral immune response. Intra-tumoral injection of STING agonist was shown to induce tumor regression as well as a systemic, tumor-specific memory immune response in different murine tumor models (13). Moreover, STING agonist formulated within a GM-CSF-producing cancer cell vaccine was shown to delay tumor progression in different murine models, demonstrating that intra-tumoral administration is not the only effective route (14). Currently, multiple phase 1/2 clinical trials investigate the use of STING agonists—alone or in combination with CPIs—in different solid tumors and lymphoma patients (15).

As for CPIs, the impact of immune-modulators is however limited by the need for a pre-existing immune response able to infiltrate the core of the tumor, while cancer cells are master of immune evasion and suppression. Combination of immune modulators with therapeutic cancer vaccines could support T cell-mediated immunity and infiltration in the tumor despite a detrimental suppressive tumor micro-environment (16, 17).

We previously described an original chimeric protein vaccine platform, named KISIMA™, composed of three elements: a ZEBRA-derived cell-penetrating peptide (Z13) (18), a multiantigenic domain (Mad) with epitopes restricted by multiple MHC alleles, and a TLR2/4 agonist (Anaxa) conferring self-adjuvanticity. This vaccine platform was shown to elicit both CD8 and CD4 antigen-specific T cell responses in preclinical tumor models, leading to immunological memory and high vaccine efficacy (19, 20). Here, we sought to take advantage of both cancer vaccine and immune-modulator properties to impact not only the quantity but also the quality of both CD8 and CD4 T cells, establishing a combination immunotherapy able to effectively tackle different types of cancers. We assessed the combination of KISIMA-derived vaccines with subcutaneously administered STING agonist. Improved tumor growth control in mouse tumor models was associated with higher frequency of CD8 and CD4 T cells, improved effector functions, re-polarization of CD4 toward Th1, and modulation of the tumor microenvironment (TME).



Materials And Methods


Mice

Female C57BL/6J mice were purchased from Charles River Laboratories (L’arbresle, France). All animals used in this study were between 6 and 10 weeks old at the time of experiments.



Vaccines

Vaccine constructs were designed in-house and produced in E. coli by Genscript. Vaccines were prepared by dilution in vaccine buffer (50 mM TRIS-HCl, 150 mM NaCl, 10% Glycerol, 1 M L-Arg, 1mM DTT, 0.2% Tween20, pH 8) and administered by subcutaneous (s.c.) injection of 10 nmoles in 100 μl volume. The different constructions used are illustrated in Figure S1.



STING Agonist

STING agonist (ML-RR-S2 CDA, ADU-S100, Med Chem Express) was resuspended in DMSO at a concentration of 6.9 mg/ml and diluted in 1× phosphate buffer saline (PBS, Gibco) prior to injection.



Tumor-Free Mice Vaccination Experiments

C57BL/6 mice were vaccinated twice (at days 0 and 14 for Z13Mad25Anaxa and days 0 and 7 for Z13Mad39Anaxa) by s.c. injection of 10 nmoles of vaccine at the tail base. At the same time of vaccination, mice received 25 μg of STING agonist administered via 2× 50 μl s.c. injections in each side of the low back, in proximity of the vaccination site. Serum was collected 4 and 24 h after the first vaccination and IFN-α concentration was measured by ELISA. Whole blood was collected one week after the last vaccination and used for antigen-specific CD8 T cell measurement by multimer flow cytometry staining. At the same time, spleens were harvested, and splenocytes were used for ex vivo stimulation, and intracellular cytokine production was analyzed by flow cytometry. Alternatively, splenocytes were used for TCR avidity assay.



Tumor Cell Line

The TC-1 cell line was obtained from ATCC. This cell line, derived from lung epithelial cells transfected with HPV16 E6/E7 and c-H-ras oncogenes, was maintained in RPMI 1640 Glutamax™ supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin/streptomycin (P/S), 1 mM sodium pyruvate, MEM NEAA, and 0.4 mg/ml geneticin G418.

The B16-OVA cell line was provided by Bertrand Huard (University of Grenoble-Alpes, France). This cell line, derived from mouse melanoma cells transfected with OVA, was maintained in RPMI 1640 Glutamax™ supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin/streptomycin (P/S), 1 mM sodium pyruvate, MEM NEAA and 1 mg/ml geneticin G418.



In Vivo Tumor Experiments

C57BL/6J mice were implanted s.c. with 1 × 105 TC-1 tumor cells in the back, and mice were stratified according to tumor size on day 6 of tumor implantation. Alternatively, C57BL/6J mice were injected i.v. with 1 × 105 B16-OVA cells. Mice were vaccinated two times by s.c. injection of 10 nmoles of KISIMA vaccine at the tail base. At the same time of vaccination, mice received 25 μg of STING agonist administered via 2× 50 μl s.c. injections in each side of the low back, in proximity of the vaccination site. TC-1 tumor size was measured with a caliper, and mice were euthanized when tumor reached a volume of 1,000 mm3. Tumor volume was calculated with the following formula: V = length × length × width × Pi/6. B16-OVA tumor bearing mice were sacrificed at day 20; lungs were perfused with a saline solution, and the number of lung metastasis was counted.



Ex Vivo Cell Preparation

TC-1 tumors were harvested at day 20 post implantation, and tumor-infiltrating leucocytes (TILs) were purified using mouse tumor dissociation kit from Miltenyi, following manufacturer’s instructions. Briefly, tumor tissues were chopped into small pieces and resuspended in DMEM medium containing tumor dissociating enzymes (Miltenyi). Tumors were digested on a Gentle MACS with heating system (Miltenyi) using solid tumor program. Enzymatic digestion was stopped by adding cold PBS 0.5% BSA solution and keeping cells on ice. Digested tumors were passed through a 70 μm cell strainer to eliminate remaining undigested tissue. CD45+ cells were purified using CD45 TIL microbeads (Miltenyi) following manufacturer’s protocol. Purified CD45+ cells were used for flow cytometry staining or ex vivo T cell stimulation.

B16-OVA tumor bearing mice were perfused with a saline solution to eliminate blood from the lungs before their collection. Lung-infiltrating leucocytes (LILs) were purified using mouse tumor dissociation kit from Miltenyi, following manufacturer’s instructions.

Peripheral blood and spleen mononuclear cell suspensions from mice were isolated using Ficoll–Paque gradient (GE Healthcare) before flow cytometry analysis, ex vivo stimulation, or TCR avidity assay.



Ex Vivo T Cell Stimulation

TILs, LILs, or splenocytes were numerated, and 1 × 105 or 2 × 106 cells were plated per condition, respectively. Cells were incubated with HPV-CD8, OVA-CD8, or OVA-CD4 epitope peptide, or without any stimulant as a negative control in the presence of Golgi stop (BD biosciences) and a fluorochrome coupled anti-CD107α for 6 h. After washing, cells were stained for cell surface antigens and fixable viability dye, then, after fixation and permeabilization according to manufacturer’s instructions (BD biosciences), cells were stained for intracellular cytokines.



In Vivo Cytotoxicity Assay

Naive splenocytes were harvested and incubated for 1.5 h in DMEM complete medium at 37°C with or without HPV-E7 CD8 epitope peptide. Then, loaded and non-loaded splenocytes were stained with cell tracer violet (CTV) or CFSE (both from ThermoFisher Scientific), respectively, following manufacturer’s instructions. Splenocytes were then mixed at a 1:1 ratio, and a total of 5 × 106 cells were transferred by intravenous injection into previously vaccinated mice. Then 20 h post cell transfer, splenocytes were harvested, and the survival of CTV or CFSE stained cells was assessed by flow cytometry. The percentage of antigen-specific killing was calculated with the following formula: % antigen-specific killing = (1−(ratio peptide+: peptide- vaccinated/ratio peptide+: peptide− naive)) * 100.



Ex Vivo TCR Avidity Assay

One week after the second vaccination, spleens were harvested, and splenocytes were isolated (see above). Then 1 × 106 cells/well were seeded in an IFN-γ ELISpot plate (Diaclone) and stimulated overnight with decreasing concentrations of RAHYNIVTF or SIINFEKL peptide. ELISpot plates were then revealed following manufacturer’s instructions, and the percentage of maximal response was calculated relatively to the highest concentration of stimulating peptide.



Antibodies and Flow Cytometry

The following antibodies were used: CD45 (clone 30-F11), CD11b (M1/70), KLRG1 (2F1), CD103 (M290), NKg2a (20d5), Ly6C (AL-21), Ly6G (1A8), PD-L1 (MIH5), I-A/I-E (M5/114), CD11c (HL3), PDCA1 (927), CD64 (X54-5/7.1), B220 (RA3-6B2), CD24 (M1/69), CD4 (GK1.5), CD25 (3C7), CD3 (500A2), NKp46 (29A1.4), TNF-α (MP6-XT22), IFN-γ (XMG1.2), H2-Kb (AF6-88.5), and H2-Db (28–14–8) were from BD Biosciences; Tim3 (RMT3-23), PD-1 (29F.1A12), CD38 (90), Gr-1 (RB6-8C5), CD206 (C068C2), CD68 (FA-11) were from BioLegend; FoxP3 (FJK-16s), T-bet (4B10), GATA-3 (TWAJ), and RORγt (AFKJS-9) were from ThermoFisher Scientific; Granzyme B (REA226) was from Miltenyi; CD8 (KT15) was from MBL. Dead cells were stained with LIVE/DEAD Yellow or Aqua fluorescent reactive dye (Life Technologies) and excluded from analyses. Murine MHC-peptide multimers were from Immudex (Copenhagen, Denmark). Cells were analyzed using an Attune NxT flow cytometer (ThermoFisher Scientific), and results were analyzed with Kaluza (Beckman Coulter) software.



Quantification of Serum Interferon-α

Blood was collected from mouse tail vein, and serum was isolated by centrifugation using Starstedt tubes. The concentration of IFN-α cytokine was measured using commercial ELISA kits according to the manufacturer’s recommendations (PBL Assay Science).



HPV-16 E7 mRNA Extraction and Sequencing

A tumor sample of 4 mm2 was snap dry frozen in liquid nitrogen and RNA was extracted using the RNwasy Plus Mini kit (Qiagen) following manufacturer’s instructions. cDNA was generated by RT-PCR, and HPV-16 E7 DNA was then amplified using the following primers: Forward 5′-ATGCATGGAGATACACCTAC-3′; Reverse 5′-TTATGGTTTCTGAGAACAGATG-3′. The amplified cDNA was then sequenced by Sanger sequencing (Microsynth).



Statistical Analysis

Statistical analyses were performed using Prism software (GraphPad). Mann–Whitney Student’s t-test, Log-rank Mantel–Cox test or ANOVA was used depending on the experiment, and groups were considered statistically significant if p < 0.05. In TC-1 tumor model, mice were stratified according to tumor size on the day of the first vaccination. In other experiments, mice were randomly assigned to the treatment on the day of the first vaccination.



Ethic Approval

These studies have been reviewed and approved by the institutional and cantonal veterinary authorities in accordance with Swiss Federal law on animal protection.




Results


Combination of STING Agonist Treatment With a Protein Vaccine Modulates Peripheral CD8 and CD4 T Cell Response

We previously reported that therapeutic subcutaneous (s.c.) vaccination with different KISIMA constructions elicits antigen-specific CD8 T cell response and promotes their infiltration within the tumor (19). In this study, therapeutic vaccination was combined with subcutaneous STING agonist (STINGa) administration. In preclinical tumor model and on-going clinical trials, STINGa is generally administered intra-tumorally (i.t.) in order to inflame the tumor microenvironment (TME). Subcutaneous STINGa injection in proximity of the vaccination site would allow for expanding its clinical application to non-accessible tumors while still exploiting the potent immune-stimulatory effect. In order to evaluate the impact of the combination on the T cells’ compartment, tumor-free mice were vaccinated twice at 2 weeks interval, with concomitant STINGa treatment (Figure 1A) and Z13Mad25Anaxa, a KISIMA-derived construct containing one human papilloma virus (HPV)-derived CD8 epitope (Figure S1). First, the systemic inflammatory response upon subcutaneous STINGa administration was analyzed. STINGa s.c. treatment induced a potent but transient systemic type I interferon response, characterized by high IFN-α serum level 4 h post-injection and already decreasing 24 h later (Figure 1B). The systemic interferon response was not affected by concomitant injection of the protein vaccine. Combination of Z13Mad25Anaxa and STINGa treatment further increased by two-fold the frequency of antigen-specific CD8 T cells (Figure 1C, left). In addition to their frequency, STINGa–Z13Mad25Anaxa combination treatment also highly enhanced the effector function of antigen-specific CD8 T cells. In vivo killing assay performed one week after vaccination revealed a significant 2.5-fold increase of antigen-specific cytotoxicity in STINGa–Z13Mad25Anaxa combination treated mice (Figure 1C, middle). Furthermore, ex vivo stimulation with decreasing concentration of HPV-CD8 peptide showed significantly higher TCR avidity on STINGa–Z13Mad25Anaxa primed T cells (Figure 1C, right). STINGa–protein vaccine combination modulated also bystander CD4 T cells response, deeply changing their polarization (Figure 1D). Significantly higher proportion of T helper 1 (Th1, T-bet+) and lower proportion of Treg (Foxp3+) and Th2 (GATA-3+) CD4 T cells were quantified in combination with STINGa, resulting in higher Th1/Th2 ratio. Similar modulation of CD8 and CD4 T cell response was observed using a different KISIMA construct containing CD4 and CD8 epitopes derived from ovalbumin (OVA), Z13Mad39Anaxa (Figure S1), suggesting that the modulation of the T cell response does not depend on the antigenic cargo (Figure S2). Z13Mad39Anaxa vaccination elicited polyfunctional CD8 and CD4 antigen-specific T cells, which produced IFNγ and TNFα following ex vivo stimulation with the specific peptide (Figure S2). Altogether, addition of STINGa to a protein vaccine profoundly impacts frequency and quality of CD8 T cell response along with polarization of CD4 T cell toward Th1.




Figure 1 | Protein vaccine combination treatment with STING agonist enhances functionality of CD8 T and CD4 T cell peripheral responses in tumor-free mice. C57BL/6 mice were treated with two administrations of Z13Mad25Anaxa vaccine, STING agonist or a combination of the two at two weeks interval. (A) Vaccination schedule. (B) Serum IFN-a level was measured 4 and 24 h post first vaccination. (C) One week after the second vaccination, circulating RAHYNIVTF (HPV-E7)-specific CD8 T cells were measured by multimer staining (left); in vivo cytotoxicity of RAHYNIVTF-specific CD8 T cells was measured by transfer of RAHYNIVTF peptide loaded splenocytes (middle); RAHYNIVTF-specific CD8 T cell TCR avidity was measured by ex vivo ELISpot (right). (D) Frequency of Treg (FoxP3+), Th1 (T-bet+), Th2 (GATA-3+) splenic CD4 T cells and Th1/Th2 ratio was measured by flow cytometry one week after the second vaccination. (B–D) One representative of two experiments is shown (n = 5/group/replicate), Mann–Whitney test, *p < 0.05, **p < 0.01; ns, not significant.





STINGa–Protein Vaccine Combination Inhibits B16-OVA Tumor Growth

The anti-tumoral efficacy of therapeutic STINGa–protein vaccine combination treatment was then evaluated in the B16-OVA pulmonary metastases tumor model. Starting three days post tumor cell intravenous injection, mice were vaccinated twice at one-week interval, and the number of pulmonary metastasis was counted 10 days after the last vaccination (Figure 2A). Z13Mad39Anaxa vaccination resulted in a significant reduction of the number of metastasis, and while STINGa monotherapy had no effect, in combination with Z13Mad39Anaxa, it significantly further lowered the number of metastasis (Figure 2B). In addition, the presence and functionality of lung infiltrating lymphocytes (LILs) were analyzed by flow cytometry. The vaccination induced polyfunctional OVA-specific CD8 T cell infiltration, characterized by the expression of granzyme B (GzB), IFNγ and TNFα (Figure 2C), which were significantly increased with STINGa combination. Similar increase in T cell phenotype and functionality was observed in the periphery (blood and spleen) with a lower magnitude, suggesting that antigen-specific T cells are prevalently recruited to the tumor site (Figures S3A, B). As observed in tumor-free mice, KISIMA–STINGa combination treatment modulated the polarization of intra-tumoral CD4 T cells, decreasing the presence of Tregs while increasing the Th1/Th2 ratio (Figure 2D). Ex vivo stimulation with OVA peptide highlighted the presence of functional antigen-specific CD4 T cells in the spleen but not in the lungs, suggesting that helping CD8 T cell response is prevalently happening in the secondary lymphoid organ (Figures 2D, S3C).




Figure 2 | Combining protein vaccine with STING agonist inhibits B16-OVA tumor growth. 105 B16-OVA cells were injected intravenously into C57BL/6 mice. At days 3 and 10 post tumor injection, mice were treated with two administrations of KISIMA vaccine, STING agonist or a combination of the two. At day 20, the number of lung metastasis was counted, and lung infiltrating lymphocytes were analyzed. (A) Vaccination schedule. (B) Number of metastatic nodules per lung and representative pictures. (C) Frequency of SIINFEKL (OVA)-specific CD8 T cells among tumor infiltrating leukocytes and expression of Granzyme B was measured by flow cytometry. Antigen-specific cytokine production by CD8 T cells was measured by intracellular staining after ex vivo stimulation with SIINFEKL peptide in presence of Golgi inhibitor. Antigen-specific cytokine production was measured by intracellular staining; frequency of cytokine-producing among CD8 T cells is shown. (D) Frequency of Treg (FoxP3+) and Th1/Th2 ratio was measured by flow cytometry. Antigen-specific cytokine production by CD4 T cells was measured by intracellular staining after ex vivo stimulation with ISQAVHAAHAEINEAGR (OVA-CD4) peptide in the presence of Golgi inhibitor. Antigen-specific cytokine production was measured by intracellular staining; frequency of cytokine-producing among CD4 T cells is shown. (B–D) One representative of two experiments is shown (n = 7/group/replicate), Mann–Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001.



Taken together these results show that combination treatment of a protein vaccine and a STINGa promotes both intra-tumoral infiltration of antigen-specific effector CD8 T cells and the functionality of peripheral CD4 T cells, resulting in the inhibition of B16-OVA tumor growth.



Anti-Tumoral Effect of STINGa–Protein Vaccine Combination in TC-1 Tumor Model

The anti-tumoral effect of therapeutic STINGa–protein vaccine combination treatment was then assessed in TC-1 tumor—a cell line derived from mouse lung epithelial cells and transfected with HPV-16 E6/E7 and c-H-ras oncogenes. When tumors were palpable (day 6), mice were vaccinated twice at one-week interval, and tumor growth was monitored (Figure 3A). Z13Mad25Anaxa therapeutic vaccination of TC-1 tumor-bearing mice resulted in a significant delay of tumor development and a 27-day increase in median survival (Figures 3B, C). While STINGa monotherapy had no effect on tumor growth, in combination with Z13Mad25Anaxa vaccination, it further delayed tumor development and enhanced median survival by 15 days compared to vaccination alone. Of note, neither single nor combination treatment caused significant variation of body temperature or weight shortly after administration to TC-1 tumor-bearing mice, indicating good safety and tolerability of the combination (Figure S4). Thus, therapeutic vaccination with a protein vaccine effectively delays TC-1 tumor growth, and concomitant STINGa treatment enhances the vaccine efficacy.




Figure 3 | Combining protein vaccine with STING agonist delays TC-1 tumor growth and profoundly impacts tumor microenvironment. 105 TC-1 cells were implanted subcutaneously on the back of C57BL/6 mice. When tumors were visible, mice were treated with two administrations of KISIMA vaccine, STING agonist or a combination of the two at one-week interval and tumor growth was monitored. (A) Vaccination schedule. Tumor growth (B) and median survival (C) were followed. CR, complete regression; ms, median survival. (D) 10 × 10 dot plot chart showing 100 circles, corresponding to 100%, and representing the proportion of different cell populations among CD45+ tumor-infiltrating cells; every circle represents 1% of the CD45+ population (see Figure S11 for gating strategy). (B) Pie chart representing different tumor infiltrating dendritic cell populations, moDCs (CD11b+MHCIIhiCD11chiLy6C+), cDC2 (CD11b+MHCIIhiCD11chiLy6C+CD103−), cDC1 (CD11b-MHCIIhiCD11chiCD24+ and CD103+ or CD8+), pDC (CD11b-Ly6C+CD11cintB220+PDCA1+). One representative of three experiments (n = 7/group/replicate) (B, C) or a pool of two experiments (n = 7/group) (D, E) are shown. Log-rank Mantel–Cox test, ***p < 0.001.





Profound Impact of STINGa–Protein Vaccine Combination Treatment on the Composition of TC-1 Tumor Microenvironment

Despite T cells being the principal target of immunotherapy, due to their ability to directly kill cancer cells, the TME is a very complex network constituted by different immune cell types able to promote or inhibit cancer growth. Thus, the composition of TC-1 TME was dissected in order to have a complete view of its immunological status. TC-1 being a cold tumor model, CD4 and CD8 T cell infiltration combined represented less than 2% of tumor infiltrating CD45+ cells in vehicle treated mice (Figures 3D, S5). The most prominent cell type was tumor associated macrophages (TAMs), representing up to 75% of the infiltrate, and in particular the immunosuppressive TAM2. Myeloid derived suppressor cells (MDSCs) represent another 15%, with the monocytic type (mMDSC) being prevalent. Other cell types found with lower frequency were dendritic cells (DCs, 7%), B cells (2%), NK and NKT cells (1.5%), and neutrophils (1%). Therapeutic protein vaccine treatment induced a profound modification of the TME, characterized by a strong increase in CD8 T cells and DC frequency and the appearance of non-Treg CD4 T cells. Interestingly, the increase of DC infiltration was also characterized by an increase of monocytic DC (moDC) proportion (Figures 3E, S6), a particular subset which has been described to differentiate only in inflammatory conditions and has been shown to activate anti-tumoral T cell responses (21). While the TAM1 compartment remained mostly unaltered, TAM2 frequency was strongly decreased resulting in a higher TAM1/TAM2 ratio. In contrast, the frequency of mMDSC was increased by Z13Mad25Anaxa vaccination, while granulocytic MDSC and neutrophils remained mostly unchanged. STINGa monotherapy did not affect the composition of TME, which was essentially identical to vehicle treated mice. However, in combination with protein vaccine treatment, it further expanded both CD8 and non-Treg CD4 T cell infiltration by 2.5-fold, while decreasing TAM2 frequency.

In addition to TME cellular composition, the intra-tumoral expression of MHC-I and MHC-II was monitored. Both H2-Kb and H2-Db MHC-I allele expression was up-regulated by tumor cells in Z13Mad25Anaxa vaccinated or combination treated mice, compared to both vehicle and STINGa treatment (Figure S7A), suggesting that therapeutic protein vaccine treatment could even promote tumor cell recognition by CD8 T cells. At the same time, Z13Mad25Anaxa vaccination also increased MHC-II expression on CD11b+ cells (Figure S7B, right), thus promoting the presentation of epitopes to CD4 T cells.

Altogether, these results highlight the profound modulation of TME induced by therapeutic protein vaccine treatment, which is able to turn a cold tumor into hot tumor favoring the effect of STINGa treatment which further increases anti-tumoral immunity.



Therapeutic STINGa–Protein Vaccine Combination Treatment Improves Antigen-Specific CD8 T Cell Response in TC-1 Tumor Bearing Mice

The effect of Z13Mad25Anaxa–STINGa combination on CD8 T cell response in TC-1 tumor-bearing mice was then analyzed. Protein vaccine treatment significantly increased peripheral HPV-specific response, and as expected, combination with STINGa further enhanced antigen-specific CD8 T cell number (Figure S8A). Very low levels of total or HPV-specific CD8 T cells were found in control mice, either considering proportion—they represented less than 1% of tumor infiltrating leukocytes—or total number (Figure 4A), a typical trait of cold tumors. Z13Mad25Anaxa vaccination induced a significant increase of CD8 T cell tumor infiltration, of which over 60% was HPV-specific. Notably, HPV-specific CD8 T cells were massively present within the tumor in contrast to the level observed in the blood, suggesting that measurement of peripheral responses can only partially predict the intra-tumoral outcome. While STINGa monotherapy did not modulate CD8 T cell tumor infiltration nor the proportion of HPV-specific, Z13Mad25Anaxa–STINGa combination significantly increased both CD8 T cell infiltration and HPV-specific proportion. In addition, the functionality of tumor-infiltrating HPV-specific CD8 T cells was monitored by measuring IFNγ, TNFα, and degranulating marker CD107α expression after HPV-specific ex vivo stimulation of TILs; a significant increase of HPV-specific cytokine-producing and degranulating CD8 T cells was found in Z13Mad25Anaxa-vaccinated mice compared to that in control or STINGa monotherapy group (Figure 4B). Combination with STINGa significantly further increased not only CD8 T cell functionality but also the frequency of multifunctional cells. Higher frequency and number of GzB-producing CD8 T cells in Z13Mad25Anaxa vaccinated mice were observed compared to vehicle or STINGa monotherapy (Figure 4C). Combination with STINGa did not impact the frequency of GzB-positive among HPV-specific CD8 T cells but further increased their total number (Figure 4C). In contrast to the intra-tumoral compartment, very low frequency of cytokine- or GzB-producing splenic HPV-specific CD8 T cells was observed in all the different treatments (Figure S8B).




Figure 4 | Combining protein vaccine treatment with STING agonist enhances functionality of intra-tumoral CD8 T cells in TC-1 model. 105 TC-1 cells were implanted subcutaneously on the back of C57BL/6 mice. When tumors were visible, mice were treated with two administrations of KISIMA vaccine, STING agonist or a combination of the two at one-week interval. One week after the last treatment, mice were sacrificed, tumor harvested, and CD8 T cells’ presence and phenotype were analyzed by flow cytometry. (A) Frequency and number of total and RAHYNIVTF (E7)-specific CD8 T cells among tumor infiltrating leukocytes. (B) Tumor infiltrating CD45+ cells were stimulated ex vivo with RAHYNIVTF peptide in the presence of Golgi inhibitor. Antigen-specific cytokine production was measured by intracellular staining; representative FACS plots and frequency of cytokine-producing among CD8 T cells are shown. (C) CD45+ tumor infiltrating cells were cultured ex vivo with Golgi inhibitor and granzyme B production was monitored by intracellular staining. Frequency and total number of granzyme B-producing total and RAHYNIVTF-specific CD8 T cells are shown. (A–C) A pool of two experiments is shown (n ≥7/group), Mann–Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001.



Despite high activation, the majority of tumor infiltrating CD8 T cells in protein vaccine treated mice expressed PD-1, Tim-3, CD38, and NKG2a markers associated with T cell exhaustion (22, 23) (Figures S9A–C). Interestingly, in the combination group, a lower proportion of CD8 T cells co-expressed PD-1 and Tim-3, suggesting a less exhausted phenotype, which correlated with the higher proportion of cytokine-secreting cells. Similar to functionality analysis, peripheral CD8 T cells showed a less-exhausted phenotype (Figure S8A right), suggesting that exhaustion is acquired within the TME.

Taken together these results show that therapeutic protein vaccine treatment highly increases HPV-specific CD8 T cells tumor infiltration and functionality and while STINGa monotherapy has no effect, the combination further enhances vaccination efficacy.



Therapeutic STINGa–Protein Vaccine Combination Treatment Modulates Intra-Tumoral CD4 T Cell Responses

The importance of CD4 T cells, in particular the Th1 subset, for the development of a proper anti-tumoral CD8 T cell response is now established (24, 25). Thus, intra-tumoral CD4 T cells were monitored and a significantly increased infiltration was observed in Z13Mad25Anaxa–STINGa combination treated mice compared to the other groups (Figure 5A). The ratio between intra-tumoral CD8 and CD4 T cells is often used as a predictive value for the immunological state of TME (26) and was found to be increased in protein vaccine or combination treated mice (Figure 5A). Interestingly, the increased CD4 T cell infiltration was led by effector rather than regulatory CD4 T cells (Figure 5A). Further analysis revealed that in combination treated mice, most of intra-tumoral CD4 T cells were Th1 (T-bet+), whose number significantly increased over 50-fold compared to that of the control group, while CD4 Tregs only slightly increased and just a minimal part was Th2 (GATA-3+) cells (Figure 5B). This modulation of bystander CD4 T cell polarization resulted in increased CD8/Treg and Th1/Th2 ratio, highlighting a less immunosuppressive TME (Figure 5C).




Figure 5 | Combination of protein vaccine with STING agonist positively modulates the polarization of intra-tumoral CD4 T cells in TC-1 model. 105 TC-1 cells were implanted on the back of C57BL/6 mice. When tumors were visible, mice were treated with two administrations of KISIMA vaccine, STING agonist, or a combination of the two at one-week interval. One week post the last treatment, mice were sacrificed, tumor harvested, and CD4 T cells’ presence and phenotype were analyzed by FACS staining. (A) Frequency and number of total CD4 T cells among tumor infiltrating leukocytes, ratio between tumor infiltrating CD8 T cells and CD4 T cells, frequency of Treg and non-Treg among tumor infiltrating CD4 T cells. (B) Frequency (top) and total number normalized to tumor weight (bottom) of Treg, Th1, and Th2 among tumor infiltrating CD4 T cells. (C) Ratio between tumor infiltrating CD8 T cells and CD4 Treg cells, and between Th1 and Th2 tumor infiltrating CD4 T cells. (A–C) A pool of two experiment is shown (n ≥7/group), Mann–Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001.





TME Modulation and Epitope Mutation in Relapsing Tumors

Although STINGa–protein vaccine combination treatment was able to induce tumor regression in over 80% of mice and prolonged disease control, the majority (over 95%) of animals developed tumor relapses between two and four weeks after the last vaccination (Figure 6A). In order to understand the mechanism of tumor relapse, the expression of intra-tumoral MHC-I was measured, as its down-regulation by tumor cells is one of the tumor escape mechanisms (27). Indeed, MHC-I expression was down-regulated on relapsing tumor cells compared to that of regressing tumors (Figure 6B). In addition, the expression of MHC-II on CD11b+ cells was also down-regulated, suggesting that antigen-presentation to CD4 T cells was reduced (Figure 6B). To address the impact of decreased intra-tumoral antigen-presentation, the TME composition of escaping tumors was monitored. In contrast to regressing tumors, the TME was largely dominated by TAM-2, which represented over 45% of the total CD45+ infiltrates, followed by TAM-1 and mMDSC (Figure 6C), and resembled very closely to mock treated tumor (Figure 3C). CD8 T cells represented only the 5% of the immune infiltrate, a drastic reduction compared to the over 25% of regressing tumors. While the total number of antigen-specific CD8 T cells decreased by 10-fold in relapsing tumors (Figure S10A), their functionality was not impacted, with most of the cells still able to produce IFNγ, TNFα, and granzyme B following brief ex vivo peptide-specific stimulation (Figure S10B). The polarization of intra-tumoral CD4 T cells was impacted as well; the proportion of t-bet+ Th1 CD4 T cells remained unchanged; however, the frequency of anti-inflammatory Tregs and Th2 cells significantly increased, resulting in a less favorable Th1/Th2 ratio (Figure S10C).




Figure 6 | Comparison of regressing and relapsing tumor microenvironment. 105 TC-1 cells were implanted on the back of C57BL/6 mice. When tumors were visible, mice were treated with two administrations of a combination of KISIMA vaccine and STING agonist at one-week interval. (A) Vaccination schedule and tumor growth. (B) Expression level of H2-Kb, H2-Db on CD45-tumor infiltrating cells and frequency of MHC-IIhi among CD11b+ cells. (C) One (regressing) or four (relapsing) tumors. One (regressing) or four (relapsing) weeks post the last treatment, mice were sacrificed, tumor harvested, and tumor microenvironment was analyzed by FACS staining. Proportion of different cell populations among CD45+ tumor-infiltrating cells is shown; every circle represents 1% of the CD45+ population (see Figure S11 for gating strategy). (D) Sequence of HPV-E7 CD8 epitope expressed by implanted and relapsing tumors. (B–D) One representative of two experiments is shown (n ≥5/group/replicate), Mann–Whitney test, **p < 0.01.



Finally, as a prerogative of cancer cell is to be inclined to acquire new mutations, the HPV-16 E7 mRNA expressed by tumor cells, which contains the epitope encoded by Z13Mad25Anaxa vaccine, was sequenced. Surprisingly, in 80% of the mice the HPV-16 E7 transcript contained a single amino-acid mutation in the CD8 epitope region (RAHYNIVTF) (Figure 6D), which allowing tumor to escape recognition by Z13Mad25Anaxa elicited HPV-E7 specific CD8 T cells, and proliferate despite the presence of functional CD8 T cells. Taken together, these results highlight different tumor cell intrinsic and extrinsic immune evasion mechanisms which allow TC-1 tumor to finally escape from the protective tumor-specific response elicited by therapeutic STINGa–protein vaccine combination treatment.




Discussion

The efficacy of KISIMA platform for development of protein based cancer vaccines which showed high immunogenicity and anti-tumoral efficacy in different preclinical tumor models was previously reported (19, 20). In preclinical studies, STING agonists have been mainly assessed using intra-tumoral injection, with the goal of directly inflame the tumor, which showed a potent anti-tumoral activity (13). The promising preclinical studies have been recently translated into the initiation of several clinical studies focusing on different tumor types, aiming to use STINGa as a universal cancer treatment. However, current reported clinical data do not corroborate the pre-clinical results (28).

In preclinical studies, STINGa anti-tumoral activity was shown to require intra-tumoral administration (29). Nevertheless, STINGa i.t. treatment induces also a systemic interferon response, which can result in abscopal efficacy on untreated tumors (29). This highlights the possibility of using STINGa in combination with a cancer vaccine, exploiting its potent immune-modulator properties in addition to the vaccine induced antigen-specific T cell response. In this combination setting, STINGa would not necessarily require i.t. administration, thus expanding its possible human indication to non-accessible tumors. We showed here that combination of KISIMA vaccination therapeutic protein vaccine with subcutaneous STINGa treatment profoundly impacts both quantity and quality of CD8 and CD4 T cells, which resulted in a prolonged control of tumor growth in both B16-OVA and TC-1 tumor models.

While treatment with a protein vaccine induced only a local inflammatory response, STINGa s.c. administration caused high level of systemic IFN-α, which impacted both CD8 and CD4 T cell responses. Combination with STINGa not only increased the frequency of splenic CD4 T cells, but also drove their polarization toward the inflammatory Th1 type and at the same time decreased Treg and Th2 frequency. Importantly, while the increase of total CD4 T cell frequency was strictly STINGa dependent, the different polarization required combination with protein-based vaccination, highlighting a combinatory effect on this cell type. CD4 T cell response has been widely overlooked in cancer immunotherapy, but recently gained more attention as Th1 and Th17 CD4 T cells have been shown to contribute to anti-tumoral immune responses by promoting CD8 T cell recruitment and activation or by secreting inflammatory cytokines (24, 25). It was recently reported that utilization of STINGa as adjuvant formulated within a M. tuberculosis protein subunit vaccine results in increased Th1 and Th17 M. tuberculosis-specific response (30); however to our knowledge this is the first report of a STINGa-dependent modulation of CD4 T cell polarization in a cancer immunotherapy context. In addition to the peripheral effects, the intra-tumoral T cell response was particularly increased after protein vaccine–STINGa treatment, highlighting the ability of the combination to promote tumor infiltration overcoming immune evasion and/or exclusion typical of TC-1 tumors. CD4 T cell frequency was highly increased upon combination treatment in TC-1 tumors, while it remained unchanged in STINGa monotherapy, highlighting again that vaccination is required for tumor infiltration in this tumor model. Intra-tumoral CD4 T cells have often been linked to immune-suppression due to their regulatory phenotype; however this was not the case in this combination, as Tregs represent only a minority of the infiltrating CD4 T cells, while the majority show a Th1 phenotype in both B16-OVA and TC-1 tumor models. However, following ex vivo stimulation with SIINFEKL peptide IFN-γ, TNF-α nor IL-2 production was increased in combination treated mice spleen but not tumor compartment, suggesting that antigen-specific CD4 T cells reside prevalently in secondary lymphoid organ. Nevertheless, the peripheral activity of antigen-specific CD4 T cells may be sufficient to help establish a more powerful CD8 T cell response.

In addition to CD4 T cells, therapeutic protein vaccine treatment highly enhanced CD8 T cell tumor infiltration and improved their TCR avidity and functionality—an effect further enhanced by combination with STINGa—while simultaneously increasing the expression of exhaustion markers PD-1 and Tim-3. Exhaustion being a multi-phased progressive process, intra-tumoral CD8 T cells could be in an early exhaustion phase and still maintain functionality, in particular as TILs were analyzed while tumor growth was controlled in vaccinated mice. Concordantly, antigen-specific CD8 T cells maintained their functionality weeks later in relapsing TC-1 tumors. An important difference was observed between the modest response induced by Z13Mad25Anaxa vaccination in peripheral blood and the magnitude of HPV-specific CD8 T cells observed within the tumor. This indicate that blood analysis is only partially representative of the anti-tumoral response induced by cancer vaccines, and its relevance in the prediction of vaccine immunogenicity in human patient should be carefully evaluated.

In addition to T lymphocytes, combination with STINGa induced profound changes of the TME, promoting the development of an inflammatory environment. The most evident modulation was the decrease of TAM2 frequency, which could be related to a lower tumor infiltration and/or to a different polarization of monocytes into mMDSCs, as their presence is increased by protein vaccine treatment. TAMs, in particular TAM2, have been associated with poor prognosis in several cancer types, promoting immune suppression, tumor growth and metastasis development (31). In preclinical models, TAM depletion or re-polarization towards the more inflammatory TAM1 type, was shown to favor tumor control and response to immunotherapy in different tumor models (32, 33). In addition to TAMs, Z13Mad25Anaxa vaccination also increased DC infiltration and their differentiation. The presence of intra-tumoral DCs is fundamental to maintain an active immune response, as they are able to pick up tumor antigens, migrate to the draining lymph node, and present them to T cells. Particularly important in cancer immune response are monocyte-derived (moDCs) cross-presenting DCs, which are able to activate tumor specific CD8 T cells and have been shown to play a primary role in the initiation of anti-tumoral immune responses (21). Protein vaccine treatment with or without STINGa combination increased the frequency of moDCs, suggesting that it can prolong the extent of the induction of immune response well past vaccination. Thus, therapeutic protein vaccine treatment in combination with STINGa bears additional beneficial effects to the induction of a potent antigen-specific CD8 T cells response.

Mechanistically, the impact of STINGa treatment in combination with a protein vaccine on T cell response is probably mediated by innate immune sensing, as direct STING activation in T cells was shown to induce cell death (34). In preclinical mouse studies, the anti-tumoral effect of STING signaling was closely associated with the potent induction of type I IFNs, which promoted the activation of cross-presenting Batf3-DCs resulting in increased CD8 T cells activation (35). In addition, activation of intra-tumoral Batf3-DCs was required for optimal trafficking of CD8 T cells into the core of the tumor, a process mediated by CXCL9 secretion (36). In the present study, STINGa monotherapy did not expand intra-tumoral DCs nor improved CD8 T cell infiltration, likely due to the distal administration route. Nevertheless, in combination with KISIMA vaccination, STINGa strongly enhanced CD8 T cell response, suggesting that a similar improvement of cross-presentation could take place at the vaccine draining lymph node. In addition, the STINGa-dependent polarization of CD4 T cells into Th1 is likely driven by the strong type I IFN response, which was also shown to impact CD4 T cell polarization (37).

While protein vaccine–STINGa combination treatment was able to control TC-1 tumor early growth and induce tumor regression, in the majority of the case, tumors were finally able to escape immune surveillance. TC-1 tumor escape following therapeutic vaccination was previously observed and was associated with a decreased tumor infiltration by inflammatory myeloid cells (38). Moreover, tumor regrowth was observed despite the presence of functional antigen-specific CD8 T cells. Similarly, in this study tumor relapses were associated with increased infiltration of immunosuppressive TAM-2 and MDSCs and a decrease of TAM-1, while CD8 T cells maintained their functionality despite the reduction in number. However, in addition, tumor relapse was associated with single amino-acid mutations in the HPV-16 E7 CD8 epitope contained in Z13Mad25Anaxa vaccine, highlighting the importance of including different antigen targets in human vaccine candidates. In this study, protein vaccine–STINGa combinatory treatment was administered only twice; however, the observation of mutations in the targeted epitope suggests that additional vaccinations using the same vaccine construction would not prevent tumor escape. Importantly, tumor escape associated with a single epitope mutation suggests that, despite the profound modulation of the tumor microenvironment induced by protein vaccine–STINGa combinatorial treatment, epitope spreading might be limited. The mutation within the epitope region differed from tumor to tumor, suggesting that it is the result of a random mutation rather than a driver mutation. Further studies are required to expand the sequencing of E7 antigen in relapsing tumor to a larger sample size allowing identification of the most recurrent mutations to be included in a new vaccine strategy which could potentially prevent tumor escape. In addition, in relapsing tumors, the expression of both MHC-I on tumor cells and MHC-II on CD11b+ cells were reduced, highlighting a decreased antigen presentation.

In conclusion, it is nowadays clear that an effective cancer immunotherapy cannot focus on a single treatment but must combine different approaches to target different aspects of tumor biology (39). Our findings highlight the promising combination of protein-based cancer vaccine with STING agonists and could offer opportunity for bimodal treatment of patients with innate resistance to immune check point blockade.
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Background

Neoantigens are critical targets to elicit robust antitumor T-cell responses. Personalized cancer vaccines developed based on neoantigens have shown promising results by prolonging cancer patients’ overall survival (OS) for several cancer types. However, the safety and efficacy of these vaccine modalities remains unclear in pancreatic cancer patients.



Methods

This retrospective study enrolled 7 advanced pancreatic cancer patients. Up to 20 neoantigen peptides per patient identified by our in-house pipeline iNeo-Suite were selected, manufactured and administered to these patients with low tumor mutation burden (TMB) (less than 10 mutations/Mb). Each patient received multiple doses of vaccine depending on the progression of the disease. Peripheral blood samples of each patient were collected pre- and post-vaccination for the analysis of the immunogenicity of iNeo-Vac-P01 through ELISpot assay and flow cytometry.



Results

No severe vaccine-related adverse effects were witnessed in patients enrolled in this study. The mean OS, OS associated with vaccine treatment and progression free survival (PFS) were reported to be 24.1, 8.3 and 3.1 months, respectively. Higher peripheral IFN-γ titer and CD4+ or CD8+ effector memory T cells count post vaccination were found in patients with relatively long overall survival. Remarkably, for patient P01 who had a 21-month OS associated with vaccine treatment, the abundance of antigen-specific TCR clone drastically increased from 0% to nearly 100%, indicating the potential of iNeo-Vac-P01 in inducing the activation of a specific subset of T cells to kill cancer cells.



Conclusions

Neoantigen identification and selection were successfully applied to advanced pancreatic cancer patients with low TMB. As one of the earliest studies that addressed an issue in treating pancreatic cancer with personalized vaccines, it has been demonstrated that iNeo-Vac-P01, a personalized neoantigen-based peptide vaccine, could improve the currently limited clinical efficacy of pancreatic cancer.



Clinical Trial Registration

ClinicalTrials.gov, identifier (NCT03645148). Registered August 24, 2018 - Retrospectively registered
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Introduction

Pancreatic cancer is one of the top-leading causes of cancer-related death in the world, with a 5-year survival rate of only 9.3% (1). Most of the pancreatic cancer patients are diagnosed at an advanced stage (2). The poor prognosis of pancreatic cancer mainly results from the lack of early detection strategies such as a screening test, as no screening test has yet been shown to lower the risk of dying from pancreatic cancer. Even for those initially diagnosed at an early stage and subsequently received standard treatments such as surgical resection in combination with systemic radiotherapy or chemotherapy, their 5-year OS rate is still below 25% (3). According to the 2018 International Cancer Research Institute (IARC) GLOBOCAN statistics, there were 458,918 new cases and 432,242 deaths of pancreatic cancer, accounting for 2.5% of total new cancer cases and 4.5% of total deaths caused by all cancer types respectively in 2018 (4). Greater efforts should be addressed to the development of more promising therapies for pancreatic cancer.

With the development of chimeric antigen receptor T cell (CAR-T) immunotherapy and immune checkpoint inhibitors (ICIs) such as anti-PD-1/PD-L1 antibodies, cancer immunotherapy has shown attractive potential in the treatment of various solid tumors (5, 6). However, for pancreatic cancer, ICIs alone or combined with chemotherapy have not achieved evident positive outcomes in clinical studies (7, 8). Therapeutic neoantigen cancer vaccines belong to another important category of cancer immunotherapy. Several clinical studies have been launched recently to study their safety, tolerability and efficacy amongst patients diagnosed with different cancer types (9–11). Mostly generated from non-synonymous mutations specific in cancer cells, neoantigens are usually exempted from central tolerance. Personalized peptide neoantigen vaccines designed to train a patient’s immune system can target and kill tumor cells specifically through following steps: deliver neoantigens to antigen-presenting cells (APCs); present tumor-specific neoantigens to T cells and activate cytotoxic T cells to recognize and eliminate tumor cells (12). Activated tumor-specific cytotoxic T-lymphocytes could infiltrate into tumors, turning “cold” tumors into “hot” ones, thereby eliciting a stronger antitumor immune response. Neoantigens of high immunogenicity and abundant CD8+ T-cell infiltrates have been detected in long-term survivors of pancreatic ductal adenocarcinoma, suggesting that neoantigen-based cancer immunotherapies could benefit the survival of pancreatic cancer patients (13).

Recently, studies by Wu and Sahin et al. have demonstrated that peptide- or RNA-based neoantigen vaccines not only induce significant regression of advanced melanoma, but also provide long-term protection against tumor relapse and metastasis (14, 15). Sustained T cell response and increase in the number of tumor-infiltrating T cells were also reported in newly diagnosed glioblastoma patients after personalized peptide neoantigen vaccination (16). Studies focusing on colon and esophageal cancer also confirmed the effectiveness of neoantigen vaccination (17, 18). Moreover, combination treatment of personalized peptide neoantigen vaccines with ICIs has demonstrated good feasibility, safety and immunogenicity in patients with advanced melanoma, non-small cell lung cancer as well as bladder cancer in a phase Ib study (11). Although tumor-associated antigen (TAA)-based vaccines have been extensively investigated for their efficacy for pancreatic cancer (19–21), the anticancer effects of personalized neoantigen vaccines remain unclear.

Herein, we retrospectively assessed the anticancer effects of a personalized peptide neoantigen cancer vaccine, iNeo-Vac-P01, in patients with advanced pancreatic cancer from a clinical study (trial number: NCT03645148). Comprehensive analysis of these patients’ immune response after vaccination was done to investigate its safety, tolerability and anticancer efficacy.



Methods


Patients

Eligible patients with advanced pancreatic cancer confirmed histologically or cytologically were aged at least 18 years. Only patients who developed chemotherapy intolerance or disease progression after second-line treatments, with at least one measurable lesion in accordance with investigator-assessed Response Evaluation Criteria in Solid Tumors (RECIST; version 1.1), an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, as well as physiologically functional healthy organs such as heart, liver and kidney were considered. All patients selected for this study provided sufficient tumor tissue and blood samples for whole exome sequencing (WES) and RNA sequencing (when fresh tumor tissue is available).

Patients who had other malignant tumors except for cured basal cell carcinoma, thyroid carcinoma or cervical dysplasia, who lacked identified neoantigens by sequencing, who had received bone marrow or stem cell transplant or were allergic to polypeptides or other immunotherapies were excluded from this study.



Study Design and Treatment

We retrospectively investigated the clinical response of advanced pancreatic cancer patients upon receiving a personalized neoantigen peptide vaccine from a single-arm, open-label and investigator-initiated clinical study at Zhejiang Provincial People’s Hospital in China (NCT03645148). The primary endpoints of this clinical study were safety and feasibility, which were assessed based on the occurrence of adverse events (AEs) and whether the identification of neoantigens by our in-house pipeline iNeo-Suite and the subsequent peptide synthesis could be accomplished for clinical use. Whereas the secondary endpoint was efficacy which was evaluated through progression-free survival (PFS), overall survival (OS) and neoantigen-specific immune responses.

All patients received neoantigen vaccine iNeo-Vac-P01 comprising 5~20 peptides of varying length of 15 to 35 amino acids multiple times depending on the progression of the disease. Based on their HLA typing, affinity and allele frequency, these peptides were grouped into 2~4 pools and administered subcutaneously (s.c.) at the dose of 100 μg per peptide to patients at their upper arms and paraumbilical area. Each patient was primed with iNeo-Vac-P01 on day 1, 4, 8, 15 and 22, and boosted with the same vaccine formulation on day 78 and 162. Additional booster shots were scheduled to some patients to maximize the clinical benefits in accordance with the clinical research protocol. Thirty minutes prior to each immunization, 40 μg granulocyte-macrophage colony-stimulating factor (GM-CSF) was administered subcutaneously to patients around the injection site as an adjuvant (14, 16, 22–24). Poly-IC was tested in our previous study, however, due to the observation of AEs in patients, GM-CSF was chosen as an adjuvant for this study. Application of concomitant medical therapy such as ICIs during neoantigen vaccination was determined by clinicians to improve each patient’s clinical response in accordance with the clinical research protocol. The treatment regimen for each patient was summarized in Supplementary Table 1.

Clinical assessment, monitoring and follow-up consisted of physical examination such as ECOG performance, vital sign, blood test and urinalysis for safety evaluation, imaging examination at baseline and post-vaccination for efficacy assessment, as well as immune response testing such as IFN-γ Enzyme-Linked Immunospot (ELISpot) assay and flow cytometry (T cell subsets and cytokines) at pre- and post-vaccination stages.

A retrospective assessment of tumors was conducted by investigators at each time point (baseline and approximately every 8 weeks thereafter) according to RECIST v1.1 criterion. The clinical response of each patient was evaluated not only throughout the vaccination, but also at regular intervals of 3 months post-vaccination until the development of cumulative toxic effects, disease progression or discontinuation of treatment. The occurrence of adverse events (AEs) were recorded, with the severity graded in accordance with National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.0) throughout the treatment.

The study protocol was approved by the Institutional Review Board and Independent Ethics Committee and implemented in accordance with the Declaration of Helsinki and the International Conference on Harmonization Guidelines for Good Clinical Practice. All patients had signed informed consent forms before immunization.



Generation of Personalized Peptide Neoantigen Vaccines

To identify mutation-derived neoantigens, whole exome sequencing was conducted on samples obtained from patients by surgery, biopsy or intravenous blood sampling using Hiseq 4000 NGS platforms (Illumina) with coverage depths of 500x for tumor cells and 100x for blood cells (Novogene Biotech Co., Ltd., Beijing, China) (25–29). In addition, formalin-fixed paraffin-embedded (FFPE) samples were used for WES when fresh tumor samples were unavailable.

Bioinformatic analysis was performed by our in-house pipeline iNeo-Suite consisting of multiple modules including sequencing read filtering, genome alignment, mutation calling, HLA typing, MHC affinity prediction, gene expression profiling, vaccine peptide sequence design and mutation-centered prioritization based on therapeutic potency (Supplementary Methods).

Customized clinical-grade long peptides were manufactured through chemical synthesis at GMP-like standard (bacteria-free, > 95.0% purity with endotoxin less than 10 EU/mg) to generate iNeo-Vac-P01. The water solubility of synthesized peptides was tested, and water insoluble peptides were excluded from the final formulation.



IFN-γ Enzyme-Linked Immunospot Assay

To confirm the immunogenicity of iNeo-Vac-P01, ELISpot assays were performed for each patient at multiple time points pre- and post-vaccination. Peripheral blood (10-30 mL) was obtained from each patient for the isolation of peripheral blood mononuclear cells (PBMCs). PBMCs were then co-incubated (2×105 cells per well) with peptides for 16-24 hours using human IFN-γ pre-coated ELISpot kit following the standard protocol. Spots in ELISpot plates were counted using an automatic plate reader with proper parameters (Supplementary Methods).



T Cell Receptor Sequencing

To monitor the change of T cell population for each patient, T cell receptor (TCR) β chains were sequenced before and after vaccination. RNA extraction of PBMCs was performed using RNeasy Plus Mini Kit (Qiagen). Samples were analyzed by High-throughput sequencing of TCR using ImmuHub TCR profiling system at a deep level (ImmuQuad Biotech). Briefly, a 5’ RACE unbiased amplification protocol was used. Unique molecular identifiers (UMIs) introduced to the course of cDNA synthesis were used to control bottlenecks and eliminate the errors of PCR and sequencing. Sequencing was performed on an Illumina HiSeq system with PE150 mode (Illumina). One common adaptor with UMI was added to the 5’ of cDNA during the synthesis of first-strand cDNA. One reverse primer corresponding to the constant (C) regions of each TCRα and β was designed to facilitate PCR amplification of cDNA sequences in a less biased manner. The UMIs attached to each raw sequence reads were applied for sequencing error correction and PCR duplication removal. V, D, J and C segments were mapped with IMGT. CDR3 regions were extracted, and clonotype assembled for all clones. The special nucleotide/amino acid sequences of CDR3 region of TCRβ subunit were determined. Those with out-of-frame or stop codon sequences were removed from the identified TCRβ repertoire. The total number of TCRβ clones sharing the same nucleotide sequence of CDR3 region was defined as the amount of each TCRβ clonotype.



Cytometric Analysis of T-Lymphocyte and Cytometric Bead Array Analysis of Cytokines

To quantify the activation of T cells after vaccination, peripheral T cells extracted from each patient were labeled with several different antibodies (CD279, CD197, CD4, CD8, CD45RA, CD38, CD45, CD3, HLA-DR and CD152) for flow cytometry analysis. To examine the cytokines secreted from activated T cells after vaccination, cytokine titers in peripheral blood were measured by CBA following manufacturer’s protocol (Supplementary Methods).



Statistical Analysis

Data from the patients who received at least one dose of iNeo-Vac-P01 was analyzed for safety and clinical efficacy assessment. Descriptive statistics was applied to determine the characteristics of baseline and assess the safety of iNeo-Vac-P01. The target lesions of each patient were measured before the treatment and then every two months during the treatment to monitor the changes in lesion sizes. All tumors were sized by MRI and CT. Disease control rate (DCR) was defined as the proportion of patients who had complete response (CR), partial response (PR) and stable disease (SD) for best clinical response. Standard RECISTv1.1 guideline was followed for the analysis of all clinical data. The survival curves were plotted by GraphPad Prism 5 (v5.01).




Results


Patients and Demographics

A total of 7 eligible advanced pancreatic cancer patients, enrolled between January 1, 2018 to March 31, 2020, were included in this retrospective study. All patients had previously received surgery or standard chemotherapy, and experienced cancer relapse or metastasis. Patients baseline characteristics were summarized in Table 1. Six (85.71%) patients had adenocarcinoma and one (14.29%) had squamous cell carcinoma. Four (57.14%) patients had liver metastases and three (42.86%) had peritoneum metastases. In addition, four (57.14%) patients had higher CA19-9 levels at baseline compared to the other three (42.86%) with normal levels.


Table 1 | Baseline characteristics of each patient.





Feasibility of Preparation and Application of Neoantigen in Patients With Advanced Pancreatic Cancer

WES results of both tumor tissues and peripheral blood samples were shown in Supplementary Table 2. Neoantigens were predicted and prioritized using our in-house pipeline iNeo-Suite, in consideration of allelic frequency of mutation, affinity between mutated peptide and HLA class I and II, as well as feasibility of peptide synthesis (Supplementary Tables 3, 4). Clinical-grade long peptides (15-35 amino acids) incorporating multiple neo-epitopes of both HLA class I and II were synthesized (Supplementary Table 3). Depending on the quantities of tumor samples as well as the sequences of long peptides, the turnaround time of the whole process varied from 1.5 to 3 months.

Based on the analysis of 1061 pancreatic cancer samples from cBioPortal for Cancer Genomics, KRAS, TP53, SMAD4 and CDKN2A are the most common mutations in tumor-related genes, and all detected in over 10% patient samples. In this study, the numbers of the patients with TP53, KRAS, SMAD4 and CDKN2A mutations were seven (100%), five (71.43%), three (42.86%) and one (14.29%). Importantly, among patients with KRAS mutations, there were two with G12V mutation, two with G12D and one with Q61H. Despite of the lower tumor mutation burden (TMB) in pancreatic cancers, sufficient neoantigens were identified, followed by successful manufacture of corresponding personalized long peptides for each patient in this study. Different from other clinical studies published prior to this study (14, 16), no organic solvent such as DMSO was applied to enhance the water solubility of personalized long peptides due to the disapproval of its use in clinics. Among the total 94 long peptides that were designed and synthesized successfully, 70 peptides with good water solubility were further selected for vaccination (Supplementary Table 5). The median number of peptides administered to each patient was 12. Most patients (5 out of 7) received vaccines consisted of more than 10 peptides (Supplementary Tables 3, 5), which contained a median of 9 class I neo-epitopes and 20 class II neo-epitopes per peptide.



Treatment and Follow-Up of Patients

Patients were scheduled to receive iNeo-Vac-P01 together with GM-CSF as adjuvant (Figure 1). The median follow-up duration for all patients was 9.7 months, ranging from 2 months to 21 months before the deadline March 31, 2020. All patients completed the prime phase of immunization (Figure 1). The average duration of treatment was 2.57 months, ranging from 1 month to 5 months. Patients P02, P03, P06 and P07 had stable disease during vaccination. Patients P01 and P04 showed partial response during vaccination and had good disease control for a period after vaccination. Patients P05 had progressive disease (PD) during the boost phase of vaccination.




Figure 1 | Clinical treatment process for each patient from surgery or primary visit until the end of follow-up.





Safety and Side Effects

During the vaccine treatment, none of the patients had grade 3-4 adverse events associated with iNeo-Vac-P01 defined by NCI CTCAE 4.03. One of the patients (P06) experienced a mild rash after vaccine injection but recovered within one week. To be noted, all seven patients had experienced different degrees of adverse reactions due to chemotherapy before scheduled for vaccination. The most common serious adverse events of chemotherapy among these patients were hematological toxic events including neutropenia (7/7) and anemia (5/7). Other chemotherapy-related adverse reactions including gastrointestinal reactions, rashes and fever were summarized in Table 2.


Table 2 | Comparison of adverse reactions between peptide therapy and chemotherapy in treated patients.





Clinical Response

RECIST 1.1 criteria were used to assess target lesions in all patients. The OS of all patients was summarized in Figure 2A. The mean OS of the 7 patients was 24.1 months (11 to 31.4 months), and the mean PFS was 3.1 months (Table 3). Calculated from each patient’s first immunization, the mean OS associated with peptide vaccination was 8.3 months (3 to 21 months). All patients had died except for Patient P04. The survival rate was around 50% at 24 months according to Table 3. Clinical response of all patients in this study was shown in Figure 2B. Three out of seven patients showed tumor reduction at the target lesions. Patients P01 and P04 were evaluated as PR, as the sizes of their target lesions reduced by 54% and 57% respectively compared to those of baseline, while patient P06 maintained stable disease with the size of target lesion only reduced by 5%. Although different degrees of size increase at target lesions was observed for the other four patients (P02, P03, P05 and P07), patients P02, P03 and P07 were assessed as SD with less than 20% increase. Only patient P05 was evaluated as PD for a 40% increase in target lesion. The disease control rate (DCR) of the 7 patients was 85.71%.




Figure 2 | The clinical response and prognosis of treated patients. (A) The overall survival curve of each patient. (B) The percentage changes of tumor lesion in size from baseline. The changes in lesions between a positive value of 25% and a negative value of 50% are considered stable disease.




Table 3 | The survival and objective response rate of each patient.





Case Report of Patient P01

Patient P01 was first diagnosed with pancreatic cancer with liver metastasis in July 2017. From July 2017 to February 2018, she was given AG regimen (paclitaxel albumin plusS-1) for 8 cycles as first-line conversion chemotherapy. Under general anesthesia, laparoscopic radical pancreatectomy was performed on March 5th, 2018. No chemotherapy was given after surgery due to the patient’s poor physical condition. However, in less than three months, lymph node metastasis was found. From 6th June 2018 to 7th November 2018, Patient P01 received 8 doses of iNeo-Vac-P01 in total, including 5 prime and 3 boost immunizations. In addition, to maximize the patient’s clinical benefits, 5-cycle AS second-line treatment was given from July 2018 to November 2018 as a concomitant therapy. In February 2019, a tumor marker was detected while CT imaging showed no tumor recurrence. In response, the patient soon received 2-cycle AS systemic chemotherapy. After the treatment, the patient’s disease was considered to be well controlled until bone metastasis and pleural effusion occurred in September 2019. Since then, the disease progressed rapidly. After supportive treatment and chemotherapy, Patient P01 died in March 2020. The OS and PFS of Patient P01 were 32 and 8 months. It is noteworthy that the OS associated with iNeo-Vac-P01 treatment of Patient P01 was 21 months. The whole treatment regimen was shown in Figure 3A. MRI images showed the regression of pancreaticogastric nodule 4 months after first immunization when compared to baseline level (Figure 3B). No iNeo-Vac-P01-related serious AEs occurred during the whole vaccine treatment. Ex vivo IFN-γ ELISpot of PBMCs confirmed robust de novo immune response against all neoantigen peptides since vaccination, with a peak at Week 3 (Figures 3C, D). TCR sequencing of peripheral T cells revealed that the abundance of the TCR clone (CASSPGQGVYNEQFF) considerably increased after vaccination. Moreover, a new TCR clone (CASSLGTGYNEQFF) was detected after vaccination (Figure 3E). These data suggested that a subset of T cells with neoantigen specificities were induced by iNeo-Vac-P01 in Patient P01. However, no enough blood sample left could be applied to evaluate whether these TCR clones recognize the same peptide. The concomitant iNeo-Vac-P01 therapy and chemotherapy might have generated synergetic benefits to prolong the OS and PFS of Patient P01.




Figure 3 | A case report of Patient P01. (A) Treatment timeline of P01. (B) Comparison of lymph node before & after vaccination by imaging. (C, D) Ex vivo IFN-γ ELISpot of PBMCs was performed with peptides at different time points. The dimethyl sulfoxide (DMSO) group was used as the negative control and mixed peptides from CEF (including peptides of cytomegalovirus, Epstein–Barr virus and influenza virus) were used as the positive control. (E) Increased abundance of peripheral T cell clones after vaccination was detected by TCR sequencing.





Immune Response

Ex vivo IFN-γ ELISpot assay was performed with autologous PBMCs after vaccination. ELISpot assay results demonstrated the potentials of iNeo-Vac-P01 to induce the activation of T cells in 5 out of 7 (71.4%) patients (Figure 4A and Supplementary Table 6). For each patient, the number of IFN-γ spots per 105 PBMCs of the peptide or peptide pool with best response was shown in Figure 4A. For patients P05 and P07, no evident response was found pre- and post-vaccination. Overall, 31 out of 70 (44.3%) individual long peptides elicited measurable peptide-specific immune responses (positive results in ELISpot assay after vaccination). No correlation between IL-2, IL-6, IL-10, TNF-α and clinical response was found, as the titers of these cytokines did not change drastically after vaccination. However, for patients who had a relatively long OS (P01, P04 and P07), their IFN-γ titer in the peripheral blood increased to a much larger extent after vaccination, compared to patients who had relatively short OS (P03, P05 and P06) (Supplementary Table 7). This phenomenon suggested that IFN-γ titer in the peripheral blood could be a potential biomarker for clinical response. It is noted that not every patient managed to provide sufficient blood sample for cytokine studies due to their poor physical conditions at the designated time points (P04). Moreover, for all 7 patients, the proportions of CD4+ CTLA4+ T cells and CD8+ CTLA4+ T cells in peripheral blood increased during vaccination (Figure 5), suggesting that combined treatment with anti-CTLA-4 immunotherapy might help achieve stronger antitumoral immune response. It is noteworthy that not all patients provided enough blood samples for analysis due to their poor physical conditions at the designated time points (e.g. P03 and P05). In addition, changes in the T cell subsets post vaccination also suggested that CD4+ or CD8+ effector memory T cells in the peripheral blood could be a potential biomarker for clinical response. Before treatment, patients with relatively long OS (P01, P02, P04 and P07) had more CD4+ or CD8+ central memory T cells (TCM) and CD4+ or CD8+ effector memory T cells (TEM) than patients with relatively short OS (P03, P05 and P06); however, only the difference in TCM showed statistical significance (p<0.05). Post vaccination, longer OS patients still had more TCM and TEM, while only TEM showed statistical significance (p<0.05) (Figure 4B and Supplementary Table 8). This phenomenon indicated that upon antigenic stimulation, differentiation of central memory T cells to effector memory T cells might be activated (30).




Figure 4 | Immune Response induced by iNeo-Vac-P01. (A) iNeo-Vac-P01 induced specific T cell response. For each patient marked in X-axis, green triangle and red diamond represent the response rates pre- and post-vaccination, defined as the ratios of the numbers of peptides (or peptide pools) with positive ELISpot results before and after vaccination to the total number of peptides (or peptide pools) in vaccine, respectively. The bar chart with secondary Y-axis represented the IFN-γ spots per 105 PBMCs of the peptide with best response for each patient. (B) Change in T cell subsets count at baseline and 22 days post iNeo-Vac-P01 vaccination. Blue and yellow dots represent the cell counts at baseline and 22 days post iNeo-Vac-P01, respectively. Grey dots represent the fold change of corresponding cell count, which can be read at the right Y-axis. Counts of T cell subsets including CD4+ central memory, CD4+ effector memory, CD8+ central memory and CD8+ effector memory T cells were compared in long OS patients (shown in dark grey) and short OS patients (shown in light grey). *: significant, p=0.01 to 0.05; **: very significant, p=0.001 to 0.01; ns: not significant.






Figure 5 | The proportion of CTLA4+ T cells in peripheral blood increased after vaccination. The proportions of CD8+ CTLA-4+ T cells and CD4+ CTLA-4+ T cells ratio to total T cells in peripheral blood were determined by flow cytometry. Fold changes of post vaccination compared with baseline were calculated.






Discussion

In this study, we retrospectively analyzed the safety and tolerability of neoantigen-based peptide vaccine iNeo-Vac-P01 in pancreatic cancer patients. Although mRNA vaccines have gained much research interest since the approval of mRNA-based COVID-19 vaccines under Emergency Use Authorization for COVID-19, no mRNA therapy was approved during the time this study was conducted. Thus, well-investigated peptide-based vaccine approach was used in this study. None of the patients enrolled in this study showed SAE during vaccination, while only one patient showed vaccine-related AE (slight rash) which recovered without any nursing.

Currently, the median overall survival time for advanced pancreatic cancer patients is only 6 to 9 months (31). Albumin paclitaxel combined with gemcitabine or mFOLFIRINOX regimen [5-fluorouracil (5-FU), irinotecan and oxaliplatin] is recommended as the standard first-line treatment by the guidelines (32, 33). Meanwhile, there is no standard chemotherapy regimen after second-line treatment. A stratified analysis of the posterior survival of pancreatic cancer patients showed that the median survival time of patients with high-risk pancreatic cancer was only 1.4 months, and that of low-risk patients was less than 12 months (34). To our knowledge, advanced pancreatic cancer patients tend to have larger tumor burdens than patients diagnosed with other cancer types, therefore, instead of applying monotherapy of neoantigen vaccination, chemotherapy or ICI (i.e. anti-PD-1) therapy were scheduled to several patients (P01 and P07) to maximize the clinical benefits for them. The treatment regimen for each patient was listed in Supplementary Table 1. The mean OS and PFS of advanced pancreatic cancer patients in this retrospective study were 24.1 and 3.1 months, longer than most of the clinical data reported in other clinical studies. In addition, the mean OS associated with the vaccine treatment was 8.3 months. Although this retrospective study has a relatively small sample size, the results here demonstrated promising potentials of using personalized neoantigen-based peptide vaccine as a second-line or later treatment to prolong the survival duration of an advanced pancreatic cancer patient.

GM-CSF was used as a molecular adjuvant for personalized vaccine in this study due to ethical concerns, as choices of approved vaccine adjuvants in China were limited. No GM-CSF control group was set since this study was a retrospective cohort study with a small sample size, instead of a randomized controlled trial. However, in future phase 2 study, GM-CSF could be used as control.

KRAS mutation is a common driver mutation for several cancer types including pancreatic cancer. It is usually incorporated in the “shared” tumor antigen combinations as “off-the-shelf” tumor vaccines. In a study of patients with advanced cancer (pancreatic cancer, cholangiocarcinoma and colorectal cancer), Rahma et al. demonstrated that the patients could achieve a mean PFS and OS of 3.6 months and 16.9 months respectively, with an immune response rate of 54% when treated with the vaccine formulation containing KRAS G12D, G12V and G12C peptides (35). Although it is a promising strategy to treat the patients with KRAS mutations, the “off-the-shelf” tumor vaccines cannot fulfill the clinical needs for those who do not harbor the mutations. Different from the vaccines based on “shared” antigens, personalized neoantigen-based peptide cancer vaccines are customized for each patient. In this retrospective study, only 5 out of 7 patients had KRAS mutations (Supplementary Table 9). KRAS mutations were also included in the design of personalized iNeo-Vac-P01 for these 5 patients to maximize the clinical benefits. For Patient P01 who did not have KRAS mutation had a significant extension of survival duration as a result of concomitant iNeo-Vac-P01 vaccine therapy with chemotherapy (Figure 3 and Table 1).

It is also noteworthy that Patient P01 started the personalized peptide vaccination only three months after the primary tumor resection, leading to relatively lower tumor burden compared to other patients. The iNeo-Vac-P01-related OS of Patient P01 was 21 months which was longer than that of any other patients in this study. More studies should be conducted in the future to investigate whether a pancreatic cancer patient could achieve longer survival duration if neoantigen tumor vaccine is given when the tumor burden is low. Previously, a case report had described a pancreatic cancer patient who began SVN-2B peptide vaccine treatment during the adjuvant treatment stage (20). After the vaccine regimen, isolated lung metastases were observed in this patient but subsequently well controlled by surgery. It was reported that this patient had a survival duration of more than 10 years (20). In light of this case report together with our clinical findings with Patient P01, we believe that it is important to investigate the “perfect” timing for the administration of neoantigen tumor vaccine, for instance, when the tumor burden is low.

In addition, several T cell subsets and cytokines in peripheral blood were evaluated in this study to identify potential biomarkers for clinical response. The drastic fold-change of IFN-γ titer in peripheral blood observed in patients with relatively long OS (P01, P02 and P07), in comparison with patients with relatively short OS that did not experience significant IFN-γ change (P03, P05 and P06), has suggested that peripheral IFN-γ titer could be a biomarker for clinical response. Interestingly, these patients with short OS happened to have very short vaccine-associated OS as well. Although P02 and P07 had relatively long OS compared to P03, P05 and P06, the vaccine-associated OS for them was short. This could be attributed to the late administration of vaccines for them, which again, emphasizes the point of interventional vaccination scheduled at an earlier time point after first-line or second-line chemotherapy can be more beneficial to achieve better clinical response. As a result of induction by peptide vaccines, both CD4+ CTLA4+ T cell and CD8+ CTLA4+ T cell populations in peripheral blood had increased in all 7 patients. Therefore, combined treatment of personalized neoantigen-based peptide vaccines with anti-CTLA-4 antibody could potentially be a promising treatment modality for pancreatic cancer patients. A shift from CD4+ or CD8+ TCM to CD4+ or CD8+ TEM was observed in long OS patients (P01, P02, P04 and P07) upon vaccination, showing significant differences with relatively short OS patients (P03, P05 and P06). This indicated the successfully antigenic stimulation that led to the differentiation of TCM to TEM. In all, further studies with special considerations of the time for neoantigen vaccine administration should be conducted to achieve better clinical benefits for cancer patients such as pancreatic cancer patients.



Conclusions

This retrospective study demonstrated the feasibility of neoantigen selection for pancreatic cancer patients with low TMB (less than 10 mutations/Mb), as well as the tolerability of personalized neoantigen-based peptide vaccine, iNeo-Vac-P01, for treating pancreatic cancer. Our findings were important and complementary to previously published studies in neoantigen cancer vaccines treating other types of cancers. The development and implementation of personalized neoantigen-based peptide cancer vaccines might provide a new strategy to improve the limited clinical efficacy of traditional treatments for pancreatic cancer.
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The ongoing COVID-19 pandemic caused by SARS-CoV-2 is a huge public health crisis for the globe. The receptor-binding domain (RBD) of SARS-CoV-2 spike (S) protein plays a vital role in viral infection and serves as a major target for developing neutralizing antibodies. In this study, the antibody response to the RBD of SARS-CoV-2 S protein was analyzed by a panel of sera from animals immunized with RBD-based antigens and four linear B-cell epitope peptides (R345, R405, R450 and R465) were revealed. The immunogenicity of three immunodominant peptides (R345, R405, R465) was further accessed by peptide immunization in mice, and all of them could induced potent antibody response to SARS-CoV-2 S protein, indicating that the three determinants in the RBD were immunogenic. We further generated and characterized monoclonal antibodies (15G9, 12C10 and 10D2) binding to these epitope peptides, and finely mapped the three immunodominant epitopes using the corresponding antibodies. Neutralization assays showed that all three monoclonal antibodies had neutralization activity. Results from IFA and western blotting showed that 12C10 was a cross-reactive antibody against both of SARS-CoV-2 and SARS-CoV. Results from conservative and structural analysis showed that 350VYAWN354 was a highly conserved epitope and exposed on the surface of SARS-CoV-2 S trimer, whereas 473YQAGSTP479 located in the receptor binding motif (RBM) was variable among different SARS-CoV-2 strains. 407VRQIAP412 was a highly conserved, but cryptic epitope shared between SARS-CoV-2 and SARS-CoV. These findings provide important information for understanding the humoral antibody response to the RBD of SARS-CoV-2 S protein and may facilitate further efforts to design SARS-CoV-2 vaccines and the target of COVID-19 diagnostic.
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Introduction

Common coronaviruses (CoVs) have been circulating in humans for a long time, which usually cause mild to moderate diseases, like the common cold. However, three beta-CoVs (SARS-CoV, MERS-CoV and SARS-CoV-2) infections have caused large outbreaks in recent years (1–3). Especially, SARS-CoV-2 has caused a global pandemic, namely the coronavirus disease in 2019 (COVID-19) (4). According to real-time data from Worldometer (updated on August 12, 2021), 220 countries and territories around the world have reported a total of 205,512,912 confirmed cases of the coronavirus COVID-19 and a death toll of 4,337,588 deaths (https://www.worldometers.info/coronavirus/countries-where-coronavirus-has-spread/). Unfortunately, the first COVID-19 wave has never really ended in some countries, and a new COVID-19 surge is on track this fall and winter, meaning more severe COVID-19 cases and potentially higher mortality (https://www.cdc.gov/coronavirus/2019-ncov/covid-data/covidview/index.html). Various modalities of vaccines against SARS-CoV-2, based on different routes and immunization procedures, have been approved for marketing worldwide (5). However, the antigen epitopes in these vaccines are poorly understood.

Similar to SARS-CoV in genome structure, SARS-CoV-2 has a single-stranded positive-sense (+ss) RNA genome varies from 29.8 kb to 29.9 kb in length, including two large ORFs (ORF1a and ORF1ab) encoding the polyproteins (pp1a, and pp1ab), four structural protein genes encoding proteins envelope (E), membrane (M), nucleocapsid (N) and spike (S), and some accessary protein genes (i.e., ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10) (6, 7).The entry of SARS-CoV-2 into its host cells depends on interaction between the S protein with the angiotensin-converting enzyme 2 (ACE2) receptor on host cells and virus-host membrane fusion mediated by S protein (8). As other CoVs, the S protein of SARS-CoV-2 is cleaved into two functional subunits, S1 and S2, via the furin site (682-685 aa) (9). Binding with ACE2 triggers membrane fusion activation, in which S is further cleaved by a second proteolytic site (S2′) to release fusion peptide (10, 11). Therefore, hindering viral engagement with ACE2 is an efficient strategy to prevent the virus entry. In addition, the S glycoprotein of CoVs is surface-exposed. Multiple studies have been launched to assess the immunogenicity of structural domains of S protein. Currently, most of the potent antibodies are against CoVs RBD (11–14). This makes the RBD of SARS-CoV-2 S protein is the primary candidate for clinical interventions and vaccine design (15, 16).

The high-resolution structure of SARS-CoV-2 RBD bound with ACE2 suggested that the overall ACE2-binding mode of SARS-CoV-2 is similar to SARS-CoV (17–19). According to amino acid alignment, the RBDs of SARS-CoV and SARS-CoV-2 share 73.5% homology (20). Because of the high similarity in structure and sequence, the RBDs of the two viruses may have cross-reactive epitopes which can induce cross-reactive antibodies. The serum of SARS-CoV convalescent patients and several SARS-CoV antibodies have been shown to confer react to SARS-CoV-2 as well (21–25). However, there is a gap in knowledge on the broad cross-protective epitopes shared between SARS-CoV-2 and SARS-CoV. Currently, findings on SARS-CoV-2 B cell epitopes mainly include the determination of antigen-antibody structural complex, bioinformatics prediction and Pepscan (26–29). Undoubtedly, determination the complex structure is the most accurate method for epitope identification, but it is not readily applicable to many antigens and antibodies, for its laborious efforts with a low success rate. The accuracy of bioinformatics prediction is unclear and the obtained epitopes need further experimental verification. The sera (polyclonal antibodies) from COVID-19 convalescent individuals were mostly used to identify SARS-CoV-2 epitopes by the Pepscan method (30–32). Further studies that involve the determination of the minimum functional motif for antibody binding and the isolation of the monoclonal antibodies (mAbs) targeting these linear epitopes will be needed.

Here, we attempted to analyze the antibody response to the RBD of SARS-CoV-2. We screened the linear B-cell epitope peptides in a panel of sera from animals (swine/mouse) immunized with RBD-based antigens using overlapping peptides spanning the RBD of SARS-CoV-2 S protein. After synthesis and conjugation, the immunogenicity of these immunodominant epitope peptides was further validated by immunizing mice. Furthermore, the monoclonal antibodies binding to these immunodominant epitope peptides were generated and characterized. In addition, the variable regions of these antibodies were sequenced and the immunodominant epitopes in the SARS-CoV-2 RBD were finely mapped. The conservation of these epitopes was analyzed across various virus isolates. The spatial distribution and structural property of these epitopes were analyzed by mapping to the structures of SARS-CoV-2 RBD-ACE2 complex and S trimer.



Materials and Methods


Cells and Serum

Human embryonic kidney 293T (HEK293T) cells were obtained from ATCC (Manassas, VA, USA) and maintained in Dulbecco’s modified Eagle’s medium (DMEM, Solarbio, Beijing, China) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco,USA). The sera of animals used to screen the linear B-cell epitope peptides and SP2/0 myeloma cells were kindly provided by Henan Provincial Key Laboratory of Animal Immunology, Henan Academy of Agricultural Sciences (Zhengzhou, China). These animals were vaccinated with the recombinant proteins designed based on SARS-CoV-2 RBD containing adjuvants (aluminum hydroxide/CpG1018). SP2/0 cells were maintained in Roswell Park Memorial Institute 1640 (RPMI1640, Solarbio, Beijing, China) medium supplemented with 10% (v/v) FBS (Gibco, USA).



Peptide Design and Synthesis

To analyze the humoral response to SARS-CoV-2 RBD, 22 overlapping peptides with 5 amino acids offsets covering the RBD were synthesized based on the reference sequence of SARS-CoV-2 S protein (GenBank: YP_009724390) (Figure 1A and Table 1). To obtain higher mapping resolution, the truncation library was designed through a systematic truncation of the identified epitope peptides (Table 4). All peptides which were designed with cysteine residues at the N-terminus were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The purity of the synthetic peptides was equal to or greater than 95%.




Figure 1 | Analysis of B-cell epitope peptides of serum antibodies against SARS-CoV-2 RBD. (A) Schematic representation of the functional domains of S protein of SARS-CoV2 and the overlapped peptides spanning the RBD of SARS-CoV2. The S protein consist of two functional subunits (S1 and S2). The S1/S2 cleavage sites are indicated by the scissors. SP, signal peptide. FP, fusion peptide. HR1, heptad repeat 1. HR2, heptad repeat 2. TM, transmembrane domain. CP, cytoplasm domain. RBD, receptor-binding domain. RBM, receptor-binding motif. The amino acid residues number in each domain indicates their position in the S protein. (B, C) The reactivity of sera from immunized animals with peptide array was determined by ELISA. S1-S6, sera from swine immunized with RBD-based antigens. M1-M6, sera from mice immunized with RBD-based antigens. R300-R615, 20-mer overlapped peptides covering the RBD. The shade of blue is directly proportional to OD450 value. (D–G) Immunodominant epitope peptides binding with the antibodies in sera from swine/mouse immunized with RBD-based antigens. Closed circle, sera from swine immunized with RBD-based antigens. Closed square, sera from mice immunized with RBD-based antigens. Data was shown as mean ± SEM. *p < 0.05; **p < 0.01; ****p < 0.0001. Graphs were made in GraphPad Prism version 8.0.2.




Table 1 | Overlapped peptides spanning the RBD of SARS-CoV-2 S protein in this work.





Peptide-Based ELISA

Peptide-based ELISA were performed according to described previously (33). Briefly, the 96-well plates were coated with the peptides (250 ng/well) in 0.05 M carbonate–bicarbonate buffer (CBS, pH 9.6) and incubated overnight at 4°C. After washing thrice with PBST (1× PBS with 0.05% Tween 20, pH 7.4), the plates were blocked with 5% skim milk at 37°C for 2h. Mouse serum samples diluted at 1:100 and swine serum samples diluted at 1:1000 were added to each well and incubated at 37°C for 30 min. The wells were washed thrice with PBST and incubated with HRP-conjugated goat anti-mouse IgG or goat anti-swine IgG diluted at 1:5000 at 37°C for 30 min. The reactions were developed using TMB. The OD values of each well were measured at 450 nm using an ELISA microplate reader.



Monoclonal Antibodies Generation and Characterization

In order to prepare mAbs against these identified epitope peptides, the peptides (R345, R405, R465) designed with cysteine residues at the N-terminus were conjugated to the carrier protein, bovine serum albumin (BSA, Jackson ImmunoResearch Inc., USA), using the sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate (Sulfo-SMCC, Thermo Scientific, USA). Peptide–BSA conjugates were served as the immunogens. The recombinant SARS-CoV-2 S1 protein (Sino Biological, Beijing, China) was used as the coating antigen in ELISA to determine serum titer of mice and screen for positive hybridomas. Twenty 6- to 8-week-old female BALB/c mice were randomly into four groups. The immunization scheme was as schematic Figure 2A. Mice were subcutaneously immunized with 20 μg of each immunogen emulsified with Freund’s adjuvant (Sigma-Aldrich, Shanghai, China) at 0, 14, and 28 days post prime-immunization (dpi). Mice from groups 1-3 were immunized with R345-BSA, R405-BSA, R465-BSA, respectively. Mice from group 4 were immunized with BSA as the negative control. All four groups were immunized three times at an interval of 2 weeks (0, 14, 28 dpi), while serum samples were collected 2 weeks after each immunization (14, 28, 42 dpi). The mice with the highest antibody titers in group 1-3 were given the last boost (at 42 dpi) with 40μg immunogens (without any adjuvant) by intravenous injection to prepare mAbs by hybridoma technology. Four days after the last boost (46 dpi), splenocytes from the mice were collected and fused with SP2/0 myeloma cells using PEG 1500. The unconjugated peptides (≥ 20 aa) could be used directly in the peptide-based ELISA (34). In order to obtain the specific mAbs against the B-cell epitope peptides, both the unconjugated peptides and SARS-CoV-2 S1 protein were used to screen for positive hybridomas, respectively. The positive hybridomas were further subcloned more than three times by the limiting dilution method. After subcloning, the positive hybridoma cells were injected into BALB/c mice and the ascites were collected. The subtypes of these mAbs were determined by mouse monoclonal antibody subtype identification kit (Proteintech, Wuhan, China). The antibody titers of these mAbs were detected by ELISA. Briefly, 96-well plates were coated with SARS-CoV-2 S1 protein. Hybridoma clone supernatants or ascites fluid were used as the primary antibody. The other steps refer to the peptide-based ELISA protocol. The neutralization capacity of these mAbs was assessed with a commercial SARS-CoV-2 Surrogate Virus Neutralization Test (sVNT) kit (GenScript, Nanjing, China) according to the manufacturer’s instruction. Negative control was a mAb against African swine fever virus p54 protein.




Figure 2 | Immunization strategies and antibody responses in mice. (A) Scheme of immunization and sampling. Serum samples were collected 2 weeks after each immunization. Each immunogen plus with Freund’s adjuvant by subcutaneous (s.c.) injection for the immunizations at 0, 14, and 28 dpi. The mice with the highest antibody titers in each group were given the 3rd boost by intravenous (i.v.) injection at 42 dpi for mAbs preparation. (B) Titers of serum samples at 14, 28, and 42 dpi were detected by ELISA. Data was shown as mean ± SEM. ***p < 0.001. Graphs were made in GraphPad Prism version 8.0.2.





Immunofluorescence Assay

The specific binding of these mAbs to SARS-CoV-2 S protein was further confirmed by IFA. Briefly, HEK293T cells were seeded at 2.5 × 105 cells/well into a 24-well plate one day prior to transfection. When the cells in each well were 70–80% confluent, the cells were transfected with the recombinant plasmid pLVX-S that contained the full-length S protein gene (GenBank: YP_009724390). At 24 h post-transfection, the plates were fixed with methanol containing 1% H2O2 (precooled to −20°C) for 15 min at room temperature (RT). Then, the plates were washed with PBST and blocked with 5% skim milk. Next, the plates were incubated with the identified mAbs for 30 min at 37°C. Subsequently, the plates were washed for three times and incubated with goat anti-mouse IgG (H+L)-Alexa Fluor 488 (Invitrogen, Rockford, IL, USA). At last, the plates were stained by 4′,6-diamidino-2-phenylindole (DAPI, Solarbio, Beijing, China) and the fluorescence signals were developed by fluorescence microscopy (ZEISS, Jena, Germany).



Western Blotting Analysis

The reactivity of these mAbs with the S proteins of SARS-CoV-2, SARS-CoV and MERS-CoV was determined by western blotting analysis. SARS-CoV-2 S1 subunit (YP_009724390.1, Val16-Arg685), SARS-CoV S1 subunit (AAX16192.1, Met1-Arg667) and MERS-CoV S1 subunit (AFS88936.1, Met1-Glu725) were purchased from Sino Biological Inc. The proteins were subjected to 10% NuPAGE™ Bis-Tris gels (Invitrogen, Rockford, IL, USA) and performed by blotting from the gels with iBlot™ 2 Transfer Stacks (Invitrogen, Rockford, IL, USA). The membranes were blocked with 5% skim milk and incubated with the identified mAbs, respectively. HRP-conjugated goat anti-mouse IgG was used with a 1:10000 dilution as the secondary antibody. The blots were exposed with enhanced chemiluminescent (ECL) substrate (NCM Biotech, China).



Sequencing and Analysis of the mAb Variable Regions

The total RNA of hybridoma cell lines secreting the mAbs was isolated using TRIzol reagent (Invitrogen, USA) and the cDNA was synthesized using PrimeScript™ II 1st strand cDNA synthesis kit (Takara Biomedical Technology (Beijing) Co.) according to the manufacture’s protocols. The light- and heavy-chain (VL and VH) variable domains of the mAbs were amplified in two separate polymerase chain reaction (PCR) tests by two mouse Ig-Primer sets according to the previous methods (35, 36). The heavy chain amplification cycles were 95°C for 5 min; 35 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 1 min, and further extension at 72°C for 10 min. The light chain amplification reaction was similar to that of the heavy chain, except that the annealing temperature was replaced by 60°C. The PCR products were gel purified and sequenced by Sangon Biotech Co., Ltd (Shanghai, China). The VH and VL sequences were analyzed using IgBlast and IMGT/V-QUEST (37, 38). Based on results from the tools, the complementarity-determining regions (CDRs) were labeled. The amino acid sequences of the variable regions were aligned by ClustalW method. Tertiary structures of these mAbs were built using SWISS-MODEL and analyzed by the PyMOL Molecular Graphics System (Version 2.3.0, Schrödinger, LLC.).



Conservation Analysis of the Identified Linear Epitopes

To assess the potential cross-reactive epitopes with its close relatives, the RBD sequence of SARS-CoV-2 (Wuhan-Hu-1) S protein was aligned with the consensus sequences from SARS-CoV (WH20) and MERS-CoV (HCoV-EMC). The multiple alignment was created with MegAlign. To deeply analyze the conservation of the identified linear epitopes in the currently circulating SARS-CoV-2 strains, all receptor binding site changes that occurred in different SARS-CoV-2 virus strains were extracted from GISAID database (https://www.gisaid.org/hcov19-mutation-dashboard/), where a total of 431,752 SARS-CoV-2 virus data was collected (updated on 2021-01-28).




Results


Analysis of B-Cell Epitope Peptides of Antibodies in the Sera From Animals Immunized With RBD-Based Antigens

The linear B-cell epitope peptides recognized by sera from animals immunized with RBD-based antigens were screened using 22 overlapping peptides with 5 amino acids offsets spanning the RBD of SARS-CoV-2 S protein (GenBank: YP_009724390) (Figure 1A and Table 1). Four linear B-cell epitope peptides (R345, R405, R450 and R465) of SARS-CoV-2 RBD were screened (Figures 1B–G). Three B-cell epitope peptides, R345, R405, and R465 strongly reacted with sera from some of the animals. The B-cell epitope peptide, R450, mildly reacted with all serum samples. Interestingly, two epitope peptides (R345, R405) were strongly recognized by swine sera, but weaker by mouse sera (Figures 1D, E). The epitope peptides (R450 and R465) were strongly recognized by mouse sera, but weaker by swine sera (Figures 1F, G). We speculated that this may be due to differences in ACE2 receptors between pigs and mice (39).



Mouse Immunizations, Antibody Responses, and Generation of mAbs Targeting the Identified Linear B-Cell Epitope Peptides

The SARS-CoV-2 S protein-specific antibodies were detected by ELISA (Figure 2B). As shown in Figure 2B, the antibody titers at 28 dpi and 42 dpi were significantly higher than those at 14 dpi, indicating that potent antibody responses were induced. The antibody titer of group 1 (R345) at 42 dpi was slightly higher than that at 28 dpi, while the antibody titers of groups 2 (R405) and 3 (R465) at 42 dpi were slightly lower than their antibody titers at 28 dpi, indicating that the antibody titers had approximately reached the peak after three immunizations (Figure 2B). The mice with the highest antibody titers (12800 for R345, 3200 for R405, 25600 for R465) in each group were used as spleen donors for further mAbs preparation. The hybridoma cell lines stably secreting specific mAbs against the identified linear B-cell epitope peptides were screened by ELISA based on the peptides and SARS-CoV-2 S protein, and were named as 15G9 (anti-R345), 12C10 (anti-R405) and 10D2 (anti-R465). The antibody titers of these mAbs reached 409600, 819200 and 409600, respectively (Table 2). Subtype analysis revealed all mAbs are IgG1, and the light chain types are Kappa (Table 2).


Table 2 | Characteristics of mAbs.





Binding and Neutralization Activity of These mAbs

Binding analysis of the mAbs (15G9, 12C10 and 10D2) by IFA revealed that all three mAbs can specifically bind to the SARS-CoV-2 S protein expressed by HEK293T cells (Figure 3A). Results from western blotting showed that 15G9 and 10D2 reacted strongly with SARS-CoV-2 S protein, but did not react with SARS-CoV and MERS-CoV S proteins, indicating that the two mAbs specifically recognize SARS-CoV-2 S protein (Figures 3B, D). MAb 12C10 reacted strongly with the S proteins of both SARS-CoV-2 and SARS-CoV, indicating that the mAb is cross-reactive between the two coronaviruses, and implying that there may be a cross-reactive epitope in R405 (Figure 3C). The neutralization capacity of the mAbs was assessed by a commercial sVNT kit based on antibody-mediated blockage of ACE2-S protein interaction. The results of neutralization analysis showed that all three mAbs could inhibit the interaction between the SARS-CoV-2 S protein with the ACE2 receptor, indicating that they have neutralization activity (Figure 3E and Table 2).




Figure 3 | Characterization of the isolated mAbs (15G9, 12C10, 10D2). (A) Binding of the mAbs with SARS-CoV-2 S protein expressed in HEK293T cells. MAbs anti-SARS-CoV-2 S protein (green). Nuclei (blue). NC, Negative control. Scale bars, 50 μm. (B–D) The reactivity of mAbs with S1 proteins of SARS-CoV-2, SARS-CoV and MERS-CoV was measured by western blotting. (E) The neutralization capacity of the mAbs. NC, Negative control.





Detection of VH and VL of mAbs 15G9, 12C10 and 10D2

To further characterize 15G9, 12C10 and 10D2, the variable region of each mAb was amplified and sequenced. Results from sequencing showed that each mAb only has one sequence, further confirming the monoclonality of the hybridoma cell lines (Figure 4). Sequence analysis revealed that 15G9 and 10D2 have the same VL, but the VHs have some difference. Mab 12C10 has vastly different V domains (VL and VH) with 15G9 and 10D2 (Figure 4A). Structural alignment further revealed that 15G9 and 10D2 have the identical VL and similar VH. But, 12C10 has distinct tertiary structures with 15G9 and 10D2, especially for CDR-H3 region (Figures 4B, C). By comparison with the published mouse sequences, the closest germline gene that the mAbs might originate from were identified, indicating that all three mAbs were derived from productively rearranged sequences. The closest germline genes encoded variable regions of these mAbs were shown in Table 3. The closest genes and alleles for the V and J gene of the kappa light chains are same in mAb 15G9 and mAb 10D2, while mAb 12C10 are different. Interestingly, the VL of 12C10 is minimally mutated with only one residue change from the germline gene, and the residue (Asn→Tyr) is located in the CDR-L1 region.




Figure 4 | Sequence characteristics of the mAbs. (A) Multiple alignment of the variable regions of 15G9, 12C10 and 10D2. The black boxes indicated the complementarity-determining regions (CDRs). (B) Structural alignment of VHs for 15G9, 12C10 and 10D2. (C) Structural alignment of VLs for 15G9, 12C10 and 10D2. 15G9 (darksalmon), 12C10 (palecyan), 10D2 (slate). The CDRs of 15G9, 12C10, 10D2 were marked as red, cyan and blue, respectively. The variable region sequences of these mAbs had been submitted to GenBank and the accession numbers were MZ751046, MZ751047, MZ751048, MZ751049 and MZ751050, respectively.




Table 3 | Sequence characteristics of the SARS-CoV-2 mAbs.





Identification of Minimal Motifs of the Identified Epitope Peptides Using the mAbs

In order to determine the minimal motif of the identified epitope peptides, the peptides (R345, R405, R465) were further truncated and characterized (Table 4). The results of peptide-based ELISA showed the reactivity of these truncated peptides with the corresponding mAbs (Figure 5). For peptide R345, the N-truncated peptide (350VYAWNRKRISNCVAD364) could be effectively bind to mAb 15G9, while the N-truncated peptide (351YAWNRKRISNCVAD364) had weaker reactivity, compared with peptide (350VYAWNRKRISNCVAD364). In addition, any peptide that was further truncated from the N-terminus of the peptide (351YAWNRKRISNCVAD364) could not bind to mAb 15G9 (Figure 5A). The C-truncated peptide (345TRFASVYAWN354) could be effectively recognized by mAb 15G9, while deletion any amino acids at the C-terminus of the peptide showed no reactivity (Figure 5B). These results suggested that the motif (350VYAWN354) is the minimal residues required for antibody recognition. For R405, the N-truncated peptide (407VRQIAPGQTGKIADYNYK424) could be well recognized by mAb 12C10, but the binding capability of truncated peptides was completely lost when 407Val was deleted (Figure 5C). The C-truncated peptides of R405 were shown to bind mAb 12C10 strongly until 412Gln was removed (Figure 5D). This indicated that the motif 407VRQIAP412 is a precise linear epitope for antibody binding. MAb 10D2 specific to R465 effectively recognized the N-truncated peptides until the deletion of 473Tyr, while the C-truncated peptides shown to bind mAb 10D2 strongly until 479Pro was removed, indicating that the linear B-cell epitope in R465 is 473YQAGSTP479 and both of 473Tyr and 479Pro are critical residues for epitope- antibody interaction (Figures 5E, F).


Table 4 | Truncation library of the identified epitope peptides used in this work.






Figure 5 | Minimal motifs recognized by the mAbs against the identified linear B-cell peptides. (A, B) N-terminal and C-terminal truncations of peptide R345. (C, D) N-terminal and C-terminal truncations of peptide R405. (E, F) N-terminal and C-terminal truncations of peptide R465.





The Conservation of the Identified Linear B-Cell Epitopes

All residues of epitope 407VRQIAP412 were conserved between SARS-CoV-2 and SARS-CoV, explaining the cross-reactivity of mAb 12C10 and indicating that epitope 407VRQIAP412 is a cross-reactive epitope for SARS-CoV and SARS-CoV-2 (Figure 3C and Figure 6A). Out of 5 residues in the epitope 350VYAWN354 of SARS-CoV-2, four were conserved between SARS-CoV-2 and SARS-CoV, only one substitution (341E→354N) (Figure 6A). Nonetheless, mAb 15G9 targeting the linear epitope 350VYAWN354 reacted with SARS-CoV-2 S1, but not with SARS-CoV S1 protein (Figure 3B). The results indicated that the difference in reactivity of mAb 15G9 between SARS-CoV-2 and SARS-CoV S proteins was likely due to the residue change (341E→354N). The sequence of epitope 473YQAGSTP479 located in RBM, a critical region for ACE2-binding, was vastly different to SARS-CoV and MERS-CoV, revealing the molecular basis of mAb 10D2 specific binding to SARS-CoV-2 (Figure 3D and Figure 6A). To deeply analyze the conservation of the identified linear epitopes in the currently circulating SARS-CoV-2 strains, all receptor binding site changes obtained from GISAID database which contained a total of 431,752 virus data (updated on 2021-01-28) were labeled (Figure 6B). It could be seen that epitope 350VYAWN354 and epitope 407VRQIAP412 were highly conserved among different SARS-CoV-2 strains. Epitope 473YQAGSTP479 overlapped with ACE2-binding residues (473Y, 475A and 476G) was variable, especially for residues 477S and 478T. Currently, 477S had 7 forms of mutations: S477N, S477R, S477I, S477G, S477N, S477T. S477K and S477N was the dominant mutation with a frequency of 21465, second only to N501Y, which has raised public concerns. There were four mutations at site 478: T478I, T478K, T478R, T478A, and the frequency of each mutation was 218, 69, 30, 2, respectively.




Figure 6 | Conservation of the identified linear B-Cell epitopes. (A) Multiple sequence alignments of the RBDs of SARS-CoV-2 (Wuhan-Hu-1), SARS-CoV (WH20) and MERS-CoV (HCoV-EMC). (B) Mutations found in the RBDs of the currently circulating SARS-CoV-2 strains. All receptor binding site changes reported in GISAID (updated on 2021-01-28) were listed in the figure. The red rectangles indicated variations occurring greater than 100 times at the site. The grey rectangles indicated variations occurring 100 times or less at the site. The grey shading indicated the sequence of the RBM. The blue triangles indicated the residues that interact with ACE2. The box indicated the identified epitopes, epitope 351YAWN354 (red), epitope 407VRQIAP412 (cyan), epitope 473YQAGSTP479 (blue). The black boxes indicated the mutation sites in RBD, included K417N, E484K and N501Y of the novel variant 501Y.V2, N501Y of the B.1.1.7 variant, and Y453F of mink-associated variant strains.





Structural Analysis of the Identified Linear B-Cell Epitopes

The spatial distribution and structural property of the experimentally identified epitopes were analyzed by mapping to the SARS-CoV-2 RBD-ACE2 complex (PDB ID: 6M0J) and S trimer (PDB ID: 7A95). Epitope 350VYAWN354 and epitope 407VRQIAP412 were located in distinct face of SARS-CoV-2 RBD, and epitope 473YQAGSTP479 was located at the RBD loop that bound with the ACE2 receptor (Figure 7A). The superposed structure of SARS-CoV RBD-ACE2 complex (PDB ID: 2AJF) and SARS-CoV-2 RBD-ACE2 complex (PDB ID: 6M0J) showed that all the three epitopes contained loop region and epitope 407VRQIAP412 was identical between SARS-CoV and SARS-CoV-2, implying that the three epitopes were easily accessible to the antibodies and further confirming that epitope 407VRQIAP412 was a common epitope of SARS-CoV and SARS-CoV-2 (Figure 7B). Like other coronaviruses, SARS-CoV-2 RBD switches between “up” and “down” conformations by hinge-like movements and can interact with ACE2 only when it is in the “up” configuration (10, 40). Epitope 350VYAWN354 located at the exposed surface of S trimer, implying it was accessible to the antibody in both the “down” and “up” forms of S protein (Figure 7C). Interestingly, the cross-reactive epitope (407VRQIAP412) of SARS-CoV and SARS-CoV-2 was buried and inaccessible to the antibody when the RBD existed in a “down” conformation (Figure 7C). Epitope 473YQAGSTP479 located in RBM region of the spike head and overlapped with the ACE2-binding sites, further showing that it was a potential target for stimulating neutralizing antibody that interfere with virus–receptor interactions (Figure 7C).




Figure 7 | Structural analysis of the identified linear B-cell epitopes. (A) The linear B-cell epitopes were mapped on the structure of SARS-CoV-2 RBD-ACE2 complex (PDB ID: 6M0J). Inset was a zoomed-in view of the SARS-CoV-2 RBD. (B) The structure of SARS-CoV RBD-ACE2 complex (PDB ID: 2AJF) was superimposed with the structure of SARS-CoV-2 RBD-ACE2 complex (PDB ID: 6M0J). Cartoon representation of the RBDs of SARS-CoV and SARS-CoV-2. Inset was a zoomed-in view of the RBDs of SARS-CoV and SARS-CoV-2. (C) The localization of identified epitopes mapped on SARS-CoV-2 S trimer (PDB ID: 7A95). Two RBDs in the open state and one RBD in the closed state. The S monomer configured ‘up’ and complexed with ACE2 was colored as wheat. The other ‘up’ configured S monomer was colored as orange. The S monomer in the closed state was colored as grey. Insets were zoomed-in views of the localization of epitope 473YQAGSTP479. Throughout the whole figure, SARS-CoV RBD (whiteblue), SARS-CoV-2 RBD (wheat), ACE2 (salmon pink), epitope 407VRQIAP412 on SARS-CoV RBD (magentas), epitope 407VRQIAP412 on SARS-CoV-2 RBD (cyan), epitope 350VYAWN354 (red), epitope 473YQAGSTP479 (blue).






Discussion

The ongoing COVID-19 pandemic caused by SARS-CoV-2 poses a huge threat to global public health and is disrupting societies and economies worldwide. The RBD of SARS-CoV-2 S protein plays an essential role in viral infection and is considered as a major antigen for vaccine design (41, 42). Understanding the humoral response to the RBD of SARS-CoV-2 S protein may help find more targeted biomarkers for COVID-19 detect and vaccine development. In this study, the humoral response to RBD-based antigen was profiled by screening the linear B-cell epitopes in a panel of sera from animals (swine/mouse) immunized with RBD-based antigens. Mice are the most commonly used animals in the laboratory for preliminary evaluation of antigen. However, the previous reports had shown that ACE2, the receptor for SARS-CoV-2, from human, Rhinolophus sinicus (bat), civet, swine but not mouse mediate SARS-CoV-2 infection in vitro (39, 43). Therefore, the swine was also chosen for immunization and evaluation. Furthermore, mAbs (15G9, 12C10, 10D2) binding to the linear B-cell peptides were generated and characterized, and three immunodominant linear B-cell epitopes, 350VYAWN354, 407VRQIAP412 and 473YQAGSTP479, on the RBD of SARS-CoV-2 S protein, were finely mapped using the mAbs. These findings may facilitate further understanding the antigenic structure in the SARS-CoV-2 RBD and development of vaccines and immune-based diagnosis.

Analysis of serum antibodies induced by RBD-based antigens revealed four linear antigenic targets (R345, R405, R450 and R465) (Figure 1). Previous reports had identified that the peptides S456-460 and S455-469 containing an identical linear B-cell epitope overlap with ACE2-binding residues (31, 44, 45). In addition, the epitope partially overlaps the binding sites of the neutralizing antibody CB6 and the antibody induced by S455-469 had a neutralizing effect on the pseudovirus of SARS-CoV-2, suggesting that it is a neutralizing epitope (44, 45).Consistent with the previous reports, R450 (S450-469) includes the same linear B-Cell epitope with the peptides S456-460 and S455-469, indicating that it is a potential neutralizing epitope peptides and can be used as a SARS-CoV-2 vaccine candidate. Peptide immunization in vivo showed that the peptides (R345, R405, R465) could induce strong and specific immune responses to SARS-CoV-2 S protein, confirming that they are linear B-cell epitope peptides of SARS-CoV-2 S protein (Figure 2B). Furthermore, three hybridoma cell lines secreting the mAbs (15G9, 12C10 and 10D2) that targeted the peptides (R345, R405 and R465) were generated and characterized, respectively (Figure 3 and Table 2). Both of 15G9 and 10D2 specifically recognized the S protein of SARS-CoV-2 (Figures 3B, D), whereas mAb12C10 could strongly bind to both of SARS-CoV-2 and SARS-CoV S proteins (Figure 3C), indicating that 12C10 is a cross-reactive antibody between SARS-CoV-2 and SARS-CoV. Neutralization analysis showed that all three mAbs had neutralization activity. Consistent with a previous report, mAb 12C10 of R405 and mAb 10D2 of R465 inhibited the RBD-ACE2 interaction with an inhibition rate of 20%–40% (Figure 3E), suggesting that R405 and R465 were able to elicit neutralizing antibodies (45).

The amino acid sequence of an antibody, especially the CDRs, is the core of its biological function, and responsible for antibody-antigen response (46, 47). Hybridoma cell lines secreting mAbs may be lost or mutated due to storage accidents, gene drift, or contamination. To protect and characterize the mAbs, we further sequenced and analyzed the variable regions of these antibodies (15 G9, 12C10 and 10D2). Only one sequence was found for each mAb, further confirming the monoclonality of the hybridoma cell lines. Sequence analysis revealed that all three mAbs were derived from productively rearranged sequences. The CDRs of heavy chain and kappa light chain were also characteristically annotated (Figure 4 and Table 3). A recent study reported that the average CDR-H3 length of SARS-CoV-2 mAb was longer compared to the IgG repertoires of three healthy human donors, consistent with our study (48). The previous report also showed that the predominant subtype of mAbs against SARS-CoV-2 spike is IG1, while all the three mAbs are IgG1 in our work (Table 2). In addition, the sequencing analysis of these mAbs may facilitate further antibody engineering, such as species, isotype and subtype switching, and antibody humanization by methods of speciation and affinity maturation.

In order to determine the minimal binding motif of the mAbs (15G9, 12C10 and 10D2), the peptides (R345, R405, R465) were further truncated. As shown in Figure 5, 350VYAWN354, 407VRQIAP412 and 473YQAGSTP479 are the precise epitopes for mAbs binding. Epitope 350VYAWN354 overlaps with epitope S348-357 identified by serological analysis of COVID-19 patients, suggesting that it is a natural linear epitope and can be used as a candidate for COVID-19 diagnosis (44). Up to now, no mutation located in epitope 350VYAWN354 had been found in a total of 431,752 SARS-CoV-2 virus strains, indicating that it was highly conserved among different SARS-CoV-2 strains (Figure 6B). Epitope 407VRQIAP412 is consistent with some identified neutralizing epitopes, such as S406-415, S406–420 and S404-426 (44, 45, 49). MAb 12C10 binding to epitope 407VRQIAP412 had cross-reactivity between SARS-CoV-2 and SARS-CoV, implying that epitope 407VRQIAP412 is a cross-reactive epitope for SARS-CoV-2 and SARS-CoV. Further alignment analysis of SARS-CoV-2 (Wuhan-Hu-1), SARS-CoV (WH20) and MERS-CoV (HCoV-EMC) validated that 407VRQIAP412 is the common epitope of SARS-CoV-2 and SARS-Co-V, explaining the mechanism of mAb 12C10 cross-reaction between SARS-CoV-2 and SARS-CoV (Figure 6A). Interesting, epitope 407VRQIAP412 overlaps with the epitope of a potent therapeutic antibody, H104, that efficiently neutralized SARS-CoV-2 and SARS-CoV pseudoviruses as well as authentic SARS-CoV-2, suggesting that 407VRQIAP412 would also a common neutralizing epitope of SARS-CoV-2 and SARS-CoV (25). In addition, 407VRQIAP412 was highly conserved across various virus isolates. Therefore, it was considered to be a promising candidate for structure-based universal vaccine design. Like CR3022, epitope 407VRQIAP412 was located in the trimeric interface and was only exposed on the “up” conformation (Figure 7C), implying mAb 12C10 would sterically block ACE2 receptor binding (21). Epitope 473YQAGSTP479 also partially overlaps the binding sites of the human neutralizing mAb CB6, indicating that the epitope is a neutralizing epitope (13). Similar to CB6, it may be inferred that the antibody targeting epitope 473YQAGSTP479 may interfere with virus–receptor interactions through both steric hindrance and direct competition with interface residues. By comparing with the mutations documented in 431,752 SARS-CoV-2 strains (GISAID), we found that five (473Y, 475A,476G, 477S and 478T) out of 7 residues in epitope 473YQAGSTP479 were variable (Figure 6B). Epitope 473YQAGSTP479 is localized in RBM and the residues 473, 475 and 476 are ACE2-binding sites (Figure 7). Some novel SARS-CoV-2 variants has been found to harbor mutations in the S protein, and increase the affinity between SARS-CoV-2 and the ACE2 receptor, accelerate the transmission of the virus and exhibit substantial or complete escape from therapeutically relevant mAbs/convalescent plasma (https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563) (50–52). Most neutralizing epitopes in the RBD of SARS-CoV S protein could be completely disrupted by single amino acid substitutions (e.g., D429A, R441A or D454A) or by deletions of several amino acids at the N-terminal or C-terminal region of the RBD (53). Although the mutations at sites 473, 475 and 476 presented in a few virus strains at present, but they should still cause a great concern of the potential to reduce the binding affinity and effectiveness of antibodies. Currently, no evidence showed that the mutations at sites 477 and 478 of SARS-CoV-2 S protein result in reducing the protection of antibodies and affecting virus-host interaction. However, the mutations occurred in epitope 473YQAGSTP479, which located in RBM and overlapped with ACE2-binding residues, probably beneficial for the virus in some way that has not been revealed. In addition, the mutations frequency of site 477 was 21465, second only to N501Y (with a frequency of 26174). It may be also beneficial for the virus when the same mutation is independently selected multiple times. Actual effects of these mutations will require further efforts.

Overall, four linear B-cell epitope peptides of SARS-CoV-2 (R345, R405, R450 and R465) were screened utilizing sera from animals vaccinated with RBD-based antigens and strong responses to three linear B-cell epitope peptides (R345, R405 and R465) were observed. The immunogenicity of the three peptides was further accessed by peptide immunization in mice and all of them could induced potent antibody response to SARS-CoV-2 S protein. Furthermore, three potential neutralizing mAbs (15G9, 12C10 and 10D2) binding to the antigenic peptides (R345, R405, R465) were further generated and characterized. Among of these antibodies, 12C10 is a cross-reactive antibody against SARS-CoV-2 and SARS-CoV. In addition, the variable regions of these antibodies were sequenced and three immunodominant epitopes in the SARS-CoV-2 RBD were finely mapped using these mAbs. Among of these epitopes, 350VYAWN354 is specific for SARS-CoV-2 S protein and highly conserved in different SARS-CoV-2 strains; 407VRQIAP412 is a cross-reactive epitope shared between SARS-CoV-2 and SARS-CoV; 473YQAGSTP479 located in RBM is variable among different SARS-CoV-2 strains. Aside from scientific significance for understanding the antigenic structure, function, antibody–antigen interaction, these findings may facilitate further efforts to design SARS-CoV-2 vaccines and the target of COVID-19 diagnostic.
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Ongoing evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus strains is posing new COVID-19 diagnosis and treatment challenges. To help efforts to meet these challenges we examined data acquired from proteomic analyses of human SARS-CoV-2-infected cell lines and samples from COVID-19 patients. Initially, 129 unique peptides were identified, which were rigorously evaluated for repeats, disorders, polymorphisms, antigenicity, immunogenicity, toxicity, allergens, sequence similarity to human proteins, and contributions from other potential cross-reacting pathogenic species or the human saliva microbiome. We also screened SARS-CoV-2-infected NBHE and A549 cell lines for presence of antigenic peptides, and identified paratope peptides from crystal structures of SARS-CoV-2 antigen-antibody complexes. We then selected four antigen peptides for docking with known viral unbound T-cell receptor (TCR), class I and II peptide major histocompatibility complex (pMHC), and identified paratope sequences. We also tested the paratope binding affinity of SARS-CoV T- and B-cell peptides that had been previously experimentally validated. The resultant antigenic peptides have high potential for generating SARS-CoV-2-specific antibodies, and the paratope peptides can be directly used to develop a COVID-19 diagnostics assay. The presented genomics and proteomics-based in-silico approaches have apparent utility for identifying new diagnostic peptides that could be used to fight SARS-CoV-2.
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Introduction

According to a World Health Organization report issued in May 2021, the SARS-CoV-2 virus has infected more than 158 million people, causing more than 3.3 million deaths worldwide (1, 2). Moreover, ongoing evolution of SARS-CoV-2 strains is posing constant challenges to develop new COVID-19 diagnoses and treatments for shifting life-threatening symptoms, inter alia, fever, respiratory distress, stomach ache and pneumonia (1–3). The SARS-CoV-2 virus has a 50–200 nm diameter and 27–30 Kb long single-stranded positive-sense RNA genome. This genome encodes large polyproteins (Orf 1a and 1b), four structural proteins (spike glycoprotein, envelope protein, membrane protein, and nucleocapsid protein), and five accessory proteins: Orf3a, Orf6, Orf7a, Orf8, and Orf10 (4). The spike protein is a key protein in host cell membrane attachment, as its S1 subunit binds to the human Angiotensin-Converting Enzyme 2 (ACE2 receptor) and activates the adhesion process (5, 6).

This involves a temporary hinge-like conformational movement of S1 receptor-Binding Domain (RBD) that enables binding to a protease domain (PD) of ACE2, which includes its alpha1-helix with inputs from its alpha2-helix and both β3 and β4 sheets (7, 8). Therefore, the spike protein appears to be the most suitable target for disease prevention, diagnosis, and treatment strategies.

Various molecular techniques such as Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) analysis, Enzyme-Linked Immunosorbent Assays (ELISA), Western Blotting, Lateral Flow Immunoassays (LFIA), and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-based approaches have been used for SARS-CoV-2 diagnosis. However, these techniques are time-consuming, labor-intensive, and require substantial expertise. Currently, RT-PCR is widely considered the gold standard for confirmatory diagnosis (9–12). However, recent advances in proteomics have significantly contributed to disease diagnosis, elucidation of the host-pathogen interaction, disease biomarkers, antigens, and detection of antibodies in patient samples (13–17). Mass spectrometry (MS)-based proteomic methods have been used to detect SARS-CoV-2 viral proteins in human, animal, and cell line studies (in-vitro and in-vivo), and the virus at low loads in human samples (18, 19). In addition, targeted proteomic techniques have detected polypeptides of the SARS-CoV-2 nucleoprotein (20, 21), and several in-silico efforts have been made to identify antigenic peptides, T- and B-cell epitopes of SARS-CoV-2 proteins, and proteome sequences (22–25). Furthermore, transcriptomic studies have identified T- and B-cell epitopes (26) and the efficacy of the antiviral drug cepharanthine for COVID-19 treatment (27).

Since the pandemic began, numerous groups have studied COVID-19, generating enormous genomic and proteomic archives in the public domain. Therefore, we have developed a strategy, presented here, for identifying SARS-CoV-2 antigenic peptides and potential paratope peptides to detect viral antigens using publicly available resources. This involves an in silico approach for identifying and validating diagnostic peptides with the following steps. First, collection of genomic and MS-based proteomic data on the virus. Second, cataloging identified peptides’ antigenicity, immunogenicity, and toxicity. Third, selection of diagnostic peptides by removing potentially cross-reacting interfering peptides associated with human saliva and other pathogens. Fourth, verification of selected peptides’ expression in another infected cell line. Fifth, identification of paratopes for viral antigens. Finally, docking of the selected peptides with known viral TCR, class I and II pMHC, and the identified paratope peptides.



Materials and Methods


Collection of SARS-CoV-2 Virus Sequences to Explore Genomic Variability in the Spike and Nucleocapsid Proteins

All available SARS-CoV-2 spike and nucleocapsid nucleotide and protein sequences were extracted from the NCBI database using combinations of the keywords “COVID-19”, “SARS-CoV-2”, “spike,” and “nucleocapsid” both singly and in combinations with the Boolean operator AND. To generate a protein dataset, a local BLAST database was searched to find sequences with ≥ 95% similarity using protein sequences of Wuhan-Hu-1 isolates of SARS-CoV-2 (MN908947.3) as references. Sequences with non-standard amino acids were removed, and the remaining sequences were clustered using CD-HIT software with 100% sequence identity setting (28). To explore the genomic variability among the sequenced isolates, we applied multiple sequence alignment with ClustalW (29). Conserved and variable regions of the spike protein were identified using Gblocks software (30). To avoid selecting peptides with poor diagnostic potential, mutations in the protein detected in variants in all countries that had reported more than 10 spike protein sequences were analyzed. A binary matrix was generated for clustering based on the presence and absence of each identified mutation in the spike protein with respect to countries. This was done using the Clustvis web tool (31) and the following parameters. Clustering distance for rows and columns: binary. Clustering method for rows and columns: average. Tree ordering: tightest cluster first.



Peptide Cataloging of the SARS-CoV-2 Proteome From Mass Spectrometric Proteome Data

The ProteomeXchange database was explored to extract SARS-CoV-2 mass spectrometric proteomic data using various keywords such as “SARS-CoV-2”, “COVID-19”, and “spike.” Two cell-line proteomes (PXD017710 and PXD018581) and four naturally infected patient proteomes (PXD019686, PXD021328, PXD018682, and PXD019423) were used to identify expressed SARS-CoV-2 peptides with Proteome Discoverer software (32–35). The extracted SARS-CoV-2 protein sequences and raw proteome files were the initial input for peptide identification with the following settings: 5% max. false discovery rate (FDR) at the protein level, at most one missed cleavage (1), 2–3 charge range (2–3), and 396–1,600 m/z range. A mass tolerance of 10 ppm was set for parent ions and 0.8 Da for fragment ions. The cell-line and patient sample proteomes were processed separately using human and virus reference sequences to explore differences between the two kinds of proteomes associated with infection by the virus.



Network Analysis to Identify Hub and Bottleneck Genes

Immune system-related genes were identified to explore the protective immune response to infection by the virus in humans. A protein-interaction network analysis was constructed to identify key immune regulator genes among the identified proteins using the STRING 11.0 database with a threshold confidence score of 0.4 (36). The resulting interaction network was imported into Cytoscape 3.8.0 software for visualization. The Cytoscape plugin Cytohubba with an implemented 11-node ranking method was used to analyze the protein-interaction network. In addition, the degree of association and bottleneck approach was used to identify hubs and bottlenecks in the interaction network generated by the Network Analyzer plugin of Cytoscape (37).



Filtering of Cross-Reacting Peptides

All the peptides in the generated catalogs similar to peptides of humans and other pathogens were removed to avoid misleading results from cross-reactive antibodies. Expressed human and human saliva microbiome peptides were extracted from The Human Protein Atlas (https://www.proteinatlas.org/) and proteomeXchange database (PXD003028), respectively. SARS-COV-2 peptides similar to peptides of host origin were filtered out using the phmmer program with default parameters (38). Peptides similar to those of pathogens inducing a clinical presentation similar to COVID-19, such as SARS-CoV, Influenza, Middle East Respiratory virus, Pneumoniae, Respiratory syncytial virus, Rhinovirus, Staphylococcus aureus, and Streptococcus species in the Uniprot database were also filtered out using phmmer. The SARS-CoV-2 infected NHBE and A549 cell line proteomes were then explored for evidence of the selected peptides’ presence (26). Peptides expressed in all three experimentally generated data sources (cell lines, human patients, and proteome generated from cell-line RNA-Seq data) were retained for further study.



Assessment of Antigenicity and Potential Immunogenicity of the Generated Peptides

In accordance with widely accepted definitions, the antigenicity of a peptide is regarded here as its capacity to bind specifically with a paratope, and its immunogenicity as its ability to induce an immune response, specifically production of antibodies against the antigenic protein (26). We used the Predicted Antigenic Peptides server (http://imed.med.ucm.es/Tools/antigenic.pl) to explore identified peptides’ antigenic potential and the Immune Epitope Database (IEDB) toolkit to explore their class-I pMHC immunogenicity (http://tools.iedb.org/immunogenicity), CD4 T-cell immunogenicity (http://tools.iedb.org/CD4episcore/), and binding to both class–I MHC (http://tools.iedb.org/mhci/), and class-II MHC (http://tools.iedb.org/mhcii/). A peptide inhibitory concentration (IC50) ≤ 900 nM was considered diagnostic of MHC class-I and II binding genes and alleles (39). B-cell epitopes for the spike protein RBD domain were identified using the Bepipred2.0 server with default parameter settings. All predicted epitopes were compared with those predicted by other tools for B-cell epitope prediction (BcePred, ABCpred, and SVM Trip) (40).



Paratope Identification: Antigen-Binding Peptide Sequences

Complementarity determining regions (CDRs) are antibodies’ main antigen-binding domains, and most antigen-binding residues (ca. 80%) in paratopes are in CDR regions (41). To explore the SARS-CoV-2 antigen-binding peptide sequences, available crystal structures of antibody-antigen complexes involved in SARS-CoV-2 infection (PDB id: 7BWJ, 7BZ5, 7B3O, and 6W41) were downloaded from the RCSB Protein Data Bank (PDB) to extract light and heavy chain protein sequences. Paratome (42) and Parapred server (43) tools were used in conjunction with the extracted sequences to identify paratopes. Parapred applies a deep-learning architecture to integrate functionality from all local neighborhoods, while Paratome applies a machine learning approach based on multiple structure alignment (MSTA) of all available Ab-Ag complexes in the RCSB database. Only paratope sequences including sequences predicted by both tools were selected. The identified paratope peptides were assembled using the synthetic peptide linker GSGSGS to prevent undesired interactions between the discrete domains (44).



Three-Dimensional Interaction Analysis of Selected Antigenic Peptides With Known Viral TCR, Class I and II MHC, and Paratope Peptides

Next, structural information on 19 well-known T-cell receptors (TCR) and 28 pMHC structures for different viruses were downloaded from the TCR3d database (45) for use in docking studies to assess the identified antigenic peptides’ structural compatibility with them. The antigen binding affinity of peptides of SARS-CoV-2 were identified by docking with selected paratopes of B cell and T-cell peptides (46, 47). 3D structures of B- and T-cell epitopes and those of the paratope peptides were predicted using the PEP-FOLD3 server (48). The identified SARS-CoV-2 peptides were docked with TCR and pMHC proteins using Cluspro 2.0, while paratopes were docked with the identified antigens, the independently predicted antigens of the RBD protein, and whole spike and RBD proteins using Cluspro 2.0 in antibody mode (49). Protein-paratope complexes were visualized and hydrogen bonds analyzed using the UCSF chimera (50) and LIGPLOT software (51).




Results

Numerous groups have studied the severity of COVID-19 since the pandemic began, resulting in massive genomics and proteomics resources in the public domain. Therefore, we have developed a strategic approach to identify unique SARS-CoV-2 antigenic peptides and potential paratope peptides to detect viral antigens using publicly available experimental resources. This involves a multi-step genomic and proteomic approach (Figure 1) for diagnostic peptide identification, and validation. Our study demonstrates a practical and precise approach for identifying diagnostic peptides when access to experimental sample data is limited. The identification of SARS-CoV-2 viral proteins highlights the value of today’s protein informatics resources in responses to a public health emergency.




Figure 1 | The workflow of study. SARS-CoV2 proteome extracted from database followed by peptide identification and filtering.




Meta-Analysis of the Genomic Diversity of the SARS-CoV-2 Virus

Recently, various studies have reported genomic variation in SARS-CoV-2 viral strains and their severity. Thus, it is crucial to consider genomic variability when identifying and selecting peptides to develop robust diagnostic assays. To meet this need, we performed a large-scale meta-analysis of the variations in 358,558 protein sequences of SARS-CoV-2 detected in samples from 42 countries. A protein dataset was generated for each SASR-CoV-2 protein for sequence conservation analysis. We identified five regions [1–75, 79–197, 219–367, 374–390, and 398–423] and 14 regions [1–67, 77–138, 149–199, 201–209, 211–240, 244–255, 259–263, 267–520, 522–655, 657–679, 693–861, 863–1205, 1207–1246, and 1248–1277] for the nucleocapsid and spike proteins, respectively. Conserved regions of the spike protein are shown in Figure 2. In total, 149 spike mutations were identified in samples from all the countries. Mutation G614D, which increases transmissibility (52), was found in samples from 40 countries, while mutations F5L and F12S were found in samples from seven countries (Australia, Bahrain, Bangladesh, Canada, France, India, USA), and three countries (Egypt, Hong Kong, The Philippines), respectively. The numbers of protein sequences before and after clustering and heat map illustrating distributions of mutations in them are presented in Supplementary File 1 (Table S1, Figures S1, S2). Distribution of the mutations in countries and a binary matrix are provided in Supplementary File 2 (Tables S1, S2).




Figure 2 | The conserved regions of spike protein extracted from protein data set of SARS-CoV-2. (A–D) Identified diagnostics peptide sequences with respect to their genomic location and 3D structure. (i–iii) Extracted paratopes sequence with their 3D structure.





SARS-CoV-2 Peptide Identification From Proteomic Data

Two cell lines and four naturally infected human patient proteomes were selected for the high-confidence identification of peptides using viral and human protein sequences as references. In total, 361 and 81 peptides of viral origin were identified in the cell lines and patient samples, respectively. Only three viral peptides in the cell-line and patient samples were identical. Analysis of the peptides revealed that they are encoded by various parts of the viral genome, such as the ORF1ab, nucleocapsid, envelope, and spike gene regions. Multiple peptides with varying lengths from different parts of the same proteins were found, including 57 component peptides of the spike protein. Of these 57 peptides, 28, 29, and one are components of the S1 (14–685), S2 (686–1273), and RBD (319–541) regions of the spike protein, respectively. The selected proteomes, samples, numbers of peptides, and identified viral proteins are briefly described in Table 1 and Supplementary File 2 (Tables S3–S5).


Table 1 | Summary of studied proteomes, number of uniquely identified peptides, and reference proteins.





Functional Analysis of the Proteomes From Infected Cell Lines and Samples From Naturally Infected Patients

Like any virus, SARS-CoV-2 must enter host cells and manipulate host responses to enable its replication. Therefore, exploration of protective immune responses to infection can provide important insights regarding viral pathogenesis. Thus, we explored host responses to the virus in both cell lines (Colon Carcinoma-2 and H1299) and naturally infected COVID-19 patients’ samples (mouth gargle, nasal swab, and respiratory tract). In total, 323 and 143 human peptides were identified in the cell line and patient samples, respectively. Only five (MDGA1, PIK3C2A, FOXP2, DCAF5, and IVD) were detected in both sets of samples. MDGA1 plays a role in formation or maintenance of inhibitory synapses (53), whereas PIK3C2A is involved in several intracellular trafficking and signaling pathways (54). FOXP2 is a transcription factor that may regulate hundreds of genes in several tissues, including the brain (55). DCAF5 is a receptor of CUL4-DDB1 E3 ubiquitin-protein ligase (56), and IVD is an essential enzyme for mitochondrial fatty acid beta-oxidation. Many of the other proteins are involved in immune system-related biological processes such as regulation of immune responses, autophagy, immune system development, leukocyte migration, antigen processing and presentation, or leukocyte-mediated cytotoxicity, and were detected in both cell line and naturally infected patient proteomes. Proteins involved in biological processes such as production of molecular mediators of immune response and myeloid cell homeostasis were only found in the cell-line proteome. As anticipated, peptides associated with the immune response and leukocyte activation were only found in the proteome of infected patients. In total, 58 and 23 unique genes related to immune system biological processes were found in the cell line and naturally infected patient proteomes, (Supplementary File 3: Tables S1–S4).

The human innate immune system, which plays a crucial role in preventing infection and killing pathogens, involves various kinds of cells, including natural killer cells, macrophages, neutrophils, dendritic cells, and mast cells. Therefore, identifying proteins associated with both these cells and SARS-CoV-2 infection through analysis of experimental resources such as cell-line and patient datasets can improve understanding of interactions between the virus and human hosts. We found 33 innate proteins that matched entries in the InnateDB database. Most of these proteins are involved in immune-related functions such as protein binding (TAB1, SREBF2, HSP90AA1, RB1, STAT3, DCN, IL1R1, BNT3A2, PIK3R2, CCR6), transferase activity (TREM2, ABL1, S100A12, C4BPB), protein dimerization (UBE2N, CSF1R), and lipopeptide binding (EPS8, CD36). TAB1 may be involved in up-regulation of TAK1, IRF7, and IFN signaling during activation of the antiviral innate immune system (57). STAT3 has a well-known role in inflammation and immunity (58), and IL-1R signaling in CD4+ T-cells promotes Th17 immunity and atherosclerosis (59). TREM2 controls phagocytic pathways, which are involved in removal of neuronal debris (60). ABL1 is involved in regulating release of filoviruses through VP40 protein phosphorylation and might also be involved in the virus life cycle (61). EPS8 is a key regulator of the LPS-stimulated TLR4-MyD88 interaction and contributes to macrophage phagocytosis (62), while CD36 is a known scavenger receptor involved in immunity, metabolism, and angiogenesis (63). The major challenge was to identify key expressed immune genes in a complex network of the immune system. Therefore, the identified proteins related to the immune system process from cell-line and patient proteomes were used to generate a protein-interaction network (Figure 3) (Supplementary File 1- Tables S2, S3). The generated protein-interaction network, which includes 403 nodes and 671 edges, was used to identify the top rank hubs and bottlenecks (Supplementary File 1, Table S2).




Figure 3 | Protein interaction analysis among uniquely identified immune system genes in cell-line and patient proteomes.





Selection of Diagnostic Peptides From the Generated Peptide Catalog

Antigenic peptides must, by definition, have sufficient antigenicity and immunogenicity to bind detectably to antigen-specific receptors on lymphocytes or the Fab region of antibodies. The antigenicity of a peptide is determined by surface epitopes of 5–7 amino acid residues, whereas four intrinsic properties of peptides determine their immunogenicity: chemical composition, molecular size, foreignness, and heterogenicity for processing and presentation on the surface of antigen-presenting cells (APCs). Therefore, we applied multi-step filtering to identify potential diagnostic peptides. Initially, to avoid future cross-reactivity, the identified peptides (442) were filtered to exclude human and human saliva microbiome peptides (418) and subsequently peptides of a targeted group of pathogenic bacteria and viruses (129). Next, to avoid selection of poor peptides for diagnostic purposes, the selected peptides’ expression was checked, using results of the infected cell-lines RNA-Seq data analysis. Finally, four peptides (Table 2 and Figure 2), present in the NHBE and A549 cell lines, infected patient samples, and the RNA-Seq-derived proteome were selected after conservation analysis (Supplementary File 4: Tables S1–S3, and S7). A sequence alignment of all matched peptides from the three types of sources is provided in Figure S3 of Supplementary File 1.


Table 2 | List of selected peptides for SARS-CoV-2 diagnosis.



MHC genes, containing a set of closely linked polymorphic genes, encode crucial cell surface proteins that bind antigens, thereby alerting the immune system. Therefore, we evaluated the identified peptides’ antigenicity and CD4 immunogenicity to enable potency-based selection (Table 3). The average immunogenicity and antigenicity scores of peptides were approximately 89.06 and 1, respectively, which clearly showed the potential of selected peptides.


Table 3 | CD4 immunogenicity and antigenicity of selected peptides.



Class I and II MHC molecules have small grooves that present self-antigens and pathogen-derived peptides. Members of class I present intracellular antigens such as viruses, intracellular bacteria, or parasites to T cells, whereas the MHC class II presents exogenous antigens to professional APC, including lymphocytes, macrophages, dendritic cells, and Langerhans cells. Hence, information on MHC alleles’ binding of foreign peptide is crucial. The class I and II MHC alleles were evaluated by screening IEDB entries associated with the selected virus peptides. In MHC-I allele analysis, HLA-A and B type alleles were found to be the most frequently occurring (HLA-B*35:01; HLA-B*53:01; HLA-B*40:01; HLA-A*11:01; HLA-A*03:01; HLA-A*24:02; HLA-A*26:01; HLA-A*26:01; HLA-A*23:01; HLA-B*35:01; HLA-B*35:01; HLA-A*01:01; HLA-A*24:02; HLA-B*51:01; HLA-A*03:01; HLA-B*51:01; HLA-A*23:01; HLA-A*30:02; HLA-A*24:02; HLA-B*15:01; HLA-A*01:01; HLA-A*23:01; HLA-A*11:01; HLA-B*53:01). Similarly, MHC-II gene alleles were explored using the stabilized matrix-based method (SMM in IEDB analysis resources (Supplementary File 4: Tables S4–S6). The identified MHC class-II alleles for peptides are very common for exogenous antigens (HLA-DQA1*05:01, DQB1*03:01, HLA-DPA1*02:01, HLA-DRB1*04:01, HLA-DRB4*01:01) (64).



Paratope Identification for Selected Peptides

Paratopes, sequences of 5–10 amino acids on antibodies that bind specific antigens, are preset at the three CDR regions (CDR1, CDR2, and CDR3), which are thus key regions for paratope identification. Two light chain (L1 and L2: IYAASTLQSGV and TCRASQGISSYLAWY, respectively) and one heavy chain (H: VIYSGGSTY) paratope sequences were identified using two prediction approaches (Supplementary File 5, Table S3). The 3D structure of all three paratopes is shown in Figure 2. To increase the specificity of paratope sequences for the SARS-CoV-2 antigen, three paratope peptides were linked with a peptide linker (GSGSGS) to ensure that each assembled paratope peptide could work protein-independently, thus reducing unspecific antigen binding. Therefore, the light chain paratope L1 and heavy chain paratope H were stitched at the N and C termini of the first linker, and the second linker was attached to the C terminus of the heavy chain paratope (H) and N terminus of light chain paratope L2. In addition, we used a glycine-serine dimer (GSGSGS) triplet to assemble paratope peptides (IYAASTLQSGVGSGSGSVIYSGGSTYGSGSGSTCRASQGISSYLAWY).



Docking Analysis of Peptides With the TCR and MHC

Cellular immunity systems are activated once MHC molecules present endogenous or exogenous antigens at the cell surface to T cells. Therefore, we evaluated the affinity of well-known TCR receptors of viruses, class I and II MHC, and the identified paratope peptides, for the identified antigens in docking studies. Evaluation of docked complexes of the selected epitopes’ peptides A26, A194, A343, and A34919 with 19 MHC molecules and 28 TCR receptors yielded binding affinities ranging from -1138.9 to -741.4 and -1360.3 to -692.7 kcal/mol, respectively. A detailed description of all 19 TCR and 28 pMHC is provided in Supplementary File 5, Tables S1, S2. The molecular interaction of each antigen with each paratope was evaluated, the results are summarized in Table 4, and a detailed description is provided in Supplementary File 5, Table S4. The binding energies of paratopes for each antigen fell into three ranges (L1-antigens, -136.1 to -163.2 kcal/mol; L2-antigens, -199.9 to -242.3 kcal/mol; H-antigens, -181.6 to -202.6 kcal/mol) and all docked complex poses as well as the binding residues are presented in Supplementary File 1, Figure S4. The binding potential of the paratopes for the independently identified RBD antigens was also explored (Supplementary File 5, Table S5). To evaluate the assembled paratopes’ binding specificity, docking was done with each identified antigen, whole RBD, and spike protein, and the experimentally verified SARS-CoV T-cell and B-cell epitopes (derived binding energies: -196.8 to -235.2, -96.2 to -248, -303.3, -175.1 to -190.9 and -145.2 to -158.4 kcal/mol, respectively). The best-docked poses and several hydrogen bonds are shown in Figure 4. Our analysis indicates that the assembled paratope has strong binding affinity for the four identified antigens, RBD protein antigen, and whole spike protein. Moreover, the assembled paratope showed lower binding affinity for SARS-CoV T-cell (KCYGVSATKL, and NYNYKYRYLR) and B-cell (ISPYNTIVAKLR, and LSPLGALVACYK) epitopes.


Table 4 | Antigen and paratope docking studies.






Figure 4 | Docking complexes with assembled paratopes (AP) and its respective hydrogen bond numbers. (A) (AP - A26, 5). (B) (AP – SARS-CoV T-cell1, 3). (C) (AP – SARS-CoV T-cell2, 5). (D) (AP – SARS-CoV B-cell1, 5). (E) (AP – SARS-CoV B-cell2, 2). (F) (AP - whole spike, 10). AP color L1 (light sea green), L2 (Plum), H (salmon), and Linker (yellow).






Discussion

RT-PCR is a widely accepted method for COVID-19 detection that involves sample collection, RNA extraction, reverse transcription, and targeted amplification of cDNA using appropriate primers for conserved regions: procedures that require high technical expertise. In addition to the long processing time (24–48 hours), RT-PCR also requires continuous monitoring of the genomic evolution of the virus to ensure that the primers are still valid. For these reasons, several COVID-19 diagnosis kits are available for testing. However, most kits lack field applicability, lack sufficient sensitivity, have long processing times, and provide undesirably high false-positive results. Globally, the number of cases is increasing due to various mutant strains. Therefore, fast, simple, and reliable diagnosis methods that can be applied used readily portable equipment are required for large-scale screening.

To assist efforts to develop such methods, we applied in-silico method techniques to identify unique SARS-CoV-2 peptides using experimentally generated data. The data explored in this study were originally generated with specific objectives. The PXD017710 cell line proteome was first used to identify drug targets and host cellular response players (34), the PXD018581 proteome was generated to compare SARS-CoV and SARS-CoV-2 virus disease progression, and the PXD021328, PXD019686, and PXD019423 proteomes were generated from infected human samples (mouth gargle, nasal and oral swab). Our primary objective was to develop robust, convenient, diagnostic methods for large-scale screening of human patient samples (20, 32, 33). However, none of the studies aligned with our aim and objectives. In this study, extracted virus protein and human proteome sequences were used to identify peptides from mass spectrometry data by exclusive data-processing flow (PWF_QE_Precursor_Quan and LFQ_MPS_SequestHT_Percolator). Several peptides of different lengths were identified from the whole genome of SARS-CoV-2 from both the cell line and patient proteomics data (Table 1). These results indicated that the trypsin digestion originally used was an appropriate choice for detecting viral peptides. To select mutation-free peptides, spike protein sequences were subjected to mutation analysis, and three major mutations (F5L, F12S, and G641D) were identified in samples from several countries. The G641D mutation, found in samples from all the countries, might be involved in viral conformational plasticity, increasing viral fitness (65). F5L and F12S mutations were also found in samples from several countries, but their impact on infection and disease progression is unclear. In a recent study (66), the E484K mutation was detected in a new variant (B.1.1.33) of the SARS-CoV-2 virus in Brazil. The E484K mutation has raised concern because it may increase the transmissibility of the virus. In our study, the E484K mutation was found in the Bahrain spike protein dataset.

The SARS-CoV-2 spike protein is one of the crucial targets for disease prevention, diagnosis and therapeutic antibody development. Its S1 region is responsible for binding to the host ACE2 receptor, and the S2 region is responsible for membrane fusion (67). Our results highlight four immunodominant SARS-CoV-2 peptides of the S1 region (A26, A349, A194, and A343). The identified peptides have high diagnostic potential due to appropriate proportions of hydrophilic residues (lysine, arginine, histidine, aspartic acid, glutamic acid, serine, threonine, tyrosine, asparagine, and glutamine) and immunogenic residues (lysine, arginine, glutamic acid, aspartic acid, glutamine, and asparagine), low number of internal cysteine residues, and absence of the arginine-glycine (RGD) tripeptide motif. Moreover, analysis of RNA-Seq data confirmed that the identified peptides are expressed in NHBE and A549 cells. The identified antigens were expressed in four cell lines (Colon Carcinoma-2, H1229, NHBE, and A549) and three types of human patient samples (mouth gargle, nasal, and oral swab) corroborating their expression in various cell types.

The SARS-CoV-2 virus binds to the human ACE2 receptor through the spike protein’s RBD (Figure 5A), and enters cells via a mechanism involving a series of conformational changes in both viral and cell membrane proteins followed by an endocytic process. The identified expressed human genes reflect a protective immune response to SARS-CoV-2. Combined cell-line and human proteome data analysis captured immune proteins involved in different phases of the protective immune response, including antigen processing and presentation, and autophagy (Figures 5B, C). Various identified proteins such as DCTN2, KIF3B, and AP2A1 are involved in antigen processing for MHC class II molecules and the binding of antigen MHC-II complexes to TCR receptors (68, 69). Other proteins, like STAT3, ABL1, and IL1R1, help in the activation and multiplication of helper T-cells (Figure 5D) (70, 71). Activation of helper T-cells leads to B-cell activation and differentiation with OPTN, PLCG2, KLHL6, and TXLNA followed by production of B-cell antibodies (Figure 5E) (72, 73). Key immune hub and bottleneck genes were identified through protein-interaction network analysis. According to gene ontology analysis, most of the key genes are involved in host-virus interaction (STAT3, CREBBP, HSPA8, and HSP90AA1), innate immunity, T-cell differentiation, and the inflammatory response. (Supplementary File 3, Tables S2, S3).




Figure 5 | SARS-CoV-2 virus entry in the host cell and antigen-paratopes interaction. (A) Recognition of ACE-2 receptor and virus fusion. (B) Virus engulfment by a macrophage. (C) Antigens from digested SARS-CoV-2 proteins are presented with MHC-II on the cell surface and engagement of helper T-cell for its activation. (D, E) Activated helper T-cell interacted with B-cell via CD40 ligand and released cytokines for activation of B-cell for secretion of antibodies. (F) Enlarge view of antibody structure on the right side, heavy (H) and light (L) chains are shown in blue, and green respectively, CDRs are colored in red and light variable domains (VH and VL) are labelled in red. (G, H) The identified paratopes of light (IYAASTLQSGV, TCRASQGISSYLAWY) and heavy (VIYSGGSTY) chain sequences are shown in red color.



Three paratopes [one heavy chain paratope from the CDR2 region (VIYSGGSTY), two light chain paratopes from CDR2 (IYAASTLQSGV), and a CDR1 paratope (TCRASQGISSYLAWY)] were identified from available X-ray crystallographic structures of antibodies (Figures 5F–H). Docking methods enable evaluation of the strength and nature of binding between biomolecules and hence validation of putative in vitro or in vivo interactions. Therefore, all four antigenic peptides were docked with 19 TCR receptors and MHC receptors, and the results clearly indicate that they had high binding affinity. Three paratope peptides were identified for diagnostic purposes, and most showed high binding affinity with all antigens. However, paratope L2 had the strongest binding affinity and formed several interacting hydrogen bonds (Table 4). To increase the diagnostic specificity for SARS-CoV-2 antigens, all the paratopes were then linked with commercially available glycine-serine-rich linkers. Docking studies showed that the designed paratope combination (IYAASTLQSGVGSGSGSVIYSGGSTYGSGSGSTCRASQGISSYLAWY) had stronger better binding affinity to different antigens and whole SARS-CoV-2 RBD and spike protein than the individual paratopes. The binding affinity of the assembled paratope peptide was also evaluated for experimentally validated B-and T-cell epitopes of SARS-CoV. The assembled paratopes showed higher binding affinity for SARS-CoV-2 antigens and proteins than for SARS-CoV. (Supplementary File 5, Tables S5–S7). Hence, the three identified paratopes and their assembled configuration with a glycine-serine rich linker were



Conclusion

Various experimental and in silico efforts have provided valuable knowledge and resources (including massive genomic and proteomic datasets) to explore (inter alia) structural mechanisms of host-pathogen interactions, immune responses, drug candidates, antibodies, epitopes, genomic sequences and variation, infection rates, genome sequences. In this study we explored, available in silico resources, namely the cell-line and naturally infected COVID-19 patient’s proteomes, and identified four SARS-CoV-2 antigens and three antigen-binding peptides that could be used to develop diagnostic assays. The proposed antigenic peptides can be used for antibody generation, and the paratope sequences can be used directly for COVID-19 diagnostic assay and vaccine development. Moreover, the developed method and approaches can also be used to explore other infectious diseases
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Peptide-based subunit vaccines are coming to the forefront of current vaccine approaches, with safety and cost-effective production among their top advantages. Peptide vaccine formulations consist of multiple synthetic linear epitopes that together trigger desired immune responses that can result in robust immune memory. The advantages of linear compared to conformational epitopes are their simple structure, ease of synthesis, and ability to stimulate immune responses by means that do not require complex 3D conformation. Prediction of linear epitopes through use of computational tools is fast and cost-effective, but typically of low accuracy, necessitating extensive experimentation to verify results. On the other hand, identification of linear epitopes through experimental screening has been an inefficient process that requires thorough characterization of previously identified full-length protein antigens, or laborious techniques involving genetic manipulation of organisms. In this study, we apply a newly developed generalizable screening method that enables efficient identification of B-cell epitopes in the proteomes of pathogenic bacteria. As a test case, we used this method to identify epitopes in the proteome of Francisella tularensis (Ft), a Select Agent with a well-characterized immunoproteome. Our screen identified many peptides that map to known antigens, including verified and predicted outer membrane proteins and extracellular proteins, validating the utility of this approach. We then used the method to identify seroreactive peptides in the less characterized immunoproteome of Select Agent Burkholderia pseudomallei (Bp). This screen revealed known Bp antigens as well as proteins that have not been previously identified as antigens. Although B-cell epitope prediction tools Bepipred 2.0 and iBCE-EL classified many of our seroreactive peptides as epitopes, they did not score them significantly higher than the non-reactive tryptic peptides in our study, nor did they assign higher scores to seroreactive peptides from known Ft or Bp antigens, highlighting the need for experimental data instead of relying on computational epitope predictions alone. The present workflow is easily adaptable to detecting peptide targets relevant to the immune systems of other mammalian species, including humans (depending upon the availability of convalescent sera from patients), and could aid in accelerating the discovery of B-cell epitopes and development of vaccines to counter emerging biological threats.
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Introduction

Development of an effective vaccine against a biothreat agent or emerging pathogen is a costly and cumbersome process that can take years to decades to complete. The identification of antigens that stimulate protective immunity against a pathogen can represent a significant bottleneck in the vaccine development process, especially for bacterial or fungal pathogens, eukaryotic parasites, or even large DNA viruses, which can contain hundreds to thousands of potential antigens. Our study addressed the need to accelerate this process by testing the feasibility of a screening platform for efficient identification of immunoreactive peptides that could be utilized as candidates for development of peptide-based vaccines.

Peptide-based vaccines represent a potential solution to provide protection against biothreat and emerging pathogens to which current vaccine development strategies have failed. Peptide vaccine formulations consist of multiple synthetic linear epitopes that together trigger immune responses resulting in robust immune memory. This multi-epitope, multi-target approach has the potential to be broadly protective across divergent strains (e.g., the first universal influenza vaccine to enter phase III clinical trials was a peptide vaccine), and could be effective for pathogens with complex life cycles (e.g., several malaria peptide vaccines are currently in clinical trials) (1–3). Although it has been reported that conformational (discontinuous) epitopes make up the majority of B-cell epitopes (4), linear epitopes possess several advantages for vaccine design over conformational epitopes. Due to their short sequence and lack of complex secondary and tertiary structure, short antigenic peptides can be easily synthesized, and multiplexed into vaccine formulations, for high-throughput assessment of efficacy. Consequently, peptide-based vaccines are potentially powerful medical countermeasures that would seem amenable to rapid development in responding to infectious disease outbreaks.

Current strategies for epitope identification depend upon detection of epitopes within an individual full-length protein, a low-throughput approach that requires prior knowledge of the antigenic protein, its sequence, and its conformational structure. Technologies to screen for epitopes at the whole proteome level have been developed (e.g., proteomic microarrays, phage and yeast display); however, these technologies require extensive use of synthetic biology and other time-consuming methodologies (e.g., library construction, peptide/protein array preparation, heterologous protein expression) (3, 5–11). Another major disadvantage of display technologies and use of non-native expression systems is that these methods do not reliably replicate the native properties of the antigenic proteins, including their post-translational modifications, which can lead to inaccurate identification of epitopes.

In this study, proteome-wide screening for linear B-cell epitopes was achieved using total protein extracts isolated from the pathogen of interest, affinity purified using antibodies from convalescent sera from infected animals. This strategy holds several advantages over the currently available methods for epitope discovery: It does not require prior knowledge of antigenicity or antigen structure, and obviates need for complex and laborious experimental techniques such as preparation of display libraries and heterologous protein expression. As with other methods for epitope discovery from serum, it may be less well suited for pathogens for which natural infection does not confer immunity, such as HIV, malaria and TB, although even in those cases protective antibodies may be found in some subsets of patients or animal models (12–14).

Our approach was designed to enable identification of the protein antigen and, importantly, the antigenic regions within the identified antigen, such that these short linear peptides can be immediately synthesized and tested for efficacy in vaccine formulations. Note that several strategies have been previously developed for the identification of T-cell peptide epitopes (15, 16), including techniques similar to that presented here involving purification of MHC-bound peptides and their subsequent identification via LC/MS/MS (17).

In this study, we focused on two intracellular bacterial pathogens, Francisella tularensis (Ft) and Burkholderia pseudomallei (Bp), organisms which pose a high risk for misuse as bioweapons and therefore are considered Tier 1 Select Agents by the US Centers for Disease Control and Prevention. The mortality rates of both pathogens are high, and there is currently no licensed vaccine available for either agent (18–20). Humoral immunity plays an important role in developing immune protection to both of these intracellular pathogens, making them good model organisms for the purposes of this study (21–26). In addition, the immunoproteome of Ft has been thoroughly characterized (19, 27, 28), such that the previously published data could be compared to the datasets generated in our study. We leveraged a merged dataset of 164 previously identified antigens, corresponding to ~10% of Ft proteome. The Bp immunoproteome is not as well characterized compared to that of Ft: our reference dataset contained only 61 previously identified seroreactive proteins, corresponding to ~1% of the Bp proteome (29, 30). Consequently, analysis of the dataset resulting from the Bp screen has revealed many proteins that have not been previously categorized as antigens.



Materials and Methods


Bacterial Strains and Culture Conditions

Francisella tularensis SCHU S4ΔclpB (“Ft-ΔclpB”) was a generous gift from Dr. Wayne Conlan (National Research Council Canada). Stock cultures were prepared by growing Ft-ΔclpB on Chocolate II Agar plates supplemented with hemoglobin and isovitalex (BD 221169) for 48 hours at 37°C. Bacteria were harvested by scraping confluent lawns into Mueller Hinton (MH) broth containing 20% (w/v) sucrose, and stored at -80°C at a concentration 108 - 109 CFU/mL. Burkholderia pseudomallei mutant ΔpurM (“Bp82”) was obtained from BEI resources (NR-51280). Frozen stocks were prepared by growing the bacteria to log phase in Luria-Bertani (LB) broth, adding glycerol to achieve 20% (w/v) with the bacteria at a final concentration of 108 - 109 CFU/mL, and storing aliquots at -80°C. For immunizations, the Ft-ΔclpB and Bp82 bacterial stocks were thawed and diluted in sterile phosphate-buffered saline (PBS) to the specified concentrations used for dosing. For protein extraction purposes, Ft-ΔclpB and Bp82 were propagated to log phase in MH and LB broth, respectively. Both bacterial strains used in this study are classified as Risk Group 2 organisms. All biological materials were handled under standard institutional biosafety and biosecurity procedures, as outlined in an approved Institutional Biosafety Committee (IBC) protocol.



Protein Extraction and Peptide Preparation

Ft-ΔclpB and Bp82 were grown to log phase in 300 mL of MH broth or LB broth, respectively, at 37°C with shaking (250 rpm). The bacteria were harvested by centrifugation at 3200 x g for 10 min at 4°C, washed once with 10 mL of PBS, and the pellet flash frozen using dry ice. The bacteria in the pellet were lysed by subjecting them to two freeze-thaw cycles (alternating between room temperature and dry ice). For protein extraction, the lysate was mixed with Bper Complete Bacterial Protein Extraction Reagent (Thermo Fisher Scientific cat# 89822), and the mixture incubated at room temperature for 15 min with rotational shaking. The mixture was then subjected to two rounds of sonication (1 sec pulses, timed output 10 sec, at 50% power) using a Heat Systems Ultrasonics sonicator (model W-385), and centrifuged at 16,000 x g for 10 min. Proteins were precipitated with acetone and washed twice with ethanol. Air-dried protein pellets were solubilized using 8M urea and Protease Max surfactant (Promega cat# V2071), then digested with trypsin (Promega cat# V5111) using the in-solution digestion protocol provided by the manufacturer (Promega cat# TB373). Completion of the trypsinization reaction was confirmed by gel electrophoresis. The trypsin-digested proteins were filtered using 10K MWCO concentrators (Pierce) at 10,000 x g for 20 min at 20°C, and the filtrates (purified peptides) stored at -20°C. These purified peptides preparations were used as inputs in subsequent experiments.



Mice and Immunizations

Mouse immunization studies were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals and the National Institutes of Health. Standard institutional safety and biosecurity procedures were followed for in vivo experiments. Appropriate efforts were made to minimize suffering of animals. All animals were housed in ABSL2 conditions in an AAALAC-accredited facility, and the protocol (Protocol 270, renumbered 284) was approved by the LLNL Institutional Animal Care and Use Committee (IACUC). For immunization, 6 week-old female specific-pathogen-free BALB/c-Elite and C57BL/6J-Elite mice (Charles River) were injected subcutaneously with 10^6 CFU Ft-ΔclpB (BALB/c and C57BL/6J), or intradermally with 10^7 CFU Bp82 (BALB/c), and boosted at 2 weeks. No adjuvants were used. Matched PBS-dosed controls were included for each injection route. Course of infection was monitored by performing daily health scoring and weight measurements. Mice that developed infection wounds (Ft only) were topically treated with Dakin’s solution to encourage wound healing, and allowed to remain on test so long as they did not meet humane endpoint criteria (any mice with ~20% body weight loss or overt signs of morbidity were humanely euthanized). Sera from euthanized mice were excluded from analysis due to lack of immunity to the pathogen. Convalescent sera were harvested from resilient mice at 4 weeks post-infection, via cardiac puncture terminal bleeding under inhaled isoflurane anesthesia followed by blood fractionation [centrifugation at 3800 x g for 15 min in microtainer serum separator tubes (BD)]. Sera were stored at -80°C.



SDS-PAGE and Western Analysis

Western analysis was performed to confirm seropositivity of infected mice. Bacterial lysates were prepared using Bper Complete Bacterial Protein Extraction Reagent (Thermo Fisher Scientific cat# 89822), combined with Laemmli loading buffer (BioRad), and boiled at 95°C for 5 min. Samples were loaded onto 4-15% acrylamide gels (Mini-Protean TGX, BioRad) and separated by electrophoresis at 120 V for 1 hr. The proteins were transferred from the gels to nitrocellulose membranes (BioRad). Membranes were blocked with Tris-buffered saline plus 0.05% Tween 20 (TBS-T) plus 5% nonfat dry milk, at room temperature for 1 hr or at 4°C for 16 hrs. The membranes were hybridized with mouse sera at 1:500 dilution in TBS-T plus 5% milk, at room temperature for 2 hrs; washed three times with TBS-T; and then incubated with goat anti-mouse antibodies conjugated to HRP (Pierce cat# 1858413), at 1:5000 dilution in TBS-T plus 5% milk, at room temperature for 1 hr. After three TBS-T washes, the membranes were developed using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific).



Enzyme-Linked Immunosorbent Assay

ELISA was performed to assess the level of seropositivity of infected mice. Wells were coated with bacterial lysates and incubated at 4°C for 16 hrs. After three washes with PBS plus 0.1% Tween-20 (PBS-T), sera from infected mice diluted to 1:100 with PBS were added to the wells and incubated at room temperature for 1 hr. Following four PBS-T washes, the wells were incubated for 1 hr with Recombinant Protein A/G peroxidase (Pierce cat# 32490) diluted at 1:5000 with PBS. After four PBS-T washes, 1-Step ABTS Substrate Solution (Pierce cat# 37615) was added, and after 15 min incubation any colorimetric changes in the wells were detected using a microplate reader (Tecan M200 Pro).



Affinity Purification of Immunoreactive Peptides

Magnetic beads coated with protein G (Invitrogen cat# 10007D) were used to capture antibodies from pools of sera obtained from either infected (experiment) mice or mock-infected (control) mice, following the manufacturer’s protocol (MAN0017348). Each pool was comprised of sera recovered from 3-5 mice, with equal volumes used for each experiment-control pair. The antibody-coated beads were then incubated with peptide preparations (inputs) at room temperature for 45 min. Antibody-coated beads from each experiment-control pair were incubated with the same input peptides; in total, 6 input peptide preparations were used with the 8 Ft experiment-control pairs, and 5 with the 9 Bp experiment-control pairs. Following three PBS washes, immunoreactive peptides were eluted from the beads using citrate buffer (pH 3). Input, unbound, and eluted (output) peptides were flash frozen with dry ice and stored at -20°C.



Mass Spectrometry

The input, unbound, and eluted (output) peptides recovered from the antibody-coated beads (see preceding section) were desalted using an Empore SD solid phase extraction plate; lyophilized; reconstituted in 0.1% TFA; and analyzed via LC-MS/MS by MS Bioworks (Ann Arbor, Michigan), using a Waters M-Class UPLC system interfaced to a ThermoFisher Fusion Lumos mass spectrometer. Peptides were loaded on a trapping column and eluted over a 75 μm analytical column at 350 nL/min. Both columns were packed with Luna C18 resin (Phenomenex). A 2 hr gradient was employed. The mass spectrometer was operated in a data dependent HCD mode, with MS and MS/MS performed in the Orbitrap at 60,000 FWHM resolution and 15,000 FWHM resolution, respectively. The instrument was run with a 3 sec cycle for MS and MS/MS.



MS Data Processing

Data were analyzed using Mascot (Matrix Science) with the following parameters: Enzyme: Trypsin/P; Database: UniProt F. tularensis SCHU S4 or UniProt B. pseudomallei strain 1026b (forward and reverse appended with common contaminants and mouse IgG sequences); Fixed modification: Carbamidomethyl (C); Variable modifications: Oxidation (M), Acetyl (N-term), Pyro-Glu (N-term Q), Deamidation (N/Q); Mass values: Monoisotopic; Peptide Mass Tolerance: 10 ppm; Fragment Mass Tolerance: 0.02 Da; Max Missed Cleavages: 2; Mascot DAT files were parsed into Scaffold Proteome Software for validation, filtering and to create a non-redundant list per sample. Data were filtered using 1% protein and peptide FDR and requiring at least one unique peptide per protein.



Bioinformatic Analysis

Each experiment typically consisted of three sets of data: “Input” (total bacterial peptides without affinity purification), “Control” (peptides purified from beads coated with antibodies from uninfected mice), and “Experiment” (peptides purified from beads coated with antibodies from infected mice).

LC-MS/MS data were analyzed at the peptide level, rather than rolling up peptide scores into a protein abundance metric as would be done in standard proteomics. We used the Total Ion Current (TIC, total area under the MS2 curve) as a metric for the abundance of the peptide in each sample. Input datasets were first normalized against each other based on median ratios for the peptides occurring in every Input dataset. The sparser Control and Experiment datasets were then normalized against their respective Input dataset based on median ratios as well. Since each animal can be expected to raise a different set of antibodies, we counted how often specific output peptides occurred more abundantly in the Experiment vs Control, rather than focusing on the average log fold change in abundance. For each peptide and each Experiment sample, we assigned an enrichment score of +1, 0, or -1 depending on whether the normalized peptide abundance was greater than, equal to, or lower in the Experiment than in the corresponding Control sample, creating a score matrix of peptides × Experiments. The total enrichment score for each peptide is then the sum of its enrichment scores across each Experiment. Statistical significance was evaluated by generating a number of randomized score matrices, where each peptide was randomly assigned a +1, 0, or -1 score for each Experiment, with the same probabilities as in the real matrix, and calculating how frequently peptides reach an specific total enrichment score. This gives us a background level of how many high-scoring peptides we would expect to see even if there was no correlation in peptide abundance across the different experiments, which can then be used to calculate the significance level of observing a given number of high scoring peptides in the real data, using a simple binomial test comparing expected vs observed number of peptides exceeding a given score.

Amino Acid Conservation Scores were calculated using the ConSurf web server (31) with default parameter values, using near full-length protein structure homology models from SWISS-MODEL or crystal structures from PDB where available. These scores are normalized position-specific evolutionary rates, with negative scores indicating the most conserved amino acids. The Average Amino Acid Conservation Score (AAACS), proposed by Ren et al. as a useful tool to identify conserved epitopes that may be targeted by broadly neutralizing antibodies, is the average of the conservation score for the residues in an epitope, with negative scores indicating more highly conserved regions (32).

In addition to AAACS, we also scored peptides based on how many complete sequenced genomes of pathogenic B. pseudomallei and F. tularensis they occurred in, similar to the conservation analysis in EpitoCore (33). We downloaded proteomes for all 110 B. pseudomallei strains with complete genome sequences available through NCBI. For F. tularensis, 36 strains with complete genomes were available through NCBI, but several of these corresponded to the less-pathogenic novicida, holartica and mediasiatica subspecies, so we decided to focus exclusively on the 17 available F. tularensis subsp. tularensis complete genomes. We identified homologs with ≥90% sequence identity to the proteins containing our top scoring peptides in Tables 1, 2, and then scored each peptide based on how often they had a 100% identical hit in each homolog.


Table 1 | List of top scoring immunoreactive peptides identified for Francisella tularensis.




Table 2 | List of top scoring immunoreactive peptides identified for Burkholderia pseudomallei.



We used two state-of-the-art computational B-cell epitope prediction tools to evaluate all of the peptides in our proteomic data that match the proteins in Tables 1, 2. Peptides were submitted to the iBCE-EL web server for scoring (34). iBCE-EL is an ensemble-based method based on extremely randomized tree and gradient boosting classifiers, trained on 5,550 experimentally validated B-cell epitopes and 6,893 non-epitopes from the Immune Epitope Database, to identify linear B-cell epitopes. In addition, proteins were submitted to the Bepipred Linear Epitope Prediction 2.0 tool on the IEDB website (35), and peptides were then scored based on their average predicted residue score. Bepipred 2.0 is a random forest classifier trained on 160 non-redundant antigen-antibody crystal structures, to predict the probability that a given antigen residue is part of an epitope.




Results


Overview of Immunoproteome Screen

In this study, we tested the feasibility of proteome-wide screening for linear B-cell epitopes using peptide extracts from target bacteria and sera from infected animals. The method requires: (1) isolation of peptides from lysates generated from the target bacteria; (2) challenge of the host (in this case, mouse) with the target bacteria, followed by collection of convalescent serum; (3) mixing of the bacterial peptides and convalescent serum, to allow peptide antigens to bind to their cognate antibodies in the serum; and (4) recovery of bound peptides for identification through mass spectrometry (Figure 1). We applied this method to two bacterial Select Agent pathogens: Francisella tularensis and Burkholderia pseudomallei. Infection with attenuated strains of these pathogens [F. tularensis SCHU S4ΔclpB and B. pseudomallei ΔpurM (strain Bp82)] has been shown to stimulate development of protective immunity against their corresponding fully-virulent parental strains (F. tularensis SCHU S4 and B. pseudomallei K96245, respectively) (36, 37), suggesting that convalescent sera recovered from hosts infected with these attenuated pathogens must contain protective antibodies.




Figure 1 | Immunoproteome screening workflow. Schematic overview of high throughput approach for identification of seroreactive peptides in the proteomes of pathogens.



Briefly, proteins purified from pathogen lysates were digested with trypsin to generate a peptide library. Mice were infected with a sublethal dose of Ft-ΔclpB or Bp82, and immune status assessed through observed weight loss and measurement of seroreactivity of mouse sera to pathogen lysates via enzyme-linked immunosorbent assay (ELISA) or Western blot analysis (Figure 2). Antibodies purified from the convalescent sera of infected mice were immobilized on magnetic beads and then incubated with pathogen-derived peptides to allow formation of antigen-antibody complexes. Peptides recovered from the immobilized antibodies were identified via liquid chromatography coupled with tandem mass spectrometry.




Figure 2 | (A) Representative course of mouse infection to obtain immune sera. Mice were infected with a sublethal dose of Bp and their weight monitored. Weight was monitored throughout the course of infection. (B) Representative Western blot of sera from infected vs uninfected mice. Bp protein lysates were analyzed by Western blotting using sera from infected and uninfected mice (Mouse 1–3) and bound antibodies detected using anti-mouse HRP. (C) Representative ELISA results obtained from mice infected with Bp and Ft (red) in comparison with uninfected mice (PBS-treated mice, blue). Seroreactivity of mice sera to microwells coated with corresponding pathogen lysate was assessed using protein-A/G-HRP and measuring sample absorbance (optical density). Sera of some mice infected with Ft did not yield positive results because Ft infection led to lethal outcome and mice had to be euthanized during the course of immunization. Graphs represent two technical replicates for sera collected from each mouse. Antibodies from sera with the strongest Western blot and ELISA signals were purified in this study and used to screen for immunogenic peptides.





Bioinformatic Identification of Enriched Antigenic Peptides

The peptides recovered using pooled sera from infected mice (Experiment peptidome) were compared to those recovered from mock-infected mice (Control peptidome); a total of 8 pairs of Experiment-Control peptidomes were collected for Ft, and 9 pairs for Bp. For Ft, we found that out of the 1923 peptides that were recovered in at least two Experiment peptidomes, 44 had an enrichment score of 6 or greater (Table 1), whereas only 20.1 +/- 6.1 peptides would be expected at random (p=1x10-6). For Bp, out of 2902 peptides that were recovered in at least two Experiment peptidomes, 46 peptides had an enrichment score of 6 or greater (Table 2), whereas only 17.8 +/- 4.3 peptides would be expected at random (p=1.9x10-9). If a more stringent enrichment cutoff is desired, we found 16 Ft peptides with an enrichment score of 7 or greater, versus 3.5+/-1.6 expected at random (p=1.8x10-7), and 20 Bp peptides with an enrichment score of 7 or greater, versus 4.1+/-2.1 expected at random (p=3.9x10-9). The enriched peptides included some that were derived from protective antigens identified in previous studies, as well as predicted outer membrane and extracellular proteins (Tables 1, 2). There were many examples of multiple enriched peptides originating from the same protein (highlighted in bold in the tables), a further indication that enrichment was not random but rather due to immune response to a discrete set of bacterial proteins.

Note that we used C57BL/6J mice for two of the eight Ft experimental samples, because of previously reported differences in protection and antibody response after immunization of C57BL/6J and BALB/c mice with Ft-ΔclpB by Twine et al. (38). Analyzing the BALB/c Ft samples separately yielded a very similar set of results as in Table 1, but with lower p-value for the enrichment due to the smaller number of samples (data not shown). Therefore, we decided to combine the data and focus on antibody responses in common between both strains of mice. Although Twine et al. reported an antibody response against chaperonin protein GroL only in BALB/c mice, our data shows that there are several GroL epitopes that are enriched in samples from both mouse strains (see Table 1 and Figure 4).

Prior immunoproteomics analysis of the antibody response to F. tularensis using human or mouse sera has identified 164 antibody targets out of a total of 1667 proteins (~10% of the entire Ft proteome) (19, 27, 28). Out of the 1923 peptides that have hits in at least two Ft datasets, 876 peptides match known antigenic proteins. Given those numbers, we would expect only 20 such peptides to show up at random in our list of 44 in Table 1, but instead we observe that 38/44 peptides in the list correspond to known antigens - an almost two-fold enrichment (p=2.79x10-9). Note that despite the extensive literature on antigens in Ft, only five B-cell epitopes have been experimentally determined (Figure 4B), justifying the need for a simple experimental epitope screening method. The immune response to B. pseudomallei has not been studied in as much depth as for Francisella. So even though Bp with 6203 protein coding genes has a genome that is more than three times as large as that of Ft, we found only 61 known antigens identified in previous studies (29, 30) (~1% of the entire proteome). Our list of 46 top Bp peptides in Table 1 includes one known antigen, which does not qualify as a statistically significant enrichment primarily because of the much smaller total number of known antigens for Bp.

Figure 3 shows all 46 Ft DnaK peptides that were detected in at least two Experiment samples, regardless of their degree of enrichment. Eight of these DnaK peptides are in our list of 44 enriched Ft peptides (Table 1 and red line segments in Figure 3A), including two that are enriched in all 8 Experiments (red line segments in Figure 3A). Note the lack of correlation between our experimental enrichment scores and the iBCE-EL and Bepipred scores (Figures 3B, C). All but one of the 8 enriched peptides are conserved in all 17 fully sequenced Ft strains (Figure 3E), but some of the peptides towards the C-terminal show a greater evolutionary rate as measured by their Average Amino Acid conservation Score (AAACS, Figure 3D) and thus may be more prone to immune escape mutants.




Figure 3 | Scoring for the 46 F. tularensis DnaK peptides detected in at least two Experiment samples. The short horizontal line segments in A, B, E and F indicate the position of a peptide along the length of the 642aa DnaK protein, and its vertical position within each figure panel indicates its score for the metric indicated. The default score threshold for each tool is shown with a horizontal line, and the peptides or per-amino acid scores exceeding that threshold are shown in color. (A) Peptide enrichment score based on our proteomics results. An enrichment score of 8 indicates that the peptide was detected in greater abundance in all 8 Experiment samples relative to their respective Control samples. The threshold for inclusion in Table 1 was an enrichment score of ≥6 (shown in red). (B) B-cell epitope prediction score generated using iBCE-EL. At the default iBCE-EL score threshold of 0.35, nearly three quarter of all peptides were predicted to be likely B-cell epitopes (shown in dark blue). (C) B-cell epitope prediction score generated using Bepipred 2.0. The per-amino acid scores are indicated by the line graph. At the default iBCE-EL score threshold of 0.35, 37% of all amino acids were predicted to be in B-cell epitopes (regions of the graph shown in yellow). (D) Average Amino Acid Conservation Score (AAACS) based on Consurf analysis. Negative scores indicate greater degrees of evolutionary conservation (shown in light blue). (E) Number of fully sequenced F. tularensis subsp. tularensis genomes (17 analyzed) in which each peptide occurs. Almost all of the DnaK peptides considered were conserved in all 17 Ft genomes (shown in orange).



Figure 4 shows all 32 Ft GroL peptides that were detected in at least two Experiment samples in our study, regardless of the degree of their enrichment. Four of these GroL peptides are in our list of 44 enriched Ft peptides (Table 1 and red line segments in Figure 4A), including three that are enriched in all eight Experiments. Lu et al. (39) used hydrogen/deuterium exchange–mass spectrometry (DXMS) to experimentally identify one discontinuous and four linear B-cell epitopes for a selection of mouse monoclonal antibodies against GroL (Figure 4B). Note that one of the four enriched peptides in Figure 4A (DNTTIIDGAGEK) overlaps with a linear epitope (NTTIIDGAGEKEAIAKRINVIK) and a discontinuous epitope (SEDLSMKLEETNM—NTTIIDGAGEKEAIA) identified by DXMS in Figure 4B, while a second enriched peptide (EGVITVEEGK) is directly adjacent to another of the linear DXMS epitopes (FEDEL). According to the Immune Epitope Database (IEDB) (40), these are the only experimentally validated B-cell epitopes for Ft (IEDB also lists four B. pseudomallei antigens that have been assayed for B-cell epitopes, none of which overlap with the proteins in Table 1).




Figure 4 | The 32 F. tularensis GroL peptides detected in at least two Experiment samples. Horizontal line segments indicate the position of each peptide along the length of the 544aa GroL protein sequence. (A) Peptide enrichment score based on our proteomics results, with a score of 8 indicating that the peptide was found in greater abundance in all 8 Experiment samples relative to their respective Control samples. The threshold for inclusion in Table 1 was a score of ≥6 or better (shown in red). (B) Five B-cell epitopes identified by DXMS by Lu et al. (39), including one discontinuous epitope.        






Discussion

We have developed a widely applicable shotgun immunoproteomic method that enables efficient identification of B-cell epitopes in the proteomes of pathogens. The results of this study have revealed a significant enrichment of peptides derived from previously identified antigens and vaccine candidates, validating the method’s efficacy. This method was designed to identify linear epitopes efficiently without the need of genetic manipulation or other experimental techniques that can be costly and labor intensive. Attenuated strains made the optimization of this proof-of-concept study more efficient; however, the availability of an attenuated strain for the target organism does not represent a limitation, as our strategy could be applied to fully virulent strains of pathogens as well. Although the present study was performed using a mouse model, the workflow could be easily adapted to detecting targets relevant to the human immune system, using convalescent sera from patients.

Utilizing peptide antigens for vaccine development has several advantages over typical vaccine development efforts. Similar to other types of subunit vaccines, peptide vaccines represent a safer alternative to attenuated vaccines due to lack of any potentially infectious materials in the vaccine formulation. Use of short peptides sufficient for stimulation of immune response favors exclusion of deleterious sequences that may be present in full length antigenic proteins. Peptide vaccine formulations are defined and their contents fully synthetic, which simplifies quality control procedures and thereby streamlines the regulatory approval process. Production of peptide vaccines is expected to be relatively fast and inexpensive, due to ease of synthesis and recent advances in improved peptide stability (3, 41, 42). Moreover, once antigenic peptides are identified, evaluation of their efficacy could represent a lesser challenge due to the possibility of multiplexing peptides during in vivo trials, rather than use of one-at-a-time testing

Among Ft proteins, the present screen identified multiple peptides for two well-characterized antigens, 60kDa chaperonin GroL (Q5NEE1) and chaperone protein DnaK (Q5NFG7). Both chaperonins have been previously implicated in virulence of Francisella (43–45), and are known to induce antibody production in mice and humans (27, 46, 47). These chaperonin proteins are important for facilitating folding of nascent proteins as well as post-translational modifications. They are also known as heat-shock proteins, as they protect cellular proteins from environmental stresses such as high temperature and low pH (47, 48). Although their cellular localization is predicted to be cytoplasmic, they reportedly also associate with membrane proteins and are released into host cells during infection (47, 49–51) perhaps contributing to their ability to stimulate various immune functions, including innate immunity, humoral immunity and cell-mediated immunity (43, 47, 52–55). Heat-shock proteins are good candidates for subunit vaccine design due to their ability to stimulate various immune responses without the need of adjuvant; in fact, both GroL and DnaK have been exploited for vaccine development efforts targeting Francisella and other pathogens (39, 47, 56, 57).

Highly virulent Type A Francisella strains such as SCHU S4 can bind host plasminogen to the bacterial cell surface where it can be converted to plasmin, a serine protease that degrades opsonizing antibodies, inhibiting antibody-mediated uptake by macrophages (58, 59). Among the 25 Ft proteins listed in Table 1, we find at least 3 that are known to be involved in plasminogen binding in Francisella or other pathogens, including conserved hypothetical lipoprotein LpnA (Q5NGE4) (59), fructose-1,6-bisphosphate aldolase (Q5NF78) (60), and elongation factor Tu (Q5NID9) (61). These proteins could make for particularly attractive vaccine targets, because if we can interfere with their function before the pathogen has activated its plasmin-mediated antibody evasion, that would make it more susceptible to other antibodies as well.

Among the antigenic peptides identified in the Bp proteome are those belonging to Type VI secretion system component Hcp-,1 and previously identified antigen 10kDa chaperonin GroES (62). Hcp-1 was previously found to be a major virulence determinant in Burkholderia and recognized by sera from infected human patients and animals (63–65). Due to this, Hcp-1 has been interrogated as a potential candidate for Burkholderia vaccine development (63–65). Additionally, a peptide from an ankyrin repeat-containing protein (A0A0H3HJC) came up as one of the highest scoring peptides in our study. Ankyrin repeats are typically eukaryotic protein domains involved in protein-protein interactions (66), but have been co-opted by many bacterial pathogens as type IV secreted effector proteins to mimic or manipulate various host functions (67).

Recovery of peptides derived from several supposedly cytosolic enzymes may seem puzzling. However several “housekeeping” enzymes are known to be displayed on the surface of pathogens where they play a role in virulence (68). For example, our top scoring peptides from B. pseudomallei include two derived from enolase (A0A0H3HLA6). While enolase is primarily thought of as a key glycolytic enzyme, it is also expressed on the surface of a wide variety of bacterial and fungal pathogens, where it interacts with host plasminogen and is associated with invasion and virulence (69). Antibodies against enolase have been detected in a large variety of infectious and autoimmune diseases (70). It is as yet unknown whether enolase plays the same role in Burkholderia, but the protein is predicted to be present both in the cytoplasm and on the cell surface, and its production was found to be upregulated upon exposure to human lung epithelial cells (71). Other housekeeping proteins in our top scoring results whose homologs in other pathogens are known to play a role in adhesion, invasion, or virulence include elongation factor Tu (Q5NID9), malic enzyme/malate dehydrogenase (A0A0H3HP28, Q5NHC8), and fructose-1,6-bisphosphate aldolase (Q5NF78) (68).

Overall, this immunoproteomic workflow has identified numerous peptides mapping to previously identified antigens and subunit vaccine targets, predicted membrane-associated proteins, as well as uncharacterized proteins. The Ft datasets revealed a significant enrichment of peptides belonging to previously identified antigenic proteins in Experiment samples relative to their respective Control samples, providing validation to this approach. Interestingly, several of these known antigens also yielded multiple top scoring peptides in our analysis. Despite the large amount of prior immunoproteomic analysis on Ft, covering ~10% of the genome, experimentally validated B-cell epitopes are available for only a single protein, and our analysis captures two out of its five known epitopes. Due to the much smaller number of previously identified antigens for Burkholderia, we were not able to tell whether the enrichment in the Bp datasets was significant. Improved proteome coverage and more comprehensive immunogenic profiles could be achieved with the use of alternative enzymes with different specificities, since there is a risk of ablating epitopes that contain cut sites recognized by specific enzymes such as trypsin. Alternatively, performing incomplete digestion with one enzyme, or a cocktail of enzymes with different specificities, could increase the number of overlapping peptides and thereby improve the yield and diversity of identified epitopes. In addition, since the presented method is dependent upon extraction of proteins from whole cell lysates, it is conceivable that the proteome coverage could be biased toward highly abundant proteins or those proteins that are easier to extract, despite this disadvantage we have detected several membrane-bound antigens in this study.

A variety of computational B-cell epitope prediction tools have been developed to identify epitopes in antigens. However accurate computational prediction of B-cell epitopes still poses a major challenge (72), with sensitivity or specificity typically below 60% (35, 73–76), leading some recent in-silico multi-epitope vaccine design efforts to look at the consensus of up to 8 or 9 B-cell epitope prediction tools simultaneously (77, 78). The recent development of prediction tools using state-of-the-art machine learning models that claim significantly higher performance on large benchmarking datasets seems promising (34, 79). Here we compare the performance of Bepipred 2.0 (35), one of the most widely used B-cell prediction tools, and iBCE-EL (34). Interestingly, we find no significant correlation between the peptides experimentally identified using the method described here and computationally predicted linear B-cell epitope scores generated by Bepipred 2.0 and iBCE-EL, even for those antibody-binding peptides belonging to known Ft or Bp antigens, nor do we find any significant correlation between the Bepipred 2.0 and iBCE-EL scores themselves (see Supplementary Tables S1, S2, as well as Figures 3A–C for Ft DnaK), highlighting the value of an unbiased experimental method to screen for antibody targets, as presented here. At their default score thresholds, iBCE-EL correctly predicts 34/44 of the Ft peptides, and 39/46 of the Bp peptides, while Bepipred 2.0 correctly predicts 21/44 Ft peptides and 13/46 Bp peptides, but that is not actually significantly more than would be expected at random given their hit rates on other un-enriched tryptic peptides in our dataset. Part of the discrepancy between the computational Bepipred 2.0 predictions and our experimental results may be due to the fact that Bepipred 2.0 is trained on antigen-antibody 3D structures, which likely contain a mix of conformational and linear epitopes. In addition, Bepipred 2.0 has a relatively low self-reported 58.6% sensitivity and 57.2% specificity at the default score threshold of 0.5 (80), and thus is expected to exhibit a large number of false positives and false negative predictions. iBCE-EL is reported to have better sensitivity and specificity [73.2% and 72.4% (34)], but explicitly takes into account sequence features at the beginning and end of the epitope that may be missing in the tryptic peptides generated here, affecting their score. In cases where the tryptic peptide is too short to be used directly as a vaccine candidate (some are as short as 6 residues), we may in fact be able to use these computational tools to guide us in how to extend the boundaries of the peptide beyond its flanking trypsin cleavage sites.

Note that computational B-cell prediction tools such as these are trained to distinguish epitopes from non-epitopes in known antigens, but are not an effective alternative to experimentally screening for epitopes across an entire bacterial proteome. For example, on a random selection of 100 Ft and Bp proteins, Bepipred-2.0 using its default epitope threshold of 0.5 classified 40% of all amino acids as being part of an epitope, including an average of 5.5 peptides of length 9 or longer per protein (data not shown). Likewise, on a random selection of 1000 tryptic peptides from all our proteomics data, iBCE-EL classified 81% as B-cell epitopes using its default score threshold of 0.35 (data not shown). Applied across the entire proteome, the computational approach would predict tens of thousands of putative B-cell epitopes, likely with a high false-positive rate and, regardless, providing little guidance in winnowing the possibilities for experimental verification.

If so desired, peptides can be downselected for vaccine development by focusing only on those with the most stringent enrichment scores, or based on consensus with computational epitope prediction tools. Further downselection may include prioritizing highly conserved epitopes that can induce broadly protective immunity, and reduce the risk that emergence of pathogen variants will render the vaccine ineffective (81). ~90% of the top scoring peptides were found to be present in 90% or more of the fully sequenced pathogenic F. tularensis and B. pseudomallei strains (see Supplementary Tables S1, S2, and Figure 3F for the case of Ft DnaK). In addition, we can target peptides that show even deeper evolutionary conservation based on their Average Amino Acid Conservation Score (AAACS), reflecting parts of the protein that may be important for its function (31) (see Supplementary Tables S1, S2, and Figure 3E for the case of Ft DnaK). Peptides that are only one or two amino acids different from human or mouse versions are likely less suitable as vaccine candidates and are marked with a subscript 1 or 2 respectively in Tables 1, 2. Note that while some of the proteins in Tables 1, 2 have homologs in human and mouse (e.g. mitochondrial DnaK), the peptides recovered here are unique to the bacterial versions. For vaccine design, we may also want to prioritize peptides which do not tend to occur in healthy human microbiomes, by comparing them against some of the large human metaproteomics datasets recently generated (82–86).

Further confirmation that the identified sequences are B-cell epitopes could be achieved through additional in vitro and in vivo experimentation (e.g., testing the reactivity of immune sera with synthesized candidate epitopes via ELISA or immunization studies). High throughput screening of peptides for efficacy is feasible due to recent advancements in solid phase peptide synthesis (SPPS), which enables efficient and cost-effective production of peptide candidates (3). For immunization studies, pools of multiple peptides could be incorporated into vaccine delivery systems containing adjuvants and T-helper epitopes known to stimulate the induction of adaptive immune response against peptide antigens, as reviewed in Skwarczynski et al. (3).

The method presented here identifies peptides that are immunoreactive, that is, they interact with antibodies in serum from previously infected individuals. Further experimental test would be needed to confirm immunogenicity, that is, whether they can stimulate antibody production themselves, and protectivity, that is, whether they can protect against infection or disease after immunization. Our immunoproteomic method represents a new tool for precise mapping of linear B-cell epitopes. Generation of such immunogenic profiles for pathogens could provide an ample pool of candidates for further experimental validation and efficient vaccine development. Accelerating the discovery of B-cell epitopes in the proteomes of pathogens will help fuel the development of peptide-based vaccines that have the potential to provide rapid solutions to biothreat agents and emerging pathogens.
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Advances in high-throughput sequencing have revolutionized the manner with which we can study T cell responses. We describe a woman who received a human papillomavirus (HPV) therapeutic vaccine called PepCan, and experienced complete resolution of her cervical high-grade squamous intraepithelial lesion. By performing bulk T cell receptor (TCR) β deep sequencing of peripheral blood mononuclear cells before and after 4 vaccinations, 70 putatively vaccine-specific clonotypes were identified for being significantly increased using a beta-binomial model. In order to verify the vaccine-specificity of these clonotypes, T cells with specificity to a region, HPV 16 E6 91-115, previously identified to be vaccine-induced using an interferon-γ enzyme-linked immunospot assay, were sorted and analyzed using single-cell RNA-seq and TCR sequencing. HPV specificity in 60 of the 70 clonotypes identified to be vaccine-specific was demonstrated. TCR β bulk sequencing of the cervical liquid-based cytology samples and cervical formalin-fixed paraffin-embedded samples before and after 4 vaccinations demonstrated the presence of these HPV-specific T cells in the cervix. Combining traditional and cutting-edge immunomonitoring techniques enabled us to demonstrate expansion of HPV-antigen specific T cells not only in the periphery but also in the cervix. Such an approach should be useful as a novel approach to assess vaccine-specific responses in various anatomical areas.
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Introduction

Human papillomavirus (HPV) is best known as the causative agent of cervical cancer, but it can also cause cancers at other mucosal sites including the anus, oropharynx, penis, vagina, and vulva. It is estimated that HPV is responsible for 42,700 cancers in the US each year (1), including more than 90% of anal and cervical cancers and about 70% of oropharyngeal, vaginal, and vulvar cancers (1). Incidences of HPV-associated anal and oropharyngeal cancers have increased notably, and although incidence of cervical cancer has stabilized after significant decreases over the past several decades (2), this remains the fourth most common cancer among women globally (3). The available prophylactic vaccines are effective for preventing HPV infections, but they cannot eliminate established infections; therapeutic vaccines could fill this need. Such vaccines would benefit young women (narrowly, those ≤24 years old), and broadly, any woman who plans to become pregnant (4) because increased incidence of preterm delivery (from 4.4% to 8.9%) is associated with surgical treatments (e.g., loop electrical excision procedure [LEEP]) for high-grade squamous intraepithelial lesion (HSIL) (4, 5). Furthermore, HPV infection has been shown to be associated with inability to conceive (6, 7), spontaneous abortion (8), and male infertility (9, 10). With the goal of circumventing these adverse obstetrics and reproductive outcomes as well as for treating cervical cancer, a variety of HPV therapeutic vaccines are in development including DNA-based (11), peptide-based (12, 13), and bacterial vector-based (14) delivery.

We evaluated the safety of an HPV therapeutic vaccine (PepCan) in a single-center, single-arm, dose-escalation Phase I clinical trial treating women with biopsy-proven HSILs (NCT01653249) (15, 16). PepCan consists of four current good manufacturing practice (cGMP)-grade peptides covering the human papillomavirus type 16 (HPV 16) E6 protein (amino acids 1-45, 46-80, 81-115, and 116-158) and Candida albicans skin test reagent (Candin®, Nielsen Biosciences, San Diego, CA). PepCan was shown to be safe, and resulted in a histological regression rate of 45% which is roughly double that of a historical placebo (22%) (17). In addition, circulating, peripheral T-helper type 1 (Th1) cells (p=0.0004) were increased, and the HPV 16 viral load was significantly decreased (p=0.008) (15).

Recent advances in high-throughput sequencing technology have enhanced our ability to appreciate how the T cell receptor (TCR) repertoire may reveal the role of T cells in immunotherapy for HPV-related diseases (18–20). The actual diversity present in a human body is estimated to be around 1013 unique TCRs (21). Next generation sequencing can facilitate the simultaneous analysis of millions of TCR sequences. Understanding the cytotoxic T cell repertoire, in parallel with observing clinical responses, would be insightful for revealing immune mechanisms behind immunotherapies for chronic infectious diseases or cancer (18, 22–25). However, the use of high-throughput sequencing technology alone can only identify putatively vaccine-specific T cells on a statistical basis, but it is not able to verify their specificity on an immunological basis. In this article, we utilize multiplexed PCR-based TCR sequencing using genomic DNA to characterize TCR repertoires in peripheral blood mononuclear cells (PBMCs), stimulated CD3+ T cells, cervical formalin-fixed paraffin-embedded (FFPE) tissues, and cervical liquid-based cytology (LBC) samples from one subject who was a histologic responder from the Phase I clinical trial mentioned above. In addition, single-cell RNA-seq and TCR sequencing approaches were utilized to reveal the TCR sequences of HPV-specific T cells with a specificity to the HPV 16 E6 91-115 amino acid region revealed by the enzyme-linked immunospot (ELISPOT) assay. We provide proof-of-principle that a traditional assay, such as ELISPOT, can be combined with a cutting-edge technology to better characterize the specificities of T cells generated by vaccination.



Results


Clinical Trial Design and Vaccine Response

The subject, a 41-year old Caucasian woman, participated in a single-arm, open-label Phase I clinical trial of an HPV therapeutic vaccine, PepCan, for treating biopsy-proven cervical HSILs (Figure 1A) (15, 16). At study entry, she had cervical intraepithelial neoplasia 3 (CIN 3), and was positive for HPV types 16, 31, and 58. At study exit (12 weeks after vaccination series completion), her LEEP biopsy was benign but was noted to have marked lymphocytic infiltration. Furthermore, she was noted to have leukocytosis and lymphocytosis (Table 1), and was positive for HPV 40 at exit. ELISPOT assay showed CD3+ IFN-γ+ T cell responses specific to multiple regions of HPV 16 E6 and E7 protein before and after the vaccinations. The response to one region, HPV 16 E6 91-115, was significantly increased after 4 vaccinations (Figure 1B, p=0.023). Peripheral immune cell profiling showed an increased percentage of Th1 cells, but unchanged levels of Tregs and Th2 cells (Figure 1C). Her HLA types were HLA-A*24/A*30, B*15/B*51, C*01/C*03, DPB1*02/DPB1*02, DQB1*03/DQB1*06, and DRB1*11/DRB1*13.




Figure 1 | The Phase I clinical trial design and routine immune monitoring assays. (A) Clinical trial design of the Phase I study. Vaccination (PepCan) visits were scheduled 3 weeks apart for patients who had biopsy-confirmed cervical high-grade squamous intraepithelial lesions (HSILs, i.e. CIN grade 2 or 3). Blood draws were performed pre-vaccination, and post-2 and post-4 vaccinations. Cervical local samples (LBC and FFPE) were collected pre-vaccination and post-4 vaccinations. FFPE samples were prepared from a pre-vaccination cervical biopsy and from loop electrical excision procedure (LEEP) biopsy post-4 vaccinations. (B) Immunogenic HPV16 E6 and E7 regions were determined for each vaccine phase using IFN-γ ELISPOT assay. In pre-vaccine phase, positive responses (i.e., at least twice the media control) were detected in the E6 16-40, E6 31-55, and E6 106-130 regions. Positive responses were seen in the E6 1-25, E6 106-130, E6 136-158, and E7 1-25 regions in the post-2 vaccination sample, and in the E6 31-55, E6 91-115, and E7 46-70 regions in the post-4 vaccination sample. The increase in the response to the HPV16 E6 91-115 regions was statistically significant (paired t-test, p=0.023) after 4 vaccinations. Phytohemagglutinin was used as a positive control (not shown). The y-axis represents mean spot forming units of triplicates per 1 x 106 CD3+ T cells, and error bars represent standard error of means. (C) The fluorescent cell sorter analysis of PBMCs revealed that the Th1 (CD4+Tbet+) level expressed as the percentage of CD4+ T cells increased after 4 vaccinations, but Treg (CD4+CD25+FoxP3+) and Th2 (CD4+GATA3) levels were minimally changed.




Table 1 | Complete blood count with differentials.





Multiplexed PCR-Based TCR β Chain Deep Sequencing

All samples examined (n=10: PBMCs and stimulated CD3+ T cell samples at pre-, post-2, and post-4 vaccinations; and FFPE and LBC samples at pre- and post-4 vaccinations) yielded sufficient quantities of DNA for bulk TCR sequencing. In total, 749,417 clonotypes, and 1,256,277 T cells were identified in these 10 samples (Table 2). The numbers of total T cells and clonotypes were higher in PBMCs than in stimulated CD3+ T cell samples (Figure 2). In cervical samples, the clonotypes and total T cells were detected in FFPE (pre- and post-4) and LBC (pre- and post-4). The productive clonality was increased after 4 vaccinations in PBMC, stimulated CD3+ T cell, and LBC samples, and the maximum productive frequencies at least doubled in all sample types (Figure 2). The T cell fraction was highest in stimulated CD3+ T cells, and lowest in LBCs. DNA per cell was similar among PBMCs, stimulated CD3+ T cells, and LBC (ranging from 0.0061 ng/cell to 0.011 ng/cell), but much higher in FFPE samples (0.714 ng/cell for pre-vaccination and 1.27 ng/cell for post-4 vaccinations).


Table 2 | Sample characteristics.






Figure 2 | T cell structures of PBMCs stimulated CD3+ T cells, LBC, and FFPE samples described with multiplexed PCR-based TCR sequencing using genomic DNA. The T cell structures of the 4 sample types (PBMCs, stimulated CD3+ T cells, LBC, and FFPE) are shown as the total number of T cells defined by nucleotide sequence, productive clonality (one minus normalized Shannon’s entropy for all productive rearrangements), fraction of T cells (the number of productive templates divided by the number of nucleated cells), number of clonotypes defined by nucleotide sequence, maximum productive frequency (the most frequent specific productive rearrangement among all productive rearrangements within a sample), and the quantity of DNA (ng) per nucleated cell. The number of nucleated cells were determined using amplification of reference gene primers.



The percentages of the top 15 most frequent clonotypes were significantly increased after 4 vaccinations in all sample types except for FFPE (Figure 3A). Venn diagrams of clonotypes detected in PBMCs, LBC, and FFPE at pre-vaccination and post-4 vaccinations revealed that some clonotypes can be detected in all sample types, reflecting the capacity of at least a subset of T cells to traffic to the cervix (Figure 3B). The presence of T cells in peripheral blood and cervix was shown. Both LBC and FFPE samples from the cervix were analyzed. However, the quality of DNA from FFPE may have been low as approximately one hundred fold larger quantity of DNA per nucleated cell was reported (Table 2). This may possibly have led to incomplete identification of TCRs because TCR DNA split in multiple fragments cannot be identified. So, the overlap between FFPE and peripheral blood may not be as reliable as an overlap between LBC and peripheral blood. A beta-binomial model, which accounts for variance due to random sampling from a highly diverse repertoire and time-dependent variance for identifying clinically relevant expansion of T cells (26), was used to identify putatively vaccine-specific TCRs using pre- and post-4 vaccination PBMC samples. Seventy putatively vaccine-specific TCRs were identified using the CDR3 nucleotide sequences (Supplementary Table 1). The numbers of such clonotypes and total T cells in pre- and post-4 vaccination FFPE (1 and 9 clonotypes, and 1 and 13 total T cells, respectively) and pre- and post-4 vaccination LBC [14 and 47 clonotypes (Figure 3C), and 33 and 1,523 total T cells respectively] showed that LBC may be more an informative sample type compared to FFPE because of a greater T cell abundance and better DNA quality.




Figure 3 | Tracking of clonotypes in the peripheral blood and cervix. (A) Tracking of the top 15 clonotypes defined by nucleotide sequence are shown in productive frequency. The top 15 highest frequency clonotypes were significantly decreased after 2 vaccinations (Wilcoxon matched-pairs signed-ranks test, p=0.0012), but significantly increased after 4 vaccinations (p<0.0001) in PBMC samples calculated using the numbers of T cells. For stimulated CD3+ T cell samples, significant increases were seen between pre-vaccination and post-4 vaccinations (p=0.034) and between post-2 and post-4 vaccinations samples (p=0.0034). A significant increase was seen in LBC samples (p<0.0001) but not in FFPE samples. (B) Venn diagrams of clonotypes defined by nucleotides in PBMC, LBC, and FFPE samples pre-vaccination and post-4 vaccinations. Most clonotypes appear only in one sample type, but there are 17 TCRs present in PBMCs, LBC, and FFPE at the pre-vaccination visit and 72 TCRs at the post-4 vaccination visit. (C) Putatively vaccine-specific clonotypes in LBC samples before and after 4 vaccinations. Seventy putatively vaccine-specific clonotypes were identified through a comparison of post-4 PBMC and pre PBMC samples using the beta-binomial model (shown as red dots with and without black circular borders). Red dots with black circular borders represent these putatively vaccine-specific TCRs present in pre-vaccination LBC sample (n=15) and in post-4 vaccination LBC sample (n=57). Dark grey dots are not significantly different between pre-vaccination and post-4 vaccinations PBMC samples. Dark grey dots with black circular borders are not significantly increased but are present in the respective LBC sample. Light grey dots without black circular borders are not present in the respective LBC sample.





Single-Cell RNA-Seq and TCR Sequencing

Of 8.5 x 106 peptide (three 15-mer peptides covering the HPV 16 E6 91-115 region)-stimulated and IFN-γ labeled cells from monocyte depleted post-4 vaccination PBMCs, 1.3 x 106 (15.3%) were positively sorted. For the TCR sequencing, the estimated number of cells was 12,240 with mean read pairs of 13,678 per cell. Most (10,246 of 12,240 or 83.7%) cells contained productive V-J spanning pairs. The TCR β amino acid sequences of the 4 clonotypes with a frequency of ≥5% among the IFN-γ positive cells are shown in Table 3.


Table 3 | TCR β CDR3 sequences of clonotypes with specificity to HPV 16 E6 91-115 and ≥5% frequency.



The single-cell RNA-seq analysis revealed an estimated 15,114 total number of cells, 32,659 mean reads per cell, and 2,047 median number of genes per cell. After filtering and normalization, cells were clustered into 9 separated populations (Figure 4A). Notably, abundant expression of IFN-γ and tumor necrosis factor (TNF), but not interleukin-4 (IL-4), was detected in cluster #1, #2 and #3 within the CD8+ T-cell populations, as shown in violin and feature plots (Figures 4B, C). These results corroborate the importance of the role of the Th1 cells play as previously demonstrated using the fluorescent-activated cell sorter analysis (Figure 1C).




Figure 4 | Single-cell gene expression profile of HPV 16 E6 91-115 specific T cells. (A) A UMAP plot showing 9 clusters based on gene expression profiles. (B) Violin plots showing CD3D, CD4, CD8A, IFN-γ, TNF, and IL-4 gene expression. (C) Feature plots showing CD3D, CD4, CD8A, IFN-γ, TNF, and IL-4 gene expression.





Tracking of the HPV 16 E6 91-115 Specific T Cells

Using the TCR β CDR3 sequences of the 4 clonotypes specific for HPV 16 E6 91-115, their frequencies in PBMCs, LBC, and FFPE samples were determined using TCR β chain sequencing (Figure 5). All 4 clonotypes were detectable in PBMCs and LBC prior to vaccination, and their expansion after 4 vaccinations is shown. Only one T cell of clonotype 2 is detectable prior to vaccination in FFPE. All 4 clonotypes were detectable after 4 vaccinations, but only at 2 T cells for clonotypes 1, 3, and 4, and 1 T cell for clonotype 2. As much fewer cells were detected in FFPE, LBC was a better source for assessing T cell populations, at least in this subject. All 4 clonotypes were represented in the top 15 most frequent clonotypes for PBMCs, LBC, and stimulated CD3+ T cells, but only clonotype 1 was present in FFPE (Figure 3A). Of the 70 clonotypes identified to be putatively vaccine-specific using the beta-biomial model, 60 clonotypes were shown to be HPV 16 E6 91-115 specific (Supplementary Table 1). Clonotype 1 was the most abundant clonotype in PBMCs and LBC, and the second most abundant clonotype in stimulated CD3+ T cells.




Figure 5 | Tracking HPV 16 E6 91-115 specific T cells in PBMC, LBC, and FFPE. The TCR Vα and Vβ sequences of HPV 16 E6 91-115 specific T cells were determined by sorting and sequencing such cells based on IFN-γ secretion upon peptide stimulation. The TCR Vβ CDR3 sequences of top 4 clonotypes (≥ 5% of IFN-γ secreting cells) are shown in Table 3. The frequencies of these clonotypes in PBMC, LBC, and FFPE at pre-vaccination (yellow), post-2 vaccinations (blue), and post-4 vaccinations (red) time points are shown. All 4 vaccine-specific clonotypes in PBMC and LBC increased in frequency after 4 vaccinations. On the other hand, data from FFPE were not as informative.






Discussion

This was a proof-of-concept study to demonstrate the utility of TCR analyses using high-throughput sequencing technology in the context of HPV therapeutic vaccine trials. The earliest evidence of the link between HPV and cervical cancer was discovered in 1983 by Harald zur Hausen and his colleagues (27) to whom a Nobel Prize was later awarded. To date, over 200 HPV types have been described (28). HPV antigens are ideal targets for cancer immunotherapy because they are foreign. Various versions of investigational HPV therapeutic vaccines have been in clinical trials for about the last 30 years, but none has been approved by the United States Food and Drug Administration. Investigational HPV therapeutic vaccines have been tested for many indications including clearance of HPV 16 and/or 18 infection (29), HSIL regression (11, 15, 16), prevention of recurrence of squamous cell carcinoma of head and neck (HNC)(NCT03821272), treatment of advanced stage cervical cancer (13, 14), and treatment of advanced stage HNC (30). The assessment of vaccine efficacy depends on the indication being tested. For HPV 16 infection clearance, HPV-DNA typing was used (29), and biopsies were utilized to evaluate HSIL regression (11, 15, 16). Lack of recurrence within a 2 year period is being used for assessing prevention of recurrence (NCT03821272). Antitumor efficacy was examined using the numbers of patients with complete and partial response, tumor shrinkage, duration of response (13).

Unlike the HPV prophylactic vaccines which work by inducing production of neutralizing antibodies (31, 32), the HPV therapeutic vaccines are believed to cast their effects through stimulation of cell-mediated immunity, mainly T cells. Therefore, assessments of T cell immune response should be included in the endpoints of clinical trials. Such implementation varies widely among the clinical trials because T cell assays are technically challenging. In a Phase I clinical trial, Maciag et al. (14) examined the safety of Lm-LLO-E7 vaccine which is a live-attenuated Listeria monocytogenes engineered to secrete HPV 16 E7 protein fused with a Listeria monocytogenes protein listeriolysin. Fifteen patients with invasive carcinoma of the cervix were enrolled. In order to demonstrate immune responses, the investigators attempted to perform IFN-γ ELISPOT assay using pooled peptides, but most samples were not suitable due to low yield and viability after thawing. Of the 3 patients having a sufficient number of cells available to perform the assay, only one demonstrated an HPV-specific T cell response after vaccination. HPV 16 E7 short and long peptides were pooled before testing, so no information as to which portion of the protein contained immunogenic epitopes was obtained (14). In the GTL001 trial, van Damme et al. performed ex vivo IFN-γ ELISPOT assay with pooled HPV 16 E7 peptides or HPV 18 E7 peptides. GTL001 was made of recombinant HPV 16 and HPV 18 E7 proteins which were fused with catalytically inactive CyaA protein of Bordetella pertussis. A total of 47 women with HPV 16 or HPV 18 infection were studied in 4 cohorts. Overall, 18 of 31 patients (58.1%) who received any dose of GTL001 with imiquimod demonstrated positive ELISPOT results to either protein (29). Trimble et al. also tested immune responses using IFN-γ ELISPOT assay and intracellular cytokine staining for assessment of T cell immunity. Significantly higher responses were reported for patients with HSIL who received the VGX-3100 vaccine (synthetic DNA designed to express HPV 16 and 18 E6 and E7 proteins) compared to those who received placebo. As peptides were pooled for each protein tested (HPV 16 E6, HPV 16 E7, HPV 18 E6, and HPV 18 E7), information on which portion of the protein contained the immunogenic epitopes was not determined (11). In the clinical trial which treated advanced-stage HNC patients with ISA101 (a synthetic long-peptide HPV 16 vaccine) and nivolumab (an anti-PD-1 checkpoint inhibitor), the investigators performed IFN-γ ELISPOT assay for HPV 16 E6 and E7 again using peptide pools. Variable increases in the number of HPV-specific T cells were observed after vaccination in both responders and nonresponders, making the role of vaccine-induced T cells uncertain. Furthermore, the immune response did not correlate with efficacy endpoints (30). In addition to IFN-γ ELISPOT assay, Melief et al. performed lymphocyte stimulation test, intracellular cytokine staining, and cytometric bead arrays to assess immune responses for a clinical trial studying the effects of ISA101 vaccination during chemotherapy in patients with advanced, recurrent, or metastatic cervical cancer (13). In all 64 patients who received ISA101 vaccination, HPV 16 E6 and/or E7-specific T cell responses to one or more of 6 peptide pools (4 pools for HPV 16 E6 and 2 pools for HPV 16 7 protein) were demonstrated.

Our IFN-γ ELISPOT protocol distinguishes itself among others in that we tested for 10 HPV 16 E6 peptides pools and 6 HPV 16 E7 peptide pools (Figure 1B) (15, 16). Therefore, the locations of the antigenic epitopes can be narrowed down to 25 amino acid regions. This characteristic of our ELISPOT assay was key to identifying a significant response to the HPV 16 E6 91-115 region, and subsequent isolation of antigen-specific T cells based on IFN-γ secretion. In this clinical trial, 61% (19 of 31) of vaccine recipients demonstrated a new CD3+ T cell response in ELISPOT assay using peripheral blood sample to at least one region of the HPV 16 E6 protein which was not present prior to vaccination (15, 16). Furthermore, these increased responses were statistically significant in 42% (13 of 31) of the subjects when ELISPOT results after vaccination were compared to those prior to vaccination (15, 16). However, the presence of such peripheral T cell responses to HPV after vaccination did not correlate with cervical HSIL regression. Therefore, ELISPOT data alone may not be a good correlate of clinical response, and that they should be combined with advanced technologies such as TCR sequencing for more critical evaluation of local protection at the site of lesion.

It is intriguing that our prior work demonstrated the HPV 16 E6 91-115 region as one of areas in which significantly increased CD4+ T cell responses were demonstrated among regressors of cervical lesions compared to persistors (33). The single-cell RNA-seq data in the current work suggest that the HPV-specific T cells are CD8+ T cells. These data combined raises a possibility that the HPV 16 E6 91-115 region may be an epitope hotspot just like the HPV 16 E6 52-62 regions which we described to be a T cell eptiope hotspot containing both CD4 and CD8 epitopes (34).

TCRs are highly diverse heterodimers consisting of α and β chains in the majority of T cells. However, 1-5% of T cells express γδ chains (35). Similar to B cell receptors, the TCR chains contains a variable region responsible for antigen recognition, and a constant region. The variable region of the α and δ chains is encoded by recombined variable (V) and joining (J) genes. Additionally for the β and γ chains, diversity (D) genes are also recombined (i.e., VDJ recombination). Therefore, the β and γ chains are more diverse than the α and δ chains. The advent of high-throughput sequencing made it possible to probe into the complexity of such TCRs. In the current study, we employed TCR β chain deep sequencing using bulk DNA and single-cell RNA-based TCR analysis using mRNA. The former has the advantage of using DNA, which can be extracted from LBC and FFPE samples; therefore, live cells are not necessary. The latter was utilized to analyze IFN-γ secreting HPV 16 E6 91-115 specific T cells from monocyte-deprived PBMCs after 4 vaccinations. Information on TCR α and β sequences and their pairings was obtained, and the gene expression profiles of individual cells was examined. We demonstrated that using the information from a traditional IFN-γ ELISPOT assay in combination with TCR sequencing enables us to demonstrate the expansion of HPV-specific CD3+ T cells and their presence in the cervix. In addition to demonstrating the information on TCR α and β chain pairings, the single-cell RNA-based method has the advantage of yielding the entire sequences of the α and β chains. This would enable construction of the TCRs in viral vectors with which their specificities can be verified (36, 37). Furthermore, such engineered T cells can be used for immunotherapy as demonstrated by Draper and colleagues (38). They used T cells genetically engineered to express the TCR of HPV 16 E6 29-38 (TIHDIILECV) epitope restricted by HLA-A*02:01. These engineered T cells were shown to be cytotoxic to HPV 16-positive cervical and HNC cell lines (38). The limitation of our current study was that we only examined one subject in this proof-of-concept study. As the Phase II clinical trial of PepCan is ongoing (NCT02481414), additional analyses of Phase II participants would aid in determining the generalizability of the findings of this study. As the participants are being randomized in a blinded fashion to PepCan arm and adjuvant only arm, making comparisons between these two arms as well as between responders and non-responders would be possible.



Methods


Subject, Clinical Trial Design, and Laboratory Analyses

This open-label single center dose-escalation Phase I clinical trial of PepCan was reported previously (15, 16). Subject 6 was selected for the current study because she was a vaccine responder, and sufficient amounts of her samples were available for further analyses. Briefly, subjects qualified for vaccination if they had biopsy-proven CIN 2 and/or CIN 3 (Figure 1). PepCan (subject 6 received 50 μg/peptide dose) was given 4 times 3 weeks apart, and LEEP was performed 12 weeks after the last vaccination. Cervical LBC samples (ThinPrep, Hologic, Marborough, MA) were collected for HPV typing before vaccination at the time of qualifying biopsy, and after 4 vaccinations at the time of LEEP. Blood was drawn before vaccination, after 2 vaccinations, and after 4 vaccinations to isolate PBMCs. Routine clinical laboratory tests (complete blood count, sodium, potassium, chloride, carbon dioxide, blood urea nitrogen, creatinine, aspartate transaminase, alanine transaminase, lactate dehydrogenase, γ-glutamyl transpeptidase, total bilirubin, and direct bilirubin) were performed. PBMCs were isolated using the ficoll density gradient method. Cells were stored in liquid nitrogen tanks while LBC samples were kept in - 80°C freezers. Cervical FFPE samples were stored at room temperature.

Research laboratory analyses performed (15, 16) as a part of the clinical trial included HPV typing (Linear Array HPV Genotyping Test, Roche Molecular Diagnostics, Pleasanton, CA), IFN-γ ELISPOT assay, fluorescent-activated cell sorter analysis of peripheral Th1, Th2, and Treg cells, and HLA class I and class II low-resolution typing (One Lambda, West Hills, CA). The Linear Array HPV Genotyping Test detects 37 individual HPV types (6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 45, 51, 52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68, 69, 70, 71, 72, 73, 81, 82, 83, 84, IS 39, and CP6108). For the ELISPOT assay, magnetically selected CD3+ T cells (Pan T Cell Isolation Kit, Miltenyi Biotec, Auburn CA) were stimulated with autologous monocyte-derived dendritic cells pulsed with HPV 16 E6 or E7 using recombinant vaccinia viruses (39) and recombinant GST fusion proteins (39) twice with a one-week duration for each stimulation (15, 16). The assay was performed in triplicates using overlapping HPV 16 E6 and E7 peptide pools covering HPV 16 E6 1-25, 16-40, 31-55, 45-70, 61-85, 76-100, 91-115, 106-130, 121-145, 136-158 and HPV 16 E7 16-40, 31-55, 46-70, 61-85, and 76-98 regions. Each peptide pool contained three peptides which were 15 amino acids in length with 10 amino acid overlap. PBMCs were stained for CD4+, CD25+, T-bet, GATA3, and Foxp3 (15, 16). The percentage of CD4+ cells positive for T-bet represented Th1 cells, those positive for GATA3 represented Th2 cells, and those positive for CD25+ and FoxP3 represented Tregs.



Multiplexed PCR-Based TCR Sequencing

The TCR β CDR3 regions were PCR-amplified and sequenced (immunoSEQ, Adaptive Biotechnologies, Seattle, WA) (40) using genomic DNA from PBMCs (pre-, post-2, and post-4), CD3+ T cells stimulated with HPV 16 E6 and E7 expressed by recombinant vaccinia viruses and in a form of GST-proteins (pre-, post-2, and post-4), LBC (pre- and post-4), and FFPE (pre- and post-4). Using bias-controlled V and J gene primers, the rearranged V(D)J segments were amplified and sequenced. A clustering algorithm was used to correct for sequencing errors, and the CDR3 segments were annotated according to the International ImMunoGeneTicsCollaboration (41, 42) to identify the V, D, and J genes that contributed to each rearrangement. A mixture of synthetic TCR analogs was used in PCR to estimate the number of cells bearing each unique TCR sequence (43). “Detailed rearrangements”, “Track Rearrangements”, “Venn Diagram”, “Differential Abundance”, and “Scatterplot with Annotation” features of the immunoSeq analyzer (44) were used to analyze data.



Single-Cell RNA-Seq of HPV-Specific T Cells

In order to obtain TCR Vα and Vβ sequences of T cells specific for HPV 16 E6 91-115 (Figure 1B), such T cells were selected using a human IFN-γ Secretion Assay – Cell Enrichment and Detection Kit (Miltenyi Biotec) following the manufacturer’s instructions as previously described (34, 45–48). Post-4 vaccination PBMC sample cryopreserved after monocyte depletion (CD14 MicroBeads, Miltenyi Biotec) was thawed and cultured overnight in Yssel’s media (Gemini Bio Products, West Sacramento, CA) with 1% human serum and 1,200 IU/mL of recombinant human interleukin-2 (R&D Systems, Inc., Minneapolis, MN). As a positive control, healthy donor PBMCs mixed with 1% HPV 16 E6 52-61 (FAFRDLCIVY)-specific CD8+ T cell clone cells (46) were processed in the same manner. The cells were stimulated for 3 h with 10 μM each of peptides in RPMI1640 media plus 5% human serum: FAFRDLCIVY for the positive control, and the three 15-mer overlapping peptides covering the HPV 16 E6 91-115 region (91-105, YGTTLEQQYNKPLCD; 96-110, EQQYNKPLCDLLIRC; 101-115, KPLCDLLIRCINCQK; RS Synthesis, Louiville, KY; ≥ 70% purity) (49). IFN-γ secreting cells were labeled using the IFN-γ catch reagent and phycoerythrin (PE)-labeled IFN-γ detection antibody. The positive control sample and healthy donor PBMCs stained with mouse IgG1K isotype labeled with PE (eBiosciences) were used as a negative control to set the gate. The cells were sorted for IFN-γ positivity only using FACS Aria (BD Biosciences, Franklin Lakes, New Jersey).

A Next GEM Chip G was loaded with approximately 10,000 cells and Chromium Next GEM Single Cell 5’ Library Gel Bead Kit v1.1 reagent (10X Genomics, Pleasanton, CA). An emulsion was generated with the Chromium Controller (10X Genomics). Gene expression (GEX) libraries were prepared with the Chromium Single Cell 5’ Library Construction Kit and TCR libraries were prepared with the Chromium Single Cell V(D)J Enrichment Kit, Human T Cell (10X Genomics). A low-pass surveillance sequencing run of both libraries were performed on separate Illumina mid-output MiniSeq flow cells (GEX library Read1:26bp, Read2:91bp, TCR library Read1:150bp, Read2:150bp). Sequencing was scaled up on an Illumina NextSeq 500 with a high-output 150-cycle v2.5 kit for the GEX library and a mid-output 300-cycle v2.5 kit for the TCR library; both runs used identical read lengths as on the MiniSeq. Data was aggregated from both runs.

Sequencing data were first processed by a Cell Ranger pipeline (v3.1.0; 10X Genomics). Gene expression sequencing data were mapped to human reference (GRCh38-3.0.0) dataset. The raw single-cell data were processed by R package Seurat v. 3.2.2, by following the recommended steps and settings. The low-quality cells and doublets were filtered out by the following recommended setting: percentage of mitochondrial genes > 5%, number of detected genes < 200 and number of detected genes > 2500. The clustering was performed with the resolution setting at 0.4. The UMAP (Uniform Manifold Approximation and Projection) plot, violin plots and feature plots were also generated by Seurat (Figure 4).

TCR sequencing data were mapped to human TCR reference (GRCh38-alts-ensembl-3.1.0) dataset, and they were further analyzed by Loupe V(D)J Browser (v3.0.0; 10X Genomics). T cell clonotypes were defined based on TCR Vβ CDR3 nucleotide sequences after removing single cells containing only α chains and those containing two different TCR Vβ CDR3 nucleotide sequences (likely doublets). For calculating the frequencies of ≥ 5% clonotypes (Table 3), clonotypes with two or more single cells were included. Full-length TCRα β amino acid sequences were obtained by the Loupe V(D)J Browser.



Statistical Analysis

A paired t-test was performed to assess the significant changing of spot forming units (i.e., IFN-γ secreting cells) before and after vaccination in ELISPOT assay. The number of T cells between study visits in PBMC, stimulated CD3+ T cells, LBC, and FFPE were compared using Wilcoxon matched-pairs signed-ranks test (GraphPad Instat 3, GraphPad Software, San Diego, CA). A p value < 0.05 was considered statistically significant.
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Current inactivated vaccines against influenza A viruses (IAV) mainly induce immune responses against highly variable epitopes across strains and are mostly delivered parenterally, limiting the development of an effective mucosal immunity. In this study, we evaluated the potential of intranasal formulations incorporating conserved IAV epitopes, namely the long alpha helix (LAH) of the stalk domain of hemagglutinin and three tandem repeats of the ectodomain of the matrix protein 2 (3M2e), as universal mucosal anti-IAV vaccines in mice and chickens. The IAV epitopes were grafted to nanorings, a novel platform technology for mucosal vaccination formed by the nucleoprotein (N) of the respiratory syncytial virus, in fusion or not with the C-terminal end of the P97 protein (P97c), a recently identified Toll-like receptor 5 agonist. Fusion of LAH to nanorings boosted the generation of LAH-specific systemic and local antibody responses as well as cellular immunity in mice, whereas the carrier effect of nanorings was less pronounced towards 3M2e. Mice vaccinated with chimeric nanorings bearing IAV epitopes in fusion with P97c presented modest LAH- or M2e-specific IgG titers in serum and were unable to generate a mucosal humoral response. In contrast, N-3M2e or N-LAH nanorings admixed with Montanide™ gel (MG) triggered strong specific humoral responses, composed of serum type 1/type 2 IgG and mucosal IgG and IgA, as well as cellular responses dominated by type 1/type 17 cytokine profiles. All mice vaccinated with the [N-3M2e + N-LAH + MG] formulation survived an H1N1 challenge and the combination of both N-3M2e and N-LAH nanorings with MG enhanced the clinical and/or virological protective potential of the preparation in comparison to individual nanorings. Chickens vaccinated parenterally or mucosally with N-LAH and N-3M2e nanorings admixed with Montanide™ adjuvants developed a specific systemic humoral response, which nonetheless failed to confer protection against heterosubtypic challenge with a highly pathogenic H5N8 strain. Thus, while the combination of N-LAH and N-3M2e nanorings with Montanide™ adjuvants shows promise as a universal mucosal anti-IAV vaccine in the mouse model, further experiments have to be conducted to extend its efficacy to poultry.
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Introduction

Avian influenza A viruses (AIV) remain one of the most important respiratory pathogens in humans and various animal species, including poultry. According to the disease severity in poultry, AIV can broadly be categorized as either highly pathogenic (HPAIV) or low pathogenic (LPAIV) AIV. In poultry, infection with LPAIV is asymptomatic or causes low to mild pathophysiological damages to the respiratory, digestive, and reproductive systems (resulting in a drop in egg production), while infection with HPAIV is characterized by high morbidity and mortality rates. AIV can not only dramatically impact the poultry industry by causing severe economic losses, but can also pose a serious threat to public health worldwide through their high rates of zoonotic infection and pandemic potential (1, 2).

Vaccination is the most efficient and cost-effective approach to protect human and animal populations against IAV. Current vaccines are primarily designed to generate an immune response directed towards surface hemagglutinin (HA) (especially the immunodominant HA head domain HA1) or neuraminidase (NA) glycoproteins. However, circulating IAV are continuously evolving, leading to the emergence of strains with new antigenic properties. Point mutations occurring in the HA protein caused by the error-prone viral RNA-dependent RNA polymerase (“antigenic drift”) lead to strains which can escape pre-existing host immune responses. In addition, the segmented nature of the viral genome allows for exchanges of viral segments in host cells co-infected with distinct IAV strains, resulting in reassortant viruses with new combinations of HA or NA surface glycoproteins (“antigenic shift”). These genetic reassortments could contribute to the emergence of novel IAV subtypes with pandemic potential (3). These antigenic drift and shift events occurring in circulating IAV may strongly reduce the efficiency of influenza vaccines (4, 5).

Owing to the high variability of IAV, an active area of research focuses on developing subunit vaccines containing conserved “universal” viral antigens, including epitopes located in the membrane proximal stalk domain of HA (HA2) and the ectodomain of the matrix protein 2 (M2e) (4, 6–8). Multiple vaccine candidates and platforms incorporating HA2 and/or M2e epitopes are under development, including fusion proteins with bacterial enterotoxins, flagellin, Neisseria meningititis outer membrane protein complex or Mycobacterium tuberculosis heat-shock protein 70, virus-like particles, bacterial outer membrane vesicles, bacteriophages, liposomes, immune stimulating complexes (ISCOM), bacterial or viral vectored vaccines, DNA or RNA vaccines, organic polymers such as chitosan, poly(lactic-co-glycolic acid) or poly-γ-glutamic acid particles and inorganic nanoparticles such as gold nanoparticles (5, 7–15). These vaccine candidates were shown to provide protection against homologous and/or heterologous IAV challenges in pre-clinical trials. Whereas anti-HA1 antibodies block viral entry into host cells by inhibiting the interaction between HA1 and sialic acid residues on cellular receptors, anti-HA2 antibodies neutralize infection at other stages of the virus life cycle, including the fusion step between viral and endosomal membranes. The HA2-specific antibodies also operate by engaging Fc-mediated effector functions including antibody-dependent cellular phagocytosis (ADCP) or antibody-dependent cell-mediated cytotoxicity (ADCC) (4, 6, 8). Vaccines incorporating a linear contiguous fragment of HA2, the long alpha helix (LAH), elicited protective LAH-specific humoral responses in mouse studies (16–18). M2e is sparsely expressed at the surface of the virus but is abundant at the surface of infected cells. M2e-specific antibodies are non-neutralizing but exhibit Fc-mediated protective effector functions (4, 6–8). The protective potential of HA2- and M2e-based vaccines also correlates with the generation of specific cell-mediated immune responses (7, 8). Although vaccine trials with HA2- or M2e-based formulations gave encouraging results in mouse or ferret models, inconsistent results have been obtained in poultry (5, 9, 11, 12, 19–21).

A growing body of evidence emphasizes the importance of mucosal vaccination in the fight against IAV (15, 22–24). Current mucosal anti-IAV vaccines licensed in humans are intranasal cold-adapted live attenuated influenza vaccines (LAIV) displaying limited replication at high temperatures of the lower respiratory tract, but efficient replication at lower temperatures of the upper respiratory tract. Alternative attenuation strategies for the generation of LAIV under development in mammals and birds include the use of non-structural protein 1 (NS1) deficient, altered or truncated viruses, codon deoptimized viruses, or single-cycle infectious viruses obtained after mutation, deletion or substitution of viral components such as the transmembrane and cytoplasmic domains of M2 protein (5, 25, 26). LAIV have the potential to generate local and systemic humoral and cell-mediated immune responses and provide broad protection against IAV infections. However, some drawbacks have been associated with the use of LAIV such as safety issues related to the possible reversion of the vaccine strains into virulent strains by mutations or genetic reassortment with other circulating strains (27). Besides LAIV, mucosal inactivated subunit vaccines are being developed. To ensure the immuno-availability and the immuno-stimulating capacity of the IAV antigen(s), innovative delivery/adjuvant systems for subunit vaccines have been successfully developed in pre-clinical and clinical tests, including micro/nanosized particulate carriers associated or not with immunopotentiators such as agonists of pattern recognition receptors (PRRs) including Toll-like receptors (TLRs) (15). These formulations boost the magnitude, the duration and/or the breadth of the immune responses directed against the IAV antigen(s) (15). In this context, we previously fused three tandem repeats of M2e peptide to a ring nanoplatform based on recombinant nucleoprotein (N) of the respiratory syncytial virus (RSV), which self-assembled in homogenous rings of about 15 nm diameter when expressed in Escherichia coli (“N-3M2e nanorings”) (28). Mice immunized intranasally with these nanorings developed potent M2e-specific local and systemic humoral responses and were significantly protected against homologous IAV challenge (28). Recent studies have focused on the P97 protein of Mycoplasma hyopneumoniae, the etiological agent of porcine enzootic pneumonia, which plays a major role in the bacterial adhesion to the respiratory epithelium and stimulates the production of pro-inflammatory cytokines during infection (29). The fusion of the C-terminal end of P97 protein (P97c) to viral proteins boosted the anti-viral immune responses in mice (30), and the adjuvant effect of P97c may be mediated through its interaction with TLR-5 (29).

The goal of this study is to evaluate the immunogenicity and the protective potential of chimeric nanorings bearing 3M2e and LAH epitopes in fusion or not with P97c as universal mucosal anti-IAV vaccines in mice and chickens.



Materials and Methods


Plasmid Constructions

The M2e (GenBank accession number BAV59614.1, 1-24 aa) and LAH (GenBank accession number CAA24272.1, 420-474 aa) sequences derived from A/Puerto Rico/8/1934 (H1N1) (PR8) strain, the M2e (GenBank accession number AGY42150.1, 1-24 aa) and LAH (GenBank accession number AGY42146.1, 418-468 aa) sequences derived from A/mallard/Sweden/49/2002 (H5N9) strain, and the P97c sequence derived from M. hyopneumoniae 232 strain (GenBank accession #U50901.1, 799-1108 aa) were used in this study. The two cysteine residues of the M2e sequence (aa 17 and 19) were replaced by two serine residues to avoid formation of a disulfide bond that could perturb the assembly of nanorings (28). The pET-N-Sac plasmid was obtained from the pET-N plasmid, which contained the full-length coding sequence of N derived from RSV Long strain (ATCC VR-26, GenBank accession number AY911262.1), by introducing a SacI restriction enzyme site in frame and at the C-terminal end of the N sequence (28). The pET-N-3M2e plasmid containing three repetitions of the PR8 M2e sequence in frame and the C-terminal end of the N sequence was obtained previously (28). To obtain the pET-N-3M2e plasmid containing three repetitions of the H5N9 M2e sequence, the synthesized pUC57-3M2e plasmid (ProteoGenix, Schiltigheim, France) containing the H5N9 3M2e sequence was used as a template to amplify the 3M2e sequence by PCR using the Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) with gene-specific primers flanked with SacI/SacI (forward primer/reverse primer) sites. The PCR-amplified 3M2e sequence was then digested by SacI enzyme and inserted into the pET-N-Sac plasmid using the same restriction site. The pET-LAH plasmid was obtained by inserting the PR8 LAH sequence between NdeI and XhoI sites into a pET-22 vector. The pET-N-LAH plasmid was obtained by inserting the PR8 or H5N9 LAH sequence containing a linker sequence GCCGGAGCA at its N-terminal end between the SacI and XhoI sites into the pET-N-Sac plasmid. The pET-N-P97c plasmid was obtained by inserting the P97c sequence containing a linker sequence GGCGGAAGC at its N-terminal end between the SacI and EcoRI sites into the pET-N-Sac plasmid. The pET-N-3M2e-P97c plasmid was obtained by inserting the PR8 3M2e sequence at the SacI site into the pET-N-P97c plasmid. The pET-N-P97c-3M2e plasmid was obtained by inserting the P97c sequence containing a linker sequence GGCGGAAGC at its N-terminal end at the SacI site into the pET-N-3M2e plasmid. The pET-N-LAH-P97c and pET-N-P97c-LAH plasmids were obtained by inserting the PR8 LAH and P97c sequences at the SacI site into the pET-N-P97c and pET-N-LAH plasmids, respectively. The LAH-P97c and P97c-LAH gene fragments were PCR-amplified using the pET-N-LAH-P97c and pET-N-P97c-LAH plasmids as templates and gene-specific primers flanked with NdeISacI/XhoI and NdeI/SacIXhoI sites, respectively. NdeI/XhoI-digested LAH-P97c and P97c-LAH PCR products were finally inserted into a pET-22 vector identically treated with restriction enzymes to generate the pET-LAH-P97c and pET-P97c-LAH plasmids, respectively. The PCR-amplified PR8 3M2e sequence flanked with SacI/SacI site was digested by SacI and inserted into either the SacI-digested pET-LAH-P97c plasmid to generate the pET-3M2e-P97c plasmid, or into the SacI-digested pET-P97c-LAH plasmid to generate the pET-P97c-3M2e plasmid. The primers and the restriction enzymes were purchased from Sigma-Aldrich (Saint-Louis, MO, USA) and Thermo Fisher Scientific, respectively. The entire coding sequences of all plasmid constructions were validated on both strands by DNA sequencing. All sequences and primers are available upon request.



Expression and Purification of Proteins

The purification of nanorings depends upon specific interactions between the C-terminus of the phosphoprotein P of RSV (161-241 aa) (PCT) fused to glutathione S-transferase and the N protein, as previously described (31). Briefly, E. coli Rosetta 2 (DE3) competent cells (Novagen, Madison, WI, USA) co-transformed with the pGEX-PCT plasmid and either the pET-N-Sac, pET-N-P97c, pET-N-LAH, pET-N-3M2e, pET-N-LAH-P97c, pET-N-P97c-LAH, pET-N-3M2e-P97c or pET-N-P97c-3M2e plasmid were grown at 37°C for 8 h in Luria-Bertani (LB) medium containing 100 µg/ml ampicillin, 50 µg/ml kanamycin and 40 µg/ml chloramphenicol. The protein expression was induced by adding 0.8 mM isopropyl-β-D-thio-galactoside (IPTG) to the medium and bacteria were incubated overnight at 28°C. Bacterial pellets were then incubated for 1 h on ice in lysis buffer (50 mM Tris-HCl pH 8, 60 mM NaCl, 1 mM EDTA, 2 mM dithiothreitol (DTT), 0.2% Triton X-100, 1 mg/ml lysozyme) supplemented with complete protease inhibitor cocktail (Roche, Basel, Switzerland), then sonicated, and finally centrifuged at 4°C for 30 min at 10,000 × g. Supernatants were incubated overnight with glutathione-sepharose 4B beads (GE Healthcare, Chicago, IL, USA). Beads were then washed three times in lysis buffer and three times in phosphate-buffer saline (PBS), and incubated with thrombin (Novagen) overnight at 20°C. Recombinant nanorings separated from the beads were finally loaded onto a HiLoad Superdex 200 column (GE Healthcare) using 20 mM Tris-HCl (pH 8.5) and 150 mM NaCl as the eluent.

The purification of LAH, LAH-P97c, P97c-LAH, 3M2e-P97c or P97c-3M2e relied on the presence of a 6xHis-tag located at the C-terminal end of the coding sequence. E. coli competent cells transformed with the pET-LAH, pET-LAH-P97c, pET-P97c-LAH, pET-3M2e-P97c or pET-P97c-3M2e plasmid were grown at 37°C for 8 h in LB medium containing 100 µg/ml ampicillin and 40 µg/ml chloramphenicol. After protein expression, bacterial pellets were re-suspended in lysis buffer (20 mM Tris-HCl pH 8, 500 mM NaCl, 0.1% Triton X-100, 10 mM imidazole, 1 mg/ml lysozyme) supplemented with complete protease inhibitor cocktail, incubated for 1 h on ice, sonicated, and then centrifuged at 4°C for 30 min at 10,000 × g. Supernatants were then loaded onto a HiTrap immobilized metal ion affinity chromatography (IMAC) column (GE Healthcare) charged with 0.2 M NiSO4. The column was washed in the washing buffer (20 mM Tris-HCl pH 8.5, 500 mM NaCl, 50 mM imidazole) and proteins were eluted in the same buffer with 500 mM imidazole before being loaded onto a HiLoad Superdex 200 column using 20 mM Tris-HCl (pH 8.5) and 150 mM NaCl as the eluent. P97c and 3M2e peptides were synthesized by ProteoGenix. The absence of endotoxin was tested by a Limulus amebocyte lysate (LAL) endotoxin quantification kit (Thermo Fisher Scientific) with a sensitivity limit of 0.1 endotoxin unit/ml.



SDS-PAGE and Western Blot Assays

Proteins were prepared in Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 5% β-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), 20% glycerol, 0.01% bromophenol blue) and denatured 5 min at 95°C. Samples were then run on 12.5% SDS-polyacrylamide gels with to ProSieve Prestained protein ladder and detected by Coomassie brilliant blue staining. Alternatively, gels were electroblotted onto a nitrocellulose membrane for 1 h at 20 V. Membranes were blocked with PBS containing 5% skim milk during 1 h at room temperature (RT) and then incubated overnight at 4°C with either a rabbit anti-N polyclonal sera (Pab) (1:5,000) (32), a mouse anti-M2 monoclonal antibody (Mab) (1:5,000; clone 14C2) (Santa Cruz Biotechnology, Dallas, TX, USA) or a mouse anti-P97c Mab (1:3,000; clone 8H4-G6) (30) in PBS with 0.3% Tween 20 (PBS-T 0.3%) and 5% skim milk. Membranes were washed in PBS-T 0.3% and finally incubated 1 h at RT with relevant peroxidase-conjugated secondary antibodies (SeraCare, Milford, MA, USA) diluted in blocking solution. Proteins were visualized by chemiluminescence with Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA).



Size Measurements of Nanorings by Dynamic Light Scattering (DLS)

Size measurements with the Zetasizer Nano series (Malvern Panalytical, Malvern, UK) based on the principle of DLS, were made at 20°C using a helium-neon laser wavelength of 633 nm and detection angle of 173°. The results were presented as size distribution by volume calculated from the Malvern software (28).



Visualization of Nanorings by Transmission Electron Microscope (TEM)

Electron micrographs were acquired using a CM12 TEM (Royal Philips Electronics, Amsterdam, Netherlands) at 80 kV excitation voltage. Samples at 0.05-1 mg/ml were applied onto an airglow- discharged carbon-coated 200-mesh copper grid and stained with a 2% uranyl acetate aqueous solution (28).



In Vivo Experiments in Mice

Six to 7-week-old female BALB/c mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and housed under specific-pathogen-free (SPF) conditions in a biosafety level 2 facility (IERP, INRAE, Jouy-en-Josas, France) with access to food and water ad libitum. All mouse experiments were carried out in accordance with INRAE guidelines, which are compliant with the European animal welfare regulation. The protocols were approved by the Animal Care and Use Committee at the Centre de Recherche de Jouy-en-Josas (COMETHEA) under relevant institutional authorization (Ministère de l’éducation nationale, de l’enseignement supérieur et de la recherche; authorization number 2015100910396112v1, APAFIS number 1487).

Three sets of experiments were conducted to evaluate the immunogenicity of vaccine candidates bearing PR8 epitopes and the immunostimulatory effect of nanorings and P97c. In the first set of experiments, mice were anesthetized with a solution of ketamine and xylazine (50 and 10 mg/kg of body weight, respectively) and immunized three times, at 2-week intervals, by intranasal instillation of 50 µl of endotoxin-free PBS containing 20 µg of nanorings bearing PR8 epitopes in fusion or not to P97c (N-LAH, [n = 10]; N-3M2e, [n = 8]; N-LAH-P97c, [n = 9]; N-P97c-LAH, [n = 9]; N-3M2e-P97c, [n = 9]). Control groups received intranasal administrations of 20 µg of free PR8 peptides (LAH, [n = 8]; 3M2e, [n = 7]) or PR8 peptides fused to P97c (LAH-P97c, [n = 9]; P97c-LAH, [n = 9]; 3M2e-P97c, [n = 10]; P97c-3M2e, [n = 9]). Preparations which did not contain P97c were adjuvanted with 5% MG (SEPPIC, Air Liquide, La Garenne-Colombes, France). Negative control groups received preparations without PR8 epitopes (P97c (20 µg), [n = 5]; N (20 µg) + MG, [n = 8]; N-P97c (20 µg), [n = 10]; MG, [n = 5]). The antigen dose was selected according to previous studies (28). On day 42, sera were isolated from blood samples collected via cheek puncture. Mice were then sacrificed and bronchoalveolar lavage fluids (BAL) were collected by flushing the lungs via tracheal puncture with 1 ml PBS and clarified by centrifugation. In the second set of experiments, mice were immunized three times, at 2-week intervals, by intranasal instillation of 50 µl of endotoxin-free PBS containing nanorings bearing PR8 epitopes (N-LAH (20 µg) + MG, [n = 5]; N-3M2e (20 µg) + MG, [n = 5]). Control groups received intranasal administrations of free PR8 peptides (LAH (20 µg) + MG, [n = 5]; 3M2e (20 µg) + MG, [n = 5]) or subcutaneous injections of an equivalent of 100 lethal dose 50 (LD50) of UV-inactivated PR8 strain (iPR8, [n = 4]) admixed with MG. This latter group has been included in the study as an experimental control representative of current anti-IAV vaccines which are mainly inactivated viruses administered via the parenteral route (15). Negative control group received MG (n = 4). On day 42, spleens were collected to evaluate LAH- or M2e-specific cellular responses. In the last set of experiments, mice were immunized three times, at 2-week intervals, by intranasal instillation of 50 µl of endotoxin-free PBS containing nanorings bearing PR8 administered alone (N-LAH (20 µg) + MG, [n = 7]; N-3M2e (20 µg) + MG, [n = 7]), or in combination (N-3M2e (20 µg) + N-LAH (20 µg) + MG, [n = 8]). Control groups received intranasal administrations of free PR8 peptides (LAH (20 µg) + MG, [n = 7]; 3M2e (20 µg) + MG, [n = 7]) or MG (n = 4), or subcutaneous injections of [iPR8 + MG] (n = 7). On day 42, spleens (n = 4 for MG and [iPR8 + MG] groups; n = 5 for [N-LAH + MG] and [N-3M2e + MG] groups), sera and BAL were collected.

A final set of experiments aimed at evaluating the protective potential of nanorings bearing PR8 epitopes against an experimental homologous IAV infection. In a first stage, mice received three administrations of vaccine formulations or vehicle as described above (N-LAH + MG, [n = 10]; N-3M2e + MG, [n = 10]; N-3M2e + N-LAH + MG, [n = 10]; LAH + MG, [n = 10]; 3M2e + MG, [n = 10]; MG, [n = 9]). Two weeks after the last immunization, mice were anesthetized and inoculated intranasally with 15 LD50 of PR8 strain in 50 µl endotoxin-free PBS. Mice immunized with [iPR8 + MG] (n = 8) were included as a positive control group because conventional vaccination with inactivated virus is known to confer protection against homologous challenge with the induction of neutralizing anti-HA antibodies contributing critically to viral clearance (15, 28). Body weight and mortality of each mouse were monitored daily until 14 days post-infection (p.i.). Mice that had lost 20% or more of their initial weight were euthanized according to ethical endpoints. In a second stage, mice received three administrations of vaccine formulations or vehicle and were then infected with 15 LD50 of PR8 strain as described above. Four days after infection, individual viral loads were measured from lung homogenates (N-LAH + MG, [n = 4]; N-3M2e + MG, [n = 5]; N-LAH + N-3M2e + MG, [n = 4]; LAH + MG, [n = 5]; 3M2e + MG, [n = 5]; iPR8 + MG, [n = 4]; MG, [n = 5]) by quantitative real-time polymerase chain reaction (qRT-PCR).



In Vivo Experiments in Chickens

Experimentations were conducted in accordance with the European Council Directive CEE86/609 and animal protocols approved by the Ethics Committee “Sciences et santé animale”, committee number 115. Three-week-old white Leghorn chickens were purchased from the Plateforme d’Infectiologie Expérimentale (INRAE, Nouzilly, France) and housed under SPF conditions in a biosafety level 2 facility at the National Veterinary School of Toulouse (France) (experimental unit agreement number C3155527) with access to food and water ad libitum. Birds were transferred in biosafety level 3 cabinets (I-Box; Noroit, Nantes, France) under negative pressure with HEPA-filtered air before experimental AIV infection. Chickens were immunized three times at 2-week intervals with a combination of two chimeric nanorings bearing H5N9 LAH and 3M2e epitopes. The first group received 100 µl of endotoxin-free PBS containing 50 µg of each chimeric nanorings adjuvanted with 70% Montanide™ ISA 71 VG (ISA) (SEPPIC) intramuscularly (N-LAH + N-3M2e + ISA, [n = 15]). ISA is a blend of oil and an ester from mannitol sugar and oleic fatty acid (anhydromannitol octadecenoate ether) with specific emulsifying properties due to its sugar polar head, its non-ionicity and the specificity of fatty acid chains of the surfactant system, which is extensively used in parenteral vaccination in chickens. The second group received 100 µl of endotoxin-free PBS containing 25 µg of each chimeric nanorings adjuvanted with MG by choanal route in addition to 40 µl of endotoxin-free PBS containing 25 µg of each chimeric nanorings adjuvanted with MG by eye drop (20 µl/eye) (N-LAH + N-3M2e + MG, [n = 15]). Non-vaccinated control group received PBS (n = 16). On day 46, sera were isolated from blood samples collected via jugular vein punction and tears were obtained by sprinkling salt in an eye of each bird (n = 3-5 per group) and collecting the fluid with a micropipette (33). On day 49, chickens were inoculated via the choanal route with 5 LD50 of HPAIV A/duck/Tarn/RG/2016 (H5N8) strain in 100 µl endotoxin-free PBS and the mortality was recorded daily until 7 days p.i.



Antigen-Specific Antibody Titration by ELISA

Microtiter plates (Immulon 2HB, Thermo Fisher Scientific) were coated overnight at 4°C with synthesized LAH or M2e (ProteoGenix) derived from PR8 (for the analysis of mouse samples) or H5N9 (for the analysis of chicken samples) strains (200 ng per well in 100 µl carbonate-bicarbonate buffer 0.1 M pH 9.5). Plates were washed five times with PBS-T 0.05% between each step of the assay. After coating, the plates were blocked with PBS-T 0.05% and 5% skim milk for 2 h at RT. Sera, BAL and LS were serially diluted (2-fold dilutions) in PBS-T 0.05% and 5% skim milk (starting at 1:3 for LS and at 1:50 for serum/BAL) and incubated for 1 h at RT. Negative wells contained only PBS-T 0.05% and 5% skim milk. Antigen-bound mouse antibodies were detected using peroxidase-conjugated goat anti-mouse IgG (H+L) (1:5,000) (KPL, Gaithersburg, MD, USA), IgA (1:5,000) (Southern Biotech, Birmingham, AL, USA), IgG2b (1:1,000) (Southern Biotech), or IgG3 (1:1,000) (Southern Biotech), or peroxidase-conjugated rat anti-mouse IgG1 (1:1,000) (BD Biosciences, Franklin Lakes, NJ, USA) or IgG2a (1:1,000) (BD Biosciences). Antigen-bound chicken antibodies were detected using peroxidase-conjugated goat anti-chicken IgG (Fc) (1:50,000 or 1:10,000 for sera or LS, respectively) (Bio-Rad) or IgA (1:10,000) (Bio-Rad). After incubation for 1 h at RT, plates were developed with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate (KPL), and the enzyme reaction was stopped by addition of 1 M H2SO4. Absorbance was read at 450 nm with an Infinite 200 Pro microplate reader (Tecan, Männedorf, Switzerland). The reciprocal of the last sample dilution that resulted in an optical density at 450 nm (OD450) ≤ twice the OD450 of negative wells (cutoff) was considered the titer of that sample. When the OD450 of the first dilution of a sample was lower than the cutoff, its titer was arbitrarily fixed to 3 or 50 for LS or sera/BAL, respectively. Optimal dilutions of the coating antigen (LAH or M2e) and peroxidase-conjugated anti-mouse or anti-chicken antibodies were determined during preliminary standardizations.



Preparation of Mouse Spleen Cells

Individual spleens were mechanically disrupted in sterile RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 10% heat-inactivated fetal calf serum (FCS, Eurobio Scientific, Les Ulis, France) and filtered through a 100 µm nylon filter. After incubation with NH4Cl lysing buffer (Sigma-Aldrich) to remove red blood cells, total spleen cells were adjusted to 5 x 106 viable cells/ml in complete medium consisting of RPMI-1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 50 µM β-mercaptoethanol and 100 U/ml penicillin-streptomycin (Thermo Fisher Scientific) and were re-stimulated ex vivo to evaluate specific cellular immune responses by ELISA and ELISpot assay (see below). All solutions were tested for the absence of endotoxin by the LAL test. Any possible residual endotoxin during cell stimulation was controlled by the addition of polymyxin B sulfate (MilliporeSigma, Burlington, MA, USA) at 20 µg/ml (34).



Cytokine Quantification by ELISA

Mouse spleen cells were distributed in 96-well flat-bottom cell culture plates (5 × 105 cells/well) and incubated in triplicate with synthesized LAH or M2e (2 µg/well) as activators or with complete medium as negative control. Cell cultures were incubated at 37°C in 5% CO2 for 72 h, and supernatants were harvested. Levels of interferon gamma (IFN-γ), interleukin-17A (IL-17A), IL-4, IL-5, IL-6 and IL-10 were measured from supernatants by sandwich ELISA using pair-matched antibodies from eBioscience (San Diego, CA, USA) (IFN-γ, IL-4, IL-5, IL-6, IL-10) or BD Biosciences (IL-17A). Two-fold dilutions of recombinant mouse cytokines were used to generate standard curves. Sample dilutions giving OD450 readings in the linear portion of the appropriate standard curve were used to quantify the levels of each cytokine.



ELISpot Assay

Ninety-six-well MultiScreenHTS-IP polyvinylidene fluoride membrane plates (MilliporeSigma) were coated overnight at 4°C with capture anti-mouse IFN-γ Mab (clone R4-6A2, BD Biosciences) or IL-17A Mab (clone TC11-18H10) (1 µg per well in 100 µl PBS). Plates were then washed three times with sterile PBS and blocked with complete medium for 2 h at 37°C. Mouse spleen cells were serially diluted (two-fold dilution) in complete medium (starting at a concentration of 5 × 106 cells/ml) and 100 µl/well of each dilution was incubated with synthesized LAH or M2e (2 µg/well) for 24 h at 37°C.

Negative control wells were coated wells containing complete medium or uncoated wells containing 5 × 105 cells. Subsequently, plates were washed in PBS-T 0.05% and incubated with 100 µl/well of biotinylated rat anti-mouse IFN-γ Mab (clone XMG1.2) or IL-17A Mab (clone TC11-8H4) at 2 µg/ml in PBS-T 0.05% supplemented with 1% BSA for 2 h at 37°C. After further washes and 45 min incubation with streptavidin-alkaline phosphatase at 1 µg/ml (Mabtech, Nacka Strand, Sweden), IFN-γ- or IL-17A- secreting cells were visualized by adding BCIP-NBT (5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium; Thermo Fisher Scientific) substrate for 30 min. The spots were counted using the iSPOT reader from AID Autoimmun Diagnostica GmbH (Straßberg, Germany). The background from the negative wells was subtracted and the results were expressed as the number of spot-forming cells per 5 × 105 input cells. Optimal dilutions of coating antibodies and biotinylated anti-mouse antibodies were determined during preliminary standardizations.



Determination of Pulmonary Viral Loads by qRT-PCR

Total RNA was extracted from mouse lung homogenates using the RNeasy Plus Mini Kit (Qiagen, Venlo, Netherlands) and 100 ng of RNA samples were reverse-transcribed with SuperScript II Reverse Transcriptase (Thermo Fisher Scientific) using the specific IAV M1 primer: 5’-TCT AAC CGA GGT CGA AAC GTA-3’ (35). Resulting cDNA samples were mixed with iTaq universal SybR green PCR supermix (Bio-Rad) and primers targeting a conserved region of the PR8 M1 gene (sense: 5’-TCT AAC CGA GGT CGA AAC GTA-3’; antisense: 5’-AGG GCA TTT TGG ACA AAG CGT CTA-3’). The qRT-PCR program was run on the MasterCycler R realplex (Eppendorf, Montesson, France) as follows: an initial DNA denaturation step at 95°C for 3 min, then 40 cycles composed firstly of a denaturation step at 95°C for 15 s, then an annealing step at 64°C for 15 s, and finally an extension step at 72°C for 30 s. Each cDNA sample and non-template controls were run in triplicate. To ensure that primers produced a single and specific PCR amplification product, a dissociation curve was performed at the end of the PCR cycle. In each assay, serial ten-fold dilutions of the pPOLI-M/PR8 plasmid (Pr. Ervin Fodor, University of Oxford, UK) were run in duplicate, allowing to quantify the number of M1 gene copies generated from unknown samples by comparison of the cycle threshold values using the Realplex software (Eppendorf). Results were expressed as the number of copies of M1 RNA per 100 ng of input total lung RNA.



Statistical Data Analysis

The log-rank (Mantel-Cox) test was used to compare the survival rates between the mouse groups. Otherwise, differences between the experimental groups were analyzed for significance using the Mann-Whitney rank sum test. All analyses were done using the Sigma Plot system v11.0 (Systat Software, San Jose, CA, USA). A P value < 0.05 was considered statistically significant.




Results


Biochemical and Biophysical Characterization of LAH- and M2e-Based Fusion Proteins

In this study, we explored the adjuvant potential of N nanorings and P97c for the development of efficient anti-IAV vaccine formulations containing conserved IAV epitopes. To this end, we produced a series of chimeric nanorings with PR8 (H1N1) epitopes linked alone or in combination with P97c at the C-terminal end of the N sequence exposed at the surface of nanorings (36). Different combinations of PR8 epitopes and P97c were conceived because the fusion protein orientation could influence the characteristics of the humoral response generated against the viral epitopes (30). M2e-based constructions were designed with three M2e copies to increase the immunogenicity of the peptide (28). Five different chimeric nanorings were thus created, namely N-LAH, N-3M2e, N-LAH-P97c, N-P97c-LAH and N-3M2e-P97c. In parallel, we produced LAH-P97c, P97c-LAH, 3M2e-P97c and P97c-3M2e fusion proteins. Naked nanorings (N) and nanorings bearing P97c (N-P97c) were generated as controls. Due to very low production yield, N-P97c-3M2e nanorings were excluded from the study. Analysis by SDS-PAGE followed by Coomassie blue staining revealed the presence of a unique band at the expected theorical molecular weight for each sample (Figure 1A). Western blot assays using specific antibodies confirmed the identity and antigenicity of each preparation (Figure 1B). The presence of LAH epitopes was validated by liquid chromatography coupled with tandem mass spectrometry (data not shown). Observation by TEM showed that nanorings carrying IAV and/or P97c epitopes formed similar ring-like structures as those previously observed with N or N-3M2e nanorings (28) (Figure 1C). DLS analysis indicated that N and N-3M2e nanoring preparations were mainly composed of a homogenous population with a hydrodynamic radius of 17 nm and 18 nm, respectively, in accordance with previous observations (28, 31). A similar DLS profile with a hydrodynamic radius of 18 nm was obtained with the N-LAH nanoring preparation (Supplemental Figure 1). The size of the particles was increased after the fusion of P97c to nanorings, and a major population with a hydrodynamic radius of 25 nm, 41 nm, 32 nm and 34 nm was detected with N-P97c, N-LAH-P97c, N-P97c-LAH and N-3M2e-P97c samples, respectively. Therefore, nanorings are versatile nanoplatforms on which different IAV epitopes can be grafted alone or in combination with adjuvant sequence (P97c) without affecting the self-assembly and the structural integrity of nanorings.




Figure 1 | Biochemical and biophysical characterization of LAH- and 3M2e-based fusion proteins. Recombinant nanorings bearing PR8 epitopes in fusion or not with P97c (N-LAH, N-3M2e, N-LAH-P97c, N-P97c-LAH, N-3M2e-P97c), fusion proteins composed of PR8 epitopes and P97c (LAH-P97c, P97c-LAH, 3M2e-P97c, P97c-3M2e), nanorings bearing P97c (N-P97c) and naked nanorings (N) were produced and purified as described in “Materials and Methods” and then analyzed by (A) SDS-PAGE followed by Coomassie blue staining and (B) Western blot assay with (B, left panel) N-specific Pab, (B, central panel) M2-specific Mab and (B, right panel) P97c-specific Mab. (C) Nanorings were negatively stained and observed by transmission electron microscopy.





Evaluation of the Immunopotentiator Effect of Nanorings and P97c on LAH- and M2e-Specific Systemic and Mucosal Humoral Responses in Mice

In a first set of experiments, we evaluated the immunopotentiator effect of nanorings and P97c on the development of humoral immunity directed against IAV epitopes in mice. Animals received three intranasal administrations of LAH or 3M2e peptides derived from PR8 strain fused to nanorings and/or P97c. Vaccine preparations which did not contain P97c were admixed with MG, a commercial adjuvant efficient in mucosal immunization (28). The magnitude and composition of systemic and local antibody responses directed against LAH or M2e were evaluated (Figure 2).




Figure 2 | Evaluation of the immunopotentiator effect of nanorings and P97c on LAH- and M2e-specific systemic and mucosal humoral responses in mice. Mice received at 2-week intervals three intranasal administrations of LAH or 3M2e peptides fused to nanorings and/or P97c or, as controls, free LAH or 3M2e peptides. Preparations without P97c were admixed with Montanide™ gel (MG). Mice receiving P97c nanorings (N-P97c), naked nanorings (N + MG), P97c or MG were included as negative control groups. Two weeks after the third immunization, (A) anti-LAH or (B) anti-M2e IgG titers in the serum, and anti-LAH (C) IgG and (E) IgA or anti-M2e (D) IgG and (F) IgA titers in the bronchoalveolar lavage fluids (BAL) were determined by ELISA. The titer of each mouse sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to the respective negative control groups (MG, P97c, N + MG, N-P97c). ¤, statistically significant difference (P < 0.05) between the indicated groups.



Concerning LAH-specific humoral responses, mice vaccinated with [LAH + MG] did not present significant systemic (Figure 2A) or mucosal (Figures 2C, E) antibody titers. In contrast, mice immunized with P97c-LAH or LAH-P97c fusion proteins developed a potent systemic IgG response, and the antibody titers were significantly higher in the P97c-LAH group than in the LAH-P97c group (Figure 2A). Nonetheless, although IgG were detected in the BAL of the P97c-LAH group, overall mice presented low to negligible IgA titers, and the mucosal humoral response of [LAH-P97c]-instilled mice was not significantly different from negative control groups (Figures 2C, E). The LAH-specific humoral response of mice immunized with N-LAH-P97c or N-P97c-LAH nanorings was only composed of serum IgG, whose titers were not increased in comparison to mice immunized with LAH-P97c or P97c-LAH fusion proteins, respectively, and no significant mucosal antibody titers could be measured (Figures 2C, E). Finally, the [N-LAH + MG] formulation triggered the strongest humoral responses, composed of serum IgG as well as local IgG and IgA.

Regarding M2e-specific humoral responses, mice vaccinated with [3M2e + MG] exhibited significant systemic IgG titers (Figure 2B) and local IgG (Figure 2D) and IgA (Figure 2F) titers in contrast with [3M2e-P97c]- or [P97c-3M2e]-vaccinated mice. There was a tendency towards higher levels of antibodies in serum and BAL in the [N-3M2e + MG] group compared to the [3M2e + MG] group, however these differences were not statistically significant (Figures 2B, D, F). N-3M2e-P97c nanorings induced modest serum IgG titers (Figure 2B) but no mucosal Ig were detected (Figures 2D, F).

To summarize, while fusion of P97c to LAH boosted LAH-specific systemic humoral responses, no adjuvant effect of P97c could be observed towards 3M2e. The fusion of LAH to nanorings boosted both systemic and local LAH-specific antibody responses, whereas the carrier effect of nanorings was less pronounced towards 3M2e. Chimeric proteins composed of the IAV epitopes fused to P97c either administered alone or in fusion with nanorings were unable to trigger potent mucosal humoral responses and were thus excluded from the following experiments. In contrast, preparations incorporating N-LAH or N-3M2e nanorings admixed with MG were shown to be efficient mucosal vaccine formulations.



Evaluation of the Immunopotentiator Effect of Nanorings on LAH- and 3M2e-Specific Cell-Mediated Immune Responses in Mice

Both humoral and cellular immune defenses are involved in the fight against IAV infections. Accordingly, we analyzed the characteristics of LAH- and M2e-specific cell-mediated immunity generated in [N-LAH + MG]- and [N-3M2e + MG]-vaccinated mice, respectively. The carrier effect of nanorings was investigated and the cellular response of mice immunized with the inactivated homologous IAV strain (iPR8) via the parenteral route was analyzed in parallel. We focused our study on prototypical type 1 (IFN-γ), type 2 (IL-4, IL-5 and IL-10), and type 17 (IL-17A) cytokines and on IL-6, a pleiotropic cytokine with multiple immunoregulatory effects including the promotion of T helper (Th) 2 and Th17 responses as well as antibody responses and mucosal IgA immunity (37).

Mice vaccinated with [LAH + MG] developed LAH-specific cellular responses with type 1 and type 17 cytokine profiles as seen by the detection of IFN-γ (Figure 3A) and IL-17A (Figure 3B) in culture supernatants of LAH-restimulated spleen cells, respectively. Low levels of IL-5 (Figure 3D) and IL-6 (Figure 3E) were also measured, whereas there were no differences in the levels of IL-4 or IL-10 between LAH-restimulated cells isolated from [LAH + MG]- and MG-instilled mice (Figures 3C, F). The cell-mediated immune response of mice vaccinated with [N-LAH + MG] exhibited similar cytokine profiles, with higher levels of secreted IFN-γ, IL-6 and IL-17A than [LAH + MG]-immunized mice. Mice vaccinated with [3M2e + MG] developed M2e-specific cellular responses with type 1 (Figure 4A) and type 17 (Figure 4B) cytokine profiles. While M2e-restimulated cells isolated from [3M2e + MG]-vaccinated mice secreted significant levels of IL-10 (Figure 4F) and IL-6 (Figure 4E), the cells released low levels of IL-5 (Figure 4D) and no significant amount of IL-4 could be detected (Figure 4C). The M2e-specific cellular responses were generally similar in [3M2e + MG] and [N-3M2e + MG] groups. High levels of IFN-γ, IL-4, IL-5, IL-6, and IL-10 and low levels of IL-17A were detected in culture supernatants of spleen cells isolated from [iPR8 + MG]-vaccinated mice (Figures 3, 4). However, no differences were obtained between cells restimulated with PR8 peptides and non-restimulated cells. Thus, no cell-mediated immunity specifically directed against LAH or M2e epitopes could be measured in the spleen of mice immunized with [iPR8 + MG]. The quantification of LAH- (Supplemental Figure 2A) or M2e- (Supplemental Figure 2B) specific IFN-γ-secreting cells by ELISpot assay led to the same conclusions as those obtained with ELISA. An immunostimulatory effect of nanorings on 3M2e was nevertheless observed in ELISpot assay, which reported a higher frequency of M2e-specific IFN-γ-secreting cells in the [N-3M2e + MG] group than in the [3M2e + MG] group (Supplemental Figure 2B).




Figure 3 | Evaluation of the immunopotentiator effect of nanorings on LAH-specific cellular responses in mice. Mice received at 2-week intervals three intranasal administrations of LAH peptide fused to nanorings admixed with Montanide™ gel (MG). Experimental control groups received intranasal administrations of free LAH peptide admixed with MG or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Vaccine vehicle (MG) was intranasally administered to the negative control group. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 72 h in presence (‘+’) or absence (‘-’) of synthesized LAH peptide. The levels of secreted (A) IFN-γ, (B) IL-17A, (C) IL-4, (D) IL-5, (E) IL-6 and (F) IL-10 in the culture supernatants were quantified by ELISA. Data are presented as arithmetic means with SEM of 4-5 individual spleens. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.






Figure 4 | Evaluation of the immunopotentiator effect of nanorings on M2e-specific cellular responses in mice. Mice received at 2-week intervals three intranasal administrations of 3M2e peptide fused to nanorings admixed with Montanide™ gel (MG). Experimental control groups received intranasal administrations of free 3M2e peptide admixed with MG or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Vaccine vehicle (MG) was intranasally administered to negative control group. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 72 h in presence (‘+’) or absence (‘-’) of synthesized M2e peptide. The levels of secreted (A) IFN-γ, (B) IL-17A, (C) IL-4, (D) IL-5, (E) IL-6 and (F) IL-10 in the culture supernatants were quantified by ELISA. Data are presented as arithmetic means with SEM of 4-5 individual spleens. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.



Thus, administration of [N-LAH + MG] and [N-3M2e + MG] promoted the development of LAH- and M2e-specific cellular responses in mice, respectively, which were dominated by type 1 and type 17 cytokine profiles. In contrast, the inactivated homologous IAV strain was unable to trigger specific responses against the two conserved IAV epitopes. Nanorings exerted a potent immunostimulatory effect on the formation of LAH-specific cellular immunity, whereas the carrier effect of nanorings was less pronounced towards 3M2e.



Nasal Immunization With Bi-Component Vaccine Formulations Incorporating LAH- and 3M2e-Bearing Nanorings Admixed With MG Promoted the Development of a Potent, Multi-Factorial and Multi-Compartmental Immunity Directed Against Both IAV Epitopes and Protected Mice Against H1N1 Challenge

In light of the promising immunogenicity results obtained with [N-LAH + MG] and [N-3M2e + MG] formulations, we evaluated the protective potential of these preparations administered separately or in combination against a homologous H1N1 challenge in mice.

Firstly, we compared the characteristics of LAH- and M2e-specific immune responses between mice immunized with [N-3M2e + MG] or [N-LAH + MG] and mice immunized with [N-3M2e + N-LAH + MG]. The addition of N-3M2e nanorings to the [N-LAH + MG] formulation partially reduced the magnitude of LAH-specific systemic (Figure 5A) and local (Figures 5C, E) humoral responses. In contrast, addition of N-3M2e nanorings to the [N-LAH + MG] formulation did not impede the generation of M2e-specific humoral responses (Figures 5B, D, F). The serum IgG response generated by the chimeric nanorings was composed of both type 1 (IgG2a, IgG2b) (Figures 6B, C, 7B, C) and type 2 (IgG1) (Figures 6A, 7A) IgG subclasses. M2e-specific IgG3 titers were also detected in mice immunized with [N-3M2e + MG] and [N-3M2e + N-LAH + MG] (Figure 7D), and low levels of LAH-specific IgG3 titers were measured in [N-3M2e + N-LAH + MG]-vaccinated mice (Figure 6D). Mice parenterally vaccinated with [iPR8 + MG] developed a LAH-specific IgG response detectable only in the serum (Figure 5) and composed of both type 1 and type 2 IgG subclasses (Figure 6), but were unable to mount a M2e-specific humoral response (Figures 5, 7). Whereas the addition of N-3M2e nanorings to the [N-LAH + MG] formulation did not impact the generation of LAH-specific IFN-γ-secreting cells (Figure 8A), it reduced the frequency of LAH-specific IL-17A-secreting cells in the spleen (Figure 8C). In contrast, the addition of N-LAH nanorings to the [N-3M2e + MG] formulation resulted in an increase in the frequency of M2e-specific IFN-γ- and IL-17A-secreting cells (Figures 8B, D). The frequency of cells secreting type 2 cytokines was not significantly different between mice immunized with the different preparations and mice instilled with MG after restimulation with LAH or M2e peptides (data not shown).




Figure 5 | Comparison of specific serum and mucosal humoral responses in mice immunized with LAH- and M2e-bearing nanorings instilled separately or in combination. Mice received at 2-week intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately or in combination. Control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG or vaccine vehicle (MG), or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, (A) anti-LAH or (B) anti-M2e IgG titers in the serum, and anti-LAH (C) IgG and (E) IgA or anti-M2e (D) IgG and (F) IgA titers in the bronchoalveolar lavage fluids (BAL) were determined by ELISA. The titer of each mouse sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.






Figure 6 | IgG subclass composition of LAH-specific serum humoral response in mice immunized with N-LAH nanorings instilled alone or in combination with N-3M2e nanorings. Mice received at 2-week intervals three intranasal administrations of N-LAH nanorings admixed with Montanide™ gel (MG) instilled alone or in combination with N-3M2e nanorings. Control groups received intranasal administrations of free LAH peptide admixed with MG or vaccine vehicle (MG), or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, serum anti-LAH (A) IgG1, (B) IgG2a, (C) IgG2b, and (D) IgG3 titers were determined by ELISA. The titer of each mouse sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.






Figure 7 | IgG subclass composition of M2e-specific serum humoral response in mice immunized with N-3M2e nanorings instilled alone or in combination with N-LAH nanorings. Mice received at 2-week intervals three intranasal administrations of N-3M2e nanorings admixed with Montanide™ gel (MG) instilled alone or in combination with N-LAH nanorings. Control groups received intranasal administrations of free 3M2e peptide admixed with MG or vaccine vehicle (MG), or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, serum anti-M2e (A) IgG1, (B) IgG2a, (C) IgG2b, and (D) IgG3 titers were determined by ELISA. The titer of each mouse sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.






Figure 8 | Comparison of specific cellular responses in mice immunized with LAH- and M2e-bearing nanorings instilled separately or in combination. Mice received at 2-week intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately or in combination. Control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG or vaccine vehicle (MG), or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 24 h in presence (‘+’) or absence (‘-’) of synthesized (A, C) LAH or (B, D) M2e peptide and the frequency of LAH-specific (A) IFN-γ- and (C) IL-17A-secreting cells or M2e-specific (B) IFN-γ- and (D) IL-17A-secreting cells was monitored by ELISpot assay. Data are presented as arithmetic means with SEM of 4-5 individual spleens. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.



Two weeks after the third immunization, mice were challenged with 15 LD50 of PR8 strain and monitored daily for mortality (Figure 9A) and weight loss (Figures 9B–D). Only one out of nine mice instilled with MG survived the infection after having lost 19% of its initial weight at day 6 p.i. In contrast, all mice immunized with [iPR8 + MG] survived the challenge with minor weight loss (mean percentage of initial weight of 92% at day 7 p.i.). The LAH peptide administered free or in fusion with nanorings with MG conferred a partial protection, and a similar clinical picture was observed for both groups (survival rate of 50% in [LAH + MG] and [N-LAH + MG] groups). The 3M2e peptide administered free or in fusion to nanorings conferred a significant protection (survival rates of 80% and 100% in [3M2e + MG] and [N-3M2e + MG] groups, respectively) with little weight loss (mean percentage of initial weight of 88% at day 7 and day 6 p.i. in [3M2e + MG] and [N-3M2e + MG] groups, respectively). Finally, all mice immunized with [N-3M2e + N-LAH + MG] survived infection and presented a transient reduction of weight (mean percentage of initial weight of 88% at day 5 p.i.). These mice showed a faster weight recovery than mice immunized with [N-3M2e + MG] or [iPR8 + MG] between day 6 and day 10 p.i. (Figure 9D). Virus quantification in the lung homogenates at day 4 p.i. (Figure 10) revealed no major decrease in viral loads between MG-instilled mice and [LAH + MG] or [N-LAH + MG] groups, the latter showing nevertheless statistically lower viral loads than the MG group. In contrast, the administration of [N-3M2e + MG] induced more than 1-log decrease in viral loads in comparison to MG instillation, and statistically less viral copies were measured in the lungs isolated from mice vaccinated with [N-3M2e + MG] than those vaccinated with [3M2e + MG]. Finally, mice immunized with [N-3M2e + N-LAH + MG] displayed an almost 2-log reduction in viral loads versus the MG group and significantly less viral copies than mice immunized with [N-3M2e + MG]. Mice which received [iPR8 + MG] had more than 2-log decrease in viral loads versus the MG group and there were no statistical differences between [N-3M2e + N-LAH + MG]- and [iPR8 + MG]-immunized groups.




Figure 9 | Evaluation of the clinical protection conferred by LAH- and 3M2e-bearing nanorings against homologous H1N1 infection in mice. Mice received at 2-week intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately or in combination. Experimental control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG. Mice receiving subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG or intranasal administrations of vaccine vehicle (MG) were included as positive or negative control groups, respectively. Two weeks after the third immunization, all mice were challenged with 15 LD50 of PR8 strain and monitored daily for (A) mortality and (B–D) body weight loss. (A) Survival curves of infected mice are expressed as the percentages of surviving mice. The log-rank (Mantel-Cox) test was used to compare survival curves. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups. (B–D) Weight curves of infected mice are expressed as the arithmetic mean (with SEM) of the percentages of body weight changes between the examined day and the day of infection (day 0). *, statistically significant difference (P < 0.05) in comparison to [N-LAH + MG] (panel C) or [N-3M2e + N-LAH + MG] groups (panel D).






Figure 10 | Evaluation of the virological protection conferred by LAH- and 3M2e-bearing nanorings against homologous H1N1 infection in mice. Mice received at 2-week intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately or in combination. Experimental control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG. Mice receiving subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG or intranasal administrations of vaccine vehicle (MG) were included as positive or negative control groups, respectively. Two weeks after the third immunization, all mice were challenged with 15 LD50 of PR8 strain and four days after challenge, mice were sacrificed, and individual viral loads were measured from lung homogenates by qRT-PCR. The number of M1-specific RNA copies for 100 ng total lung RNA was determined against a standard curve using a plasmid encoding PR8 M1 gene. The number of viral copies of each mouse lung sample is presented, including the arithmetic mean with SEM. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.



Overall, these results demonstrate that the [N-3M2e + N-LAH + MG] formulation elicited humoral responses composed of serum type 1/type 2 IgG and mucosal IgG and IgA as well as cellular responses dominated by type 1/type 17 cytokine profiles, and conferred clinical and virological protection against H1N1 homologous infection in mice.



Evaluation of the Immunogenicity and Protective Potential of LAH- and 3M2e-Bearing Chimeric Nanorings Against Heterosubtypic HPAIV H5N8 Infection in Chickens

Experiments in mice have shown that intranasal vaccination of a combination of N-LAH and N-3M2e nanorings admixed with MG generated a protective immunity against homologous IAV infection. In a final set of experiments, we evaluated the immunogenicity of this vaccine formulation in chickens, as well as its cross-protective potential against heterosubtypic HPAIV infection. H5N9 LAH and 3M2e peptides fused to nanorings were administered to birds either mucosally with MG or parenterally with ISA adjuvant. The stability of nanorings mixed with ISA was confirmed previously (38). The non-vaccinated control group received only PBS. Eighteen days after the third immunization, anti-M2e- and anti-LAH antibodies were dosed in the serum (Figures 11A, B) and in the LS (Figures 11C, D) to analyze systemic and mucosal humoral responses, respectively. Chickens immunized with [N-3M2e + N-LAH + ISA] developed LAH- and M2e-specific serum IgG responses. In contrast, [N-3M2e + N-LAH + MG]-immunized birds exhibited a lower, albeit significant, M2e-specific serum IgG response, and no anti-LAH IgG were detected in the serum (Figures 11A, B). In addition, no significant differences were found in M2e- or LAH-specific IgG or IgA titers in LS between [N-3M2e + N-LAH + MG]- and PBS-instilled chickens (Figures 11C, D). Three weeks after the third immunization, chickens were challenged with 5 LD50 of HPAIV H5N8 strain and the mortality was monitored daily (Figure 11E). Neither chickens from the [N-3M2e + N-LAH + MG] group, nor chickens from the non-vaccinated group survived the infection (100% mortality within 5 days for both groups). Notwithstanding the presence of elevated specific serum antibody titers, all chickens vaccinated with [N-3M2e + N-LAH + ISA] died within 6 days. No correlation was found between the magnitude of the specific humoral response and the survival time (data not shown). Because of the high mortality rate and the fast kinetics of the infection, pharyngeal or cloacal viral shedding were not analyzed.




Figure 11 | Evaluation of the immunogenicity and protective potential of LAH- and 3M2e-bearing nanorings against heterosubtypic H5N8 HPAIV infection in chickens. Chickens received at 2-week intervals three intranasal administrations of H5N9 LAH and 3M2e peptides fused to nanorings either mucosally (‘muc.’) with Montanide™ gel (MG) or intramuscularly (‘i.m.’) with Montanide™ ISA (ISA). The non-vaccinated control group received only PBS. Eighteen days after the third immunization, serum (A) anti-LAH or (B) anti-M2e IgG titers or mucosal (C) anti-LAH IgG and IgA or (D) anti-M2e IgG or IgA titers in the lachrymal secretions (LS) were dosed. The titer of each chicken sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to PBS group. ¤, statistically significant difference (P < 0.05) between the indicated groups. (E) Three weeks after the third immunization, all chickens were challenged with 5 LD50 of H5N8 strain and the mortality was monitored daily. Survival curves of infected chickens are expressed as the percentages of surviving chickens.






Discussion

Faced with the pressing challenge posed by the high variability associated with IAV which requires surveillance monitoring of circulating strains and regular updating of the composition of current vaccines, novel immunization strategies which include the use of conserved “universal” viral epitopes are urgently needed. In the present study, we evaluated the ability of various intranasal M2e- and LAH-based vaccine formulations to trigger specific antibody- and cell-mediated immunity, two critical adaptive immune arms in the fight against IAV infections, and to confer protection against an experimental IAV challenge in mice and chickens.

M2e and LAH peptides are poorly immunogenic per se. Therefore, they have to be administered in association with adjuvant/delivery systems to induce robust immune responses in the host, including ligands of PRRs, bacterial toxins and derivatives, lipid-based particles, virus-like particles, organic and inorganic polymers and bacterial or viral vectored vaccines (5, 7–15). In this study, we have used innovative nanostructures developed in our research unit named “nanorings” as a mucosal vaccine delivery platform. Nanorings are composed of 10-11 NRSV protomers entrapping random stretches of bacterial RNA (36) and are readily internalized by antigen-presenting cells (APCs) (39). Nanorings also stimulate expression of co-stimulatory molecules as well as secretion of type I interferons by APCs (Riffault S., personal communication). We demonstrated that LAH fused to nanorings elicited higher LAH-specific humoral responses, both at systemic and mucosal levels, as well as higher cellular responses than those observed in mice receiving free LAH peptide. The immunopotentiator properties of nanorings may be conferred by the single-stranded bacterial RNA fragment of 70 to 77 bases and/or the nanoparticle architecture of the rings. Such a marked adjuvant effect of nanorings was not observed for the 3M2e epitope, which could be related to our immunization protocol. Indeed, 20 µg of 3M2e peptides contain more M2e epitopes than 20 µg of N-3M2e nanorings (molecular ratio of 1/6 for N-3M2e/3M2e). In addition, mice immunized with N-3M2e nanorings exhibited significantly higher titers of serum anti-M2e IgG than 3M2e-immunized mice after two immunizations (data not shown), as previously described (28), and thus the third immunization may have masked the adjuvant potential of the nanoring platform.

The fusion in tandem of P97c to LAH also boosted immunogenicity of the viral epitope, and the fusion orientation greatly influenced the features of the LAH-specific antibody response. The serum IgG titers were more elevated in the P97c-LAH group than in [LAH-P97c]-instilled mice. Similarly, P97c was shown to enhance the magnitude of the antibody response directed against the capsid protein of the porcine circovirus type 2 only when it was fused at the N-terminal end of the viral epitope (30). A recent in vitro study indicated that P97c stimulated innate immune responses through activation of TLR-5 (29). TLR-5 agonists, such as flagellin, are potent and safe adjuvants for influenza vaccines administered via parenteral or mucosal routes in both animals and humans. The mucosal adjuvant properties of TLR-5 ligands rely on an enhancement of transepithelial transport of co-administered antigens by the follicle-associated epithelium of the mucosa-associated lymphoid tissues, as well as on the stimulation of the migration of APCs into the follicle-associated epithelium (15). These ligands also stimulate the uptake of vaccine antigens by APCs and promote the activation and the maturation of APCs in vitro (15). Nonetheless, P97c remains a poor mucosal adjuvant and low to non-significant specific IgA titers were detected in the BAL of mice immunized with chimeric proteins composed of IAV epitopes fused to P97c either administered alone or in fusion to nanorings. In contrast, N-3M2e and N-LAH nanorings admixed with MG induced a significant mucosal humoral immunity specifically directed against IAV epitopes. MG is a polymeric aqueous adjuvant based on a dispersion of a high-molecular-weight polyacrylic polymer in water whose safety and efficacy have been proven in the context of a mucosal vaccination. However, the mechanisms of action associated with MG are still poorly characterized.

All mice vaccinated with [N-3M2e + N-LAH + MG] survived infection and presented significantly reduced pulmonary viral loads, and various immune defense mechanisms could be engaged. Passive transfer experiments in mice showed that antibodies directed against M2e or LAH mediated resistance against IAV infection (16, 17, 40, 41). An in vitro study demonstrated that anti-LAH antibodies exerted broad neutralizing activities against H3 strains and inhibited the conformational change of the HA stalk domain during the fusion step between viral and endosomal membranes (18). However, no functional activity was detected with the serum or BAL of mice vaccinated with our H1 LAH-based formulations using standard microneutralization assay (data not shown). Similarly, a norovirus P particle displaying H1 and H3 LAH epitopes elicited neutralizing antibodies against H3 but not H1 strains, and differences in the conformational flexibility of the two epitopes or in the time of exposure of the epitopes during membrane fusion may explain this result (42, 43). Other effector functions exerted by anti-LAH antibodies may be involved, such as Fc-mediated mechanisms or complement activation (44). Anti-M2e antibodies restricted viral replication by the elimination of infected cells via Fc-mediated effector functions mobilizing alveolar macrophages and natural killer cells (7), and both type 1 and type 2 IgG were associated with protection conferred by anti-M2e antibodies (45, 46). Further investigations on the functionality of anti-LAH and anti-M2e antibodies generated by our vaccine preparations are required.

Beside humoral responses, various type 1-, type 2- and type 17-cytokine secreting CD4+ (47, 48) and CD8+ (49, 50) T cell subsets contribute to anti-IAV immunity by limiting the duration and severity of the disease via multiple synergistic effector mechanisms. IAV-specific CD8+ T cells are mainly involved in the direct killing of infected cells, and CD4+ T cells provide helper functions to B cells and CD8+ T cells, regulate the response of innate immune cells, and exert direct cytotoxic functions (51). Both major histocompatibility complex class I- and class II-restricted epitopes are found in LAH and M2e peptides (52–55), and LAH- or M2e-specific CD4+ or CD8+ T cells secreting type 1, type 2 or type 17 cytokines can be generated by subunit vaccines in mice (40, 54, 56–58). Some studies also indicated a protective role of M2e-specific CD4+ T cells (40, 54). We detected LAH- and M2e-specific type 1-, type 2-, and type 17-secreting cells in the spleen of mice immunized with N-LAH and/or N-3M2e nanorings admixed with MG, and the cell subsets engaged in these responses need to be identified.

Various experiments in mice demonstrated that M2e- and LAH-based vaccines conferred better clinical and virological protection against IAV when they were administered mucosally instead of parenterally, and this was correlated with the ability to induce local IgA (28, 59–61). Secretory IgA, which are polymeric IgA produced by B cells in the lamina propria and secreted to mucosal surfaces, are one of the first lines of defense against respiratory pathogens. They neutralize viral infection of respiratory epithelial cells via extracellular and intracellular immune exclusion and also exhibit FcαR-mediated effector functions (15, 62). IgA display a broad spectrum of reactivity against heterovariant and heterosubtypic IAV strains, and are thus an essential defensive front line against highly variable IAV (15). Whereas IgA prevent infections of the upper respiratory system, IgG, which are secreted systemically and diffuse in mucosal tissues, are mainly involved in the defense of the lower respiratory tract by decreasing viral pneumonia (15). Mucosal vaccination is also prone to generate tissue-resident memory T cells in the respiratory tract, which was shown to mediate optimal (cross-) resistance against IAV infections (15, 54). Further analyses on the features of the humoral response in the upper respiratory tract, on the functionality of the mucosal antibody response as well as on the characteristics of cellular immunity in the respiratory mucosa of mice immunized with N-LAH and/or N-3M2e admixed with MG are thus necessary.

The protection conferred by the [N-3M2e + N-LAH + MG] preparation in mice was enhanced in comparison to [N-LAH + MG] or [N-3M2e + MG] preparations. Other studies demonstrated that the combination of LAH and M2e epitopes in vaccine preparations increased immunogenic and protective properties (63–65). This is likely due to the cooperation of both LAH- and M2e-specific effector functions. In addition, the supplementation of [N-3M2e + MG] with N-LAH nanorings raised the number of M2e-specific spleen cells secreting type 1 and type 17 cytokines. Memory M2e-specific CD4+ T cells have been shown previously to boost the generation of HA-specific IgG responses (54). Additional studies are required to evaluate whether LAH-specific immune mediators can influence the generation of M2e-specific immunity. Ongoing experiments are evaluating the immunogenicity and protective efficacy of chimeric nanorings bearing M2e and LAH epitopes simultaneously (N-3M2e-LAH, N-LAH-3M2e).

In this study, the efficacy of nanoring-based vaccines in chickens was evaluated for the first time. In stark contrast with the potent protective effect conferred by the combination of N-3M2e and N-LAH nanorings in the mouse model, none of the chickens vaccinated with the formulation administered via the mucosal or parenteral routes survived a HPAIV infection.

Some studies demonstrated that parenteral or mucosal administrations of M2e epitopes under various vaccine formats, including a fusion protein with TLR agonists, nanoparticles or a bacterial vector, reduced, and sometimes even totally abrogated, viral shedding and the severity of clinical signs or lung lesions after homologous or heterologous LPAIV challenges in chickens (13, 14, 21, 66, 67). The association of M2e with other viral epitopes such as LAH and NA increased the protective potential of these vaccine formulations (12, 68). In contrast, the effectiveness of a stand-alone M2e vaccine remained limited against HPAIV infections (11, 69–71), and only incorporation of other IAV epitopes such as LAH enabled chickens to present significant survival rates (19). Nonetheless, not all chickens immunized with the combination of M2e and LAH epitopes survived the infection and the virus shedding from the respiratory and digestive tracts remained elevated (19). Although vaccinated chickens developed M2e- and/or LAH-specific humoral and cellular immune responses in these studies, the cellular and molecular mechanisms involved, as well as the respective engagement of mucosal and systemic immune compartments in the resistance against LPAIV and HPAIV, remain largely unknown. Further examination of the characteristics and the functionality of the antibody and cell-mediated responses generated in chickens vaccinated with N-LAH and N-3M2e nanorings are needed for a comprehensive interpretation of the lack of protection observed in our study.

While subunit vaccines incorporating universal epitopes did not provide an adequate protection against HPAIV infections, recent studies indicated that M2e and/or LAH-based vaccines improved the (cross-) protective effects of inactivated IAV vaccines in chickens (11, 20, 72). For example, all chickens co-immunized with a recombinant baculovirus expressing LAH, M2e and nucleoprotein epitopes and an H5N1 inactivated vaccine survived a heterologous HPAIV H5N1 challenge and no longer spread the virus in contrast with chickens immunized with the inactivated vaccine alone (72). The supplementation of inactivated IAV vaccines with M2e-based nanoparticles enhanced protection against H5N1 homologous and H5N8 heterologous HPAIV infections (11), as well as against heterologous LPAIV infection (20). Thus, further studies are warranted to evaluate the beneficial effects of N-LAH and N-3M2e nanorings as supplements to current IAV inactivated vaccines in chickens, and especially in broadening the resistance against vaccine-escape viruses.
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Supplementary Figure 1 | Molecular size distribution by volume as detected by dynamic light scattering for the different nanoring preparations. d.nm: hydrodynamic diameter in nanometers.

Supplementary Figure 2 | Evaluation of the immunopotentiator effect of nanorings on the frequency of LAH- and M2e-specific IFN-γ-secreting cells in mice. Mice received at 2-week intervals three intranasal administrations of LAH or 3M2e peptides fused to nanorings admixed with Montanide™ gel (MG). Experimental control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Vaccine vehicle (MG) was intranasally administered to negative control group. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 24 h in presence (‘+’) or absence (‘-’) of synthesized LAH or M2e peptides. The frequency of (A) LAH- or (B) M2e-specific IFN-γ-secreting cells was monitored by ELISpot assay. Data are presented as arithmetic means with SEM of 4-5 individual spleens. *, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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High-risk human papillomavirus (HPV) infection is the cause of almost all cervical cancers. HPV16 is one of the main risk subtypes. Although screening programs have greatly reduced the prevalence of cervical cancer in developed countries, current diagnostic tests cannot predict if mild lesions may progress into invasive lesions or not. In the current cross-sectional and longitudinal clinical study, we found that the HPV16 E7-specific T cell response in peripheral blood mononuclear cells of HPV16-infected patients is related to HPV16 clearance. It contributes to protecting the squamous interaepithelial lesion (SIL) from further malignant development. Of the HPV16 infected women enrolled (n = 131), 42 had neither intraepithelial lesion nor malignancy (NILM), 33 had low-grade SIL, 39 had high-grade SIL, and 17 had cervical cancer. Only one of 17 (5.9%) cancer patients had a positive HPV16 E7-specific T cell response, dramatically lower than the groups of precancer patients. After one year of follow-up, most women (28/33, 84.8%) with persistent HPV infection did not exhibit a HPV16 E7-specific T cell response. Furthermore, 3 malignantly progressed women, one progressed to high-grade SIL and two progressed to low-grade SIL, were negative to the HPV16 E7-specific T cell response. None of the patients with a positive HPV16 E7-specific T cell response progressed to further deterioration. Our observation suggests that HPV16 E7-specific T cell immunity is significant in viral clearance and contributes in protection against progression to malignancy.
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Introduction

Cervical cancer is a malignant tumor that seriously threatens the life and health of women. Globally, approximately 500,000 women are diagnosed with cervical cancer every year and of these 280,000 women die from cervical cancer (1). It is an accepted fact that high-risk human papillomavirus (HR-HPV) infection is the main risk factor for the occurrence, persistence, and development of cervical cancer (2). For disease control, hybrid capture 2 (HC-2) or HPV-DNA typing combined with cytology examination are the diagnostic methods used to detect cervical cancer (3). However, these methods cannot distinguish invasive lesions from noninvasive lesions, nor do they provide any prognostic value for patients. In fact, only about 1% of women infected with HR-HPV will gradually develop cervical cancer (4, 5). HPV infection in most women is only temporary or does not lead to cervical cancer even if HPV persists. Currently once HPV-infected lesions have been diagnosed, patients are often over treated with unnecessary medical procedures including surgical interventions (1). To avoid over treatment, it is important to understand the mechanisms of viral clearance followed by developing practical methods to monitor the process. If the viral clearance mechanism exists, it may not be urgent for HPV-infected women to undergo surgery.

HPV-related carcinogenesis is not a uniform process. The “integration” of the virus into the host cell increases gene instability, marking the beginning of malignant transformation (2). It takes approximately 10 years from HR-HPV infection to develop cervical carcinogenesis (6). HPV infection triggers a series of immune responses, namely, innate and adaptive immune responses. Consequently, the occurrence of cervical cancer is the result of the struggle between foreign HPV infection and self-immunological defense (4). In most circumstances, the body’s own immune function will resolve the infection, prevent further viral invasion and pathogenesis, eliminate damaged or aging cells, and address abnormal transformed cells in the body. However, when the immune surveillance function of the body is compromised or dysfunctional, it will result in a decrease in the ability to eradicate abnormal transformed cells. This will lead to high-level lesions and perhaps the occurrence of a malignant tumor (4, 7).

Among all high-risk HPVs, more than half of cervical cancer patients around the world are infected with HPV16 (8). The responses of cytotoxic lymphocytes (CTL) to E6/E7 appeared to be important in the prevention of squamous interaepithelial lesions (SILs) (9, 10). Strict conservation of HPV16 E7 is critical for HPV16 carcinogenesis (11). Therefore, effectively detecting an HPV16 E7-specific immune response may act as an immune control mechanism to prevent persistent HPV infection and to predict the progress of the disease. Thus, immune function, especially T cell-based immunity, is at least one of the key factors that are relevant to the prognosis of HPV infection and its malignancy. However, there is no commercially available test for monitoring T cell immunity.

In this study, we used the recombinant overlapping peptide protein of HPV16 E7 (ROP-HPV16 E7) and the E7 overlapping polypeptides as stimulants in the Enzyme-linked immunospot (ELISPOT) assay to evaluate the HPV16E7 specific-T lymphocyte response in peripheral blood mononuclear cells (PBMCs) of patients. The results showed that the low HPV16 specific T cell response in peripheral blood was significantly correlated with persistent viral infection. Our study suggests that the HPV16-specific T cell response in peripheral blood can effectively predict clinical outcome.



Results


Effective Detection of HPV16-Specific T Lymphocytes in the Peripheral Blood

In our previous study, ROP-HPV16E7 effectively stimulated the HPV16 E7-specific T cell response in mice immunized with the HPV protein (12). In this study, using patient PBMCs infected with HPV16, we compared the ability of ROP-16 E7 with a pool of HPV16 E7 overlapping peptides to simulate the specific T cell response against HPV16 E7. ROP-16E7 stimulation mimicked that of pooled HPV16 E7 peptides to effectively stimulate HPV16 E7-specific T cells in patients infected with HPV16 (Figure 1). No significant difference was found between ROP-16 E7 and HPV16 E7 pooled peptides. Therefore, ROP-16E7, a recombinant protein that can be easily and abundantly expressed and purified from E. coli, is able to replace the costly, and difficult to manufacture, quality-controlled pool of HPV16 E7 peptides, in the interferon-γ release assay (IGRA).




Figure 1 | IFN-γ release assay of patient-derived PBMC cultures that recognize HPV16-specific peptide pools (peptides mix) and ROP-16 E7. NS, no significance.





Recruitment of Patients and Their HPV16 E7-Specific T Lymphocyte Response at Study Entry

A total of 131 female patients with HPV16 (type 16) infection was recruited for the study. At the time of enrollment, the IGRA-based HPV16 E7-specific T cell response of PBMCs was assessed and cervical biopsy diagnosis was performed. There were 42 patients without intraepithelial lesions or malignant lesions (NILM), 33 patients with low-grade SIL (LSIL), 39 patients with high-grade SIL (HSIL), and 17 patients with cervical cancer (Table 1). Patients in the NILM, LSIL, and HSIL groups were followed for a period of 12 months. Their HPV genotyping results and clinical histological results were also collected at study entry and at the end of the study.


Table 1 | Clinical characteristics of enrolled patients at study entry (n = 134).



We first performed an HPV type16 E7 ROP-based IGRA to assess the status of HPV-related T cell immunity. In the NILM group, 11 patients (26.2%) tested positive for HPV16 E7-specific T cell response and 31 patients (73.8%) had a negative response. In the LSIL group, 14 patients (42.4%) tested positive and 19 patients (57.6%) tested negative for the HPV16-specific T cell response. In the HSIL group, 15 patients (38.5%) were positive and 24 (61.5%) negative for the HPV16 E7 T cell response. All HSIL patients underwent surgery to remove the local pathological lesions. Of the 17 cervical cancer patients, only 1 (5.9%) patient showed a positive HPV16 E7-specific T cell response, and 16 (94.1%) patients presented a negative response (Table 2).


Table 2 | Results of HPV16 E7-specific T lymphocyte response at study entry.





The Low HPV16-Specific T Cell Response in Peripheral Blood is Relevant to the Persistence of HPV Infection

To determine whether the HPV or HPV peptide-specific T cell response was relevant to the clearance of the persistent HPV infection in different pathogenetic groups, at the end of the one-year follow-up period, HPV genotyping was performed on cervical exfoliated cell samples. In the NILM group, only 2 of 11 patients (18.2%) with a positive HPV16 E7-specific T cell response at the start of the study sustained HPV16 infection. However, 11 of 31 patients (35.5%) who were negative for the HPV16 ROP-specific T cell response harbored a persistent infection. The persistent infection rate was 1.95 times higher than that of patients with positive responses (P = 0.005). In the LSIL group, 2 of 14 patients (14.3%) with a positive HPV16 ROP-specific T cell response sustained a HPV16 infection, while 12 of 19 patients (63.2%) with a negative HPV16-specific T cell response were persistently infected. The persistent infection rate was 4.42 times higher than that of patients with positive response (P <0.0001). In the HSIL group, 39 patients with HPV16 virus infection and high lesions were diagnosed at the time of enrollment, and all these patients underwent surgery. After one year, only 1 of 15 patients (6.7%) with a positive HPV16 specific T cell response sustained HPV16 infection, but 8 of 24 patients (33.3%) with a negative T cell response sustained HPV16 infection. The persistent infection rate was 4.97 times higher than in patients with positive HPV16-specific T cell response (P <0.0001) (Table 3). Therefore, the low HPV16 specific T cell response is highly correlated with the persistence of HPV16 infection.


Table 3 | Results of HPV test from women with HPV16 E7-specific T lymphocyte response at study entry and exit.





The HPV16 E7 ROP-Specific T Cell Response is Associated With Histological Regression

To study the influence of the T-cell immunity response on HPV pathogenesis, at the end of this study, a cervical biopsy was performed. The results showed that in all three groups (NILM, LSIL, HSIL), none of the patients with positive specific T cell response against HPV16 E7 presented any further disease deterioration (Table 4). Specifically, in the NILM group, 25.8% of patients with negative T cell response retained the same lesion features by pathohistological examination, which was 1.42-fold higher than that of patients who were T cell positive (18.2%) against HPV ROP. The histological regression rate among patients with positive T cells for HPV16 E7 ROP was 81.7%, which was 1.26-fold higher than that of the negative T cell response (64.5%). Three of 31 patients (9.7%) with negative specific T cell response against HPV16 E7 ROP progressed pathologically (P = 0.001); the histological results are shown in Figure 2. Among the patients in the LSIL group (n = 33), 31.6% of patients with a negative T cell response to HPV16 E7 ROP maintained the same lesion characteristics on pathohistological examination, which was 2.21-fold higher than that of patients with a positive T cell response (14.3%). The regression rate in T cell negative patients (68.4%) was less (0.8-fold) than those with a positive T cell response (85.7%) (P = 0.002). In the HSIL group (n = 39), at the end of the 12-month study, the 15 patients with positive specific T cell response against HPV16 E7 ROP are in stable condition without histologically observed recurrence (100% regressed); although 1 of the 24 patients with a negative response experienced disease recurrence (P = 0.043) (Table 4). Of note, all patients in the HSIL group received surgery before the study had started. This could have contributed to the higher regression rate in this group.


Table 4 | Results of cervical biopsy test from women with HPV16 E7-specific T lymphocyte response at study exit.






Figure 2 | Histological images of three progressed patients and a regressed representative patient. P1, P2, P3, were HPV16-infected patients in NILM cohorts at the study entry. At study exit, P1 progressed to HSIL, and P2, P3 progressed to LSIL. LT+, is a regressed representative of patients positive for the HPV16 E7 specific T lymphocyte response, who was LSIL at study entry and completely regressed at study exit.





The HPV16 E7 ROP-Specific T Cell Response is Relevant for theClinical Outcome

A total of 114 women completed the 12-month study. At the beginning of their hospital visit, all were positive for HPV16 infection by PCR test. Forty patients (35.1%) were positive for the HPV16 E7 ROP-specific T cell response. The remaining 74 patients (64.9%) were negative for the T cell response (Table 5). At the most recent follow-up visit, 78 of 114 patients (68.4%) had cleared the HPV16 infection, 3 patients (2.6%) had persistent HPV16 infection and progressed histologically, the remaining 33 patients (28.9%) had persistent HPV16 infection. All 3 progressed patients were negative for the HPV16 E7 ROP-specific T cell response. Only 5/33 (15.2%) HPV16 persistently infected patients had a positive HPV16 E7 specific T cell response, while 28/33 (84.8%) had a negative response. Among patients who were positive for the HPV16 E7 ROP-specific T cell response (n = 40), 87.5% of the patients cleared HPV16 infection, 12.5% had persistent infection and none of them progressed after 12 months. While in patients with a negative HPV16 E7 ROP-specific T cell response (n = 74), 43 of 74 (58.1%) patients had cleared HPV16 infection, 31 of 74 (41.9%) persistently infected, and 3 of persistently infected patients histologically progressed (Table 5).


Table 5 | Clinical outcomes of patients with HPV16 E7-specific T cell response.



We also performed flow cytometry using PBMCs of 32 patients and 3 non-infected controls, detecting the proportion of CD8+ T cells, CD4+ T cells, CD4+:CD8+ ratio, CD8+ T cells expressing PD-1 and regulatory T cells expressing Foxp3. The results showed no correlation with prognosis (Figure 3). The detailed gating information of flow cytometry data can be found in Supplementary Figures 1 and 2.




Figure 3 | Flow cytometric analysis of CD8, CD4, CD4/CD8 ratio, PD-1 and FoxP3 from peripheral blood CD3+ T cells of HPV 16 infected cohorts. In total 32 patients were analyzed. (A, B) Frequency of CD8 or CD4 expression on CD3+ T cells. (C) Frequency of PD-1 expression on CD8+/CD3+ T cells. (D) Frequency of FoxP3 expression on CD4+/CD3+ T cells. (E) CD4:CD8 ratio. T+, sample with positive HPV16-specific T cell response; T−, sample with negative HPV16-specific T cell response; P, persistent HPV16 infection; Control, samples from 3 women with no history of HPV16 infection. NS, no significance.






Discussion

The purpose of this study was to evaluate the role of HPV specific T cell immunity in the clinical outcome of HPV infected patients. We used ROP-HPV E7, LRMK-linked overlapping peptides covering the HPV E7 sequence (12) as the antigenic agent to test the specific T cell activity of the patient. This study evaluated cellular immunity specific to HPV16 E7 in 131 women with HPV16 infection. Only one of 17 (5.9%) patients with cervical cancer had a positive HPV16 E7-specific T cell response, dramatically lower than the precancer patient groups (26.5% in NILM, 42.4% in LSIL, and 38.5% in HSIL). Our data are consistent with others who have shown that immunosuppressed humans or animals have increased risks of HPV infection and associated dysplasia (13, 14), suggesting that immune reactivity is associated with virus elimination and disease clearance.

The progression from HPV infection to malignant tumor requires viral escape from host immunity (15). With a properly functioning immune system, up to 80–90% of HPV infection was cleared in two years (16). This has raised a dilemma in the management of HPV infection, that is, whether costly, complicated, and invasive medical surgical intervention should be provided to an HPV infected patient once diagnosed as HPV-positive, or should this wait until the cancer is developed? A valid prognostic method is an unmet need and will be helpful for clinicians and patients for clinical decision-making. Most current clinically available diagnostic methods focus on either detecting the presence of virus by PCR or detecting tumor presence by histological examination. There is no good prognosis method available to monitor HPV-associated human immune responses. Consequently, patients may either undergo unnecessary surgery if the decision is made based only on PCR findings or patients may receive intervention when it is too late to achieve effective treatment. Unfortunately, in many cases no action has been taken because clinicians take for granted that most HPV infections resolved automatically. Our results support that the monitoring of T cell-based immunity may be a suitable approach for prognostic purposes. The results of this pilot study suggest that if good T cell immunity is detected, then it is likely that HPV infection will be cleared. In the absence of T cell immunity, interventions should be taken to stop the malignant progression.

The WHO proposes 3 tiers of management for HPV related diseases. Tier 1: prophylactic vaccines for individuals without HPV infection; Tier 2: therapy for HPV-infected individuals who have not progressed to malignancy; Tier 3: therapies for HPV-infected individuals who have progressed to a late malignant stage. The findings from this study are relevant to the development of T cell-based therapeutic vaccines for Tier 2 and 3 therapies. Although prophylactic vaccines against HPV are available, these vaccines are not effective for those who have already been infected with HPV (17). The fact that T cell immunity is important for resolving HPV infection indicates that a T cell-based vaccine strategy will be feasible and beneficial to HPV-infected individuals having low immunity. Indeed, there are several promising clinical trials evaluating the role of enhanced T cell-based immunity (4). For example, synthetic long overlapping peptides (SLP) derived from HPV E6 and E7 are in a Phase II clinical trial in HPV-infected high-grade vulvar intraepithelial neoplasia have shown an 80% partial effect response and 47% complete regression (18). The combination of SLP with anti-PD-1 antibody has shown a achieve of a synergetic effect in incurable HPV 16-related cancer (19). Together with these promising trials, our data support the hypothesis that T-cell-based immunity plays an instrumental role in the containment of HPV infection.



Methods


Patients

Women with HPV16 infection aged 23 to 67 years attending routine cervical cancer screening at the Changzhou Maternity and Child Health Care Hospital affiliated with Nanjing Medical University were asked to enroll in the study after giving their written informed consent. The study was approved by the Internal Review Board. Exclusion criteria were unwillingness or unavailability to follow up 12 months after recruitment. The patients enrolled were not pregnant and had no prior medical history of immune disorders. At the beginning of the study, a cervico-vaginal sample was collected from each participating subject for cytological testing and HPV DNA genotyping. Women positive for HPV 16 genotyping were recruited and referred for colposcopy and biopsy. Blood samples from enrolled patients were collected for the ELISPOT test. Patients would be recalled every 6 months. At the end of the study, 114 HPV 16 positively infected patients completed the 12-month follow-up study.



Histology

HPV16-positive patients were referred to colposcopy biopsy. Cervical or vaginal wall biopsy tissues were formalin-fixed, paraffin-embedded, and stored at room temperature. The tissue size was at least 3 mm for manual slicing with a rotary slicer. Serial sections were cut and stained with hematoxylin and eosin (HE). All images used in this study were acquired using an Olympus BX45 microscope equipped with 20× objective (Olympus, America). All histological sections were reviewed by a single histopathologist for the purpose of this study, who was blinded to other clinical information. The cases were classified as NILM, LSIL, HSIL, or cancer.



Mixed HPV16 E7 Peptides and ROP-HPV16 E7

Four synthetic overlapping peptides covering the entire sequence of the HPV16 E7 protein were synthesized (Ontores Biotech, China): Peptide 1, I R T L E D L L M G T L G I V C P I C S Q K P; peptide 2, M H G D T P T L H E Y M L D L Q P E T T D L Y C Y E Q L N D S S E E E; peptide 3, E Q L N D S S E E E D E I D G P A G Q A E P D R A H Y N I V T F C C K; and peptide 4, H Y N I V T F C C K C D S T L R L C V Q S T H V D I R T L E D L L M G.

The ROP-HPV16 E7 recombinant overlapping peptide is an artificial protein that contains E7 overlapping peptides linked to LRMK (a cathepsin S cleavage site). ROP-HPV16 E7 were expressed and purified as described elsewhere (12). Briefly, BL21 transformed with ROP-HPV16 E7 (DE3) was cultured in LB broth (50 µg/ml Kanamycin) overnight at 37°C and was then diluted with fresh LB broth and cultured until the OD600 reached 0.6. Cells were harvested 16 h after induction with IPTG (0.5 mM). Cell pellets were resuspended in lysis buffer (25 mM TrisHCl, 200 mM NaCl, 2% Triton X-100, 10 mM imidazole, pH8.0) and lysed by sonication. Soluble fractions were collected. The Ni-NTA resin was then added to the soluble fractions for 30 min, followed by washing with 30 resin volumes of lysis buffer and eluted with lysis buffer containing 200 mM imidazole. The eluted protein was dialyzed at 4°C in PBS buffer containing 10% glycerol.



Isolation of Human Peripheral Blood Mononuclear Cells

Heparin-treated human blood (10 ml) from patients was carefully added to the lymphocyte-separation medium (density = 1.077) and centrifuged at 1,500×g for 25 min. The PBMC layer was transferred to a new tube and was washed twice with RPMI 1640 medium.



Enzyme-Linked Immunospot Assay

The assays were performed using ELISPOT kits (Mabtech, Sweden). PBMCs (5 × 105 cells/well) were stimulated overnight with 2 µM ROP-HPV16 E7 or with mixed E7 peptides in anti-IFN-γ-Ab precoated plates (Millipore, Bedford, MA). Cells were discarded and biotinylated anti-IFNγ antibodies were added for 2 h at room temperature, followed by an additional 1 h incubation at room temperature with enzyme-labeled strepavidin. After the color developed, the reaction was stopped by washing the plates with tap water, and the plates were air dried. Spots were counted with an Elispot reader (Autoimmun Diagnostike, Strasburg, Germany).



Flow Cytometry Analysis

PBMCs were washed once with 1 ml ice-cold FACS buffer (2% FCS in PBS) and the cell density was adjusted to 1 × 106 cells/100 μl. APC-conjugated anti-human CD3 monoclonal antibody (BD, USA), FITC-conjugated anti-human CD8 (BD, USA), PE-conjugated anti-human CD279 monoclonal antibody (BD, USA) and FVS620 (BD, USA) were added and incubated in the dark for 15 min at room temperature. For FoxP3 staining, PBMCs were first stained with FITC-conjugated anti-Human CD4 monoclonal antibody (BD, USA), APC-conjugated anti-Human CD25 monoclonal antibody (BD, USA) and FVS620 (BD, USA) for 15 min in the dark at room temperature. After fixation and permeabilization, the cells were stained with PE-conjugated anti-human FoxP3 monoclonal antibody (BD, USA) overnight at 4°C. The cells were then washed three times with 1 ml of FACS buffer, resuspended in 0.5 ml of FACS fixing buffer (BD, USA) and acquired using CytoFLEX S flow cytometer (Beckman, USA). The data was analyzed by FlowJo software version VX (ThreeStar, San Carlos, CA, USA).



Statistical Analysis

We used the t-test for continuous variables and Chi-square test for categorical variables. A P-value <0.05 in the two-sided test was considered statistically significant. Statistical analyses were performed using IBM SPSS Statistics version 25 (SPSS, Chicago, USA). Figures 1 and 3 were generated and analyzed using GraphPad Prism version 8 (GraphPad Software Inc.).
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Serratia marcescens is now an important opportunistic pathogen that can cause serious infections in hospitalized or immunocompromised patients. Here, we used extensive bioinformatic analyses based on reverse vaccinology and subtractive proteomics-based approach to predict potential vaccine candidates against S. marcescens. We analyzed the complete proteome sequence of 49 isolate of Serratia marcescens and identified 5 that were conserved proteins, non-homologous from human and gut flora, extracellular or exported to the outer membrane, and antigenic. The identified proteins were used to select 5 CTL, 12 HTL, and 12 BCL epitopes antigenic, non-allergenic, conserved, hydrophilic, and non-toxic. In addition, HTL epitopes were able to induce interferon-gamma immune response. The selected peptides were used to design 4 multi-epitope vaccines constructs (SMV1, SMV2, SMV3 and SMV4) with immune-modulating adjuvants, PADRE sequence, and linkers. Peptide cleavage analysis showed that antigen vaccines are processed and presented via of MHC class molecule. Several physiochemical and immunological analyses revealed that all multiepitope vaccines were non-allergenic, stable, hydrophilic, and soluble and induced the immunity with high antigenicity. The secondary structure analysis revealed the designed vaccines contain mainly coil structure and alpha helix structures. 3D analyses showed high-quality structure. Molecular docking analyses revealed SMV4 as the best vaccine construct among the four constructed vaccines, demonstrating high affinity with the immune receptor. Molecular dynamics simulation confirmed the low deformability and stability of the vaccine candidate. Discontinuous epitope residues analyses of SMV4 revealed that they are flexible and can interact with antibodies. In silico immune simulation indicated that the designed SMV4 vaccine triggers an effective immune response. In silico codon optimization and cloning in expression vector indicate that SMV4 vaccine can be efficiently expressed in E. coli system. Overall, we showed that SMV4 multi-epitope vaccine successfully elicited antigen-specific humoral and cellular immune responses and may be a potential vaccine candidate against S. marcescens. Further experimental validations could confirm its exact efficacy, the safety and immunogenicity profile. Our findings bring a valuable addition to the development of new strategies to prevent and control the spread of multidrug-resistant Gram-negative bacteria with high clinical relevance.
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Introduction

The spread of antimicrobial resistance (AMR) is urgent, especially regarding bacteria (1). Once resistant strains emerge, the options for effective antibiotic therapy become limited and their alarming spread around the globe has not been followed by the development of novel antibiotics (2, 3). AMR produces significant impacts on human health around the world, causing troublesome levels of morbidity and mortality leading to dramatic economic consequences (4). It has been estimated that 10 million lives a year will be lost to AMR by 2050, and cumulative loss of world economies might be as high as $100 trillion (2, 5). AMR is a serious issue that demands an organized global action plan (4, 6, 7). Developing novel and integrated strategies are paramount to effectively fight AMR; these strategies include the development of monoclonal antibodies, new antibiotics, new diagnostics, new vaccines that target antibiotic-resistant bacteria, and increasing coverage of existing vaccines (3, 4, 8).

Serratia spp. is within the World Health Organization (9) global priority list of multidrug-resistant (MDR) bacteria that poses a major threat to human health around the world. Hence, there is an urgent need to development new and effective treatments and prevention strategies. Serratia marcescens is a Gram-negative Enterobacteriaceae species that has emerged as a neglected opportunistic human pathogen (10). This species can cause a variety of infections, including respiratory, bloodstream, skin, ocular, urinary, and catheter-related infections, as well as meningitis and sepsis in immunocompromised or critically ill patients, especially those in intensive care units (ICUs) and neonatal intensive care units (NICU). Studies have reported an increase in the number, and it of multidrug-resistant S. marcescens strains worldwide (11) and this increase has been related to severe outcomes (12) and a high mortality rate (13, 14).

Several studies and medical experiments have supported that S. marcescens may be promising for vaccine development. For instance, Field et al. (15) immunized adult mice with lipopolysaccharide (LPS) somatic antigen, or a heat-killed vaccine of Serratia marcescens and observed a rapid presence of specific antibody-forming cells in the spleen, in the mesenteric nodes, and in the thymus. Kreger et al. (16) showed that the severity of experimentally induced corneal disease by S. marcescens is considerably reduced by immunization against either the lipopolysaccharide endotoxins or the proteases of the bacteria. Kumagai et al. (17) showed that the protection against an experimental Serratia marcescens infection in mice was enhanced by prior injection of formalin-killed or viable bacteria of the same strain. They suggested that the humoral immunity and T-cell-mediated immunity were associated with protection against systemic Serratia infection. Shi et al. (18) reported that S. marcescens vaccine was effective for malignant pleural effusion and presented tolerable toxic effects. In the late 19th century, William Coley developed a formulation containing Streptococcus pyogenes and S. marcescens called by various names, such as Coley’s fluid, Coley’s vaccine, mixed bacterial vaccine (MBV), Coley’s toxins, and Vaccineurin. This formulation was used to treat sarcoma in many countries until 1990 (19–21). In the 1970s, Coley’s mixture (MBV) was further investigated, and it has been used in clinical trials against different types of cancer presenting variable results (22–27). The recent interest in MBV is motivated by humoral and cellular immunity to cancer antigens, which has the ability to spontaneous induce antibody responses. The stimulation of the innate immune system produces a complex cascade of cytokines that contribute to the immune recognition of cancer, possibly inducing apoptosis (22).

Vaccination is one of the most effective means to efficiently, rapidly and affordably improve public health; it is also the most feasible way to eradicate a variety of infectious diseases (28). Current vaccine research has mostly focused on peptide and subunit vaccines instead of whole organism vaccines. This is because subunit vaccines contain specific immunogenic components of the pathogens responsible for the infection rather than the whole pathogen. Traditional approaches for vaccine production have also been considered less efficient than computational approaches for a variety of reasons, including inaccuracy, safety, stability, high cost, hypersensitivity, and specificity.

Reverse vaccinology (RV), subtractive proteomics (SP), and genomics studies have emerged as powerful computational tools that have revolutionized the identification of drug targets and potential vaccine candidates (29). These methodologies are able to identify in silico the complete repertoire of immunogenic antigens and druggable targets that an organism is capable of expressing without the need of culturing the microorganism (30). In addition, it reduces the dependence on conventional animal testing based screening for getting a potentially suitable candidate, minimizing the time consuming and cost of the vaccine and drug development processes (31). Since the first application of reverse vaccinology that was used to development of a vaccine against serogroup B Neisseria meningitidis (MenB) (32), this tool has been used in the identification of numerous promising vaccine candidates against many bacterial pathogens, including Mycoplasma pneumoniae (33), Pseudomonas aeruginosa (34), Mycobacterium tuberculosis (30), Acinetobacter baumannii (35), and Neisseria meningitidis (36).

In this study, we have applied RV and SP based computational strategies and selected a new multi epitope-based vaccine candidate against Serratia marcescens, which can be used in further experiments to validate its efficacy, safety, and immunogenic profile.



Material and Methods

Subtractive proteomics and reverse vaccinology approaches were used to identify potential vaccine candidates against the S. marcescens strain. A flowchart summarizing the methodology is shown in Figure 1.




Figure 1 | A schematic flowchart diagram showing the procedure used in the current study. Orange: subtractive proteome analysis. Green: identification, characterization, and selection of peptide epitopes. Blue: construction and analysis of the multiepitope vaccine.




Data Collection of Proteome and Selection of Core Proteins

The proteome sequences of 49 S. marcescens were downloaded from the Genome Project database of the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/genbank/). Out of these proteomic sequences, one corresponded to the representative proteome of Serratia marcescens subsp. marcescens Db11 and 48 sequences were from S. marcescens associated with human infections. Bacterial Pan Genome Analysis (BPGA) tool (37) version 1.3 was used to identify core (conserved) protein families (Supplementary Data Sheet 2). BPGA uses USEARCH as a default protein clustering tool with an identity cut off = 50%. Strain names, source of isolation, country, RefSeq assembly accession numbers, assembly levels, and references are shown in Supplementary File Table S1.



Screening of Essential Proteins, Virulence Factors and Resistance Proteins

The identified core protein families related to 49 bacteria species were subjected to BLASTp searches against the Database of Essential Genes (DEG 10) providing the essential information of the proteins (35, 38–42). DEG is a database for essential genes that is frequently updated (43, 44). The parameters of the analysis were E-value ≤ 10-4 and bitscore ≥ 100 (Supplementary Data Sheet 3). The core proteins of S. marcescens were also subjected to BLASTp search against Virulence Factor database (VFdb) (http://www.mgc.ac.cn/VFs/) (45) and Microbial virulence DataBase (MvirDB) (http://mvirdb.llnl.gov/) Supplementary Data Sheet 4 (46). In both databases, the E-value cut-off was set to ≤ 10-4 and bitscore ≥ 100. The resistance associated proteins were found through a BLASTp against two databases, ARG-ANNOT (Antibiotic Resistance Gene-ANNOTation), which provides protein sequences associated with antibiotic (47), and CARD (Comprehensive Antibiotic Resistance Database), a database of peer-reviewed antibiotic resistance determinants (Supplementary Data Sheet 5) (48). The E-value cut-off for both antibiotic resistance analyses was ≤ 10-4.



Subtracting Gut-Human Homologous and Human Non-Homology Proteins

The identified essential, virulent or resistance associated proteins were filtered against the proteome of host Homo sapiens (taxid:9606), using BLASTp with E-value of ≤ 10−4 (Supplementary Data Sheet 6). The host non-homologue proteins were filtered against a custom protein database containing 79 human gut floral species [see supplementary Text 1 from (44, 49)]. For subtraction of homologous sequence between gut microbiota and S. marcescens, we carried out BLASTp analysis. The obtained hits with an E-value of ≤ 10−4 and similarity ≥ 50% were considered as gut-flora homologous proteins and excluded from further analyses (Supplementary Data Sheet 7).



Prediction of Subcellular Localization

Prediction of selected proteins subcellular localization was done by using two different web servers: PSORTb v3.0.2 (50) algorithm (https://www.psort.org/psortb/) that determines different subcellular localization like cytoplasmic membrane, outer membrane, periplasm, extracellular, cytoplasmic, and unknown; and CELLO v2.5 (http://cello.life.nctu.edu.tw) (51), a web-based system which is also used for predicting protein subcellular localization.



Physicochemical Property and Antigenicity Analysis of Proteins

Physicochemical properties such as number of amino acids and molecular weight were examined on the online servers Expasy ProtParam (52) (https://web.expasy.org/protparam/) and UniProt (https://www.uniprot.org/). Antigenicity of proteins was predicted using two online servers: VaxiJen v2.0 (53), (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) which predicts whether a protein could be a protective antigen based on physicochemical properties of amino acid sequence and has a threshold value ≥ 0.5; and AntigenPRO (http://scratch.proteomics.ics.uci.edu/), an alignment-free, sequence-based and pathogen-independent predictor of protein antigenicity with 79% accuracy and an area under curve (AUC) of 0.89 (54).



Identification of Trans-Membrane Alpha-Helices and Secretory Pathway Analysis

To assess the proteins getting embedded in the plasma membrane and to subtract those being exported, we submitted the amino acid sequences from the outer membrane, periplasm and extracellular proteins of S. marcescens to the TMHMM v.2.0 (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) server, which predicted the topology of these proteins by the Markov method (55). Secretory pathway was analyzed using SignalP 5.0 (https://services.healthtech.dtu.dk/service.php?SignalP-5.0), a server based on deep neural network method that predicts signal peptide (SP) sequences and discriminates among three main types of SPs (56).



Pathogen-Specific Pathways and Functionality Analysis of Selected Proteins

The comparison between metabolic pathways of S. marcescens and human pathways was done manually, using KEGG (Kyoto encyclopedia of gene and genome) pathway database. Proteins that play a role in unique and shared pathways in both pathogen and host were enlisted (Table S2) (35). Protein function prediction was made by three different servers: UniProt, KEGG Genes Database, and InterPro (https://www.ebi.ac.uk/interpro/), a server that provides family classification, biological process and molecular function of the protein (57).



Prediction of T Cell and B Cell Epitope

The prediction of MHC-I epitopes was performed by three servers: IEDB Tepitool prediction (http://tools.iedb.org/tepitool/) server (58), NetMHCpan 4.1 BA (https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1), and NetCTLpan 1.1 (https://services.healthtech.dtu.dk/service.php?NetCTLpan-1.1). In the IEDB server, 27 different alleles that cover more than 97% of the global population were selected for MHC class I predictions (59). Identified T-cell epitopes having alleles with IC50 value ≤ 50 nM were considered of high binding affinity. The default prediction method was set as the IEDB recommended that uses the Consensus method consisting of ANN (Artificial neural network, also called as NetMHC, version 3.4), SMM (Stabilized matrix method), CombLib (Scoring Matrices derived from Combinatorial Peptide Libraries), and NetMHCpan (version 2.8). NetMHCpan 4.1 server predicts binding of peptides to any MHC molecule of a known sequence using artificial neural networks (ANNs). We used a threshold value IC50 ≤ 50 nM and a percentile rank ≤ 0.20 (34). NetCTLpan 1.1 server performs integrate prediction of peptide MHC class I binding, proteasomal C terminal cleavage, and TAP transport efficiency. In this analysis, the threshold value was set as 0.75 (35).

Predictions of MHC class II epitopes or HTL epitopes were made by Tepitool, using the IEDB recommended method. A set of the 26 most frequent human class II alleles from DP, DQ, and DR loci was used. Selection criteria was peptides with binding affinity ≤ 50nM for IC50. Prediction of linear B-cell epitopes or BCL epitopes for proteins was achieved by using IEDB server, ABCpred, and Bcepred. IEDB server predicted epitopes based on antigenicity (60), accessibility (61), linear epitope (Bepipred-1.0) (62) and sequential/conformational epitope (BepiPred-2.0) (63). ABCpred (https://webs.iiitd.edu.in/raghava/abcpred/) uses Artificial Neural Network (ANN) machine-learning to predict B-cell epitopes and has an accuracy of 65.93%. In this server, parameters were set to default. Bcepred (https://webs.iiitd.edu.in/raghava/bcepred/bcepred_instructions.html) predicted B-cell epitopes based on four amino acid properties (hydrophilicity, flexibility, polarity and exposed surface). We used a threshold of 2.38 that predicts epitopes with 58.7% accuracy



MHC Class I Immunogenicity Determination

The MHC I immunogenicity prediction were assessed by the IEDB server (64) (http://tools.immuneepitope.org/immunogenicity/). A high score suggests a higher probability of stimulating an immune response. The epitopes with positive immunogenicity value were selected for further studies.



Antigenicity, Toxicity, Allergenicity of Selected Epitopes

The epitopes of MHC Class I, MHC Class II and LB were screened for their antigenic properties by VaxiJen2.0. The threshold for MHC class I and MHC class II epitopes was set to ≥ 0.5, and to ≥ 0.70 for the B-cell epitopes (53). The antigenic B-Cell epitopes obtained, with 9 or more amino acids in length and those that overlapped with the amino acids sequences found in IEDB, ABCpred and Bcepred tools were selected for toxicity and allergenicity analyses. The toxicity prediction was carried out using ToxinPred (http://www.imtech.res.in/raghava/toxinpred/index.html), keeping all the parameters to default. This tool predicts the antigenic behavior of epitopes through their physicochemical properties and confirms that the specific immune responses in the host cell will only target the bacteria rather and not host tissue (65). Allergenicity analysis was conducted with AllerTOP v2.0 server (https://www.ddg-pharmfac.net/AllerTOP/feedback.py). This is a server based on the main physicochemical properties of proteins (66), presenting an accuracy of 88.7% (67).



Conservancy, Hydrophobicity and IFN-Inducing Validation of Selected Epitopes

The conservancy of MHC Class I and MHC Class II selected epitopes within protein sequences were predicted using IEDB web server (68). For calculating the conservancy score, the sequence identity threshold was kept at 100%. Grand average of hydropathicity of MHC Class I. MHC Class II and LB epitopes were done using ProtParam (52) server. The GRAVY value is described by the sum of hydropathy values of all amino acids divided by the protein’s length (34). A negative value implies that protein contains hydrophilic properties whereas a positive GRAVY value indicates that the protein is hydrophobic (35). For further refinements, we investigated whether Helper T cell (HTL) epitope can induce IFN gamma immune response using the IFN epitope server (69) (http://crdd.osdd.net/raghava/ifnepitope/), an online tool with 82.10% accuracy. The server constructs overlapping sequences from which the IFN-γ epitopes are predicted. The default prediction method was set as “Motif and Support Vector Machine (SVM) hybrid” and “IFN-gamma vs. Non-IFN-gamma” model to predict IFN-γ-inducing peptides based on score. The higher the score, the higher the chance of inducing IFN-γ (70). Although the IFN epitope server has limitations regarding the number of residues that can be used for prediction (71), it is a common online prediction server used for vaccine design (70, 72–74). Therefore, the epitopes with positive results for the IFN-γ response were selected for further prediction.



Predicting Three Dimensional (3D) Epitope Structure and Molecular Docking of the Selected Epitopes

The best-selected MHC class I and MHC class II epitopes were submitted to PEP-FOLD3 server (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/), an online tool for generating de novo peptide 3D structure (75). The docking experiments were made using PatchDock (https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) tool. The obtained models were refined and re-scored by FireDock server (http://bioinfo3d.cs.tau.ac.il/FireDock/), that ranks the docked models by their global energy, and the lowest global energy represented the best prediction (76). The MHC class I epitopes were docked with HLA-A*0101 (PDB: 6AT9), HLA-A*0201 (PDB: 3UTQ), HLA-B*1501 (PDB: 1XR8), HLA-B*3501 (PDB: 1ZSD), HLA-B*3901 (PDB: 4O2E), HLA-B*5301 (PDB: 1A1M), HLA-B*5801 (PDB: 5IM7), HLA-B*4403 (PDB: 1SYS) alleles. The alleles used to MHC Class II epitopes were: HLA-DRB1*0101 (PDB: 2FSE), HLA-DRB1*0301 (PDB: 1A6A), HLA-DRB1*0401 (PDB: 2SEB), HLA-DRB1*1501 (PDB: 1BX2), HLA-DRB3*0101 (PDB: 2Q6W), HLA-DRB3*0202 (PDB: 3C5J) and HLA-DRB5*0101 (PDB: 1H15). The docked structures were visualized using PyMol tool (https://pymol.org/pymol.html?) (67). The epitopes that showed the best binding affinity were selected for vaccine construction.



Vaccine Construction

Best binding peptides were selected for potential vaccine candidate. To construct the vaccine, CTL, HTL and BCL epitopes were linked together by GGGS, GPGPG and KK linkers. GGGS linkers were used to conjugate the Universal Pan HLA DR sequence (PADRE) sequence with CTL epitopes and the CTL epitopes among themselves. GPGPG linkers were used to conjugate the CTL epitopes with HTL epitopes and also the HTL epitopes with the other HTL. KK linkers were used to attach the HTL and BCL epitopes as well as the BCL epitopes among themselves (67). Adjuvants sequences were linked with the help of EAAAK linkers at both N- and C-terminus, and EAAAK linkers were also used to conjugate the PADRE sequence (AKFVAAWTLKAAA) (35). Five different adjuvant sequences were used to attach the PADRE sequence: 50s ribosomal L7/L12 protein (77), beta-defensin (78), HBHA protein (M. tuberculosis, accession number: AGV15514.1), and HBHA conserved sequence (79).



Antigenicity and Allergenicity of Vaccine Constructs

VaxiJen 2.0 and ANTIGENpro server were used to determine the antigenicity of the vaccine constructs. AllerTOP and AlgPred (http://crdd.osdd.net/raghava/algpred/) servers were used to evaluate the allergen potential of the multi-epitope vaccine construct. Allergen prediction is based on similarity of known epitope of any of the known region of the protein. It uses MAST to search MEME/MAST allergen motifs and predict the allergen if it has a motif. AlgPred is an SVM module based program which uses amino acid or dipeptide composition for the prediction of allergen. The parameters (IgE epitope + MAST + SVM + ARPs BLAST) were combined to predict the allergenicity of vaccine constructs (35, 80).



Solubility Prediction and Physiochemical Behavior Analysis of Vaccine Constructs

SOLpro of Scratch Protein predictor was used for vaccine solubility estimation. SOLpro performs a two-stage SVM architecture method based on multiple representations of the primary sequence (81). The overall accuracy of SOLpro is estimated in over 74% using multiple runs of ten-fold cross-validation (81). Vaccine constructs physiochemical properties were analyzed using Expasy ProtParam server, which determined the number of amino acids, molecular weight, theoretical isoelectric point (PI), instability and aliphatic index, and hydropathicity GRAVY values.



Peptide Cleavage Analysis

Proteasomal cleavage is important for T Cell epitope presentation. This was analyzed by NetChop 3.1 (http://www.cbs.dtu.dk/services/NetChop/), a neural network-based method trained on MHC class I ligands produced by the human proteasomes (Supplementary Data Sheet 8) (82). Since cathepsins cleavage sites may play a vital role in the immune antigen presentation, cathepsin specific peptidase activity was analyzed with the SitePrediction (http://www.dmbr.ugent.be/prx/bioit2-public/SitePrediction/index.php) server for MHC class II epitopes (83).



Secondary and Tertiary Structure Prediction of the Vaccine Constructs

The secondary structures of the multi-epitope vaccine constructs were generated using online tool PSIPRED 4.0 (http://bioinf.cs.ucl.ac.uk/psipred/), a web-based freely accessible online server that also predicts the transmembrane topology, transmembrane helix, fold and domain recognition (74). PSIPRED 4.0 has a Q3 secondary structure prediction precision of 84.2% (84). The 3D structures of multi-epitope vaccine constructs were predicted using the I-TASSER (Iterative Threading ASSEmbly Refinement) server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/). I-TASSER is an integrated platform for automated protein structure and function prediction based on the sequence-to-structure-to-function paradigm. I-TASSER initial creates three-dimensional (3D) atomic models from several threading alignments and iterative structural assembly simulations starting from an amino acid sequence. In five community wide CASP (Critical Assessment of techniques for Structure Prediction) experiments, I-TASSER has been ranked best server for protein 3D structure prediction (70). Pymol program was used to visualize the modeled 3D structures.



Refinement and Validation of Vaccines Constructs

The 3D structures of the constructed vaccines were refined using 3Drefine server (http://sysbio.rnet.missouri.edu/3Drefine/). 3Drefine server is based in optimization of the hydrogen bonding network and composite physics and knowledge-based force fields to give atomic-level energy minimization using the MESHI molecular modeling framework (85, 86). The validation process was performed using the PROCHECK’s Ramachandran plot analysis (https://servicesn.mbi.ucla.edu/PROCHECK/) (87) that analyzes the geometry of the refined vaccine construct and predict the best stereochemical quality of the construct (88); ProSA (https://prosa.services.came.sbg.ac.at/prosa.php) (89) that computes the overall quality score (Z score) for a specific 3D structure (90); and ERRAT server (http://services.mbi.ucla.edu/ERRAT/) (91) that analyzes the statistics of non-bonded interactions between different atom types (92).



Protein-Protein Docking

Each vaccine construct was docked against TLR4-MD2 complex (PDB:3FXI). The docking experiments were made using ClusPro 2.0 (https://cluspro.bu.edu/login.php) and PatchDock (https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php). ClusPro 2.0 ranks the cluster of docked complexes based on their center and lowest energy scores (93). PatchDock algorithm divides the Connolly dot surface representation of the molecules into concave, convex, and flat patches (94). ClusPro 2.0 and PatchDock were further analyzed by the PRODIGY tool of HADDOCK server (https://haddock.science.uu.nl/) and FireDock server (http://bioinfo3d.cs.tau.ac.il/FireDock/php.php), respectively. The PRODIGY server produces binding affinity score (95) and the FireDock server accesses the global energy of the docked complexes.



Molecular Dynamic Simulation

After performing the protein-protein molecular docking, the best-scored vaccine construction (SMV4) complexed with TLR4-MD2 was subjected to molecular dynamic simulation by the online server iMODS (http://imods.chaconlab.org/) (96), using the parameters as default. This server predicts the dynamics simulation of the protein complex in terms of atomic B-factors, eigenvalue variance, deformability, elastic network, and covariance map. The deformability of a given protein mostly relies on the capability of each of its residues to deform. The eigenvalue is related with the energy that is required to deform the given structure; the lower the eigenvalue value, the easier the deformability of the complex (67, 97). Moreover, the eigenvalue of the given protein complex provides its motion stiffness (79).



Discontinuous B Cell Epitopes

SMV4 vaccine construction selected was submitted to ElliPro server (http://tools.iedb.org/ellipro/) that predicts epitopes based upon solvent-accessibility and flexibility (98). The algorithms implemented in this analysis were approximation of the protein shape as an ellipsoid (99), protrusion index (PI) of residue (100), and neighboring residues clustering based on their PI values. The conformational B-cell epitopes with minimum score value set at 0.70 while the maximum distance was set as default.



Immune Simulation of the Vaccine Construct

C-ImmSim server (http://150.146.2.1/C-IMMSIM/index.php?page=1) was used for the immune simulation study. It uses position-specific scoring matrix for immune epitope forecast and machine learning techniques to estimate immune interactions (101). The three mammalian anatomical regions to get simulated by the server were thymus (T cell), bone marrow (lymphoid and myeloid cell), and a lympathic organ to exhibit immune response (102). All parameters were kept as default at the time of vaccine introduction, and three injections were administered with the recommended intervals of 30 days. The time steps followed for three injections were 1, 90 and 180. The volume of simulation and the steps of the simulation were set at 10 and 600, respectively (103).



Codon Adaptation and In Silico Cloning

Reverse translation and codon optimization were performed using Java Codon Adaptation Tool (JCat) server (http://www.prodoric.de/JCat) (104). The JCat output includes the codon adaptation index (CAI) and percentage GC content, which can be used to assess protein expression levels. CAI provides information on codon usage biases; CAI score >0.8 is considered a good score (105). The ideal GC content of a sequence should range between 30–70% (80). The E. coli strain K12 was chosen as host for cloning our vaccine construct. We avoided rho-independent transcription termination, prokaryote ribosome binding site, and restriction enzymes cleavage sites. Vaccine construct was cloned in pET28a (+) plasmid vector by adding XhoI and NdeI restriction sites at C and N terminus, respectively. The optimized sequence of the vaccine was inserted into the expression vector [pET-28a (+)] using Benchling webserver (https://www.benchling.com/).




Results


Pre-Screening of Primary Data

Primarily, we selected representative proteomes of 48 S. marcescens associated with human infections, and a Serratia marcescens subsp. marcescens Db11 as a reference strain for our vaccine prediction. The proteomes of all S. marcescens strains were retrieved from Genome Project database of the National Center for Biotechnology Information (NCBI). With the help of Bacterial Pan Genome Analysis (BPGA) tool the number of core proteins found from analyzing of the 49 proteomes was 2832 proteins.



Screening of Essential, Virulence, Resistance and Non-Homology Against Human and Gut Flora Proteins

All the 2832 proteins were subsequently analyzed for essential, virulent and resistance functions. The analyses of the non-redundant proteins resulted in 1815 proteins. Of these proteins, we have found 879 essential proteins, 155 proteins contained virulence property, 98 were resistant proteins, 370 proteins were found to be virulence and essential, 70 were resistant and essential, 42 resistant and virulence, and 201 proteins were related with essential, virulence and resistance functions, 1106 were non-homologous with human proteins. Of these 1106 proteins, 20 were gut flora non-homologous proteins, and were used for subsequent analysis



Subcellular Localization, Identification of Essential Proteins, Virulence Factors and Resistant Determinants

Next, the subcellular localization of 20 gut flora non-homologous proteins revealed that 2 proteins were outer membrane proteins, 6 periplasmic, and 2 extracellular (Table 1). Of these 10 proteins, 4 protein were essential (D-alanyl-D-alanine carboxypeptidase, 51.35 kDa; patatin-like phospholipase, 35.68 kDa; lipoprotein 11.82 kDa; helix-turn-helix domain-containing protein, 10.66 kDa), 4 virulence (phospholipase C, 79.68 kDa; spore coat U domain-containing protein, 33.28 kDa; protein of avirulence locus ImpE, 29.48 kDa; NADPH-dependent FMN reductase, 19.24 kDa; 1 was related to resistance (TonB-dependent receptor, 76.90 kDa), and 1 protein presented essential and virulent functions (MoaF domain-containing protein, 16.27 kDa) (Table 1).


Table 1 | Predicted subcellular localization, physicochemical, antigenicity, trans-membrane alpha-helices and peptide signal analysis.





Peptide Signal, Trans-Membrane, and Antigenicity Prediction

Of these 10 proteins selected, analyses of presence of signal peptide/anchor resulted into 3 proteins with secretory signal peptides that are transported by the Sec translocon and cleaved by Signal Peptidase I (Sec/SPI), 2 proteins having lipoprotein signal peptides transported by the Sec translocon and cleaved by Signal Peptidase II (Sec/SPII), and 1 protein with Tat signal peptides transported by the Tat translocon and cleaved by Signal Peptidase I (Tat/SPI). Only 1 protein (MoaF domain-containing protein) contained 1 transmembrane helix (Table 1). VaxiJen v2.0 and AntigenPRO tools reveled 7 and 8 proteins with a good antigenic nature (>0.50) (Table 1), respectively. Of these, 2 essential proteins (D-alanyl-D-alanine carboxypeptidase, patatin-like phospholipase family protein), 2 virulent proteins (Phospholipase C, phosphocholine specific; spore coat U domain-containing protein), and 1 resistant protein (TonB-dependent receptor) presented antigenicity profile, had extracellular domain or were proteins located in the outer membrane. Therefore, these 5 protein were considered for further prediction of vaccine targets (Table 1).



MHC Class-I Epitopes Prediction and Immunogenicity, Antigenicity, Toxicity, Hydropathicity and Conservancy Analysis of Selected Epitopes

The prediction of T-cell epitopes of MHC class-I of the 5 proteins (D-alanyl-D-alanine carboxypeptidase, patatin-like phospholipase family protein, Phospholipase C phosphocholine specific, spore coat U domain-containing protein, TonB-dependent receptor) had the sequence length 9 residues. Among the 284 predicted epitopes, the 123 common epitopes found in three servers were selected for immunogenicity analysis and resulted in 59 epitopes. From these, 31 epitopes were found to be antigenic and we found no epitopes with toxicity. Out of 31, 17 epitopes were non-allergenic. Epitope conservancy analysis found 14 peptides with a score of more than 50%. GRAVY analysis resulted in 7 peptides with negative value score, which suggests hydrophilic nature of peptides. For further analysis, we selected 7 MHC class-I epitopes (TPFGAGWSW, LEDRLVETL, SSNVNFPLY, FTIPLPGDR, QTYGAKIAR, SEYVWNYEL, YQFLKGWEL) that were found to be immunogenic, antigenic, non-allergenic, non-toxic, conserved, and with negative hydropathicity (Table 2). We excluded the patatin-like phospholipase family protein because its prediction analysis did not reach all the recommended parameters (Table 2).


Table 2 | Predicted MHC class-I epitopes and immunogenicity, antigenicity, toxicity, allergenicity, conservancy and hydropathicity analysis.





MHC-II Epitopes and Antigenicity, Toxicity, Conservancy, Hydropathicity, IFN-γ Analysis

The MHC-II binding prediction of the 5 proteins (D-alanyl-D-alanine carboxypeptidase, patatin-like phospholipase family protein, Phospholipase C phosphocholine specific, spore coat U domain-containing protein, TonB-dependent receptor) resulted in 415 MHC-II epitopes with higher affinity. From these, 196 were antigenic, and all were subjected to toxicity and allergenicity prediction. According with results, all selected epitopes were non-toxic and 114 had non-allergic nature. Conservancy analysis showed that 93 epitopes had score more than 50%, and GRAVY analysis revealed that 70 epitopes had a hydrophilic nature. Additionally, the 31 the best resultant epitopes of all analyses conducted were analyzed for their IFN-γ inducing. A total of 16 epitopes (4 from D-alanyl-D-alanine, 1 from patatin-like phospholipase family protein, 2 from Phospholipase C phosphocholine specific, 2 from spore coat U domain-containing protein and 7 from TonB-dependent receptor) had a IFN-γ inducing profile and were selected for molecular docking analysis (Table 3).


Table 3 | Identification of MHC-II epitopes and antigenicity, toxicity, conservancy, hydropathicity and IFN-γ inducing profile prediction.





B-Cell Epitope Prediction and Antigenicity, Toxicity, Allergenicity and Hydropathicity Analysis

The prediction of linear B-cell epitopes for D-alanyl-D-alanine carboxypeptidase, patatin-like phospholipase family protein, Phospholipase C, TonB-dependent receptor and spore coat U domain-containing protein is showed in Figure S1. Antigenicity scale, and the most potent regions in epitopes found is showed in yellow (Figure S1). A total of 503 B cell epitopes were predicted by three servers, of which 236 epitopes were found to be antigenic. From these antigenic epitopes, we manually selected 23 epitopes that had regions overlapping with the amino acids sequences found in IEDB, ABCpred and Bcepred tools. These epitopes were subsequently tested to toxicity, allergenicity, conservancy and hydropathicity. This analysis resulted in 12 epitopes (TGEQRGDTL, SGDPTLHPDDL, GRKTQGKGD, QREVYSHRTTPRM, SSQRINTRTLGLRLDS, MAVANTDGSGD, TTVWDSTNKQSGAGT, QPEVRLRPTG, FAAQRHESVGN, AETKSNETYQD, DRQRRRSEADL, RLEREHRRRDG) non-allergen, non-toxic, conserved and having hydrophilic nature. All 12 epitopes were selected for further analysis and vaccine construction (Table 4).


Table 4 | Identification of B-cell epitopes and antigenicity, toxicity, allergenicity and hydropathicity prediction of selected epitopes.





Peptide Modeling and Molecular Docking Analysis

All the 7 MHC class I and 16 MHC class II T-cell epitopes were subjected to 3D structure generation by the PEP-FOLD3 server, and the predicted 3D structures found were docked with 8 MHC class I alleles and 7 MHC class II alleles, respectively. Among the epitopes, 5 MHC class I and 12 class II epitopes showed the best result with the lowest global energy of -34.89 and -70.54, respectively (Table 5) and were used in multi-peptide vaccine construction.


Table 5 | Molecular docking of epitopes with HLA.





Construction of Multi-Epitope Peptide Vaccine, Physiochemical Properties and Antigenicity, Allergenicity, Solubility Analysis of Different Vaccine Constructs

We combined an adjuvant, PADRE sequence, CTL epitopes (MHC-I epitopes), HTL epitopes (MHC-II epitopes) and BCL epitopes (B-cell epitopes) in a sequential manner, and constructed four vaccines candidates, named SMV1, SMV2, SMV3 and SMV4. All designed vaccine proteins contained 5 CTL epitopes, 12 HTL, and 12 BCL epitopes. The vaccines differed each other only by adjuvant sequence, and the adjuvants used were 50s ribosomal L7/L12 protein, beta defensin, HBHA conserved sequence and HBHA protein (M. tuberculosis, accession number: AGV15514.1) (Table 6). For vaccine construction, the adjuvant sequence was linked with PADRE sequence by EAAAK linker, GGGS linkers were used to join the PADRE sequence with the CTL epitopes and the CTL epitopes with the other CTL epitopes, GPGPG were used to linked the CTL epitopes with the HTL epitopes and also the HTL epitopes among themselves, and KK linkers were used to conjugate HTL with the BCL epitopes, the BCL with the other BCL epitopes, and BCL with the PADRE sequence. Each vaccine construct was finished by an additional GGGS linker.


Table 6 | Characteristics of the constructed vaccines against S. marcescens strains.



Each designed vaccine construct contained 668 (SMV1), 659 (SMV2), 554 (SMV3) and 639 (SMV4) residues long, while the molecular weight of each construction was found to be 70.335, 69.217, 57.867 and 66.147 kDa respectively. The theoretical pI of each construct ranged from 9.85 to 10.36, suggesting that the constructions have a negative charge if the pH is above the isoelectric point and vice versa. The computed instability index of constructions varied from 28.01 to 35.66 representing the stable nature of the vaccine proteins. The high aliphatic index range (66.68 to 74.19) of all vaccine constructs suggest the protein stability in several temperatures. The negative GRAVY value of the vaccine constructs revealed that all of them has a hydrophilic in nature. All four vaccine constructs showed good solubility (>0.873) during its heterologous expression in the E. coli. Therefore, all of the vaccine constructs showed be antigenic, non-allergenic, hydrophilic, stable and soluble. The sequence of vaccine constructs and their physiochemical properties are showed in Table 6.



Peptide Cleavage Analysis

We investigated both proteasomal and cathepsin specific peptidase activity on the vaccine constructs. NetChop 3.1 server detected 17 proteasomal sites, which majority of them were close to the linkers. SitePrediction server provided 1 peptidase and 14 peptidase links with 99.9% and 99% specificity for cathepsin B, respectively; 1 peptidase and 2 peptidase links with 99.9% and 99% specificity for cathepsin D, respectively; 8 and 3 peptidase links with 99% specificity for cathepsins E and G, respectively; 2 peptidase links with 99.9% and 4 peptidase links with 99% specificity for cathepsin K, and 1 peptidase link with 99% specificity for cathepsin L. Our results indicates that these multi-epitope vaccine constructs might be processed and presented in context of MHC class molecule.



Secondary Structure Prediction of the Constructed Vaccines

The analyze of the secondary structure of vaccine constructs showed that SMV1 had 48.35% of amino acids in coil structure, 40.12% of amino acids in alpha helix, and the lowest percentage of the amino acids in beta sheet formation (11.23%). SMV2 had 49.75% of amino acids in coil structure, 38.56% in alpha helix region, and 11.69% of the amino acids in the beta sheet formation. SMV3 had the highest percentage of coil structure (55.05%), 27.62% of the amino acids in alpha helix region, and the highest percentage of the amino acids in the beta sheet formation (17.33%). SMV4 presented coil structure in 54.23%, 30.05% of alpha helix region, and 15.72% of the amino acids in the in beta sheet formation (Figure 2).




Figure 2 | Secondary structure prediction of the constructed S. marcescens vaccines using PESIPRED 4.0 server. (A) SMV1, (B) SMV2, (C) SMV3, (D) SMV4.





3D Structure Prediction of the Constructed S. marcescens

The 3D structure was obtained by threading using I-TASSER web server. For each vaccine sequence was predicted five 3D models, and the first model of each construction was selected. All the model was ranked on their C-scores values, which measure similarity between the query and template based on the significance of threading template alignment and the query coverage parameters. C-score values ranges between -5 and 2, and a higher value represents a model with a higher confidence and correct topology. SMV1 presented a Z-Score ranging from 0.64 to 2.42 and a C-Score of -2.41. SMV2 showed a Z-Score ranging from 0.65 to 2.39 and a C-Score of -2.41. SMV3 had a C-Score of -1.92 and a Z-Score ranging from 1.08 to 3.43. SMV4 exhibited a Z-Score of 1.06 to 5.61 and the highest C-Score, -1.34 (Figure 3A). In addition to C and Z score, I-TASSER predicted the TM-score, a metric for measuring the similarity of two protein structures, and the root mean square deviation (RMSD) of atomic positions. TM-score obtained in vaccines constructs ranged from 0.43 ± 0.14 to 0.55 ± 0.15. SMV4 had a TM-score more than 0.5, indicating a higher accuracy in topology. For all vaccines tested the RMSD ranged from 11.1 ± 4.6Å to 14.0 ± 3.9 Å (Figures 3A, B).




Figure 3 | (A) Characteristics and (B) 3D structure prediction of the constructed S. marcescens vaccines using I-TASSER server. a SMV1, b SMV2, c SMV3, d SMV4.





3D Structure Refinement and Validation

The 4 vaccine constructs 3D model were refined using the 3Drefine server. 3Drefine server provided five refined models with different parameters, including the 3D refined score, GDT-TS, GDTHA, RMSD, MolProbity, and RWPlus. Higher GDT-TS, GDT-HA, and RMSD values, and lower 3D refine Score, RWplus, and MolProbity values indicate a higher quality for the models. The models number 1 in all 4 vaccine constructs presented lowest MolProbity score, which ranged from 3.454 to 3.565 (Figure 4A). Therefore, these were validated by PROCHECK’s Ramachandran plot, ERRAT and ProSA webserver. ERRAT score for 3D models of four vaccines were calculated as 88.601, 85.162, 79.607, and 84.751, respectively (Figure 4A). The ProSA Z-Score for SMV1, SMV2, SMV3 and SMV4 were -4.60, -4.42, -2.02 and -5.16 respectively, indicating models were within the range of scores typically found for the native proteins of similar size (Figures 4A, B). Ramachandran plot analysis showed 97.1%, 97.4%, and 97.6% residues in allowed region for vaccine SMV1, SMV3 and SMV4, respectively. The SMV2 vaccine had 98.1% of residues in the allowed regions (Figure 4C). These analyses authenticated the reliability and stability of the predicted structures.




Figure 4 | Refinement and validations characteristics of S. marcescens vaccine constructs (A) ProSA Z-score (highlighted as a black dot) (B) is displayed in a plot that contains the Z-scores of all experimentally determined protein chains currently available in the Protein Data Bank; Ramachandran plotanalysis (C), indicating residues in the favored regions (red), allowed regions (yellow), generously allowed regions (light yellow) and disallowed regions (white). a: SMV1, b: SMV2, c: SMV3, d: SMV4.





Protein-Protein Docking

Docking analysis was performed between SMV1, SMV2, SMV3 and SMV4 vaccine constructs and TLR4-MD2 complex (PDB:3FXI), in order to find out the best constructed S. marcescens vaccine. SMV4 showed binding affinity -28.3 kcal/mol, a Kd of 1.1E-20 at 37°C, a global energy of -55.38, and an HB energy of -12.81 (Figure 5A). Since SMV4 showed superior results in the protein-protein docking study, it was considered as the best vaccine construct among the four constructed vaccines (Figure 5B).




Figure 5 | (A) Docking analysis of vaccine constructs. (B) 3D representation of SMV4 vaccine construct and TLR4-MD2 complex. The SMV4 vaccine construct is represented by orange color, and TLR4-MD2 complex is in blue. The docking was carried out by ClusPro 2.0 and PatchDock servers, and refined and re-scored by the PRODIGY tool of HADDOCK server, and FireDock server, respectively.





Molecular Dynamics Simulation

The molecular dynamics simulation and normal mode analysis (NMA) of SMV-4-TLR4 docked complex is showed in Figure 6A. Deformability graphs of the complex illustrates the peaks in the graphs, having regions of the proteins with high deformability (Figure 6B). The B-Factor graphs of the complexes provide easy understanding and visualization of the comparison between NMA and the PDB field of the docked complex (Figure 6C). The SMV4-TLR4 docked complex suggested that docked complex should be quite stable and should have relatively less chance of deformability (Figures 6B, D). In the variance graph (Figure 6E), red colored bars shows the individual variance and green colored bars represent the cumulative variance. Co-variance map of the complex showed a good amount of amino acid pairs in the correlated motion (Figure 6F). The elastic map (Figure 6G) of the complex describes the connection between atoms and darker gray regions shows stiffer regions.




Figure 6 | Molecular dynamic simulation of SMV4 and TLR4 docked complex. (A) NMA mobility. (B) deformability. (C) B-Factor. (D) eigenvalue. (E) variance (red: individual variance, green: cumulative variance). (F) co-variance map (correlated in red, uncorrelated in white, and anti-correlated in blue). (G) elastic network.





Discontinuous B Cell Epitopes

Eight discontinuous B-cell epitopes with scores ranging from 0.713 to 0.872 were predicted by Ellipro online tool at IEDB. Shortest and longest discontinuous B cell epitope ranged from 3 to 63 residues long respectively (Figure 7A). The amino acid residues present in conformational epitopes, the number of residues, their scores, and the 3D representation of conformational B-cell epitopes are shown in Figure 7A, B.




Figure 7 | Conformational B-cell epitopes prediction. (A) Amino acid residues present in conformational epitopes, the number of residues and their scores. ID: Identification of Epitopes. (B) a-h: 3D representation of conformational B-cell epitopes of protein. The predicted epitope residues are represented by green color, and the bulk of the polyprotein is represented in red color.





Immune Simulation for Vaccine Efficacy

The vaccine primary response was characterized by high levels of IgM, while the secondary and tertiary responses were higher than the primary reaction and distinguished by greater IgM + IgG, IgG1 + IgG2, IgG1 antibodies level, and a rapid clearance in antigen concentration (Figure 8A). B cell activation were found high, particularly B isotype IgM and IgG1, with prominent memory cell development (Figure 8B). The cell population of TH (helper) and TC (cytotoxic) cells were also found high along with memory development (Figures 8C, D). A significant levels of T regulatory (Treg cells) cells was found in the exposure to the SMV4, and a Treg cell reduction few days after antigen exposure (Figure 8E). The vaccine can induce both IFN-γ and IL-2 with a suitable Simpson Index (D) (Figure 8F), which is a measure of diversity.




Figure 8 | Immune Simulation with the SMV4 vaccine candidate using C-ImmSim server. (A) Immunoglobulin production in response to antigen injections; specific subclasses are showed as colored peaks. (B) B-cell populations after the three injections. (C) Generations of T-helper cells. (D) Generation of T-cytotoxic cell populations. The resting state characterizes cells not presented to the antigen, the anergic state indicates tolerance of the T-cells to the antigen. (E) Levels of T regulatory cells. (F) The main plot shows cytokine levels after the injections. The insert plot shows IL-2 level with the Simpson index, (D) shown by the dotted line. (D) is a measure of diversity. Increase in (D) over time indicates emergence of different epitope-specific dominant clones of T-cells. The smaller the (D) value, the lower the diversity.





Codon Adaptation of the Final Vaccine Construct

Codons of SMV4 construct were adapted as per codon utilization of E. coli expression system, and JCAT server was used to optimize the SMV4 codons according to E. coli K12. The optimized SMV4 construct had a length of 1917 pb; an ideal range of GC content 54.17% (30–70%), showing good probable expression of the vaccine candidate in the E. coli K12; and CAI value 0.958 (0.8–1.0), indicating a high gene expression potential. In the next step, the SMV4 sequence was cloned between XhoI and NdeI restriction sites at the multiple cloning-site of the pET28a(+) vector. The clone had a total length of 7212 bp (Figure 9).




Figure 9 | In silico restriction cloning of the multi-epitope vaccine sequence (SMV4) into the pET28a (+) expression vector. Green arrow represents the vaccine’s gene coding. The His-tag is located at the N-terminal end.






Discussion

Vaccine development is one of greatest advances to prevent global morbidity and mortality; not only does it halt the onset of different diseases, but it also labels a gateway for its elimination while reducing toxicity (74). Vaccines that prevent infections caused by MDR bacterial species have a number of potential benefits. They can be used prophylactically reducing antibiotic use, emergence and spread of AMR, incidence of sensitive and resistant infections, severity life-threatening diseases, sequelae remaining after infection resolution, and health care costs (3, 4, 8).

The main strategy in the present study was to design and construct a multiepitope-based vaccine against S. marcescens, a gram-negative rod frequently involved in diverse nosocomial infections and with systemic mortality rate in immunocompromised and intensive care patients (11, 13).

Using computational subtractive analysis, we enrolled non-redundant proteome of S. marcescens to find proteins which had essential, virulent, and resistance profile and, at the same time, were non-homologous from human and gut flora, antigenic, had extracellular domain and/or were secreted. The antigens used in vaccines do not need to be virulence factors, although virulence gene products are often immunogenic and responsible for acquired immunity that protects against the disease (106, 107). The exclusion of human and gut flora homologs is necessary to prevent autoimmunity in the host and to protect the symbiotic environment of the gut flora (44). Antigenicity of a protein means the potential to generate immune response against the organism to which the protein belongs, an essential factor to use the protein as a vaccine (82). Bacterial cell surface and secreted proteins are of interest for their potential as vaccine candidates because they are easily accessible and can significantly improve therapeutic target identification (39, 108).

After shortlisting, we identified five novel antigenic proteins of S. marcescens that were taken as suitable vaccine candidates. The first filtered antigenic protein was D-alanyl-D-alanine carboxypeptidase/endopeptidase, an essential membrane-associated protein and member of the penicillin binding proteins (PBPs), a family of proteins inhibited by ß-lactam antibiotics involved in peptidoglycan synthesis and remodeling (109). The second identified protein was patatin-like phospholipase family protein, an essential protein that has been associated with infection in host cells and phagosome escape of various pathogenic bacteria (110, 111). The third selected protein was phospholipase C, phosphocholine-specific (PLC-PC). PLCs are considered an important virulence factor that can be exported out of the cytoplasm to their functional locality through Tat or Sec pathway (112). In bacteria, PLCs have been related in a wide variety of cellular function during infection, including membrane lysis, intracellular signaling, lipid metabolism and/or pathogenicity-associated activity (113, 114). The fourth protein was also antigenic and identified like spore coat U domain-containing protein, a domain found in a bacterial family of the secreted pili proteins involved in motility and biofilm formation (115, 116). The fifth and last selected protein was TonB-dependent receptor, a family of beta barrel proteins located in the outer membrane that is associated to progressive antibiotic resistance, transport ferric–siderophore complexes, vitamins, nickel complexes, and carbohydrates (117–121).

Prado et al. (122) introduced seven proteins that can be considered as vaccine candidates against S. marcescens using reverse vaccinology and subtractive genomic approaches. Prediction of these proteins was based on non-host homologous proteins, subcellular localization (putative surface exposed, secreted; membrane), transmembrane helix, Signal IP, MHC-I and MHC-II adhesion probability, and essentiality. Some features are required to select a potential vaccine candidate, such as sub-cellular localization; presence of a signal peptide; transmembrane domain; and antigenic epitopes. In addition to recognizing antigenic and virulence factors, one of the main strategies behind identifying potential vaccine candidates is predicting epitopes that are likely to bind to major histocompatibility complex molecules on the antigen presenting cells within the host (123). Therefore, mapping of T-cell derived B-cell epitopes for antigenic proteins is a critical step for designing vaccines (39).

In addition to selecting five novel proteins as potential vaccine candidates against S. marcescens, we used the sequence these proteins to predict MHC-class-I, MHC class-II allele and B cell epitopes that would be capable of inducing effective cellular and humoral immunity. All selected antigenic epitopes were antigenic, so they could induce antigenic response; non-allergenic in nature, thus not be able to induce any allergenic reaction; conserved epitopes, which is an important feature for designing a broad spectrum vaccine; hydrophilic in nature, hence able to interact with water molecules; and non-toxic. We selected the IFN-γ inducing Helper T cell (HTL) epitopes since this cytokine plays a significant role in innate and adaptive immune responses, stimulates macrophages and natural killer cells, and provides an enhanced response to MHC antigens (124).

In addition to S. marcescens having extracellular proliferation, this bacterium is able to invade nonphagocytic cells, such as epithelial cells (125–127). After internalization, S. marcescens can control the autophagic traffic, generating an appropriate niche for survival and replication inside the host cell (126, 128). Efficient protection against intracellular pathogens is dependent on the induction of cellular immunity, including pathogen-specific cytotoxic T cell responses (129, 130). CTL epitopes are essential for coherent vaccine design (131, 132). Thus, we analyzed the immunogenicity of CD8+ T cell epitopes to ensure that the epitope vaccine could effectively activate CD8 T cell-mediated immune response. In humans, MHC molecules are known as human leukocyte antigens (HLAs), as they are highly polymorphic; the frequency of expression of diverse HLA alleles varies in ethnically different populations (28). Thus, the HLA specificity of T-cell epitopes must be an important criterion for epitopes selection (133). We used the molecular docking simulation to delineate the interactions between the targeted T cell epitopes and their respective HLA alleles. In the docking results, five MHC class-I and twelve MHC class-II epitopes produced global energies. This means they had the capacity to bind specifically with their targets.

A total of 4 multi-epitope vaccines (SMV1, SMV2, SMV3, SMV4) were constructed using five MHC class-I, twelve MHC class-II and twelve B cell epitopes; four different adjuvants HBHA protein (M. tuberculosis), HBHA conserved sequence, beta-defensin, L7/L12 ribosomal protein (13) along with PADRE; and four different linkers EAAAK, GGGS, GPGPG and KK, which were used to bind the adjuvant, CTL, HTL and B-cell epitopes, respectively. Adjuvant HBHA and L7/L12 ribosomal protein are agonists to the TLR4/MD2 complex while beta-defensin adjuvant can act as an agonist to TLR1, TLR2, and TLR4 (134). The PADRE peptide induces CD4+ T-cells that increase efficacy and potency of peptide vaccine (135). It also overcomes the problems caused by highly polymorphic HLA alleles (88). Linkers ensure effective separation of individual epitopes in vivo (136). After that, several predicted physiochemical and immunological properties showed that all the vaccine constructions were safe with no possible allergenicity, had the capability to induce immunity with high antigenicity, were hydrophilic and soluble during its heterologous expression in E. coli, which is important to many biochemical and functional studies (137), and had negative charge. Neutral or negatively charged molecules are preferred and a balance between its hydrophobicity and hydrophilicity is important in designing vaccine candidates (138). The molecular weight range (57.867 to 70.335) and the high pI value range (9.85 to 10.36) indicated the efficacy and stability of the vaccine constructs (138). In addition to evaluating the vaccine efficacy, the epitopes separated by linker were sensitive to both degradation proteasomal and cathepsin specific peptidase activity. Hence, our data showed that the chosen linkers and their distribution were suitable, and the epitope produced could be presented in the host immune system, processed, and induced in the host humoral and cellular immune pathway (139).

Secondary and tertiary structures are necessary for designing a vaccine candidate (140). Analyses of the secondary structure of all vaccine constructs showed that all the proteins mainly contained amino acids in coil, and in alpha helix structure. Natively unfolded protein regions and α-helical coiled-coils peptides have been identified as important “structural antigen” forms (70). After 3D modeling, the structure of the vaccine was refined, displaying suitable characteristics and high-quality structure.

Molecular docking is a widely used computer simulation approach to explore the binding affinity with a protein, a strategic tool in vaccine design (141). Our findings showed stable interaction and high affinity between the vaccine construct SMV4 and the TLR-4/MD2 complex. The interaction between the TLR4 and adjuvant enhance the immune response, while TLR3, TLR4 and TLR9 agonists have been used to improve vaccines against HBV, influenza, malaria and anthrax (142). Furthermore, the physical movement and stabilization of the docked complex were assessed by molecular dynamics simulation, which confirmed that SMV4-TLR-4/MD2 complex has low deformability and remains stable in a biological environment.

Various discontinuous epitope residues were predicted from SMV4 vaccine sequence and revealed that they can interact with antibodies. The most B-cell epitopes are discontinuous epitopes composed of amino acid residues located on separate regions of the protein, joined together by the folding of the chain (143). Thus, analysis of discontinuous epitope in the final vaccine construct is essential (88).

Immune simulation through repeated exposure to the antigen showed a consistent increase in the generated immune responses. There was a notable generation of T- cells as well as memory B cells, which is required for immunity, supporting a humoral response (124). The levels of IFN-γ and IL-2 increased after the first injection and got induced following repeated exposures to the antigen, which also contribute to the subsequent immune response after vaccination (144). Interleukin induction is needed for any kind of cellular immunity and the vaccine satisfies this criterion having good induction potentiality (82). Considering the designed vaccine is constituted of sufficient B- and T-cell epitopes, the Simpson index (D) value suggests that the vaccine can stimulate a large and diverse immune response.

When designing a multi-epitope vaccine candidate, the efficacious cloning and expression in a suitable vector is a critical stage (145). Codon optimization is essential because the genetic code’s degeneracy allows most of the amino acids to be encoded by multiple codons (70). In this context, codon optimization and in silico cloning were performed, and our data showed expression and translation efficiency of the SMV4 vaccine using pET-28a (+).

In conclusion, our study identified a potential SMV4 vaccine candidate against S. marcescens with the ability to stimulate both cellular and humoral immunity. The epitopes used in the vaccine construct are antigenic, non-toxic, and non-allergic. The SMV4 vaccine candidate were highly immunogenic, safe, non-toxic, stable, and had high affinity and stability of binding to TLR4 innate immune receptor, which is vital in recognition and processing by the host immune system. Altogether, our findings have the potential to provide a novel strategy for the protection against multidrug resistant Gram negative infection. Future experimental validation of the proposed vaccine candidate is required to establish its potency as well efficacy and safety.
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Characteristic N
Median age 41
Age range 23-67
Pathological diagnosis of HPV infected

NILM 42 (31.3%)
LSIL 33 (24.6%)
HSIL 39 (29.1%)
Cancer 17 (12.7%)
HPV status

HPV 16 positive 131
HPV negative 3

NILM, negative for intraepithelial lesion or malignancy; LSIL, low-grade squamous
intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion; HPV, human

papilloma virus.
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Pathological diagnosis T+ T-

NILM (n = 42) 11 (26.2%) 31 (73.8%)
LSIL (n = 33) 14 (42.4%) 19 (57.6%)
HSIL (n = 39) 15 (38.5%) 24 (61.5%)
Cancer (n = 17) 1(5.9%) 16 (94.1%)

T+, positive HPV'16 E7-specific T lymphocyte response;
T—, negative HPV16 E7-specific T lymphocyte response.
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NILM (n = 42)
LSIL (n = 33)

HSIL (n = 39)

HPV positive

11 (26.2%
31 (73.8%
14 (42.4%
19 (57.6%
15 (38.5%

)
)
)
)
)
24 (61.5%)

Entry

HPV negative

ococooooo

Exit
HPV positive

2 (18.2%)
11 (35.5%)
2(14.3%)
12 (63.2%)
1(6.7%)
8 (33.3%)

P-Value
HPV negative

9 (81.8%) 0.005
20 (64.5%)
12 (85.7%) <0.0001
7 (36.8%)
14 (93.3%) <0.0001
16 (66.7%)
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Cervical biopsies

Progressors Persistors
NILM (n = 42) T+ 11 (26.2%) 0 2 (18.2%)
T= 31 (73.8%) 3(9.7%) 8 (25.8%)
LSIL (n = 33) T+ 14 (42.4%) 0 2 (14.3%)
T 19 (67.6%) 0 6 (31.6%)
HSIL (n = 39) T+ 15 (38.5%) 0 0
T- 24 (61.5%) 0 1(4.2%)

Regressors

9(81.7%)
20 (64.5%)
12 (85.7%)
13 (68.4%)
15 (100%)
23 (95.8%)

P-value

0.001

0.002

0.043

The NILM, LSIL and HSIL cohorts were classified as Progressors, Persistors or Regressors after 1-year observation.
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Condition Peptide Vaccine Type NCT number
Adenocarcinoma HER2/neu Peptides NCT02795988

Personalised Peptide Vaccine NCT04627246, NCT02600949
Bladder Cancer Personalised Peptide Vaccine NCT03359239
Blood Cancer & Leukaemia Multiple Peptides NCT04051307

Brain Cancer

Breast Cancer

Cervical & Ovarian Cancers
Colorectal Cancer

Gastric Cancer
Glioblastoma

Glioma

Head & Neck Cancers
Kidney Cancer

Liver Cancer

Lung Cancer (inc. NSCLC)

Lymphoma

Melanoma

Multiple Cancers & Solid Tumours

Myeloma
Pancreatic Cancer

Prostate Cancer

Personalised Peptide Vaccine Combination Therapy
WT1 Peptides

IDO Peptides

Survivin Peptides

TAA Peptide Combination Therapy

IDH1 Peptide

Folate Receptor Peptide Combination Therapy
HER2/neu Peptides

Novel Peptides

Personalised Peptide Vaccine Combination Therapy
ESR1 Peptide

HPV E6/E7 Liposomes Combination Therapy

WT1 Peptides

MUC1 Peptides

Multiple Peptides Combination Therapy

CMV Peptide targets

Novel Peptides

Personalised Peptide Vaccine

Survivin Peptides

Telomerase-derived Peptides

Neoantigen Peptides

Neoantigen Combination Therapy

Multiple Peptides Combination Therapy

IDO Peptides

Personalised Peptide Vaccine Combination Therapy
PKA Peptide Combination Therapy

MUC1 Peptides

P10s-PADRE Peptide

Telomerase-derived Peptides

Neoantigen Peptides

Personalised Peptide Vaccine

Novel Peptides

Personalised Peptide Vaccine Combination Therapy
BRAF/CD4 Epitopes

CD4+ Epitope peptides

Novel Peptides

NY-ESO & gp100 Peptide Combination Therapy
IDO & PD-L1 Peptide Combination Therapy
Personalised Peptide Vaccine Combination Therapy
Arginase-1 Peptide

HER2/neu Peptides

KRAS Peptide Combination Therapy

Multiple Peptides

Personalised Peptide Vaccine

Personalised Peptide Vaccine Combination Therapy
Survivin Peptides Combination Therapy
Telomerase-derived Peptides Combination Therapy
Novel Peptide Combination Therapy

PD-L1 Peptides

Neoantigen Peptides

Personalised Peptide Vaccine

Bcel-xl Peptides

Novel Peptide-Conjugate

RhoC Peptide

TARP Peptide

Telomerase-derived Peptides

NCT04688385, NCT03559413, NCT02802943

NCT04747002, NCT03761914
NCT03939234
NCT02334865
NCT01795313
NCT02193347
NCT02593227, NCT03012100

NCT02636582, NCT00194714, NCT04144023,
NCT04024800, NCT04197687, NCT03384914

NCT02826434, NCT03362060
NCT03606967, NCT02427581
NCT04270149
NCT04580771
NCT02737787
NCT02134925
NCT03784040
NCT02864368
NCT04116658
NCT03223103
NCT02455557
NCT04280848

NCT04749641, NCT02358187, NCT01130077

NCT03893903, NCT02960230
NCT02924038
NCT04445064
NCT02950766
NCT04248569
NCT03300817, NCT01720836
NCT02264236
NCT01789099, NCT02818426
NCT04487093
NCT04397926
NCT04669171
NCT03361852
NCT04364230
NCT03617328
NCT02126579
NCT01176474, NCTO1176461
NCT03047928
NCT04072900
NCT03689192
NCT01376505
NCT04117087
NCT04316689
NCT03715985
NCT03633110, NCT04266730
NCT03879694
NCT03946358
NCT02886065
NCT03850522
NCT03956056
NCT03558945
NCT03412786
NCT04701021
NCT04114825
NCT02362464
NCT01784913






OPS/images/fimmu.2021.695056/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.768569/fimmu-13-768569-g006.jpg
Deformability

Eigenvalue/Eigenvalue(l) O

2000

o 500 1000 1500 2000 500 1000 1500
Atom index E Atom index
Eigenvalue(1)= 1.743955¢-05
g
8
5
=

Resioue Index

10

12 14

Mode index

1000
Res due Index

0 12
Mode index

14

16

800

0.0

200

200

100

0o

8 20





OPS/images/fimmu.2021.666290/fimmu-12-666290-g008.jpg
BCG  MPIRT

—_
P=00361

A2

CD3'CD4" T Cell (%)

BCG  MPIRT

1PNy PE

CDIIFN-Y* T Calls (%)

L4 APC

FoxP3 BVa21

CD4'CD25"FoxP3* T Cells (%) CD3'IL-4" T Cells (%)






OPS/images/fimmu.2022.768569/fimmu-13-768569-g007.jpg
D Residues ore

. _Sc
residues

VTS5, ViNSA9, VK550, VECISSL, V:SS52, ViGSS3, VEASSA, ViGSSS, VLTS5, VIKSST, V:RS6S, VATSG6, VIKSG, V:SSGS,

V:NSSS, VIESS0, VETSS1, ViYS92, V:Q553, VIDSS4, VEKSSS, V:K596, V:D597, VRS9, VERGOD, VIREG2, VIS603, VAESCS,

A | V:AS05, V:DS05, ViL6O7, VEKGOS, VIKS0S, V:RG1O, VALSLL, VAESL2, VARSL3, V:ES14, V:HGLS, V:RGLS, V:RGLY, V:RGLS, s o

VD619, V:G620, VIK621, VK622, V:AG3, VK628, VIFG2, VAVG26, VIAGDT, V:AG2S, VWG9, V630, VALG31, VK32,
VA3, V:AG3A, VIABS, V:G636, V:GE37, V:G638, V:SE3S

B | ViAdS, ViASD, ViGS1, ViAS2, ViAS3, VPS4, VS, ViGS, ViAST, ViASS, ViV, VAEG0, ViAGL, ViAG2, ViES3, ViESs,

VHATL, V72, VIET3, VIATH, V:ATS, V:GTE, V:DTI, VEKTB, VK79, V180, V:GB1, V:VB2, V83 2

VA3, VMG, VIAT, VKB, VL9, V:SI0, VATLL, V:DI2, VIEL3, VAL, VALLS, VIDI6, V:ALY, VIFI8, V:KIS, VIEZD, V:M2L,
© | V22, V123, ViLas, V25, Vi26, ViS27, VID28, VIF29, VAVAO,ViK31, VKGR, ViF33, VIERS, VIT36, ViFS, viko6, vikss, | a8 | 0825
V:DI0O, V:V102, VD103, V:G103, V:AL0S, V:P106, V:KIO7, V:P10S, V:L109, VAL110, VEELLL, VEKLL2, VIKILS, VEELLS

D | V:GlsL, VisI83, ViS184, VISI8S, VENISG, VAVIST, VENLSS, VEFLSS, V:P1SO, VELI9L, VAVIS2, VIGIS3, ViGI94, V:GISS u | om
3 Vavaze, viRazT, Va7 3 0782
| VKIS0, VAATS2, ViALS3, V6154, V:G155, ViG156, VASIST, ViTISG, ViPLSS, ViFLG0, V:GIG, VAWIGH, VSIS, vawaes, | | oo
VG167, V:6165, V:6169 =

VIEL77, VEF245, V:A2A5, V:AQ4T, :P248, V245, V:S250, V:AZSL, VAL252, VEN2S3, VEY2S, V:A2SS, V256, VAT2ST,
G | ViP258, V:6259, ViP260, V:G261, ViP262, V:G263, VIP264, VG265, V:A265, V:R2GT, VAZGE, VG265, VIAZP0, V:P2T1, ® | om

VG272, V:R2TS, V:V2T4, VSITS, VIS, VIV2TT, NP2, V62T

h | v:G379, v:p380, G381, Vo382, V:G383, VN384, V:V3SS, V:G386, VELADY, V:S40B, V:GA0S, VITALD, VERALL, Vipa12 1w |om






OPS/images/fimmu.2021.666290/fimmu-12-666290-g009.jpg
Cut-off value = 0.157{

3
>

°
=

0Dy 0f IgG

°
~

]
> 62 @ o5
>0 @ oG8

°
®

)
>

ODys of IgG
(Humanized mice)

°
=

o
9

o

MP3RT

2 P=0.0066

P<0.0001

ODig0 0f 19G (Wild mice)

o o o o = -
)

MP3RT





OPS/images/fimmu.2022.768569/fimmu-13-768569-g008.jpg
8 cel population (cels per mm?)

180000 TH cell population per state (cells per mm?)
160000 8000
140000 _ 7000
e | 120000 g 6000
& 100000 §§ 5000
H i3
4 80000 vg 4000
1
% 60000 & 3000
k]
140000 2000
20000 1000
0 o °
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
cays days
D TC cet population per state (cells per mm?) E

53

Aner

o
0 20 40 60 80100120 4A6ABR00

8388

o 8

-1
0 20 40 60 80 100 120 140 160 180 200
days

60 80 100 120 140 160 180 200
days





OPS/images/fimmu.2021.666290/table1.jpg
protein Accession  Locus.tag  Gene Name®  Length Annotation® Group* ‘Summary Information
Namo. Nos (@a)

Mptst CCPigE®2  RGSXc  MOOMPCY 209 Secrled MPTSTMPBST  NA  Oneof the majr profens i the cuture ivate
mpbSi/mpis1 anigen protein FopD of Mycobacterum bonis BOG.
Vpta CCPA463 VIO  mpt6mpbe3 159 kmmunogenc proten NpIG3 Il Precicted possiie vacone cancdate
V64 CCPa4749  RVISB0  mptSimpb6i 228 knmunogenic protenMpes I Precicied possie vaccine candidate
MS.4 CoPag0  AviiTiC Te84 110 Lowmoocuarweght T-col Il Precicied 0 bo an outer membeane proton
antgen T84 and possile vacoie canddale
PETe ooPaasz  RAVITGS PrEIs 391 PPEfamypro@nPPEIS  NA  Member of he Mycobacierum tbGrcuoss
PPE amiy
PPEas ooPassee  ReTIOc  PPEH 3@ PPEfamyprownPPEM  NA  Member of he Mycobactem tuberuoss
PPE amiy
PPEes. coPagioz  RGSTS prEss 368 PPEfamyprownPPES | A peptide-based vacone candidate
Roih CoPazets  RO8STC wh aor Possitie esusciaton- ' Precicied posse vacoine candate
promoting facor RpfA
R8s ooPiaTsy  RAVIOOD 8 362 Protiabi resusciaton- ' Precicted possble vacone candate
romotig factor RpfB
RO oopas2ia  Ri2dse e 2 Protabi resusciaton- ' Procicted posstie vacone candate
promotig factor RfE.
B10.4 CoPaIS  RO2S  esxHChT 9 Lowmdcuar weightproton | Procicted possie vaccne canddato
T810.4 anigen7 EsH

T Natinat ontor for Biochotgy Incematon (NCBI, o/ i i gou). Ot word rte on 3 Mar 2017,
“Tha Gano rame, avotaton, and summasy formaton aro based 0 o Gt depostecat %0 NCBL. Dafa wer ot on 3 M 2017.

T groupis based o aprorious sty (500 19, Thoangens rosotd by 10 qualtatoscoo (Ouel Tota)and sbscauendy by 1 QuanAatd 5cor0 QuantTta), Groxp inckcesal
antgens wih et scor 8 e abov,provida hat tha artate 2010 ot e han 12, Tharest o antigens g  ualtatv S0 . 059 g Qe
o0 f 7 and a quantat scor not ke han 9 word stored o Goup . Group el antgens i Gualtat scoes o 7 and a quanttato scor of 8 ad 6 i a
quantatie scoro of 9 and upl.

MK 5 el





OPS/images/fimmu.2022.768569/fimmu-13-768569-g002.jpg
| e—

T ]

B —— ... com———
B ———

—

S ————
2 T

e TOr S —

e . —— - .
S "

Cc

i e

s — — ... B——_

e EA—— . ~—
= ST T -

| e m— — o— . e——
T

— . st ———  —

e e . ..
S -

s s e B ...
e e T

e —— . S ——
- o — o=

D






OPS/images/fimmu.2022.768569/fimmu-13-768569-g003.jpg
A Vaccine
name

TM-Score  RMSD Z-Score






OPS/images/fimmu.2022.768569/fimmu-13-768569-g004.jpg
Ramachandran Plot

saves

Ramachandran Plot
saves






OPS/images/fimmu.2022.768569/fimmu-13-768569-g005.jpg
Vaccine Global e Binding Affinity  Ka (M) at
name Energy AG kcal/mol 37.0¢ C






OPS/images/fimmu.2021.768144/table5.jpg
Exit P-value

Entry
HPV16 Positive (n = 114) Clearance (n = 78) Persistence (n = 33) Progression (n = 3)
T+ (n = 40, 35.1%) 35 (87.5%) 5(12.5%) 0 <0.0001

T- (n = 74, 64.9%) 43 (58.1%) 28 (37.8%) 3(4.1%)
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Sample types

point
PBMC Pre
Post-2
Post-4
Stimulated CD3+ Pre
T cells Post-2
Post-4
LBC Pre
Post-4
FFPE Pre
Post-4

Vaccine time

Used sample
amount

8 x 10° cells
8 x 10° cells
8 x 10° cells
6.8 x 10° cells
6.5 x 10° cells
2 x 10° cells
1,200 L
800 pL
Five 5um scrolls
Five 5um scrolls

Input DNA
(ng)

2,852
2,861
3,428
1,204
1,202
1,202
318
930
392
934

T cells by nucleotide
sequence

252,926
253,155
313,245
166,173
158,747
99,701
814
10,731
403
382

Clonotypes by
nucleotide
sequence

195,744
199,650
149,604
88,391
78,715
29,150
699
6748
372
344

T cells by amino acid
sequence

252,926
253,155
313,245
166,173
158,747
99,701
814
10,731
403
382

Clonotypes by amino acid
sequence

187,972
191,481
144,519
85,767
76,644
28,643
694
6,693
359
331

T cell clone abundances were counted using complementarity determining region 3 (CDR3) nucleotide or amino acid sequences. PBMC, peripheral blood mononuclear cells; CD3+ T cells,
CD3+ T cells stimulated with HPV16 E6 and E7 antigens expressed by recombinant vaccinia viruses and in GST-fusion proteins; LBC, liquid-based cytology; FFPE, formalin-fixed paraffin-

embedded.
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Clonotype Number Frequency (%) Amino acid sequence
1 2,615 33.3 CASSPTSGGLTWDEQYF
2 1,340 17.0 CASSHNSGREGNEQFF
3 772 9.8 CASSFPGENEQFF

4 678 8.6 CASSWEAGQETQYF






OPS/images/fimmu.2021.666290/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.666290/fimmu-12-666290-g001.jpg
o

100uPBS +30ig | 100uPBS + 2009
GeG.se | Gpolse.
i i
i i
i i
ssz) Q|
i i
i i
i
SOUVPIRT 3000 | 200 PSR 200
Choise L GaGlse
i
i
i

H
1003 aga5ab DNA vacsine, im

Challenge

(f_,l

210°CFUs

i
i
i
i
i
i
i
i
i
i
i
| M. Tuberculosis H37RY
i

i

i

.

56 70
M. th






OPS/images/fimmu.2021.666290/fimmu-12-666290-g006.jpg
Humanized mice __ Wikd-type mice

Humanized mice

a0,
1 3 P=0,0012
g -
2 g"” ,@
3 4 =
i *
: ki
%
% 20
<
& & ‘g,,@
o Human beir
800 200- - il
_ ] P o Peos0®
5 - 100 P
E 600 50 ; I
s 2 8 . A
H 5o
3
5 TR D . % * é
3
20 ol

R

<

A






OPS/images/fimmu.2021.645299/fimmu-12-645299-g003.jpg
Prodaave Froquay (%)

Prodasve Froquacy (%)

45

15

10

7ws

15

125

10

75

TCRp Frequency PBMC Post-4 (%)

0000

0 oomo

PBMC

P <0000t

LBC

P <00001

Pre-vaccination

FFPE

Stimulated CD3

Pz0003

FFPE

14

Post-4vaccinations

FFPE

LBC Post-4

TCRPB Frequency PBMC Pre (%)





OPS/images/fimmu.2021.666290/fimmu-12-666290-g007.jpg
EEEE

‘Cytokine concentration (pgimi)

2§88

if

8888

‘Cylokine concentration (pg/mi)

e38888

i
= e
o oo =R
I it ]

mider ot

peooz = TE
promst  t,  mu

COF EEF FOF CEF ELF COF ELF





OPS/images/fimmu.2021.645299/fimmu-12-645299-g004.jpg
B}

v
Q @ 2233
2 TNOTVONDD -
an ¢
c 9
& °
2
H *f - .
3 3 2 ] '
¢ WM sw
H H
¢
2
‘
B —— -
a L) o ° e e o ° ) e )
- - ° Cl - - v
Zavnn
[
>
3 f L 9.
) $ F w z
T e s v E P o
Tdwwn Zawan '
0 ©vno
G -
! f
: o 20 ] U}
2 i 8 % g
o 2
% o} = A
-
|
o] 0 o} 19 @ v s e
- ! = 2 dvin Z7dvmn
I

<
praossaidg pr——





OPS/images/fimmu.2021.666290/fimmu-12-666290-g004.jpg
Logq CFUsiLung (H)

Logio CFUSILiver (H)

Humanized mice Wild-type mice
2 5
| I
g,
S H
= 2o
2,4
2
TR m % w RO ST G e
Doys ptitocon Doyspost focton
°
[ e
é 7
4
5 « pes
y pe+-3
P01z \ ke
E o kol B W % R P
Dayspotfcton . Oayspost fctin
Proaos
posor
e
-}} (‘ 31 pors B arpe






OPS/images/fimmu.2021.645299/fimmu-12-645299-g005.jpg
Frequency

0.3

0.2

0.1

0.0

PBNC

9 -t
Clonotype

& Post-4
@ Post-2
] Pre

0.06

0.04

0.02

0.00

LBC

9 S
Clonotype

0.006

0.004

0.002

0.000

FFPE

" >
Clonotype





OPS/images/fimmu.2021.666290/fimmu-12-666290-g005.jpg
Humanized mice Wid-type mice

Humanized mice
100

§ o0
§ 70

rea (%)

Lung lesi
888

EY

PBS BCG MPIRT DNA

40

Humanized mice Wid-type mice Humanized mice

Number of inflammatory cells m
3

PBS BCG MPIRT DNA

] Wid-type mice
8 cooo

£ so00

H §
£ 4000 poos |
£ 300 o001 wan

3 -
3200 % géx

£ 1000 -

2 P85 BCo weRT DA






OPS/images/fimmu.2021.645299/table1.jpg
Test Reference range Pre Post-2 Post-4
WBC (K/uL) 3-12 792 8.14 13.94
Hemoglobin (g/dL) 11.5-16 12.9 13.4 18.9
Hematocrit (%) 34-47 39.1 41.2 42.7
Platelet (K/uL) 150-500 225 225 237
Neutrophils (K/uL) 2.5-82 45 5 g
Lymphocyte (K/uL) 1-4.8 25 23 55
Monocytes (K/uL) 0.1-1 06 0.6 0.9
Eosinophils (K/uL) 0-04 03 02 0.4
Basophils (K/pL) 0-0.22 0.02 0.02 0.03

Bold texts indicate values outside of the reference range.
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Protein name Accession Peptide

Aspartate-tRNA(Asp/Asn) ligase AspS AOAOH3HT48 TGAQDGDIIFFAADR
Adenylosuccinate synthetase PurA AOQAOH3HJJ2 QDQIGITLANVGK
Dihydrolipoyl dehydrogenase OdhL. AOAOH3HQK7 FPFSINGR?

Ankyrin repeat-containing protein AOAOH3HJC7 IGDAPAPNAQK
Phosphoribosylformylglycinamidine synthase Purl. AOAOH3HPH9 GATETFWLPR
DNA-directed RNA polymerase subunit beta RpoB AOAOH3HT47 STGPYSLVTQQPLGGK
50S ribosomal protein L6 RplF AOAOH3HQ22 GYRPPEPYK
DNA-directed RNA polymerase subunit beta RpoC AOAOH3HPO7 ISLYATTVGR

Enolase Eno AOAOH3HLAG GIANSILIK?
Uncharacterized protein AOAOH3HWA2 IDCLTNAYTAR

DNA gyrase subunit A GyrA AOAOH3HKLO INWLPVR?
Aspartate-semialdehyde dehydrogenase Asd AOAOH3HW74 VTGTLSVPVGR

Malic enzyme AOAOH3HP28 AALLSNSNFGSAPSASSR
508 ribosomal protein L10 RplJ AOAOH3HUR4 AQTWLAEYR

50S ribosomal protein L6 RplF AOAOH3HQ22 AIIANAVHGVTK
Glutamine synthetase GInA AOAOH3HL61 ALNAITNPTTNSYK
Nucleoside diphosphate kinase Ndk AOAOH3HJKO® NVIGQIYSR?
Antioxidant protein LsfA AOAOH3HGZ9 LITYPASTGR
UDP-glucose 4-epimerase AOAOH3HFV2 GYSVLEWR

Enolase Eno AOAOH3HLAG SAIVDIIGR?

Acetyl-CoA acetyltransferase AOAOH3HTT4 LPLSVGCTTINK
KHG/KDPG aldolase Eda AOAOH3HGEO FGVSPGLTR?

10 kDa chaperonin GroES AOAOH3HH83* TASGIVIPDAAAEKPDQGEVLAIGPGKR
Saccharopine dehydrogenase AOAOH3HIFS HGQLVQDVFTR

Citrate synthase GItA AOAOH3HYUS YSIGQPFVYPR
Aspartate-tRNA(Asp/Asn) ligase AspS AOAOH3HT48 YVAAHHPFTSPK
Gamma-aminobutyraldehyde dehydrogenase AOAOH3HQUS SVLAAAAGNLK?
Peptide chain release factor 2 PrfB AOAOH3HL96 SYVLDQSR?

Polyketide non-ribosomal peptide synthase AOAOHZHWLS' AWFIPLSAR?
Transcription termination/antitermination NusG AOAOH3HPU8 VIGFVGGAR?

Beta sliding clamp DnaN AOAOH3HFM1 FTFGQVELVSK

Malate synthase AceB AOAOH3HITS IATLIVRPR?

PTS system, ElIA component AOAOH3HRL4 ISGHHLEVTPAIR
Phosphoenolpyruvate synthase PpsA AOAOH3HJ13 IFILQARPETVK
Thiol:disulfide interchange protein DsbA AOAOH3HTS6” NYNIDGVPTIWQGK
RND family efflux transporter MFP subunit BpeA AOAOH3HQZ3' AQANLATQNALVAR
Inosine-5'-monophosphate dehydrogenase GuaB AOAOH3HJ23 LVGIVINR'!

Periplasmic maltose-binding protein MalE AOAOH3HG39” VNWLYINK

Putative extracellular ligand binding protein AOAOH3HWCEP VWATDAQQGPALADYAK
Acid phosphatase AcpA AOAOH3HV11® NIWIYAENR
NADH-quinone oxidoreductase subunit F NuoF AOAOH3HPW5S EGTGWLYR?

Type VI secretion system Hep-1 AOAOH3HEB8® IGGNQGGNTQGAWSLTK
50S ribosomal protein L23 RplW AOAOH3HT35 AAVELLFK?

50S ribosomal protein L6 RplF AOAOH3HQ22 LTLVGVGYR

50S ribosomal protein L17 RplQ AOAOH3HPQ2 LFDVLGPR?

Aconitate hydratase AOAOH3HW9 IVLESVLR'

The columns under “scores” indicate whether the peptide was over or underrepresented in each of the 9 experimental samples compared to its control sample. Blue: experiment>control.
Red: experiment<control. White: peptide undetected in both experiment and control. Dark colors indicate >2-fold difference in relative abundance. Proteins with multiple top scoring
peptides are highlighted in bold. See also Supplementary Table S2 for an extended version of this table.

“nown antigen, 'inner membrane, Pperiplasmic, ®extracellular.

"heptide sequence is only a single amino acid away from a human or mouse peptide. 2peptide is only two amino acids away from a human or mouse peptide.
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Mab Name CDRs Closest germline gene and allele
CDR1 CDR2 CDR3 v D J

VH 16G9 GYTFTDYA ISSHNGNR AIFDYDFDY IGHV1-67*01 IGHD2-4*01 IGHJ2*01
10D2 GYTFTKYR INTNTGES ASSMDY IGHV9-302 IGHD3-3*01 IGHJ4*01
12C10 GFTFSNYS ISNGGGYI GRPRPEKEFISTSTAMDH IGHV5-9-3*01 IGHD1-2*01 IGHJ4*01

VL 15G9 KSVSTSGYSY LvS QHIRELTRS IGKV3-12*01 = IGKJ2*01
10D2 KSVSTSGYSY LvVs QHIRELTRS IGKV3-12*01 = IGKJ2*01
12C10 QSLLYSSYQKNY WAS QQYYSYPFT IGKV8-30*01 = IGKJ4*01

The number *01 signifies that any new polymorphic sequence will be described by comparison to that allele *01.
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Name

R345-N2
R345-N4
R345-N6
R345-N8
R345-N10
R405-N2
R405-N4
R405-N6
R405-N8
R405-N10
R465-N2
R465-N4
R465-N6
R465-N8
R465-N10
R345-N5
R345-N7
R405-N3
R465-N9

Location (aa)

347-364
349-364
351-364
353-364
355-364
407-424
400-424
411-424
413-424
415-424
467-484
469-484
471-484
473-484
475-484
350-364
352-364
408-424
474-484

N-term truncations

CFASVYAWNRKRISNCVAD
CSVYAWNRKRISNCVAD
CYAWNRKRISNCVAD
CWNRKRISNCVAD
CRKRISNCVAD
CVRQIAPGQTGKIADYNYK
CQIAPGQTGKIADYNYK
CAPGQTGKIADYNYK
CGQTGKIADYNYK
CTGKIADYNYK
CDISTEIYQAGSTPCNGVE
CSTEIYQAGSTPCNGVE
CEIYQAGSTPCNGVE
CYQAGSTPCNGVE
CAGSTPCNGVE
CVYAWNRKRISNCVAD
CAWNRKRISNCVAD
CRQIAPGQTGKIADYNYK
CQAGSTPCNGVE

The truncated peptides that reacted with the corresponding mAbs.

Name

R345-C2
R345-C4
R345-C6
R345-C8
R345-C10
R405-C2
R405-C4
R405-C6
R405-C8
R405-C10
R465-C2
R465-C4
R465-C6
R465-C8
R465-C10
R345-C11
R405-C11
R405-C12
R405-C13
R465-C5

Location (aa)

345-362
345-360
345-358
345-356
345-354
405-422
405-420
405-418
405-416
405-414
465-482
465-480
465-478
465-476
465-474
345-353
405-413
405-412
405-411

465-479

C-term truncations

CTRFASVYAWNRKRISNCV
CTRFASVYAWNRKRISN
CTRFASVYAWNRKRI
CTRFASVYAWNRK
CTRFASVYAWN
CDEVRQIAPGQTGKIADYN
CDEVRQIAPGQTGKIAD
CDEVRQIAPGQTGKI
CDEVRQIAPGQTG
CDEVRQIAPGQ
CERDISTEIYQAGSTPCNG
CERDISTEIYQAGSTPC
CERDISTEIYQAGST
CERDISTEIYQAG
CERDISTEIYQ
CTRFASVYAW
CDEVRQIAPG
CDEVRQIAP

CDEVRQIA
CERDISTEIYQAGSTP
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Name

R300
R315
R330
R345
R360
R375
R390
R405
R420
R435
R450

Peptides

KCTLKSFTVEKGIYQTSNFR
TSNFRVQPTESIVRFPNITN
PNITNLCPFGEVFNATRFAS
TRFASVYAWNRKRISNCVAD
NCVADYSVLYNSASFSTFKC
STFKCYGVSPTKLNDLCFTN
LCFTNVYADSFVIRGDEVRQ
DEVRQIAPGQTGKIADYNYK
DYNYKLPDDFTGCVIAWNSN
AWNSNNLDSKVGGNYNYLYR
NYLYRLFRKSNLKPFERDIS

Name

R465
R480
R495
R510
R525
R540
R555
R570
R585
R600
R615

Peptides

ERDISTEIYQAGSTPCNGVE
CNGVEGFNCYFPLQSYGFQP
YGFQPTNGVGYQPYRVWLS
VWLSFELLHAPATVCGPKK
CGPKKSTNLVKNKCVNFNFN
NFNFNGLTGTGVLTESNKKF
SNKKFLPFQQFGRDIADTTD
ADTTDAVRDPQTLEILDITP
LDITPCSFGGVSVITPGTNT
PGTNTSNQVAVLYQDVNCTE
VNCTEVPVAIHADQL
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Titers IFA *SVN

Mab name Immunogen Epitope type Mab type

Supernatants Ascitic fluid
15G9 R345-BSA Linear IgG1, Kappa 6400 409600 L +
12C10 R405-BSA Linear IgG1, Kappa 6400 819200 + +
10D2 R465-BSA Linear IgG1, Kappa 800 409600 + +
*Positive result.

Neutralization activity of the mAbs were assessed by a commercial SARS-CoV-2 surrogate virus neutralization test kit (Genscript, Nanjing, China).
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Protein name

Aminotransferase AspC1

Glutamate dehydrogenase Gdh
Pyruvate dehydrogenase acetyltransferase AceF
60 kDa chaperonin GroL

Chaperone protein DnaK

Chaperone protein DnaK

60 kDa chaperonin GroL

60 kDa chaperonin GroL
Catalase-peroxidase KatG

Malate dehydrogenase Mdh

Outer membrane protein 26 Omp26
Succinate dehydrogenase flavoprotein SdhA
ATP synthase subunit alpha AtpA
Elongation factor Ts Tsf

Elongation factor Ts Tsf

Chaperone protein DnaK

Cell division protein FtsZ

Trigger factor Tig

ATP synthase subunit alpha AtpA
Catalase-peroxidase KatG

Isocitrate dehydrogenase [NADP] Idh
Fructose-1,6-bisphosphate aldolase FbaB
Glutamate dehydrogenase Gdh
Succinate-CoA ligase [ADP-forming] beta SucC
Chaperone protein DnaK

Malonyl CoA-ACP transacylase
Peroxiredoxin

Chaperone protein DnaK

Conserved hypothetical lipoprotein LpnA
Elongation factor Tu Tuf
Succinate-CoA ligase [ADP-forming] beta SucC
30S ribosomal protein S1 RpsA
Elongation factor Tu Tuf

Transcription elongation factor GreA

60 kDa chaperonin GroL

Aconitate hydratase AcnA

Chaperone protein DnaK

Chaperone protein DnaK

Outer membrane protein 26 Omp26
3-oxoacyl-ACP reductase FabG
Chaperone protein DnaK

Enoyl-ACP reductase [NADH] Fabl
Aconitate hydratase AcnA

Elongation factor Ts Tsf

Accession

Q5NGG1
Q5NHR7%
Q5NEX3*
QSNEE1T?
Q5NFG7*
Q5NFG7*
Q5NEE1®
Q5NEE1®
Q5NGV7®
Q5NHC8®
Q5NES2°
Q5NIJ3™!
Q5NIK5*
Q5NHX9*
Q5NHX9*
Q5NFG7*
Q5NI93*
Q5NH48
Q5NIK5*
Q5NGV7*
Q5NET6*
Q5NF78%
Q5NHR7*
Q5NHF3*
Q5NFG7*
Q5NF69*
Q5NHAQ?
Q5NFGT7*
Q5NGE4*°
Q5NID9*
Q5NHF3*
Q5NI98*
Q5NID9*
Q5NFC6*
QSNEE1®
Q5NII®
Q5NFG7*
Q5NFG7*
Q5NES2
Q5NF68
Q5NFGT7®
Q5NGQ3'
QsNIl®
Q5NHX9*

Peptide

LPIDDAEK?
FHPSVYSGIIK
VSQGSLILK®
DRVDDALHATR?
NTADNLIHSSR
SSSGLSEEDIEK
DNTTIDGAGEK
EGVITVEEGK
AVAQVYAENGNEQK
FSGVPDNK'
EIPADQLGTIK
ITILATGGAGR
GEVATDLTSPIEK
ESGKPAEIIEK
TVEAETLGAYIHGSK
IAGLEVK'
KETEVWTGASNAPK
GGVDTFENEIK
SVDQALQTGIK
NDNLSPQSVDLSPLR
VADIELETK?
KINIDTDLR
GFVHDPEGITTDEK
PANFLDVGGGATK'
KVPYAVIK?
EPTTAVWQNFDAK
KVPNVTFK?
IINEPTAAALAYGVDSK
ATVYTTYNNNPQGSVR
TTVTGVEMFR
EVAESLIGK'
KIELWDR?
HYAHVDCPGHADYVK'
IVGEDEADIDNQK
SFGTPTITK?
GIPLVILAGK'
AYAEQAQAAVAQGGAK
FHDLVTAR?
DGSVGWVK'
VALVTGASR'
ALEDAGLSK?
TLAASGISNFK
TAHTTTFEALAR
LDVGEGIEK'

Scores

The columns under “scores” indlicate whether the peptide was over or underrepresented in each of the 8 experimental samples compared to its control sample. Blue: experiment>control.
Red: experiment<control. White: peptide undetected in both experiment and control. Dark colors indicate >2-fold difference in relative abundance. Proteins with multiple top scoring
peptides are highlighted in bold. See also Supplementary Table S1 for an extended version of this table.

“known antigen, 'inner membrane, *outer membrane.

"heptide sequence is only a single amino acid away from a human or mouse peptide. 2peptide is only two amino acids away from a human or mouse peptide.
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Antigens  Antigen-Paratope Hydrogen
Binding energy bonds

A26 L1(-145.8) 5

L2 (242.3) 7

H (-202.6) 3
A194 L1(-163.2) 3

12 (-233.6) 3

H (-190.1) 5
A343 L1(-136.1) 3

L2 (-199.9) 3

H (-181.6) 2
A349 L1 (-156.9) 8

L2 (-219.6) 3

H (-193.9) 5
Docking studies of assembled paratopes (AP)
A26 AP (235.2) 5
A194 AP (-196.8) 7
A343 AP (-201.6) 4
A349 AP (-211.2) 9
RBD AP (-227.3) 7
Spike AP (-303.3) 11

Interacting residues

ILE1-PHE25, TYR2-PHE25, TYR2-GLU4, ALA3-GLN23, ARG40-THR6

TYR11-LEU18, TRP14-HR22, TYR15-CYS15, TYR 15-MET1, TYR15-PHE2, TYR11-THR 19, TRP14-THR22
TYR3-SER12, SER7-ASN15, THR8-ASN15

TYR2-LEU18,THR20-TYR2, THR20-TYR2

TYR11-LEU18, TYR15-THR22, TYR11-THR22

THR8-THR22, TYR9-VAL16, SER4-ARG21, TYR3-ARG21, GLY5-ARG23

TYR2-PHE10, GLY10-ASN3, SER9-ASNG

ARG3-ASP16, ARG3-ASP16, TYR11-GLN1

ASN14-TYR9, LYS20-TYR 3

TYR2-ASN4, SER5-GLU19, SER5-GLU19, THR6-ARG1, ARG1-THR6, THR6- ARG1, TYR2-PHE2, GLY10-ASN10
ARG3-ASP3, TYR11-ASN10, TYR11-ASN10

TYR3-ASN4, SER7-ASP3, TYR9-PRO8, TYR9-ARG1, SER4-ASN4

TYR 20-MET 3, SER 37-TYR 10, ALA 36-ARG 8, GLY 22-SER 12, TYR 47-LYS 32

ARG 35-GLN 14, ARG 35-GLN 14, TYR 47-THR 19, ALA 36-THR 19, TYR 20-ARG 21, VAL 18-ARG 21, VAL 18-
ARG 21

TYR 20-MET 8, GLY 23-LYS 20, TRP 46-LYS 5, TYR 47-LYS 13

TYR 20-ASN 4, GLY 23-GLU 19, SER 37-THR 18, TYR 47-LYS 20, VAL 18-ARG 1, TYR 20-ARG 1, TYR 20-ARG
1, ALA 36-LYS 20, ILE 40-LYS 20

TYR 2-TYR 449, GLY 22-GLY 485, ALA 45-TYR 449, SER 21-TYR 489, TYR 20-PHE 490, GLY 16-GLN 493, TRP
46-GLN 493

ASN 556-SER 28, ASN 556-GLY 29, LYS 557-THR 33, ASN 616-GLY 16, ASN 616-TRP 46, GLN 644-TYR 47,
ARG 646-LEU 44, ARG 646-LEU 44, GLU 619-VAL 18, ASP 574-TYR 26
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Proteome
Ids

PXD017710
PXDO018581

PXD021328
PXD019686

PXD018682
PXD019423

Sample

Colon Carcinoma-2 (Cell lin)
H1299 (Cell line)

Naso and Oropharyngeal swabs (Human
patient)

Nasal swab (Human patient)

Mouth Gargle (Human patient)

Mouth Gargle (Human patient)

Unique
Peptide

148
213

36
25

11
9

Identified proteins

ORF1ab, ORF3a, N, ORF10, S, ORF7a, ORF6, ORF1a, ORF8, ORF9b
ORF10, ORF7a, N, ORF3a, ORF1ab, ORF8, S, ORF7b, ORF6, M, ORF6,
NS, ORF1a, E

ORF10, ORF1ab, S, N, ORF7a, ORF3a, M

ORF1ab, ORF10, S, N, ORF1a, ORF7a
ORF10, ORF1ab, S
ORF1ab, ORF3a, S

Proteome
Ids

PXD017710
PXD018581

PXD021328
PXD019686

PXD018682
PXD019423
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Sequence

Protein accessions Peptide positions
CL+NI+RNA A26 40 SWMESDFRVYSSANNCTFEYVSQPFLMDLERKPGNFNNLR QOD59281.1 S-81 [161-190]
CL+RNA A349 20 RFDNPVLPFNVGVYFASTEK QOT61311.1 S-81 [78-97]
A194 23 MFVFLVLLPLVSSQCVNLTTRTR QPG83544.1 S-81[1-23]
A343 20 QGNFKNLMEFVFKNIDGYFK QOI61545.1 S-S1[183-202]

CL, Cell-line infected proteome; NI, Natural infected human patients; RNA, Transcriptome; S, Spike.
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Peptide id

Peptide Sequence

CD4 Immunogenicity

A26

A26

A194
A349
A343
Antigenicity
Peptide id
A26

A194
A349
A343

SWMESDFRVYSSANN
DFRVYSSANNCTFEY
MFVFLVLLPLVSSQCVNLTTRTR
RFDNPVLPFNVGVYFASTEK
NLMEFVFKNIDGYFK

Peptide Sequence
SWMESDFRVYSSANNCTFEYVSQPFLMDLERKPGNFNNLR
MFVFLVLLPLVSSQCVNLTTRTR
RFDNPVLPFNVGVYFASTEK

QGNFKNLMEFVFKNIDGYFK

B-cell linear epitopes

Peptide id
A26

A194
A349
A343

Peptide Sequence
SWMESDFRVYSSANNCTFEYVSQPFLMDLERKPGNFNNLR
MFVFLVLLPLVSSQCVNLTTRTR
RFDNPVLPFNVGVYFASTEK

QGNFKNLMEFVFKNIDGYFK

Peptide core

FRVYSSANN
FRVYSSANN
FNVGVYFAS
LLPLVSSQC
FKNIDGYFK

Antigenic motifs
DFRVYSS, TFEYVSQPFLM
FLVLLPLVSSQCVNL
NPVLPFNVGVYFA
LMEFVFK

Epitope core

FRVYSSANN, DLERKPGNFN
RF

LVSSQCVNLT

QG

Immunogenicity Score

91.1108
82.9956
91.22
83.4206
77.9889

Length
40
23
20
20

Combined Score

49.64432
46.39824
48.125
47.64304
42.59556

Antigenic propensity

0.9981
1.1110
1.0446
0.9867
Length

40

23

20

20
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Vaccine
name/adjuvant

SMV1/(HBHA)

SMV2/(HBHA
Conserved Sequence)

SMV3/(B-Defensin)

SMV4/(50s ribosomal
L7/L12 protein)

The boidad sequence rearesent the inker sequences. The italic regions characievize PADRE sequances. 1, 2: Viaxiden 2.0, ANTIGENDo: 3, 4: AlgPrad ANrTOP v2.0:

Sequence

EAAAKMAENPNIDDLPAPLLAALGAADLALATVNDLIANLRERAEE
“TRAETRTRVEERRARLTKFQEDLPEQFIELRDKFTTEELRKAAEGY
LEAATNRYNELVERGEAALQRLRSQTAFEDASARAEGYVDQAVELT
QEALGTVASQTRAVGERAAKLVGIELEAAAKAKFVAAWTLKAAAG
GGSTPFGAGWSWGGGSLEDRLVETLGGGSSSNVNFPLYGGGSS
EYVWNYELGGGSYQFLKGWELGPGPGWLLPAILALAGCSSSGPG
PGAFAAPISALNYAFTPGPGPGPGARAGAPGRVSFYPGPGPGPLA
FAISNNYLVPGGPGPGSGASAGAIAALLVGLGPGPGRQYRAASIQ
VGNPARGPGPGSLNLLSLILISSNVNGPGPGLSLILISSNVNFPLYG
PGPGNVGANAFLSGTRPRLGPGPGNAFLSGTRPRLNLSLGPGP
GADSRLHGLAGLRYFHGPGPGRWDFELFGNLGLLKTKKTGEQR
GDTLKKSGDPTLHPDDLKKGRKTQGKGDKKQREVYSHRTTPRM
KKSSQRINTRTLGLRLDSKKMAVANTDGSGDKKTTVWDSTNKQ
SGAGTKKQPEVRLRPTGKKFAAQRHESVGNKKAETKSNETYQD
KKDRQRRRSEADLKKRLEREHRRRDGKKAKFVAAWTLKAA
AGGGS
EAAAKMAENSNIDDIKAPLLAALGAADLALATVNELITNLRERAEE
“TRRSRVEESRARLTKLQEDLPEQLTELREKFTAEELRKAAEGYLEA
ATSELVERGEAALERLRSQQSFEEVSARAEGYVDQAVELTQEALG
TVASQVEGRAAKLVGIELEAAAKAKFVAAWTLKAAAGGGSTPFG
AGWSWGGGSLEDRLVETLGGGSSSNVNFPLYGGGSSEYVWNY
ELGGGSYQFLKGWELGPGPGWLLPAILALAGCSSSGPGPGAFA
APISALNYAFTPGPGPGPGARAGAPGRVSFYPGPGPGPLAFAIISN
NYLVPGGPGPGSGASAGAIAALLVGLGPGPGRQYRAASIQVGNP
ARGPGPGSLNLLSLILISSNVNGPGPGLSLILISSNVNFPLYGPGP
GNVGANAFLSGTRPRLGPGPGNAFLSGTRPRLNLSLGPGPGADS
RLHGLAGLRYFHGPGPGRWDFELFGNLGLLKTKKTGEQRGDTL
KKSGDPTLHPDDLKKGRKTQGKGDKKQREVYSHRTTPRMKKS
SQRINTRTLGLRLDSKKMAVANTDGSGDKKTTVWDSTNKQSGA
GTKKQPEVRLRPTGKKFAAQRHESVGNKKAETKSNETYQDKKD
RQRRRSEADLKKRLEREHRRRDGKKAKFVAAWTLKAAAGGGS
EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKC
CRRKKEAAAKAKFVAAWTLKAAAGGGSTPFGAGWSWGGGSLE
DRLVETLGGGSSSNVNFPLYGGGSSEYVWNYELGGGSYQFLKGW
ELGPGPGWLLPAILALAGCSSSGPGPGAFAAPISALNYAFTPGPG
PGPGARAGAPGRVSFYPGPGPGPLAFAISNNYLVPGGPGPGSG
ASAGAIAALLVGLGPGPGRQYRAASIQVGNPARGPGPGSLNLLSL
ILISSNVNGPGPGLSLILISSNVNFPLYGPGPGNVGANAFLSGTRPR
LGPGPGNAFLSGTRPRLNLSLGPGPGADSRLHGLAGLRYFHGPG
PGRWDFELFGNLGLLKTKKTGEQRGDTLKKSGDPTLHPDDLKK
GRKTQGKGDKKQREVYSHRTTPRMKKSSQRINTRTLGLRLDSK
KMAVANTDGSGDKKTTVWDSTNKQSGAGTKKQPEVRLRPTGK
KFAAQRHESVGNKKAETKSNETYQDKKDRQRRRSEADLKKRLE
REHRRRDGKKAKFVAAWTLKAAAGGGS
EAAAKMAKLSTDELLDAFKEMTLLELSDFVKKFEETFEVTAAAPVA
VAAAGAAPAGAAVEAAEEQSEFDVILEAAGDKKIGVIKWREIVSGLG
LKEAKDLVDGAPKPLLEKVAKEAADEAKAKLEAAGATVTVKEAAAK
AKFVAAWTLKAAAGGGSTPFGAGWSWGGGSLEDRLVETLGGG
SSSNVNFPLYGGGSSEYVWNYELGGGSYQFLKGWELGPGPGW
LLPAILALAGCSSSGPGPGAFAAPISALNYAFTPGPGPGPGARAG
APGRVSFYPGPGPGPLAFAIISNNYLVPGGPGPGSGASAGAIAALL
VGLGPGPGRQYRAASIQVGNPARGPGPGSLNLLSLILISSNVNG
PGPGLSLILISSNVNFPLYGPGPGNVGANAFLSGTRPRLGPGPGN
AFLSGTRPRLNLSLGPGPGADSRLHGLAGLRYFHGPGPGRWDF
ELFGNLGLLKTKKTGEQRGDTLKKSGDPTLHPDDLKKGRKTQGK
GDKKQREVYSHRTTPRMKKSSQRINTRTLGLRLDSKKMAVANT
DGSGDKKTTVWDSTNKQSGAGTKKQPEVRLRPTGKKFAAQRH
ESVGNKKAETKSNETYQDKKDRQRRRSEADLKKRLEREHRRRD
GKKAKFVAAWTLKAAAGGGS

Antigenicity Allergenicity Amino acids
@4 length (s

Mol. weight
02 KkDa 5

Vaxien: 668 70.335
1.0377
ANTIGENpro:

0.835

Non-allergen

Vaxjen:
1.0449
ANTIGENpro:
0851

Non-allergen 659 69.217

Vaxijen: 554 57.867
11417
ANTIGENpro:

0.827

Non-allergen

Vaxjen:
1.0210

Non-allergen 639 66.147

ANTIGENpro:
0818

9.86

10.36

9.85

Instability ~ Aliphatic GRAVY SOLpro
index s  index ® ™
3333 7246 0525 0967
35.66 73.87 -0.510 0.974
3121 6668 0547 0873
2801 7419 0389 0957

SOLPro. SMV, Serratia marcescens vaccine.
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MHC Class |

No. Protein ID, name

1 WP_041033700.1 D-alanyi-D-
alanine carboxypeptidase/
endopeptidase

2 WP_141960268.1 Phospholipase
, phosphocholine-speciic

3 WP_048321499.1 spore coat U
domain-containing protein

4 WP_083636744.1 TonB-
dependent receptor

MHC Class Il

No. Protein ID, name

1 WP_041033700.1 D-alanyi-D-
alanine carboxypeptiase/
endopeptidase

2 WP_084827239.1 patatin-like
phospholipase family protein

3 WP_141960268.1 Phospholipase
C. phosphocholine-specific

4 WP_048321499.1 spore coat U
domain-containing protein

5 WP_083636744.1 TonB-
dependent receptor

3D structures were genevatad by the PEP-FOLDS server. The docking was performed using PatchDock oniine toal and the results were refined by FireDock onfine server:

Epitope

TPFGAGWSW
LEDRLVETL

FTIPLPGDR
SSNVNFPLY

QTYGAKIAR
SEYVWNYEL
YQFLKGWEL

Epitope

WLLPAILALAGCSSS

PGARAGAPGRVSFYP
LAVTFLKVSNNGYGE
PLAFAIISNNYLVPG
SGASAGAIAALLVGL

RQYRAASIQVGNPAR

EKRFQVHEPNISAWR
SLNLLSLILISSNVN

LSLILISSNVNFPLY
NVGANAFLSGTRPRL

NAFLSGTRPRLNLSL
TDFNINRPTAYNIQY
ADSRLHGLAGLRYFH
RWDFELFGNLGLLKT
ARAPAYTANMGAKYQ
AKYQFLKGWELSSNV

HLA-A*0101
(PDB: 6AT9)

-54.89
4135

-46.08
-56.28

-43.86
-40.96
-49.03

HLA-
DRB1*0101
(PDB: 2FSE)

89.74

-74.58
-66.12
723
-58.55

6117

-38.13
-88.21

-93.62
-66.95

-74.06
-42.87
-62.54
-45.56
-45.59
-54.33

HLA-A*0201
(PDB: 3UTQ)

-18.06
-22.48

2455
-23.22

-4.69
-17.05
-18.24

HLA-
DRB1+0301
(PDB: 1A6A)

79.65

-62.83
-73.03
-57.61
7212

-55.80

-38.77
-66.66

-65.33
-62.33

-48.43
-44.67
-47.66
-55.26
-44.37
-61.70

HLA-B*1501
(PDB: 1XR8)

-34.65
-43.79

-15.99
-32.65

-22.38
-33.96
-15.98

HLA-
DRB1*0401
(PDB: 2SEB)

74.83

-62.02
-51.81
-55.05
-64.58

-47.44

-45.12
-52.15

-50.97
-55.04

-59.42
-49.32
-63.30
-56.56
-51.96
-39.90

Global Energy

HLA-B*3501 HLA-B*3901
(PDB: 1ZSD)  (PDB: 402E)

-42.60 -13.15
24.36 -35.34
24.14 621
-0.88 -19.00
-19.36 -15.90
-25.68 -8.14
-8.29 165

Global Energy
HLA- HLA-

DRB1*1501  DRB3'0101
(PDB: 1BX2)  (PDB: 2Q6W)

-68.81 -65.01
62.94 -41.19
-54.69 -36.28
62.76 -58.5
-75.20 -59.65
-47.05 -13.96
834 -16.93
-68.53 -29.65
-82.72 -16.16
-61.88 -20.96
-37.86 -35.10
32,67 -18.94
-61.08 -24.56
-51.49 -16.14
-44.44 -22.36
-59.14 -18.93

HLA-B*4403
(PDB: 18YS)

4374
1697

-15.41
-36.62

-26.60
-15.25
-25.71

HLA-
DRB3"0202
(PDB: 3C5J)

4320

-30.71
-30.34
-47.77
-41.55

-30.96

24.41
-60.10

-46.28
-31.18

-31.70
-34.32
25.95
-32.27
-20.58
25,68

HLA-B*5301
(PDB: 1A1M)

-38.83
-38.40

-33.75
-37.51

-18.49
-42.89
-47.98

HLA-
DRB5'0101
(PDB: 1H15)

7252

-64.83
-61.556
-89.92
-64.48

-69.12

27.34
-89.29

-45.35
-68.32

-35.66
-43.83
-68.13
-63.07
-34.58
-38.05

HLA-  Average
B*5801
(PDB: 5IM7)

-33.18 -34.89
-23.62 -30.79

-23.74 -23.73
-30.24 -30.68

-26.75 -22.13
-39.22 -27.89
-36.74 -27.06

Average

-70.54

-67.01
-563.40
-63.42
-62.30

-46.50

-28.43
-62.08

-57.20
-49.38

-46.03
-37.37
-47.60
-45.76
-38.98
-42.53
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No. Protein ID (1); name (3 Start End Lenght Epitopes (3,45 Antigenicity Toxicity Allergenicity Hydropathicity Conservancy

© @ ® © 10)
1 WP_041033700.1; D-alanyl-D- 100 108 9 TGEQRGDTL 1.4316 Non- Non-allergen 1.49 51.02%
alanine carboxypeptidase/ toxin
endopeptidase 117 127 1 SGDPTLHPDDL 0.7116 Non- Non-allergen -1.02 100%
toxin
331 339 9 GRKTQGKGD 2.7203 Non- Non-allergen 2.36 89,80%
toxin
2 WP_084827239.1; patatin-like 147 159 13 QREVYSHRTTPRM 0.7944 Non- Non-allergen -2.05 100%
phospholipase family protein toxin
214 229 16 SSQRINTRTLGLRLDS 17.872 Non- Non-allergen -0.77 71.43%
toxin
3  WP_141960268.1; Phospholipase =~ 620 629 10 QPEVRLRPTG 1.3449 Non- Non-allergen -1.23 93.88%
C, phosphocholine-specific toxin
4 WP_048321499.1; spore coat U 81 91 11 MAVANTDGSGD 1.8801 Non- Non-allergen -0.28 63.27%
domain-containing protein toxin
263 277 15 VWDSTNKQSGAGT 1.023 Non- Non-allergen -0.97 61.22%
toxin
5  WP_033636744.1; TonB- 5 15 11 FAAQRHESVGN 0.8087 Non- Non-allergen -0.80 97.96%
dependent receptor toxin
45 55 11 AETKSNETYQD 1.6267 Non- Non-allergen -2.10 100%
toxin
233 243 1 DRQRRRSEADL 1.2989 Non- Non-allergen -2.47 87.86%
toxin
429 439 11 RLEREHRRRDG 1.6679 Non- Non-allergen -2.98 87.86%
toxin

All data were analyzed using various on line server: 1, 2 = NCBI/UniProt; 3, 4, 5 = ABCPred, Bcepred, IEDB; 6 = VaxiJen 2.0; 7 = ToxinPred; 8 = AllerTOP v2.0;
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No.  ProteinID q;name  Start End Epitope @) Alleles Antigenicity Toxicity Allergenicity Conservancy Hydropathicity  IFN-y

@ ® @ ® © @ ® inducing
©

1 WP_041033700.1; D-alanyl-D- 7 21 WLLPAILALAGCSSS  HLA-DRB1'01:01 10.376 Non- Non-allergen 83.67% -0.93 0.476
alanine carboxypeptidase/ toxin

endopeptidase 170 184 AFAAPISALNYAFTP  HLA-DRB1'01:01 06842  Non-  Non-allergen 7551% 089 0228
toxin

197 211 PGARAGAPGRVSFYP HLA-DQA1*05:01/DQB1*03:01 10.191 Non- Non-allergen 61.22% -0.1 0.329
toxin

451 465 PLAFAIISNNYLVPG HLA-DRB1°04:05/HLA-DRB1704:01/HLA- 0.5584 Non- Non-allergen 100% -0.92 0.089
DRB1*15:01HLA-DRB1"07:01/HLA- toxin

DRB1*01:01/HLA-DRB1*1.

2 WP_084827239.1; patatinike 40 54 SGASAGAIAALLVGL  HLA-DQA1'05:01/DQB1°03:01 08684  Non-  Non-allergen 100% 071 0.416
phospholipase family protein toxin

3 WP_141960268.1; 243 257 RQYRAASIQUGNPAR HLA-DRB1°01:01 05796  Non-  Non-allergen 97.96% 093 0.131
Phospholipase C, toxin

phosphocholine-specific 452 466 EKRFQUHEPNISAWR  HLA-DRB1*01:01 08644  Non-  Non-allergen 100% 134 0673
toxin

4 WP_048321499.1;sporecoat 117 131 SLNLLSLILISSNVN  HLA-DRB101:01 06343 Non-  Non-allergen 97.96% -0.82 0.041
U domain-containing protein toxin

121 185 LSLIUSSNVNFPLY  HLA-DRB1*13:02/HLA-DRB1°01:01 05934  Non-  Non-allergen 63.27% 105 0.41
toxin

5  WP_033636744.1; TonB- 125 139 NVGANAFLSGTRPRL HLA-DRB5'01:01 07968  Non-  Non-allergen 87.76% 011 0314
dependent receptor toxin

120 143 NAFLSGTRPRLNLSL ~HLA-DRB5'01:01, HLA-DRB1'01:01, HLA- 08159  Non-  Non-allergen 87.76% -0.03 0.136
DRB1*11:01 toxin

339 353 TDFNINRPTAYNIQY — HLA-DRB302:02, HLA-DRB1*13:02 06574  Non-  Non-allergen 87.76% 093 0.154
toxin

372 386 ADSRLHGLAGLRYFH HLA-DRB1'0101 05227 Non-  Non-allergen 100% 027 0.494
toxin

565 579 RWDFELFGNLGLLKT ~HLA-DRB1'01:01 05005  Non-  Non-allergen 87.76% -0.03 0.108
toxin

505 609 ARAPAYTANMGAKYQ HLA-DRB3'02:02 09467  Non-  Non-allergen 87.76% -065 004
toxin

606 620 AKYQFLKGWELSSNV HLA-DRB1‘01:01 07445  Non-  Non-allergen 87.76 041 063
toxin

Al data were analyzed using various server: 1, 2 = NCBI/UniProt: 3 = IEDB Tepitool: 4 = Vaxiden 2.0: 5 = ToxinPred: 6 = AllerTop v2.0; 7 = IEDB:
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No.  ProteinID g, name ; Start End Epitope es Tepitool NetMHCpan  NetCTLpan Immunogenicity Antigenicity Toxicity Allergenicity Conservancy Hydropathicity

345 G495 Alleles (3 Alleles (&) Alleles (s © m ® © (10) o1
1 WP_041033700.1; D-alanyl- 156 164 TPFGAGWSW HLA-B'5301 HLA-B'S3:01 HLA-B'3501, 023238 05798 Non-  Non-allergen 100% -0.12
D-alanine carboxypeptidase/ HLA-B*53:01 toxin
endopeptidase 471 479 LEDRLVETL HLA-B*40:01 HLA-B'40:01 HLA-B"40:01 0.19452 0.7321 Non- Non-allergen 100% -0.01
toxin
3 WP_141960268.1; 74 82 FTIPLPGDR HLA-A'68:01 HLA-A'68:01 HLA-A"68:01 0.05236 0.739 Non- Non-allergen 97.96% -0.13
Phospholipase C, toxic
phosphocholine-specific
4 WP_048321499.1; spore 127 135 SSNVNFPLY  HLA-A'30:02 HLA-A*30:02 HLA-A*01:01, 0.1275 0.983 Non- Non-allergen 63.27% -0.08
coat U domain-containing HLAA1:01, toxin
protein HLA-A'30:02
5 WP_033636744.1; TonB- 469 477 QTYGAKIAR  HLA-A'68:01 HLA-A"31:01, HLA-A"68:01 0.00318 1.2008 Non- Non-allergen 100% -0.69
dependent receptor HLA-A'68:01 toxin
499 507 SEYWWNYEL HLAB'4001 HLA-B'40:01 HLA-B'40:01, 0.30533 14052 Non-  Non-allergen 100% -0.76
HLA-B"44:03 toxin
608 616 YQFLKGWEL HLAA'02:01, HLA-A'02:01, HLA-A"02:01, 0.09418 0.561 Non- Non-allergen 100% -0.34
HLA-A'02:06 HLA-A'02:06  HLA-A'02:06 toxin

All data were analyzed using various server: 1, 2 = NCBI/UniProt: 3 = IEDB Tepitool: 4 = NetMHCpan 4.1: 5 = NetCTLpan 1.1; VaxiJen 2.0; 8 = ToxinPred: 9 = AllerTOP v2.
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Ref. Sequence " Protein name @ Length  Mol. Signal peptide ©® Localization  Functional Discription =~ TMHMM Antigenicity
(amino Wit © 7.89) (10 (11,12)
acid) @  kDa

@
Essential proteins
WP_041033700.1  * D-alanyl-D-alanine 489 51.35 Sec/SPlICleavage Outer Penicilin-binding protein/ 0 0.5856,
carboxypeptidase/D-alanyl-D- site (17 and 18, membrane/ Serine endopeptidase 0.5066
alanine-endopeptidase LAG-CS) Periplasm activity

WP_084827239.1  * Patatin-like phospholipase 323 35.68 Not identified Outer Hydrolase activity/lipid 0 0.6024,

Family protein membrane catabolic process 0.8235

WP_004939944.1  Lipoprotein 108 11.82 Sec/SPIICleavage Periplasm Lipoprotein with MoaF 0 0.5595,

site (16 and 17, domain 0.4857
LSA-CA)
WP_047571040.1 Helix-turn-helix domain- 92 10.66 No identified Periplasm Uncharacterized conserved 0 0.2089,
containing protein protein with HTH_43 0.2900
domain
Virulent proteins
WP_141960268.1  * Phospholipase C, 715 79.68 Tat/SPICleavage  Extracellular ~ Membrane damaging toxin, 0 0.4097,
phosphocholine-specific site (31 and 32, phosphoric-diester 0.6277
(ALA-IP) hydrolase
WP_048321499.1  * Spore coat U domain- 311 33.28 Sec/SPICleavage Extracellular  Involved in motility and 0 0.6887,
containing protein site (23 and 24, biofilm formation 0.8719
AFA-DC)
WP_148123533.1  Protein of avirulance locus 273 29.48 Not identified Periplasm Signaling, type VI secretion o] 0.5895,
ImpE system component 0.7594
WP_004940045.1  NADPH-dependent FMN 183 19.24  Not identified Periplasm Electron transfer activity/ 0 0.4056,
reductase FMN binding 0.7386
Resistance protein
WP_033636744.1  * TonB-dependent receptor 697 76.90 Sec/SPICleavage Outer Iron complex receptor 0 0.6847,
site (44 and 45, membrane protein, channel transporter 0.7910
VNA-AE) of siderophores
Essential and virulent protein
WP_099783007.1 MoaF domain-containing 150 16.27 Sec/SPICleavage  Periplasm Exported protein with MoaF 1 0.5896,
protein site (26 and 27, domain 0.9631
ATA-AQ)

All data were analyzed using various server: 1, 2, 3= NCBI/UniProt; 4 = Expasy; 5 = SignalP5.0; 6 = PSORTb/CELLO; 7, 8, 9 = Uniprot/KEGG/InterPro; 10 = TMHMM; 11 = Vaxijen, 12 =
AntigenPRO. * proteins considered for further analysis.
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Characteristics

Sex
Male
Female
Age
<60
>=60
Tumor location
Pancreatic head
Pancreatic body and tail
Histopathology
Adenocarcinoma
Others
Metastatic sites
Liver
Peritoneum
ECOG score
0
1
CA19-9 levelffirst visit)
<37.0
>=37.0

Patient (N=7)

%

71.43

28.57

42.86
57.14

28.57
71.43

85.71
14.29

57.14
42.86

42.86
57.14

42.86
57.14

ECOG, Eastern cooperative oncology group; CA19-9, Carbohydrate antigen 19-9.
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Survival Months

mOS 241
mPFS 3.1

mOS* 83
Objective response rate n/N
CR o7
PR 217
sD 47
PD 7

mOS, mean Overall survival; mPFS, mean Progression-free survival; CR, Complete
remission; PR, Partial response; SD, Stable disease; PD, Progressive disease;
*Calculated from the time the patient received the peptide vaccine.
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Adverse Effects

Gastrointestinal reaction
Thrombocytopenia

Rash

Fever

Neutropenia

Peripheral nerve abnormalities
Anemia

Elevated transaminase
Fatigue

Any grade Grades 3 to 4
Chemotherapy Neoantigen vaccine Chemotherapy Neoantigen vaccine

N (%) N (%) N (%) N (%)
7 (100.0) 0(0.0 2(28.6) 0(0.0)
5(71.4) 0(0.0 2(28.6) 0(0.0
2(28.6) 1(14.3 0(0.0) 0(0.0)
1(14.3) 0(0.0) 0(0.0) 0(0.0)
7 (100.0) 0(0.0 4(57.1) 0(0.0)
3 (42.9) 0(0.0 0(0.0) 0(0.0)
5(71.4) 0(0.0) 1(14.3 0(0.0
3 (42.9) 0(0.0 0(0.0) 0(0.0)
7 (100.0) 0(0.0) 1(14.3 0(0.0





